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Information from the project leader to the chapter 9.5 and Annex H (marked with optional) : The
subchapter 9.5 and Annex H is a new test procedure on grid forming capabilities of WT
subsystems, as there is p.t no fixed requirements on the grid forming control aspects the chapter
9.5 defines the test requirements on the grid forming capabilities, based on the former defined
test procedures in this TS. Annex H, provides an informative overview, how the test results can
be analysed, mainly based on an existing VDE/ FNN guideline.

As the WG could not agree if these parts should be included in this TS or as a separate TR.
The WG would like to have feedback from the NC on the following questions:

o

1) Shall the grid forming capability tests be included in this TS or should this be develope
as separate TR in a later stage?
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND ENERGY GENERATION SYSTEMS

Part 21- 4: Measurement and assessment of electrical characteristics —
Wind turbine components and subsystems

FOREWORD

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

2] The formal decisions or agreements of IEC on technical matters express, as n€arly as possible, an internationgl
consensus of opinion on the relevant subjects since each technical committee has representation from gl
interested IEC National Committees.

3] IEC Publications have the form of recommendations for international_use and are accepted by IEC Nationgl
Committees in that sense. While all reasonable efforts are made\t0ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for*the way in which they are used or for ary
misinterpretation by any end user.

4] In order to promote international uniformity, IEC Nationaly€ommittees undertake to apply IEC Publicatiors
transparently to the maximum extent possible in their national and regional publications. Any divergence betwegn
any IEC Publication and the corresponding national orf\regional publication shall be clearly indicated in the latter.

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

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

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

0Oa =xo

8] Attention is drawn to the Nermative references cited in this publication. Use of the referenced publications
indispensable for the eorrect application of this publication.

[

=3

9] Attention is drawn t6'the possibility that some of the elements of this IEC Publication may be the subject of paten
rights. IEC shallfot-be held responsible for identifying any or all such patent rights.

echnical specification IEC TS 61400-21-4 has been prepared by IEC technical committee 88:
ind energy-generation systems.

|

—

he text.of this Technical Specification is based on the following documents:

FDIS Report on voting

XXIXXIFDIS XXIXXIRVD

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 document has been drafted in accordance with the ISO/IEC Directives, Part 2.
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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 specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

The National Committees are requested to note that for this document the stability date|
s 20XX..

THIS TEXT IS INCLUDED FOR THE INFORMATION OF THE NATIONAL COMMITTEES AND WILL BE DELETED
AT THE PUBLICATION STAGE.
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INTRODUCTION

Grid Code Compliance is a crucial element for Wind Power Plant (WPP) connection to the
electrical power system. This compliance process is specified by grid codes, standards and
guidelines on international as well as national level. From a Wind Power Plant point of view the
single wind turbine (WT) is one element (unit) and consists of several subsystems and
components, which supports with its given capabilities to grid compliance aspects. The
capabilities of the WPP and WT'’s are to be verified and validated by defined performance and
measurements tests as defined in the IEC 61400-21 series.

The TEC 61400-ZT Series - Measurement and assessment of electrical characteristics Consist of ine
fgllowing standards, technical specifications and technical reports:

e |EC 61400-21-1- Measurement and assessment of electrical characteristics - Wind;turbine

e |EC 61400-21-2 — Measurement and assessment of electrical characteristics - Wind power
plants

e |EC TR 61400-21-3 — Measurement and assessment of electrical charaeteristics - Harmonic
models

e |EC TS 61400-21-4 - Measurement and assessment of electricalCharacteristics - Wind
turbine components and subsystems

Higure 1 gives an overview of the TC 88 standards, in relation/to grid connection
réquirements.

Wind Turbine Components Wind Turbine wind Power Plant

Measurement [ 61400-21-4- Test bench test 61400-21-1- 61400-21-2-
& Test Components & Subsystems Wind Turbines Wind Power Plants Grid - Requirements

‘ 61400-21 - Series - Measurement & Assessment of Electrical capabilities by

61400-27-2-Electrical simulations models - Model validation

61400-21-3- Wind Turbine Harmonic model

Validation

IEC 61400-25

Validation of Grid
requirements, System

operation & System
‘ protection

Modelling 61400-27-1 - Electrical simulations models - Generic Models

Figure 1 - Overview of TC 88 — Standards related to grid connection

Thisqart IEC TS 61400-21-4 of the IEC 61400-21 series, specifies the test procedures and defines a
u I;fUI LI IIICthUdU:UUy that Dtal Idcll d;LUD MMIcaAsuIcIiict It, tcbt;l Iy al Id ASSTOSJITITI It |JI uucdm TS Uf C:U\Jtl il.,
characteristics of WT components and subsystems as basis for the verification of the electrical
capabilities of WTs and WT families. The results of these component and subsystems test can be
used to replace site specific tests as defined in IEC 61400-21-1.

The test & measurement procedures in this technical specification are based on the defined
methods and requirements from the IEC 61400-21-1 and defines the same parameters in
relation to the validation of the electrical capabilities.
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It

defines furthermore additional tests, which are only possible in a controlled test bench

environment, such as:

e Voltage capability test
e Voltage dependent reactive power capability tests
e Frequency capability test, RoCoF and phase jump tests

e Harmonic evaluations under ideal conditions

o n -

_|

e Grid impedance variations

he procedures as defined in this technical specification provides the basis for.detailed
mulation model validations and detailed validation of the electrical charactefistics ¢
bmponents and subsystems.

—h

his technical specification defines:

e The minimum test setups in relation to the test & measurements-of’the electrical
capabilities in relation to Grid compliance requirements.

e The systems requirements for the test bench to perform,these measurements.

e The procedures and related risks for the transferabijlity)of test bench components &
subsystems test results to Wind turbines and Wind{urbines families.

e The documentation and validation requirements-for the wind turbine components and
subsystems.

Q.

he technical specification is a supplement tgsthe IEC 61400-21-1 and IEC 61400-21-2, an
pes not replace all parts of these standards”as there are some functions and performanc
prameters, which only can be validated ef’the final product and at the project specific site.

@D

he defined test and measurementiprocedures can be performed as a combination ¢f
nctional-, capability-, and perforntance tests. This TS will be further developed with the
creased experience of the defiped test procedures as well as the development of test systemg,
hlidation procedures and simulation models.
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Higure 2 - Overview of functional-, capability-, a Qrformance tests, and there relatio

Capability Test Functionality Test

'\/
L\ 4 (1/
Evaluate Transferability Evaluate Transfefabil% Q
(Strategy 1) Q \ (Strategy 2) @
©
N
— @
<2

to the fiel% ts.
N\

he combination of the different functional-, c‘&%bility-, and performance tests on subsystem ar
bmponent level can afterwards, be used erify the overall performance of the Wind turbine.
btailed test overview and overview of the“minimum subsystems, necessary for the verification an
5sessment of the electrical characterjigg are defined in Annex B.

cases where only minor cha%ngs in the subsystems requesting a refresh of certain tests arn
easurements, or if it has been\\@ ated and agreed that the test results are not affected by the differe
st level, a lower system te\kfe\/el than stated would be acceptable.

he structure of this&Chnical specification is as follows:

hapter 5: Gi Qan overview of the required tests, measurements procedures an

pcumentation, pracedures.
hapter 'ﬁes the minimum setup and the interfaces of the DUT, used for the validation ¢
e diff parameters and functions.

S

-

—

h

»@;} 7: Defines the minimum system requirements and characteristics for the test bend
/stems to Im:-rfnrm these tests of the rpqnpqrpd minimum DUT Furthermore the aver

requirements for the measurement systems. The detailed requirements are defined in the
specific chapters.

Chapter 8: Defines the IEC 61400-21-1 specific test in relation to power quality, steady state
operation, dynamic response and control performance, as well as the documentation
requirements and a risk evaluation for the transferability of the test results towards the WT.

Chapter 9: Defines the optional additional tests, which are only possible in a controlled
testbench setup as described in this TS in relation to power quality, steady state operation,
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dynamic response and control performance, as well as the documentation requirements and a
evaluation for the transferability of the test results towards the WT.

Annex A: Defines a report template.

Annex B: Provides a detailed overview of the WT components and subsystems, and there
influence on the different tests. According to the modular structure defined in the IEC 61400-
27-1.

Annex C: Defines the test and validation procedure for the replacement of components.

Alnnex D: Shows measurement, validation examples and comparisons for the validity of thle
tnansferability of test results.

Annex E: Defines exemplary the harmonic assessment methods.
Annex F : Examples of FRT functionality & capability tests.
Annex G: Overview of Hardware in the loop (HiL)systems.

Annex H: Guideline for grid forming control capability tests.
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95

9% WIND ENERGY GENERATION SYSTEMS

97

98 Part 21- 4: Measurement and assessment of electrical characteristics —
99 Wind turbine components and subsystems

100

101

102 1 Scope

103  This Technical Specification IEC 61400-21-4 - Measurement and assessment of eleetrical
104  characteristics - Wind Turbine components & subsystems - specifies a uniform methodology,
105  defining measurement, testing and assessment procedures of electrical characteristics of Wind
106  Tjurbine components & subsystems, as basis for the verification of the electrical capabilities o¢f
107 Wind Turbines and Wind Turbine families.

108 The technical specification includes the following aspects:

109 - Definitions of test bench, subsystems & interface descriptions

110 - Definitions of system requirements for the test bench to perforin these measurements (grid
111 strengths, Sk”, THD,...)

112 —-{ Measurement procedures for quantifying the electrical’eharacteristics;

113 - Test & measurements procedures of electrical charagteristics of components &

114 subsystems in relation to grid compliance requiréments.

115 —| Procedures for the transferability of the compenéent & subsystem test results, measured a
116 the test bench, to WT product families

117 —-| Documentation requirements & validation procedures of components, subsystems and

118 Wind turbines

119 The results of the measurements -and assessments of the Wind Turbine components &
120 sbibsystems will be used as input for'the verification of electrical capabilities as described in thie
121 IEC61400-21-1 and for the validation & verification of the electrical simulation models for Wind
122 Plower Plants (WPP) as described in the IEC 61400-27.

123 dut of Scope of this technical specification are:

124 -| Design requirements of test bench systems

125  -| Model development of WT subsystems and WT as e.g. described in IEC 61400-27

126  -| Power Plant controls function test (e.g. FSM, Voltage Control) as described in IEC 61400-
127 21-2

128  -| Spetific component design test and validation of the Wind turbine equipment (switch- gears,
129 cables, transformer, generator etc., which are covered by other IEC standards

130 - Meehanical—structural-Heads&tifetimetest

131 - Noise & acoustical measurements

132 - Certification procedures & Grid compliance at Wind Power Plant level

133 - Communication system functional and performance tests as defined in e.g. the IEC 61400-
134 25 series

135

136

137
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NOTE

For the purposes of this document, the following terms for system voltage apply, based on IEC 60038
Low voltage (LV) refers to 100 V < U < 1KkV;

Medium voltage (MV) refers to 1 kV < U_ < 35 kV;

High voltage (HV) refers to 35 kV < U, <230 kV;

Extra high voltage (EHV) refers to U > 230 kV

88/889/CD
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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 TR 61000-3-6, Electromagnetic compatibility (EMC) — Part 3-6: Limits — Assessment of
emission limits for the connection of distorting installations to MV, HV and EHV power systems

C 61000-4-7:2002, Electromagnetic compatibility (EMC) - Part 4-7: Testing and
easurement techniques — General guide on harmonics and interharmonics measurements)anid
instrumentation, for power supply systems and equipment connected thereto
C 61000-4-7:2002/AMD1:2008

C 62008, Performance characteristics and calibration methods for digital data acquisition
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C 60050-614:2016, International Electrotechnical Vocabulary — Part 614: Generatiof

C 61400-27-1, Wind energy generation. systems - Part 27-1: Electrical simulation models
eneric models

C 61400-27-2, Wind energy generation systems - Part 27-2: Electrical simulation models
odel validation

C 61400-25-1, Wind energy generation systems - Part 25-1: Communications for monitoring
ahd control of wind powerplants - Overall description of principles and models

C 60255-181: Measuring relays and protection equipment — Part 181: Functiongl
reéquirements for ffequency protection

C 60255£¥51:2009, Measuring relays and protection equipment — Part 151: Functiongl
requirements for over/under current protection
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3 Terms and definitions

For the purposes of this document, the following terms and definitions 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 |ISO Online browsing platform: available at http://www.iso.org/obp

31

Actuator emulation

Plart of the real time HiL controller which simulates the signals and dynamics of missing WT
sensors and actuators.

311
uxiliary equipment

quirements against defined parameters as defined in this standard.

34

Closed loop control

altype of automatic control in which control actions are based on feedback signals from the
cpntrolled equipment.or system.

[$OURCE: IEC 62270, ed. 2.0 (2013),modified]

3|5
cpmpliance test
pyotedure to verify if a characteristic or a property complies with the stated requirements

br

[SOURCE: IEC 60050, 192-09-02]

3.6
component

A component is defined as the smallest unit were all necessary functions are available in the

unit and which cannot be divided into smaller parts without losing the primary function.

NOTE: Examples for wind turbine components are: generators, transformers, switchgear, gearboxes, converters,
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3.7

component test

A component test is defined as a test on a single component, whose necessary functions an
required behaviour are not dependent on other components or systems. (e.g. the protectio
device, if this is an independent unit). A test done on component level shall be valid for a
turbine variants where the same component is applied.

d
n
I

3.8
Fllicker coefficient for continuous operation
Normalized measure of the flicker emission during continuous operation of the power genetatio
upit or power plant:
Sy
c(vi)= Pose X
n

Where
¢ (wk) is the flicker coefficient of the PGU or PP for continyous operation
Plst,fic is the short-term flicker severity from the PGU of PP on the fictitious grid
Sh is the nominal apparent power of the PGU_or PP
Sk fic is the short-circuit apparent power of thé fictitious grid
N[OTE: The flicker severity for continuous operation is the same for a short-term period (10 min) and a long-ter|
period (2 h).
319
Fllicker step factor
A normalized measure of the flicker emission due to a single switching operation of the PGU:

1 Skfic

)

k. = x XMC o p e x 7081
#(wk) 130 s, st,fic *{p
where
Tp is-the measurement period, long enough to ensure that the transient of the
switching operation has abated, though limited to exclude possible powgr
fluctuations due to turbulence;
Plst fic is the short-term flicker severity from the PGU on the fictitious grid,;
Sh sthenomimatapparent powerof the PG
Sk fic is the short-circuit apparent power of the fictitious grid

NOTE: The short-term flicker severity P sic is calculated over the time period Tp.

3.10

functionality

ability to perform a specified operation performed by a component or subsystem and a
software program
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Note 1 to entry: Ability to perform a specified operation performed by a component or subsystem and a software
program

Note 2 to entry: The activity of performing a function normally employs a system of displays, controls and
instrumentation

3.11

functionality test

measurements carried out to test and validate the specified operation of the component or
system against selected parameters.

Note: (e.g. Test of different gain factors or protections levels in the component)

Npte: Functionally tests are typical done without any power production (e.g. the grid protection test is s typicp
fynctionality test)

312

fault ride through

FRT

apility of a wind turbine or wind power plant to stay connected during faults'in the grid.

Npte: The term Fault Ride Through is a general definition for grid faults, in this TS we)are using the term FRT onfy
fdr the under and overvoltage grid fault types and the ability to stay connect underithe UVRT and OVRT events

313

grid emulator

programmable AC power supply, capable of emulating various grid conditions to facilitate
he testing of grid-connected equipment.

= >

pd

pte: Sometimes also referred as grid simulator.

w

14

id following control

ontrol of the grid side converter, where'the active and reactive power production follows the
ference values.

0Q

15

Irid forming control
ontrol of the grid side converter in a way that voltage amplitude and frequency are controllefd
y the converter.

O 0Q w

16
igher frequency component

applied for voltages and currents and is measured and grouped in accordance with Annex
of IEC 61000-4-7:2002/AMD1:2008 (Equation (B1)

o8 Brye= 0]

317

ardware-in-the-| Qop
HiL

A simulation method that allows a hardware under test to interact in a closed loop with a real -
time simulation model.

Note: See Annex G for explanations on different variants of HiL
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3.18

Mechanical-level Hardware-in-the-Loop

mHiL

HiL where the real-time simulation model interfaces the hardware under test on mechanical
level.

Note: See Annex G for explanations on different variants of HiL

3.19
Nacelle

hpusing which contains the drive-train and other elements on top of a horizontal axis wind
tdrbine tower

[$ource: IEV 415-01-07]

w

20

legative sequence component of the fundamental

gr a three-phase system with phases L1, L2 and Ls, the symmetrical sinusoidal three-phase
set of voltages or currents having negative frequency the absolute value of which is equal to
he fundamental frequency

a3

—

1 2
X, = g(lu +a" X +§LL3)

where a = el2™3 js the 120 degree operator, and X1, X.» and %3 are the complex expressions of the fundament
frequency phase quantities concerned, that is, current or voltage phasors.

Npte 2 to entry:  Negative sequence voltage or current‘components may be significant only when the voltages
clirrents, respectively, are unbalanced. For examplé, if phase voltage phasors are symmetrical U.;= Ue®, U_
Uej(e+4n/3) and UL3: Uej(9+21'r/3) then U2 = (Ueje + ej411/3 Uej(e+4n/3) + ejZﬂ/3 Uej(e+2n/3))/3 = Ueje (1 + ej2ﬂ/3 + ej41-r/3)/3 =0
[$OURCE: IEC 60050-448:1995, 448:11-28, modified — the term and the definition have beer
modified and 2 two notes to entry added]

3121
njo load test

Plerformance validation aof the test equipment, with an open electrical connection to the DUT

Npte to entry: The test can\be done with the main transformer, if this has no impact on the test equipment setup a
rgsults. The setup needs)to be stated in the test report

322

njominal apparent power

apparentower from the wind turbine while operating at nominal current and nominal voltage
ahd frequency:

30,1 at Q =0

Npte 1 to entry: The negative sequence component is defined by the follewing complex mathematical expression|.

=2

where

Uy, is the nominal voltage;
In is the nominal current

3.23
nominal current (for wind turbines)
nominal value I, of wind turbine current, which are calculated from nominal active power P,
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. H _ Pn

and nominal voltage U, according to I,, = N

3.24 3

nominal active power

nominal value of wind turbine active power, which are stated by the manufacturer and is used
as per-unit base for all powers (active, reactive, apparent)

djfference between the maximum value of the response and the steady state final value

Npte 1 to entry: See Figure 3.

3|26
en loop
form of control without feedback

OURCE: IEC 62270, ed. 2.0 (2013)]

er voltage ride through
VRT
apility of a wind turbine or wind power plant to stay connected during voltage swells

Npte 1 to entry: In some publications, the expression “High Voltage ‘Ride Through (HVRT)”, is used for the sanfe
eyent.

3128

performance

describes the steady state and dynamic fulfilment according to the specification of the
cpmplete system in relation to the defined.parameters

329

performance test
easurements and tests carried, out to determine the ability of the DUT against selectefd
pprameters to achieve an intended function.

Npte to entry: The test intend§ to*validate the performance of the control system on the complete system - DUT |-,
including all subsystems and Components, which has a significant influence on the overall performance of the
fynction.

3130
phase jump
apid changeiin the phase angles of the supply voltage

Npte: The'phase jump test could be a requirement from the grid codes and defines that the DUT must be able o
thstand'a transitory phase jump without disconnection
313X

phase shift (IEC Glossary)

Defined as:

a) the absolute magnitude of the difference between two phase angles

b) the displacement in time of one periodic-waveform relative to other waveforms
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3.32

Power Hardware-in-the-Loop

PHiL

HiL where the real-time simulation model interfaces the hardware under test on electrical
(power) level.

Note: See Annex G for explanations on different variants of HiL

3.33
positive sequence component of the fundamental
foa-three-phase-system-with-phases L1 L2 and-L3the-symmetrical-sinusoidalthree-phase

spt of voltages or currents having positive frequency equal to the fundamental frequency., The
ppsitive sequence component is defined by the following complex mathematical expression:

*(x ?X,s)
RS -3 Xp+aX, ,+a" X, 4

here a = ei?™3 is the 120 degree operator, and Xc1, X2 and Xi3 are the complex’expressior|s
f the fundamental frequency phase quantities concerned, that is, current orVeltage phasors

o =

pte 1 to entry In a balanced harmonic-free system, only positive sequence component of the fundamental exist
br example, if phase voltage phasors are symmetrical U, ;= Uel®, U ,= Uel®*43) and lUys= Uei®*2™3) then U; = (U4®
ej2n/3 Uej(e+4n/3) + ej4n/3 Uej(e+2n/3))/3 = (Ueje + UeJG + Ueje)/3 = UeJG.
$OURCE: IEC 60050-448: 448-11-27:1995, modified — the termCand the definition have beer
modified and Note 1 to entry has been added]

U7

n2Z2

+

34

-capability
g¢active power capability of a wind turbine, which isdneasured from the capability curve or by
site-specific test or defined from the manufacturer

QT O W

35

uasi steady state of a system

hort-term steady state, for instance duriig-a voltage dip or voltage swell which is long
hough to include a period where the system state variables can be considered sensibly
bnstant. (Source IEC 61400-27-2)

O D O W

3136
ramp-down time
ime during which the measured value decreases from 90 % to 10 % of the target value

—

3137

reaction time

elapsed time from,test command issued until the change in amplitude reaches 10 % of the
measured output variable of the step height

Npte 1 to entry® See Figure 3
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Figure 3 — Example of step.response

38

recovery time

me from end of the event after which the measured value is continuously within the
fedefined tolerance band around the start“value before the event.

39

régsponse time
e from the start of event untilthe observed value enters for the first time the defined stead

state tolerance band.
Npte 1 to entry: See Figure 3
3140

rise time

—

I

N
3
r

baches 90 % of'the step change.

pte 1 to entry: See Figure 3

41
btor emulation

e from the observed value reached 10 % of the step change until the observed value

RCortmt—oy ottt

aal tirmma cvctam + at

for mHiL operation.

3.42

settling time

time defined as the elapsed time from the issue of a step change command until the observed
value continuously stays within the predefined tolerance band of the target value.

Note 1 to entry: See Figure 3
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3.43

short-circuit apparent power (IEV 601-01-14)

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

Note: Short-circuit currents and short-circuit impedances may also be determined by system tests. For converter-
based grid emulator, the steady state short circuit power Sy can be determined by measuring the voltage variation
AU in response to power variations.

3,44
short-circuit impedance
epuivalent impedance at the fault location.

=3

Npte: The calculation of the short-circuit impedance is generally based on the rated data of the electricalequipmen
and the topology of the grid.

3145

short-circuit ratio SCR

ratio of the short circuit apparent power S, to the nominal power S,

S
SCR =K
Sn
346
spurce
e]ectric power supply to feed signals or energy into electtical system or controller.
3147

tart of event
ime instant where the stimulus value deviatesXor the first time outside its defined stimulus
dlerance band.

= =

pte 1 to entry: Stimulus may be a reference signal or a disturbance.

pte 2 to entry: Default stimulus tolerancebahnd is defined to be + 10 % of the stimulus increment and centred g
tHe value the stimulus had before the event.

3|48

static error

deviation between the obtained values compared to a requested reference value.

=]

49
feady state
atus of the system obtained when the settling time has expired.

0w o w

350

sub-group

Qrouping“method according to IEC 61000-4-7/AMD1:2008. Sub-grouping is used for integer
spibfgreuped harmonic currents and voltages and for interharmonic centered sub-group
clrrents and voltages

3.51
sub-group total harmonic current distortion - THC (symbol)
ratio of the r.m.s. value of the harmonic sub-groups (l,) to the r.m.s. value of the sub-group

associated with the nominal current (U,):
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495 THC = Z (;_:)2

496  3.52
497  sub-group total harmonic voltage distortion - THDSuU, (symbol)

498 ratio of the r.m.s. value of the harmonic sub-groups (U,) to the r.m.s. value of the sub-group

499  apsociated with the nominal voltage (U.):

500

501 THDSy,, =

502 N[OTE: In this standard the value of hnay is either 50 or 180 as given in the specific requirements.
503

504 53

3
505  sub-system

506 A portion of a system which fulfils a specific function, consisting of several

507 cpmponents/elements, which are directly related to eachtother and are directly interacting for
508  the defined function.

509 3|54

510 sub-system test

511 test on a sub-system, where all necessary functions and performance for the test are
512 ajailable in the sub-system and are not dependent on other components or systems.

513 Npte 1 to entry: Test done on a sub-system-isivalid for all turbine variants, where the sub-system is used.

514
515 3|55

516 tolerance band

517 apceptable deviation range‘of the measured signal from the defined target value.

518 pte 1 to entry: The steady state target value is usually defined to be equal to the observed signal’s reference valye

519 the value towards whi¢ch the observed signal is converging after the event.

521 56

522 plidation

523  cpnfirmation, through the provision of objective evidence, that the requirements for a specific
524  intended use or application have been fulfilled.

N
o}
520 Npte 2 to entry: (Default tolerance band is defined to be + 10 % of the nominal value if nothing else is stated
3
Vv

525 Note: In relation to this TS, the defined test & measurement procedures are validation procedures as the validation
526 is based on experimental data in relation to an intended use.

527 Note: In this TS the defined tests procedures etc. are validation tests, as the TS does not verify that specific
528 requirements are meet.

529  [Source: IEV 192-01-18, modified ]
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530
531 3.57

532  verification
533  confirmation, through the provision of objective evidence, that specified (system)
534  requirements have been fulfilled.

535 Note: In in relation to this TS the measurement results can be used to assess conformity of a design to a specified
536 requirement e.g. verify that the system fulfils e.g. specific grid code requirements.

537

538 3158

539 vpltage dip

540 limited duration non-periodic sudden decrease of the power supply network’s voltage

541 magnitude and associated change of its phase.

542 Npte 1 to entry: In some articles, publications, etc. the expression “voltage sags” is used forth€ same event.
543 3159

544  vpltage swell

545 limited duration non-periodic sudden increase of the power supply network’s voltage

546 magnitude above its nominal value and associated change of the plirase of the voltage.
547 3160

548 unbalance factor

549 in a three-phase system, the degree of unbalance expressed by the ratio |52/§1| (in
550 percent) between the values of the negative sequence component Xz and the positive

551 spgquence component Xi of voltage or current.

552 [$OURCE: IEC 60050-614:2016 614-01-33,]

553 3]61

554  uinder voltage ride through

555 UVRT

556 apility of a wind turbine or wind power plant to stay connected during voltage dips.

557 NIOTE 1 to entry: In some publications, the expression “Low Voltage Ride Through (LVRT)”, is used for the same
558 eyent.

559 3162

560 wind turbine terminals

561 WTT

562 ppint that is-part of the WT and identified by the WT manufacturer as a point at which the WT
563 may be cenfiected to the power collection system.

564

565 3168

566 zero sequence component of the fundamental

567  for a three-phase system with phases L1, L2 and L3, the in-phase sinusoidal voltage or
568  current component having the fundamental frequency and equal amplitude in each of the
569 phases.

570 Note 1 to entry: The zero sequence component is defined by the following complex mathematical expression:
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1
Xo = g(lu + X0+ X 3)

where X.1, Xi2 and X3 are the complex expressions of the fundamental frequency phase quantities concerned, that
is, current or voltage phasors

[IEC 60050-448:1995, 448-11-29, modified — the term and the definition have been modified
and the note to entry added]
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4 Symbols and abbreviations

In this part of IEC 61400, the following symbols and units are used.

Symbols (The final update will be done together with the CDV)

Wi network impedance phase angle (°)
om(t) electrical angle of the fundamental of the measured voltage (°)
c(w) flicker coefficient for continuous operation

| relative voltage change (%)

/. steady-state voltage change as defined in IEC 61000-4-15
1 ax maximum voltage change

Fg nominal grid frequency (50 Hz or 60 Hz)

inertia, recovery  frequency threshold where the turbine shall stop boosting active power (Hz

frequency threshold where the turbine shall start boosting active power

inertia, trigger (H2)

over overfrequency protection level (Hz)

Finder underfrequency protection level (Hz)

L harmonic order

hi hth order harmonic current distortion of. it"Wind turbine (A)
m(t) measured instantaneous current (A)

n nominal current (A)

UF current unbalance factor

P active power (W)

Pt long term flicker severity

P nominal active powér of the power plant (W)

st short term flicker severity

o) reactive power (var)

By short-circuit apparent power of grid (VA)

By fic short-circuit apparent power of the fictitious grid (VA)

5, nominal apparent power (VA)

Mo transient time period of a switching operation (s)

J phase-to-phase voltage (V)

U, nominal phase-to-phase voltage (V)

U SHaer undervoltage protection level (V)

Uover overvoltage protection level (V)
Upre pre-fault voltage (V)
UUF voltage unbalance factor
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Abbreviations
A/D converter analogue-to-digital converter
Aux. Auxiliary equipment

DFAG doubly-fed asynchronous generator (Often referred to as a doubly-fed
induction generator (DFIG), but it is not operated as an induction generator

when-therotorcurrentis—controtted)
DFT Discrete Fourier Transformation
DUT Device under test
FRT Fault ride through
HiL Hardware in the loop
HSS High Speed Shaft
HV High voltage
HW Hardware
LSS Low Speed Shaft
LV Low voltage
mHiL mechanical Hardwatre in the loop
MP Measurement\Point
MV Medium,voltage
OVRT Qvervoltage ride-through
PGU Power generation unit
PHiL Power Hardware in the loop
RM Prime Mover (motor)
POC Point of connection
PPC power plant controller

RMS root mean square
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RoCoF rate of change of frequency
RPM Revolutions per minute
SCADA supervisory control and data acquisition
SW Software
THC total harmonic current distortion
UVRT Undervoltage ride-through
WLU Wind Load Unit
WT Wind Turbine
WTT Wind Turbine Terminals
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5 Overview of tests

— 29—
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Table 1 gives an overview of the minimum required test levels for the different tests and measurements
as described in this TS - Technical Specification, as well as the minimum recommended requirements
for the test system, where the DUT / WT is connected to.

Note: The required test bench system, is always referring to the minimum required system. That means, if a higher
test bench system is used the other levels are automatically included (e.g a test bench system Figure 5 1a, can as
well be used for tests requiring a test bench system in Figure 5 2a or 2b).

Table 1 - Overview of tests according to chapter 8

Chapter Test Test level - DUT Minimum Test Comment
bench system (c.f.
Chapter 7)
Power Quality Aspects
81.1 Flicker WT Field test
8J1.2 Flicker and voltage change | WT Field test
during switching operations
8J1.3 Harmonics Subsystem 2b
Steady State
8.1 Maximum power Subsystem la
82.2 Reactive power [ Subsystem 2b
characteristic (Q=0)
8J2.3 Reactive power capability Subsystem 2b
8.4 Voltage dependency of PQ | Suhbsystem 2b
diagram
8.2.5 Unbalance factor Subsystem 2b
Control performance
83.1 Active power contfol Subsystem la
83.2 Active power~ramp rate | Subsystem
limitation 2a
83.3 Fregquency control Subsystem 2b
8]3.4 Synthetic inertia Subsystem 1a
8.3.5 Reactive power control Subsystem 2b
Voltage fault ride through
sy 2 ERT - Performance testing Subsystem lato 3a Depending on the
according to Strategy 1 test category
8.4.3 Functionality and Capability | Subsystem lato 3a Depending on the
testing according to test category
Strategy 2

Grid Protection
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8.5.1 Grid protection Component/ 3c Functionality test of
Subsystem protection system on
component level
8.5.2 Rate of change of frequency | Component/ 3c Functionality test of
RoCoF (df/dt) Subsystem protection system on
component level
8.5.3 Reconnection time WT Field test
Tlable 2 shows the additional tests, which are specified in this technical specification, as-thesge
te@sts are typical performed on a controllable test bench setup.
Table 2 - Overview of tests according to chapter 9
Chapter Test case Test level - DUT Test bench system Comment
Power Quality Aspects
0 Flicker control Subsystem 1b
9.1.2 Flicker and voltage Subsystem 2b
change during
switching operations
9.1.3 Active filter / Sink for Subsystem 2b
harmonics
9.1.4 Impedance Subsystem 2b
measurements
Steady Stat
9.2.1 Voltage capability Subsystem 2b
9.2.2 Frequency capability Supsystem 2b
9.2.3 Current Unbalance Subsystem 2b
Factor in an
unbalanced system
Control performance
9.3.1 Grid Impedance Subsystem 1b
variations
9.3.2 Island operation Subsystem 1b
Dynamic performance
9.4.1 RoCoF - real df/dt — Subsystem 1b
capability
9.4.2 Phase jump Subsystem 1b

A different system level than stated would be acceptable, in cases where minor changes in the
subsystems are requesting a refresh of some tests & measurements, or if it has been validated
and agreed that the test results are not affected by the different test level. A more detailed
guideline in relation to the replacement of components is given in Annex C and a detailed
description of the test bench levels are given in Annex B.
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6 Definitions of minimum DUT, components and subsystems

6.1 General

The following chapter defines the minimum test setup of the DUT and the interfaces of the DUT,
which are recommended for the validation of the described tests.

Furthermore, this chapter defines the different components and subsystems, as well as the
controller functionalities, which are responsible for the performance of the different electrical
capabilities and control features.

The structure follows the modular structure as defined in IEC 61400-27-1.

2 Description of components and subsystems

gure 4 gives an overview of the main components, subsystems and control functions as.well as tHe
ain input and output parameter, which have an influence in relation to the different test and
easurement procedures as described in this technical specification.

33 17 O

=
[}

pte: As an example: For the reactive power capability measurement the subsystems: power conversion system a
ectrical connection (including the WT type specific components) are influencing the\reactive power capabili
easurements and shall be represented in the DUT. The responsible control system is the grid power contrp
(rpactive power control) and shall as well be part of the test setup.

Control commands /
Reference values
I

/‘ WT Control System \

(0]
<

3

v

Pitch- Control Generator System Contral || Grid Protection functions

Pitch Speed Torque Gen Grid active .h”t"_ . Over - Over —
Control Cantrol Control Power Power oo dffdt Under Under
Control Control o) voltage freq
Grid Grid Grid (FRT)
Voltage Frequency current.
control control control

7y = Y

L 4 y *
Aerodynamic M&chanical system Generator system Electrical System

L] e T AUX-
Filter . j
HUB Cap-banks Switchgear Supply

h \ i
_"?I iz | Gearbox 2,2:: - [ Generator }[ Ca;::;rrtner ] ] { Cables M Transtormer} Gr|d
N, N AN AN & fw
Subsystem -&efadynamics ° Subsystem MechamcalsvstemE Subsystem Generator System é'?- :
Figure 4 — Generic structure of WT
Depending on the WT type some of the following main components will be part of the different
subsystemsforthe ditferent-Witypes-
Subsystem Main Components Description
Aerodynamics Blades Blades of the WT
Pitch System Mechanical / electrical system to rotate the blades
HUB fixture for attaching the blades assembly to the rotor
shaft
Control functions
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Pitch Control

Control system to control the pitch angle of the blades

Speed control

Control system to control the rotational speed of the

main shaft

Torque control

Control system to control the torque to the main shaft

QIII’\Qnyﬂm

Main (‘nmr\nnnnf:

Description
T

Mechanical System

Gearbox

Gearbox

Drive system

Mechanical drive train - main shaft bearings etc.

Bearings

Subsystem

Main Components

Description

(Generator system

Generator Generator of the WT — depentling on the Type

Asynchronous, synchroneus, DFIG, etc.
Converter Converter system forthe Type Ill and type IV WT
Filter Filter system fot switch harmonics etc.

Control functions

Gen power control

Active’and reactive power control of the power
cofversion system

Grid active power control

‘Active power control of the grid side system

Grid reactive power control

Reactive power control of the grid side system

Grid voltage control

Grid voltage control functions

Grid frequency'\control

Grid frequency control functions

Grid (FRT)XEurrent Control

Current control during fault ride through events

Subsystem Main Components Description
Flectrical connection Transformer LV to MV transformer
Cables Tower cables etc.
Switchgear Protection device
Aux-supply Supply of the Auxiliary equipment in the WT
Grid Module Grid measurement module
Cap-banks Reactive power compensation e.g. for type | and type Il

Grid Protection functions

Frequency protection

Over and under frequency protection

Voltage protection

Over and under voltage protection

df/dt

RoCoF protection

IEC CD 61400-21-4 TS © IEC 2022
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T

he detailed description about the operating and test conditions are defined in the respective chapters

of this specification. In Annex B, are the different components and subsystems listed together with the
control functionalities, in relation to the different measurement and test procedures, as described in this

T

7

7.

T

S in relation to the different turbine types etc.

Test bench systems

1 General for test Benches
o test electrical Characteristics of the wind turbine, test benches of different system levels

d-af diffa Bt H hatucaod Thao folloannan chaontare doacor: ha aran ot

O T

falla cha A cliff t to
ottt Trefent \,ulllpl\,/\luua SaPoeHSee—rnrt |u||uvv|||3 \;IIMIJLL,IJ OCSCTTOC O TCT CTIC tC ST

enches including requirements to obtain valid test results from functionality, capability and
erformance testing, when measuring the electrical characteristics.

Electrical Generation Test Bench
Nacelle Test Bench (with mHil controller’ @ @ ing
. with mHil controller ‘ ConvertdNEstin

,,,,,,,,,,,,, Torque__ | mHil controller ———-Jorgue _ § \Control___
i 1 mHiL controller oo 3 Gouos: B OB
| » IControl / CTwie
i wiy i - H = \(om ol System| "\JI“L
4 - ——Z kL s {TTTiCmmmdmem 0 A\ OMEELELE]
(L, - O
* Optional \ o | l — ) .
@ ® Auxialiary testing
m:i
Nacelle Test Bench (with Speed/Power controller) @ M‘w (
(with Speed/Power controller)
‘_______Sv_esd____ Spu d/Powu controller Auxialiary
josmond g Speed , Speed/Power controller ‘rp""'e it |
* Optional Diisaindd / 5 o
wiy / " Power

@ Controller testing

P el ——— |
M[ ] 1l J ConveerVeTrGSy>lem * Optional / =  — [Ac
* Griionat i ¥ ’ | PM = * optional
| = Responce
QY N =| E />

X

/j

Figure 5 - Examples of Nacelle Test Benches type 1a, 1b to the left. Examples of
Electrical Generation Test Benches type 2a, 2b in the middle and examples of
component test\benches type 3a, 3b, 3c to the right.

2 Nacelle test benchtype (1a) and (1b)

enerally when referting to Nacelle Test Benches, the complete nacelle is placed on the test
pench and the different components of the wind turbine (e.g. generator, gearbox, hydraulics,

e

fl parts“of the electrical systems are located in or outside the tower section of the turbine,

ain bearing(s)(@nd electrical cabinets) are mounted in the nacelle in its original positions
d structuresiHereby, the wind turbine’s control system is in operation and the load of the
fferent electrical systems is equivalent to site operation.

Iectrlcal noise propertles which enables valld test results for performance testlng
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7.2.1 Nacelle test benches with mHiL controller (1a)

Nacelle test benches are distinguished by two different operation modes. Namely, these are
1a: “Nacelle testing with turbine control system in mHiL mode”, c.f. Figure 6 and mode 1b:
“Nacelle testing in torque/speed mode”, c.f. Figure 7.

Nacelle Test Bench (with mHiL controller)

|
777777777777777777777777 !
,,,,,,,,,,,,,,, I
|
|
5 |

|
1

Hub |Switch

(
i
i
i
i
i
i
i )
i
| ) 2 i
i i i
i | i
| & ¥ ! in i Grid B
e <] - Gen. | ontr ntrol i
- [\ Gearbox s % | + gear
/1\ \:’ i - \'\\ i e filter 1 9 !
] — — [~ -
1
)
\

+

AC

(f |

— Ground . * i
— * Optional  Optonsl, A . ;1S U?/Z[T?gfllm
R R RS R R I S R QR | S, S S -" \_[;J equiptment
b h
A
&) )
Converter based  Real
Emulated HV Grid
HV Grid
Figure 6 — Example of Nacelle Test Bench in mHiL control mode (1a)
Npte: If the hub is part of the test setup, and the pitch'system of the turbine is operational, a more simplified mH

(2]

ntrol mode can be implemented to achieve the correct operational dynamic response of the turbine during testin
ith verified parameters of the rotor characteristicrof the tested WT (wind, pitch angle, RPM, resulting torque) an
) inertia compensation, the dynamic response: can be obtained by controlling the prime mover in torque contr
ode. Therefore performance testing is alsopossible in this mode.

a
m
Npte: This type of test bench is typicallyyused for performance testing of the complete system or functionality a
capability testing of individual components and sub-systems.

The mHiL controller itself i§ described in more details in chapter 7.5.1.
The prime mover (PM)-is described in chapter 7.5.2.
T

he UVRT/OVRT\equipment is described in chapter 7.5.3.

n the mHiLymode (1a) all the WT’s control systems are active during testing, and the response to th
ectricahtests are representative to real site operation, because the mHiL controller ensures corre
ynamic response of the turbine and its control systems torque/speed wise. As described in more deta
in ¢:5,4, this is done with the help of an emulation of the aerodynamic and mechanic properties of th

o

Z o

Ct
il

4 ) 4. <l H H 4 +.
rULUI, T UWET AlTU TITo STy at tuaturs.

Furthermore, all the electrical systems that will experience the grid event are present and operational in
the type 1a nacelle test bench. This makes it possible to do performance testing, which is equivalent to

site tests, and can therefore replace site test campaigns.

The grid side-converter of the DUT can be connected either to a real grid or to a grid emulator.

The grid emulator is described in chapter 7.5.3.2.
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7.2.1.1 Requirements on Nacelle Test Benches (1a)

In order to achieve results equivalent to site tests, the mHiL operation must be validated. It can be by
performing a number of tests with varying wind speeds / wind speed ramps to compare test bench
measurements with site measurements or results derived with reliable load simulation models.

The tested wind turbine is operated with its original control system software. No changes to relevant
control software are permitted.

If parts of the electrical system are left out of the tests (e.g. yaw or pitch) they must be tested separately

Ir ordartaovalidata tha narfarmanca of tha final nacalla dacian
Orae—to-vatHaatetHe-peHorahce-otheHhAarHaeene-aesigh-

712.2 Nacelle Test Benches in Speed / Power mode (1b)

flthe test does not require a correct dynamic speed response of the DUT or that the DUT ,Operates
Cccording to its characteristic power/speed curve, the prime mover can be operated in‘speed/power
bntrol mode without mHiL, as illustrated in Figure 7.

Nacelle Test Bench (in Speed / Power mode)

(w2 +)

=,
\
3 . .

(Machine ] ( Grid ] Dot panv| ! Switch

————— Generator ool Control ?‘l’”‘/- = Transformer 5 i gear
— ilter = .

HSS \\_ AC | e o B\ | |

= —| I / N

[ PM Lss ! ) =5 AC \
) ':'/ Conv. |
- 55 s g —d{ * Optional
* Optional b S s W W e e et (ODEIERON. ) J (\j—l:fh UVETI;j(r)‘\jR
\_UJ equiptmen
ele

Converter based Real
Emulated HV Grid
HV Grid

Figure 7 - Example of Nacelle Test Bench in Speed / Power control mode (1b)

pzd

pte: This type of testsbench is typically used for functionality and capability testing of individual components and
b-systems.

0

n this modé. functionality testing and capability testing is possible, to verify that the different
systems-comply with the requirements.

Thed{est setup is controlled with a speed and a power controller, which are setting speed
refeTences 1o the Prime MoVer CONVETTErS, and active as Wellas reactive pOWer Teferences 1o
the DUT grid side converter. With that, specific load situations in terms of speed, active and
reactive power can be configured and tested. In this test bench configuration, the WT controller
and auxiliary systems are not active during testing and therefore the dynamic response, electric
performance, and protections are not representative for real on-site operation.

7.2.2.1 Requirements for Nacelle Test Benches (1b)

In order to verify functionality and capability of the different turbine electrical systems (e.g.
converter, filters and generator) the nacelle test bench can be operated in Speed/Power mode.
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707  The test bench’s speed or power controller must be able to set desired references with sufficient
708  accuracy. The dynamics of the speed/power controller must be sufficient for planned tests.
709
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7.3 Electrical generation test bench (2a) and (2b)

An Electrical Generation Test Bench includes only selected components of the WT’s drive train
in the test setup. Especially mechanical components of the drive train, such as gearbox, main
bearing, and corresponding auxiliaries are not included in this test setup. This may cause some
variation of the test results compared to results derived on a Nacelle Test Bench but reduces
test time preparation and minimized test costs.

7.3.1 Electrical generation test bench with mHiL mode (2a)

Electrical Generation Test Benches are also distinguished by two different operation modes.
Namely, these are 2a: “Electrical Generation Test Bench with turbine control system in mHiL

mode”, c.f. Figure 8 and mode 2b: “Electrical Generation Test Bench in Speed / Power m'odef,
c|f. Figure 9.

Electrical Generation Test Bench (with mHiL controller)

. Wind, P, Q
Tor mHIL - :
9 (q'ug controller | DUT (Electrical Generation Svstem);
PO R Bt e L Rl ey Sl mm s e Sy r—
|

7

I e e D e L By ek poioray o)
: WTG !
. Control f------, 1
! System I
I = 5 |
! ! y

I

I

\
|
|

) ;

| I

. | |

Machine ¢ - Grid | Switch
Com. L2 swich |
| Transformer <+ 8ear 1

DC ;

|

U

filter

8 T

A= mar\\'S )

g
I

. * Optional
e g e e ¢ UVRT/OVRT
equiptment

DI

® |

Converter based  Real
Emulated HV Grid
HV Grid

Figure 8 - Example of Electrical Generation Test Bench in mHiL control mode (2a)

=
o

pte: This type of test bench(is typically used for functionality and capability testing of individual components an
b-systems, as the test setup does not include the auxiliary systems such as lubrication, fans and its protectig
systems.

In mHiL mode (Figure 8) the DUT at the Electrical Generation Test Bench is operated with ifs
original control seftware alongside with the mHiL-controller. The mHiL controller emulates th
dynamic speed response of the wind turbine observed in the field at the test bench. With tha,
the DUT (on the test bench is characterized by the same dynamic speed response as th
cprresponding wind turbine in the field.

2]
=}

e‘mHiL controller itself is described in more details in chapter 7.5.1. Compared to the mHiL
controller used for Nacelle Test Benches, It features an additional simulation model o emulate
the impact of the missing mechanical drive train components.
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7.3.1.1 Requirements for electrical generation test benches(2a)

The wind turbine is operated with its original control software with minimum changes. The mHiL-
System must be validated against proven simulation models or field data. The test bench’s
control system must be capable of applying mechanical loads as dynamically as required by
the mHiL-System.

7.3.2 Electrical generation test bench (2b)

If the test bench does not have a mHiL controller and DUT does not have complete WT control system,
then the tests can be conducted in a Speed/Power mode following pre-set speed and power references.
Als for the Nacelle Test Bench in Speed / Power mode (c.f. section 7.2.2) the test setup is controlled iy
a|speed / power controller as illustrated in Figure 9. These controllers are setting the speed referencdgs
fqr the prime mover converter as well as the active and reactive power references for the WT convertefr.

>

s the WT control is not operating, the dynamic speed response is not representative for teal on-site
beration. Consequently, in this mode only functionality and capability testing, is possible:

@]

(@ Electrical Generation Test Bench (in Speed./‘Power mode)

R I P L ‘
! controller i

DUT (Electrical Generation S)_YStem) |
sl SIS

-
Machine Grid
Gen. Control Control Cond

fifteh

PSR | PR

PM Hss /77 \\ | AC TS
I ]
2/ oc| T |/ac
Conv. !
N K L] * Optional

e oo s oo e s o ¢l N o s oo e e e o UVRT/OVRT

(\B—EB equiptment

h h

®) |

Converter based  Real
Emulated HV Grid
HV Grid

Figure 9 - Example of electrical generation test bench in speed / power control mode

pd

pte: This type_ ofitest bench is typically used for functionality and capability testing of individual components and
b-systems.

]

713.2.1 Requirements for electrical generation test benches (2b)

dhanges to the wind turbine control software are acceptable if they do not influence the results
of-theptanned—test—Fhe—testbench's—speed-ortorque—controtermust be—ablte—to—set-desire
references with sufficient accuracy. The dynamic of the speed/power controller must be
sufficient for planned tests.

Chapter 7.5 provides more requirements for the test bench equipment.
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7.4 Component test benches

To test the functionality of the different components and sub-systems in the turbine, dedicated
component test benches can be used.

Some examples of different component test benches are described in the following sections.

7.4.1 Converter test bench (3a)

An electric source can be used to load the machine-side converter to have power flow through
the converter. The source will act electrically as the generator in the wind turbine.

The grid-converter can be connected either to a real grid or alternative to a grid emulator tlo
verify the functionality and capability of the converter system as illustrated in Figure 10,

@ Converter testing

Source ~ (;w.— - T \
| [ac | |ee |
QIS AEAE
N e s e s i

)
Converter based  Real

Emulated LV Grid
LV Grid

Figure 10 - Example of ‘Converter Test Bench (3a)

pd

pte: This type of test bench is typically used_ for functionality and capability testing of individual components arld
b-systems.

2]

This component test bench can(be used for testing of the converter system as a stand-alone
system.

~

4.1.1 Requirementsfor converter test bench (3a)

—

0 achieve valid results from the tests, the DUT converter including filter and chopps
bmponents must(be ‘equivalent to the ones used in the WT.

O
=

~

4.2 Auxiliary test bench (3b)

o verify the functionality of the auxiliary system(s) of the turbine, the different electric
ystems can be connected to an electric source which can replicate the grid events etc. T

—

n
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Auxialiary testing

Source

@

v =z

® O

==l
AUX.

Figure 11 - Example of auxiliary test bench (3b)

pte: This type of test bench is typically used for functionality and capability testing of individual components arjd
b-systems.

epended on the test to be executed the test bench must be designed~toload the Auxiliany
uipment to gain valid results.

4.2.1 Requirements for auxiliary test bench (3b)

0 achieve valid results, the Auxiliary equipment must be loaded under worst case operating
bnditions, meaning fans, pumps, lubrications systems and its control systems must operat|
ith the right pressure, temperature and vibration levels.

(1]

4.3 Controller test bench (3c)

o perform a functionality test on the individual eontrollers for the WT a controller test bench
hn be used. For this, the WT original controhsoftware is operated on the original controllg
pardware, i.e. the real combination of software and hardware is considered the DUT. The
pntroller test bench includes several simulations (c.f. Figure 13 or Figure 14), which allow o
fovide any required signals (e.g. voltage and currents) to the tested WT controller and i{s
bsponse e.g. to electrical events cane observed.

@ Controller testing

Source
P Responce

-

Figure 12 - Example of controller test bench (3c)

Note: This type of test bench is typically used for functionality testing of individual components.

Depending on the architecture of the controller and its integration into the overall system, the
test bench operates the controller in:

e Open loop control or

e Closed loop HiL control (HiL setup)
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The following pictures show a more detailed representation of the test benches.

Open loop

simulations

I
. |
Diverse |
I

I

|

b)
Control parameter

UVRT + OVRT

4

e K DUT

Disturbances

UVRT + OVRT
Disturbances

Figure 13 — lllustration of an exemplary test setup with open loop

»  Simulated grid (Controller)

input output

\

Closedloop N
. | |
c
HiL Setup J ) Diverse }
r } simulations }
fffffffffffff |
I I
2 | b) T -
! WTcontroller | Control parameter I Sensors !
\ [ ——y T TTTTTTTST
L ____ ! } } Actuators }
o
| I
I Comunications }
.
y
e) f)
. . DUT Converter
Simulated grid ; A
N (Controller) simulation
input output

Figure 14 — lllustration of an exemplary controller-HiL test setup

The table below describes.the Boxes a to f/g in more detail.

A

Box Name Short description
a) Wind Turbine Controls and monitor the complete WT with diverse aspects. In this case, if
Controller might be needed, to get the set up running or some features related to UVRT]
or/and OVRT functionalities are implemented in this controller.
b) Control These parameters are needed to configure each individual FRT functionality
Parameter behavior at the DUT controller. During testing the test relevant paramete
&l + I~ P2 +acl
c) Diverse In such a test setup, different devices, e.g. Sensors, actuators are normally
Simulation not included, as they are not relevant for this functional test and the effort
Devices would be too great. However, they may need to be simulated to get the setup
in operation.
d) UVRT + OVRT This box symbolized the UVRT or/and OVRT voltage events, which will be
Disturbances seen via the simulated grid at the signal input of the DUT, e.g. low voltage
measurement signal
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e) Simulated Grid It's the simulation of the electrical grid, which provides a grid depended
feedback to the simulated converter signal output (P, Q,..).
f) DUT (e.g. DUT which shall be the same technical setup (hardware and software),
controller of the | defined by the manufacturer as it will be in the e.g. complete converter
converter)
g) Converter If it is desired to analyze the DUT functionalities in a closed loop fashion, this
Simulation box simulates the converter. This simulation translates the DUT’s command

signals (output) into a reaction of the converter, which feedback into the
simulated grid and hence the DUT’s input..

=

4

= o

1

—

3 1

Figure 15 — Description of the different components of the test set up, illustrated in
Figure 13 and Figure 14

-

asically, the exact structure of the test bench depends on the planned function tests.,and the
rther use in the overall validation concept. The DUT needs to be embedded into. a technica
hvironment simulation, such that it is able to operate as in a complete WT.|This can be
dividually different, and the setup above describes on possible version.

he following measurement values needs to record:

¢ Input and output of the DUT (box f)

\1”4

Lrther measurement signals might be useful to show the functionality’and needs to be defined by th
anufacturer.

4.3.1 Requirements for controller test bench (3¢)

he controller must operate with the same SW and HW as the turbines in the field to verif
prrect functionality. The source must replicate_the grid events or grid disturbances with
Lifficient accuracy to verify the response of the controller.

SIS
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7.5 Test bench equipment

To make the DUT/WT operate dynamically when installed on the test bench and perform certain
electrical tests specific test bench equipment can be used. The following chapters describes
the equipment typically used for performing tests and the requirements.

7.5.1 mHiL system

This section addresses the mechanical-level HiL (mHiL) system, which emulates the missing
rotor and relevant auxiliary system. This section does not address power-level HiL systems,
which may possibly be used for grid emulators.

Jdompared to the general overview for mHiL operated test benches, given in Figure 6 and Figufe
8 a more detailed look in to the mHiL-setup is given in Figure 16. The statements for.mHiL
made in this section are valid for all types of test benches using a mHiL system.

—

he mHiL system comprises of two major functionalities, the “Rotor- and Structure Emulatio
short “rotor emulation”) and the “Sensor-Actuator and Interface Emulation?((Short: “actuatqgr
mulation”). The rotor emulation simulates the wind field, aeroelastic, the rotor, the drive trai
hd if needed other structural dynamics, such as tower, in real-time. In a.simplified manner one
An consider this a real-time wind turbine simulator. Furthermore, it ¢ontrols the test benchls
Fime mover, so that the wind turbine’s drive train behaves accordingto the rotor’s mechanical
foperties and the current aerodynamic conditions. Naturally,cthese conditions depend o
gnals of the wind turbine’s control system, which is interlinked with the rotor emulation via th
Ctuator emulation.

—~~
™

Q »WT T O D

he actuator emulation simulates the sighals and dynamics of missing sensors or actuators
Lich as wind vane, measured bending moments, piteh or yaw actuators in real-time. If required
ore signals such as status signals etc. can be efmulated separately. The aim of this actuatqr
mulation is to minimize software changes that are required on the WT’s control system.

® 3 0w o
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Converter based  Real
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Figure 16 - General block diagram of the . mechanical Hardware-in-the-Loop system
required to operate nacelle or Electrical Generation System in mHiL-mode.

—

he forthcoming section will give @0me minimum requirements on the mHiL system an
5pecially on the models used therein.

D

~

5.1.1 Requirements forlrotor and structure dynamic emulation

—

rptor on the behaviour-of the WT by means of the prime mover of the test bench. In gener
the rotor

- converts\ fluid-mechanical energy into rotational energy, depending on the inflo
conditians (wind speed and direction), the pitch angle and the rotational speed and

- determines the natural frequencies of the mechanical drive train.

Accordingly, the Rotor and Structure Dynamic Emulation also has two essential tasks.

he purpose of rotor and structural dynamics emulation is to reproduce the influence of tgr
I

[®N

t

r¢produces the aerodynamic properties of the rotor in real-time using a suitable method an

d

thereby restores the dynamic behaviour of the drive train determined by the rotor inertia. The
required functions within the rotor emulator and corresponding requirements are given in

Table 3.

Table 3 - Functions of the rotor and structure emulation and related requirements.

Function and Description Level 1 Level 2
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Wind field

e Simulation of wind conditions (mean
wind speed and turbulence intensity)

e generated according to IEC 61400-1

Spatially resolved 3D
wind field (turbulent)

Punctual effective
mean wind speed at
hub height
(turbulent)

Aeroelastic

Detailed rotor model

Static Cp-Grid

s Smutation of the aerodyrmamnic
properties of the rotor, i.e. transfer of
wind power into the induced prime
mover torque

(mmodetbasedomtoad
calculation tools from
the type certification
process)

(forrctiormofTotor
speed, pitch angle;
wind speed)

Drive Train Dynamics

e Simulation of the coupled rotor-drive
train dynamics of the original wind
turbine with respect to the rotational
degree of freedom on the test bench

Multi-mass oscillator

(emulation of coupled
rotor-drive train
eigenfrequencies)

Single-mass
oscillator

(emulation of
dynamics, i.e. inert
behavior)

Structural Dynamics

e Simulation of the influence of further
structural dynamics (e.g. influences of
the tower) on the rotational degree of
freedom and their coupling

Detailed struetural
models

(modelhased on load
calculation tools from
theutype certification
process)

without any further
structural models

al

7

a
O

d

5.1.2

Table 4 - List of system for which sensor, actuator or interfaces are emulated in order to

Tlo ensure consistency in test bench, testing, one level should be used throughout all tests. F¢
the execution of individual test items on nacelle and subsystem test benches, the necessar
lgvel of detail of the rotor and structural dynamics emulation (level 1 or level 2) and the senso
ctuator emulation must be agreed in each individual case.

Requirements for sensor-actuator and interface emulation

The purpose of the sénsor-actuator and interface emulation is to reproduce the signal interfag
hd the dynamic behaviour of sensors and actuators that are not available due to installatio
h the test bench.How many of these interfaces are required depends on the wind turbine an
the agreemenis’ of all parties involved. In principle, the smallest possible modification
Esirable, In"this section, only the systems affected in any case are taken into account.

operate WT in mHiL mode.

S

7 = M=)

System and Required Emulation

Requirements

Pitch System:

e Sensor and actuator Interface
emulation;
Signal interface to WT controller, i.e.
signal conditioning and protocol
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e Actuator emulation for dynamic
behaviour;
Simulation of the dynamic response of
the pitch actuator (simulation at model
level if the pitch actuator is not
physically operated).

Inertial forces and external aerodynamic
conditions

Delay times of the actuators (motor, cylinder)

Yaw System (Optional)

Py Sansorand actiuator Intarfaca
2 —hHe—actHato—teHa

emulation
Signal interface to WT controller, i.e.
signal conditioning and protocol

e Actuator emulation for Dynamic
behaviour
Simulation of the dynamic response of
the Yaw actuator (simulation at model
level if the pitch actuator is not
physically operated)

Inertial forces and external aerodynamic
conditions

Delay times of the actuatorss(motor, cylinder

Wind Sensor

e Sensor interface emulation
Emulate Interface to provide wind
information (speed, direction) from HilL-
System to WT controller, i.e. signal
conditioning and protocol

e Sensor Emulation (Optional)
Emulation of sensor disturbance by
rotor and sensor’s dynamic behavior.

No requirenprents, as of minor importance for
testing

Dther Sensor (e.g. blade root
moments, nacelle acceleration(..)

bending

e Sensor interface emulation
Emulate Interface to provide required
information from HiL-System to
WTcontroller

e Sensor emulation
Emulationof dynamic behaviour of
sensaf.or measured quantity

If a sensor has relevant dynamic behaviour,
is to consider. If the dynamic of the
measured quantity is relevant and not
covered by another system, such as e.qg.
rotor-structural dynamic emulation, it is to
consider.

External References (Optional)

e Interface emulation
Emulate Interface to provide external
references from HiL-System to WT
controller, i.e. signal conditioning and
protocol

No requirements, as of minor importance for
testing
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7.5.1.3 Validation procedure

The correct emulation of the wind turbine’s mechanic and aerodynamic properties by the mHiL
system are crucial for the validity of the measurement results derived at test benches. The
emulation can be considered as reliable if the results of the real-time simulation and load
calculation simulation according to IEC61400-1 and IEC 61400-3 match with sufficient
accuracy.

For validation the static and dynamic properties the following procedure is proposed. It is recommended
tg operate the wind turbine at different wind speed from cut-in to above rated wind speed in turbulept
(or laminar) conditions and compare the resulting power, generator speed and pitch angle 16 |logd
s|mulation results according to IEC61400-1 and IEC 61400-3. When using turbulent wind conditions, it
i recommended to compare mean, min and max values as illustrated in XXX. Differences below 10%
ale acceptable for mechanic quantities. Pitch differences shall remain below 2°.

or verifying the dynamic performance of the mHiL system and the test bench, different tests
hn be considered. In a first test, the DUT operates at different wind speeds\from cut-in to
Lit-out in turbulent conditions. The wind speed steps can be up to 4 m/s.\For determining the
ynamics, the spectrum of the generator speed or power and is calculated and compared to
mulation results of the same test run.

or a type 3 wind turbine, a UVRT test can be carried out to detérmine the dynamics and
hiculate the spectrum, since the voltage drop leads to a step-like excitement of the
echanical drive train.

O O O T

S o 7w

he difference of the resulting eigenfrequencies shouldsnot exceed 5% of its nominal valug¢
hich correlates with tolerances of the mechanical models itself. Eigenfrequencies are typically
hly considered up to 2-5 Hz for that purpose.

o= 4

- T
st
K
. ﬁ #3133
+ + T o+
I + I + o+
+ }
| £+
+ et T
[ ++ 4
o+
-+
|8 -+ + Load Sifmulation
+ i + Hil-Experiment
B 1.|"I 15

Average Wind Speed

Figure 17 - Suggested reporting on comparison between mHiL-operated test bench and load
simulation.
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7.5.2 Prime mover for test benches

A prime mover (PM) can be one or more electric direct drive or high/medium speed motors, or
one or more electrical high speed motors with a slave gearbox. The prime mover is applying
torsional torque to the nacelle or generator via a Low Speed Shaft (test bench type 1) or high
speed shaft (test bench type 2). Optionally a Wind Load Unit (WLU) applies wind loads
(bending/yaw moments and thrust/radial forces). The test bench’s low or high speed system
can also include a misalignment and/or safe set coupling (mechanical fuse).

7.5.3 UVRT/OVRT HW equipment for test benches

he test bench can be equipped with suitable test equipment to perform UVRT and OVRT tests.
any topologies allow testing the behaviour of the WT in case of an under voltage or an’ ovgr
Dltage event. However, three main solutions have become established, the shunt impedanc
I voltage divider based test equipment, the variable transformer and the full converter-:

o< 4

5.3.1 Voltage divider based test equipment

5 an example in IEC 61400-21-1 for under voltage ride-through (UVMRT) capability tesf.
ecently, this structure has been adapted for over voltage ride-through. (OVRT) capability tegt
ap well. This test equipment has proven to be a useful tool in the early.stages of grid integratio

re¢search and characterization of utility-scale wind power. However{it has certain fundamental
limitations, such as dependence on a stronger point of intergonhections and an inability tp
replicate any evolving grid characteristics. Furthermore, it is limited in the achievable dip-levels
nce it is based on tapping possibilities of the individual components.

7
The voltage divider-based test equipment is a basic compliance test topology\which is referr
a
R

n

)

he voltage divider-based test equipment is placed in between the WT and the WTT. It consis
f a series and a short circuit impedance. Both impedances consist of interconnected coils. By
bnnecting the series impedance, the fault is decodpled from the rest of the power grid. The
hort-circuit impedance is activated by a switch.<This switch can be a mechanical circuit breaks
I an electronic circuit breaker.

oOw oo o
2

~

5.3.2 Full converter based grid emulator

donverter based grid emulators offeran alternative way of generating voltage dips. In contrag
tg the voltage divider-based equipmient, the voltage dip is emulated by the converter (activ
cpmponent) and not physicallyxgenerated by passive components. The connection of the gri
emulator is between the grid:¢onnection of the test bench and the WT, as described in Figu

6l The grid emulator emulates the desired voltage behaviour at the WTT. Voltage dip depth ar'{
d

a

uration are freely adjustable. This solution makes it possible to generate any type of grid fau
I different frequencies. The converter system needs to be oversized to ensure the UVR
te@sting of Type 3 WT's. In order to perform OVRT capability test using a converter-based gr
emulator, step-up tap transformers can be used to generate the required over-voltage ranges.

Requirements for converter-based grid emulator

Table 5 -Requirements for Converter-based Grid Emulator

Operation | Requirements | Description
mode

Voltage and 1. The Grid emulator shall be able to generate three phase-to-
Frequency neutral voltages at the terminals of DUT.
requirements

Steady
state
operatio
n
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2. The Grid Emulator shall be able to adjust the voltage with an
accuracy of +/- 1.5% and the frequency with an accuracy of +/-
1.5%.

Current
requirements

For steady state operation it is recommended the emulator has
nominal current capability 1,2 p.u. compared to nominal current
of the turbine (20% more). (trip level DUT converter)

Background It is desirable that the grid emulator has minimum voltage

harmonics: background noise as possible in the whole range of the
bandwidth 100HZ — 9kHZ

Harmonic This part is an optional application of grid emulator.

Injection:

Short circuit
power of grid
emulator:

The grid emulator will have a natural impedance by the HW
components and an emulated impedance. This total short circuit
impedance will determine the shopt circuit power of the emulator.
Requirements for the level is fodnd“under SCR below.

Short Circuit
Ratio:

The short circuit power of the’emulator should be high enough to
achieve a SCR>2 in relatjon to the DUT nominal power.

Recommended toimplement configurable SCR based on the
voltage control ofilemulator.
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Dynamic requirements for the grid emulator

Operation | Requirements Description
mode
* Rate of The grid emulator should be able to simulate over-voltage
change of or under-voltage events very fast according to the IEC
voltage 61400-21-1 figure 16 and figure 17.
(RoCoV):
o
o » Over-current Over-sizing of grid emulators for this purpose can be
GE) capability: necessary for UVRT testing of Type 3 WTs to handle
= higher levels of short circuit current contributions.
3
(8]
= * General The grid emulator shall be able to generatewoltages with
o Dynamic variable amplitudes, variable frequency and phase jumps
S Emulations
 Controllable This part is an optional application of grid emulator.
Dynamic
Impedance:
715.3.3 Grid emulator in combination with the/voltage divider based equipment

nother possibility is the combination of the grid emulator with the shunt impedance base
SG. The voltage divider based test equipment is placed between the grid emulator and th
T. The combination of the two test devie€s enables the converter system of the grid emulatd
t¢ be considerably smaller since the over<sizing for the UVRT tests of type 3 WTs is no longe
necessary. Nevertheless, it is possSible to emulate different grid connection points an
deviations of the grid frequency.

D

715.3.4 Autotransformerhbased test equipment

variable output transformer or autotransformer is another test equipment to perform UVRT d

VRT tests. It is a transformer in combination with appropriate switching units to conneg
ahother transformer._output level to the load. Switching to a different combination of tap
determines the type)of fault as well as the depth of the voltage dip.

715.3.5 Requirements for the UVRT / OVRT HW equipment
e Vpltage dip depths adjustable according to IEC 61400-21-1

e (_Duration of the voltage dips adjustable according to IEC 61400-21-1

o 2=

N~ =

st the case of unbatancedfautts; the phase retationshipom the tigh-vottage sideof th
WT transformer should correspond to fault type C according to [2].

7.5.4 Measurement systems for test benches

The measurement system and equipment used to acquire data from test benches must be
chosen with a sufficient accuracy, following the requirements in IEC 61400-21-1.

For both voltage and current transducers Class 1.0 is required.
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For the data acquisition sufficient sampling frequency must be chosen depended on the test
campaign, as defined in IEC 61400-21-1.
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8 Measurement and test of electrical characteristics as defined in 61400-21-1

This chapter defines the 61400-21-1 specific tests in relation to power quality, steady state
operation, dynamic response and control performance, as well as the documentation
requirements and a risk evaluation for the transferability of the test results towards the WT.

8.1 Power Quality aspects

8.1.1 Flicker during continuous operation

rtactina tha flickar amiccinn aof o0 vwind tiurhinag cufficianthy flickar chall ha tactad 1n tha fial
—teSstihgterexe—efHisSie e WhRatueie-StHHete it—iekeShHarrpe—testeaHhi—e—+Het

=}

bte: The flicker emission of a wind turbine can be influenced by many of its components, whereby the intetactid
these components is also significant. Some of these components are rotor blades, drivetrain, generator¢onvertgr
stem, control system including pitch and speed control and control of active and reactive power, auxiliary. supplig
C.

[

or testing the flicker and voltage change during switching operations fef a wind turbine

N
(0)
S
e
8]1.2 Flicker and voltage change during switching operations
F
spfficiently, tests shall be performed in the field.

7]

pte: The flicker and voltage change during switching operations of a wind turbine ¢an be influenced by many of i
mponents, whereby the interaction of these components is also significant. Sonie of these components are rot
ades, drivetrain, generator, converter system, control system including pitch andyspeed control and control of acti
hd reactive power, auxiliary supplies etc.

o =

N
C

b

a

8/1.3 Harmonics
8]1.3.1 Description
T

he aim of this performance test is to determine the_.émission of voltage and current harmonics
interharmonics and higher frequency components/of a DUT during continuous operation
agcording to IEC 61400-21-1 on subsystem or.eomponent level.

[2)

Further tests and analysis can be performed according to Annex D of IEC61400-21-1.

(e]

1.3.2 Test setup & test conditians

—

Wo options are available for measuring-the harmonics on a test bench:

e Option 1: Measurement of*harmonics on test bench with grid emulator.

L\

e Option 2: Measurement of harmonics on test bench with a connection of the DUT to the publi
grid.

—

he following requirements are placed on the DUT for the measurement of harmonics on a test bench:

e Thefollowing components have to be taken into account for the performance test according tp
Annex B.2

o Converter system

o Generator

o Additional Cap-banks for reactive power compensation (eg for Type 1 or 2 WTSs)
o Filter

o Grid active power control

o Grid reactive power control


https://iecnorm.com/api/?name=95e6f6b48582c421bdaa66ff0081c2f7

1018

1019

1020

1021
1022

1023
1024
1025
1026
1027
1028

1029

1030

1031
1032
1033
1034
1035
1036
1037
1038
1039
1040

1041
1042

1043

1044
1045
1046
1047

1048
1049

1050

IEC CD 61400-21-4 TS © IEC 2022 -53 - 88/889/C

o Generator power Control (or speed control)
o Transformer
o Drivetrain

The measurement shall at least be performed on a category 2b test bench as described in chapter 7
and meet the following characteristics:

e The DUT shall operate within the active power bins 0%, 10%, 20%,.., 100% Pn.

D

e The grid emulator has to fulfill the following requirements for the measurement of the sub-
grouped harmonic voltages at no load condition (see Table 6). The measurement has to be
done according to IEC 61000-21-1.

¢ In case of the connection of the DUT to the public grid (see option 2), the test conditiens of
IEC61400-21-1 shall be applied.

Table 6 - Harmonic emission limits of the grid emulator at no load (disconnécted DUT)

. Odd harmonics Even harmoniCs
Odd harmonics .
multiple of 3
non-multiple of 3
Harmonic Harmonic | Harmonic | Harmonic | Harmopic“’Harmonic
order voltage order voltage order voltage
h % h % h %
5 1,5 3 1,25 2 0,4
7 1,25 9 0,6 4 0,4
11 0,7 15 0,3 6 0,4
13 0,6 21 0,3 8 0,4
17<h<49 0,4 21<h<49 0,3 10<h<49 0,4

THDSy 50 shall be below 2% up to 50" harmonics,
THDSy 180 Up to 180" harmonics shall'bé below 3%.

Npte: The limits in Table 6 are based on no-load, voltage requirement for LV (IEC61000-4-7). The compatibility lev|
sl the same for LV and MV according IEC61000-3-6 and IEC61000-2-4 (class 2).

flthe grid emulator does not fulfill the required limits of Table 6, or the public grid does not fulfil th
required test conditions as given in IEC61400-21-1 then the influence of the background noise on th
UT harmonics shall be eliminated, either by following Annex E or by other methods, e.g. as given

> O

—

he upstream fundamental frequency short-circuit impedance seen from the DUT’s grid sid
bnverter(s) (including all passive components of the DUT and the grid emulator), shall be in the rang
5% - 30% considering as base power the nominal power of the DUT.

o O

Npte: The test conditions described above are required in order to obtain reliable test results and should not 4
viewed as.eonditions for a reliable connection to the energy supply network and for the operation of the DUT.

nnex D of IEC 61400-21-1 for public grid connection. The method used shall be described in the repoi

LA

e
e
n
t.

e
e

]

8.1.3.3 Test & measurement procedure

Background noise measurement:

e Before the measurement for option 1 or option 2 can be started, a background noise

measurement shall be done. For this purpose, the DUT is disconnected from the grid emulator

or the public grid.
¢ One 10-minute data set of instantaneous voltage measurement shall be measured.


https://iecnorm.com/api/?name=95e6f6b48582c421bdaa66ff0081c2f7

1051

1052
1053
1054
1055
1056
1057
1058

1059
1060

1061
1062
1063
1064
1065
1066
1067

1068

1069
1070

1071

1072
1073
1074

1075
1076

1077
1078
1079
1080

1081
1082
1083
1084

1085

1086
1087
1088
1089
1090

1091
1092
1093
1094

88/889/CD - 54— IEC CD 61400-21-4 TS © IEC 2022

Measurement procedure for option 1 (see 8.1.3.2):

e Set point reactive power: Q= 0 var.

Optional: reactive power under- and overexcited at the maximum power bin.

e Three 10-minute data sets of instantaneous voltage and current measurements shall be
collected for each 10% power bin (0% Pn — 100% Pn) as the same modulation index as in the
no load tests.

e The maximum value from the three measurements and three phases of each power bin shall
be taken.

pd

o >

q

< ® un o -

f

e

q

~—~
P

$ee 8.1.3.2). Annex D of IEC 61400-21-1 could be followed.

easurement procedure for option 2 (see 8.1.3.2):

e Set point reactive power: Q= 0 var.

Optional: reactive power under- and overexcited at the maximum power bin.

e Seven, 10-minute data sets of instantaneous voltage and current measurements shall be
collected for each 10% power bin (0% Pn — 100% Pn) as the same modulation index as in th¢
no load tests.

e The 95 percentile from the seven measurements and three phases of:each power bin shall b¢
taken.

A1

pte: All three phases shall be measured at the same time during the measufemeénts for both options.

10-cycle window for 50 Hz and 12-cycle window for 60 Hz_power systems is recommende(d
r the analysis of measurements. The window size shall he/stated in the report.

armonic currents below 0,1% of I, for any of the hatmonic orders need not be reported.

he Discrete Fourier Transformation (DFT) is applied to each of the measured currents and
bltages with rectangular weightings. The active power shall be evaluated over the same time
indow as the harmonics.

he THC and THDSu,s0 distortion for each 10-cycle window for 50 Hz and 12-cycle window for
D Hz shall be calculated.

he 10-minute square root of .the harmonic mean of the squared 10-cycle (for 50 Hz power
ystems) or 12-cycle (for 60\Hz power systems) window values of each frequency band (i.g.
pch sub-group harmonicysub-grouped centered interharmonic, higher frequency current and
bltage component and THC and THDSu s0) shall be calculated for each 10-minute time-series.

harmonics, interharmonics or higher frequency components are clearly influenced by
packground distortion, then in case of option 1 (see 8.1.3.2) the procedure of Annex E could be
llowed by calculating the DUT harmonic exclusive the background noise. In case of option

N

1.3.4 Documentation

helemission of current and voltage harmonics, interharmonics and higher frequency components

8
T
s

hall ha doctimantad in tahlac and aranhe ac chawn far avamnla 1n Annaw A
FrPBe-aocHetea eSS gaphS SHOWHeHExXxahpe A HhRex

T

he following parameters shall be given in tables in percentage of Un for background measurement:

e voltage harmonics

e voltage interharmonics

e higher frequency voltage components
e THDSu up to the 50" harmonic order
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T

he following parameters shall be given in tables in percentage of In or Un and for operation of the

DUT within the active power bins 0%, 10%, 20%, ..., 100% of Pn. (Note: The 0, 10, 20,..., 100% are
the bin midpoints) for measurements according to IEC 61400-21-1.

Option 1 (see chapter 8.1.3.2):

e Max value of current and voltage harmonics
e Max value of current and voltage interharmonics

—

>0

3 4 ©

n =z

8

hd eriCU\ vaiuc Uf ;Ilgi ITI fl CUucTICy CUITcTI It al IIJ vuitagc CUTTTPUTITI Itb
e Max value of THC up to the 50" harmonic order
e Max value of THDSu up to the 50t harmonic order

ption 2 (see chapter 8.1.3.2):

e 95" percentile of current and voltage harmonics

e 95" percentile of current and voltage interharmonics

e 95" percentile of higher frequency current and voltage componernits
e 95" percentile of THC up to the 50" harmonic order

e 95" percentile of THDSu up to the 501" harmonic order

he following information shall be given for the test:

e Impedance of the grid emulator up to at least50 harmonic order and if possible, up to 180
harmonic order (including the output transformer, filter and converter of the grid emulator)
¢ Impedance of the transformer and the rést‘passive components of the DUT

ptionally, prevailing phase angles and ratio may be also included, following IEC 61400-21-1:2019
nnex D.

1.3.5 Transferability of test results

he test results can replacé-full-scale wind turbine measurements of harmonics.

2 Steady state operation

he steady-state.operation chapter consists of the steady state measurements in relation o
aximum power;-reactive power capability, unbalance factor etc.

easurements shall be sampled during steady-state operation only, i.e.: after having reached
pttling time according to IEC 61400-21-1.

24 Maximum power

8
T

2.1.1 Description

he aim of this performance test is to show that the specified value of the active power output

is kept constant in normal operation over different averaging time.

T
P

he maximum measured power of the wind turbine shall be specified as a 600 s average value,
600: & 60 s average value, Pgy and as a 0,2 s average value, Py . The maximum active power

peaks are determined from each of the different averaging intervals.
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8.2.1.2 Test setup & test conditions

The measurement shall at least be performed on a category la test bench as described in
chapter 7. The test bench system shall provide torque variations according to the defined wind
classes of the DUT and under simulated normal wind speed variations and distributions as
described in IEC 61400-1

The DUT shall include at least the components and control functions as defined in Annex B.2.

8.2.1.3 Test & measurement procedure

e overall procedure described In [EC 61400-21-1 section 6.3.5.2 shall be applied.

—
o

he test shall be performed at full load with nominal power Pn and with simulated wind\spee
found the nominal wind speed according to the defined wind classes of the DUT and’unde
prmal wind speed variations and distributions as described in IEC 61400-1.

QD

>

2.1.4 Documentation
he variables given in [IEC 61400-21-1 section 8.3.3.3 shall be calculated.

he data, tables and figures given in IEC 61400-21-1 section 8.3.3.8:and Annex A shall be
pcumented.

o 4 o o

2.1.5 Transferability of test results
he test results can replace full-scale wind turbine measurements of maximum power.

2.2 Reactive power characteristic (Q = 0)
2.2.1 Description

=

he aim of this measurement is to determine reactive power characteristic of the WT - DUT fq
reference value of Q = 0.

QL -4 0 o - 0o

2.2.2 Test setup & test conditions

he measurement shall at least be performed on a category 2a test bench as described in
hapter 7. The test bench system shall provide torque variations according to the defined wind
asses of the DUT and under simulated normal wind speed variations and distributions als
pscribed in IEC 61400-1.

o 00 4

—

he DUT shall include atleast the components and control functions as defined in Annex B.2.

Different from the general requirement above, for type IV wind turbines, the test can b
performed without.generator, on a category 3a test bench.
8
M

2.2.1 Praocedure
easurements shall be sampled during steady-state operation only.

The procedure described in IEC 61400-21-1 section 8.3.4.2 shall be applied, with the following
ekeeptions:

e measurements shall be taken so that at least one 1-minute time-series of active and
reactive power are collected at each 10 % power bin.

8.2.2.2 Documentation
The variables given in IEC 61400-21-1 section 8.3.4.3 shall be calculated.

The data, tables and figures given in IEC 61400-21-1 section 8.3.4.3 and Annex A shall be
documented.


https://iecnorm.com/api/?name=95e6f6b48582c421bdaa66ff0081c2f7

1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185

1186

1187

1188

1189

1190
1191

1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202

1203
1204
1205
1206

1207

1208
1209

1210
1211

1212

1213
1214

IEC CD 61400-21-4 TS © IEC 2022 - 57— 88/889/CD

8.2.2.3 Transferability of test results

The test results can replace full-scale wind turbine measurements of reactive power
characteristics.

8.2.3 Reactive power capability

8.2.3.1 Description

The aim of this measurement is to determine the under- and overexcited reactive power
capability of the WT as a function of the active power output.

8(2.3.2 Test setup & test conditions

The measurement of reactive power capability shall at least be performed on a category,2b'te$t
bench as described in chapter 7.

The DUT shall include at least the components and control functions as defined dh Annex B.2.

ifferent from the general requirement above, for type IV wind turbines;\the test can be
prformed without generator, on a category 3a test bench.

D

p

8]2.3.3 Procedure

Measurements shall be sampled during steady-state operation only:

The procedure described in IEC 61400-21-1 section 8.3.5.2 shall be applied, with the followinlg
ekceptions:

measurements shall be taken so that at least one 1“minute time-series of active and
reactive power are collected at each 10 % power bin;

8{2.3.4 Documentation

The variables given in IEC 61400-21-1 sectian’8.3.5.3 shall be calculated.
T

d

he data, tables and figures given in IEC 61400-21-1 section 8.3.5.3 and Annex A shall be
pcumented.

(0]

2.3.5 Transferability of test results

—

he test results can replace_full-scale wind turbine measurements of the reactive pows
Apability.

O
=

2.4 Voltage dependency of PQ diagram
24.1 Descriptjon

— 0 @

he dependency-on the voltage variations at the DUT terminals should be documented
ccording to, ‘the manufacturer’s specification. The PQ diagram should be repeated for thle
aximum~and minimum continuous operation voltage for the wind turbine according to th
anufageturer’s specification.

Q

3 3
[

8{2.4.2 Test setup & test conditions

The measurement shall at least be performed on a category 2b test bench as described in
chapter 7.

The grid system shall be able to provide a variable stable voltage supply during the test (e.g.
by a grid emulator).

The DUT shall include at least the components and control functions as defined in Annex B.2.

Different from the general requirement above, for type IV wind turbines, the test can be
performed without generator, on a category 3a test bench.
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8.2.4.3

Measurements shall be performed at each active power bin from 10 % to 100 % of Pn. The
procedure as defined in IEC 61400-21-1: 2019, chapter 8.3.6.2 shall be applied.

Test & measurement procedure

8.2.4.4
The variables given in IEC 61400-21-1:2019 section 8.3.6.3 shall be calculated.

Documentation

The data, tables and figures given in IEC 61400-21-1:2019 section 8.3.6.3 and Annex A shall
be documented.

o

pte: In order to gain higher resolution in certain areas of the PQ diagram, additional measurements can be carrig
t defining intermediate points within a power bin with the desired resolution.

N

[0}
82.4.5
The test results can replace full-scale wind turbine measurements of voltage dependency PQ
djagram.

Transferability of test results

(e]

2.5 Unbalance factor
251

he aim of the measurement is to determine the current unbalance factor-in‘the wind turbine drive
rain mounted in a test bench.

[e]

Description

= o

2.5.2

8 Test setup & test conditions
The measurement shall at least be performed on a category 2b\tést bench as described in chapter 7.

For the determination of the current unbalance factor, thé«oltage unbalance factor of the grid or of th
glid emulator shall be as low as possible, at least lessythan 1% during the entire test (1 min averages).
T

U

he DUT shall include at least the components and control functions as defined in Annex B.2

(0]

2.5.3
pr the determination of the current unbalance factor the procedure below shall be followed:

Test & measurement procedure

n

—

he test shall be done in 10 steady states where the torque is controlled to give active power in steps|
10%, from 10% to 100%. The(drivetrain shall be in a steady state for minimum 1 minute in each
ep. The positive sequence-reactive power shall be set to zero. 3-phase voltage and currents shall b

g¢corded, and 1-minute averages of voltage and current unbalances shall be calculated in each step.

[2Be]

11°

—

—

he positive sequencewoltage Ui and current 11 as well as the negative sequence voltage Uz and
irrent |2 shall be{calculated according to IEC 61400-21-1.

O

254
he measured 1-minute values of the current unbalance and the active power positive sequence

ystem component are represented as an |IUF versus active power diagram. The measureme
L ot : o I : I i T ']'

in Table 8.2). The maximum current unbalance factor as a 1-minute value shall be explicitly
given.

Documentation

n o ©
—

-

Table 7 - Current unbalance factor

P [p.u.] Q[p.ul] Ul [p.u] U2 [p.u.] UUF 11 [p.u.] 12 [p.u.] IUF
~0,1 ~0,0
~0,2 ~0,0
~0,3 ~0,0
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~0,4 ~0,0
~0,5 ~0,0
~0,6 ~0,0
~0,7 ~0,0
~0,8 ~0,0
~0,9 ~0,0
~1.0 ~0,0

O W =&+ = 4 0 00 @

O - 0N O T

2.5.5 Transferability of test results
he test results can replace full-scale wind turbine measurements of unbalance.

3 Control performance
3.1 Active power control
3.1.1 Description

he ability of the wind turbine to operate in active power control mode-shall be characterize
r various reference values given by the control interface. The aim ofithis test is to determin
e response of the WT to reference commands regarding the stati¢.error, the rise time and th
bttling time of active power, for both steady-state conditions @nd under dynamic respons
pnditions.

® © ©

3.1.2 Test setup & test conditions

he test shall at least be performed on a category 2a test bench test setup according :I;O
hapter 7. The test shall be carried out in the windispeed range from the cut_in and cut_ouit
ind speed, in the power range of the DUT from 0yte/100 % and can be carried out in simulatgd
minar wind conditions.

he DUT shall include at least the components and control functions as defined in Annex B.2.

3.1.3 Test & measurement procedure
tatic error test

or the test of the static error, the following test procedure is recommended: a reference valug
hall request active power réduction from 1,0 p.u. to 0,20 p.u. in steps of 0,20 p.u. with at leagt

-minute operation at each‘reference value in accordance with IEC 61400-21-1: 2019 chapter
3.4 - Figure 8.

he calculation of.the 1-minute block-average values for the test report shall be carried ouit
fter steady state”is reached. The time of steady state will be defined as the last 1 minute at
ach step.

The_absolute static error of the active power shall be measured.

The'simulated wind speed should be such that the available active power output of the

DUT is at least 0,1 p.u. higher than the targeted reference value, but not less than 0,5 p.U.

during the entire test procedure. For the reference value of 1,0 p.u. the WT shall operate
with nominal active power.

The test has to be carried out continuously, i.e. it is not allowed to connect disjoint
measurements.

The sampled data for the active power shall be one fundamental period average data.
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Dynamic response test — step down

This test will be used to determine the dynamic behaviour of the WT by observing the step
response characteristics (i.e. settling time, ramp-down time, reaction time). For this test a step
of the active power reference with a minimum step size of 0,4 p.u. of the nominal active power
is commanded, according to Figure 18.

------ Available active power (p.u.) — Active power (p.u.) reference

. 08
N - S S S S
[ O N B - SR S
2 r=- e
Z 065 T -
Q o6l 1 T L. -~
£ 7
S 055
<

0,5 -

045 -

04

0,35

0,3 -

0,25

0,2

Time

Figure 18 - Example of active power response step

e[ The tolerance band is 0,05 p.u. for the calculation of the settling time.

The sampled data for active power shall be calculateéd over one fundamental period
(average data).

Ramp rate limitations shall be deactivated during the test. If this is not possible, the ramp
rate limitation has to be adjusted to:the” highest value (that causes the fastest reaction (
the WT).

—

Oynamic response test — step up

Available active power

- -

0.65pu

Active power reference

0.25pu

Figure 19 - Active power dynamic step response

This test will be used to determine the dynamic behaviour of the DUT by observing the step
response characteristics (i.e. settling time, ramp-up time, reaction time). For this test a step of
the active power reference with a minimum step size of 0,4 p.u. of the nominal active power is
commanded, according to Figure 19.
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The tolerance band is £0,05 p.u. for the calculation of the settling time.

The sampled data for active power shall be calculated over one fundamental period
(average data).

Ramp rate limitations shall be deactivated during the test. If this is not possible, the ramp
rate limitation has to be adjusted to the highest value (that causes the fastest reaction of
the WT).

The available power value that is internally calculated by the WT according to the given
wind speed and other internal parameters will be provided for measurement.

— oo

—

4

—

— 0

3.1.4 Documentation
he following parameters shall be calculated and documented in a test report:

me-series of:
o Reference values sent to the DUT as P (p.u.)
e Simulated wind speed given to the DUT/WT and the test bench
e Available active power provided by the DUT controller
e Measured positive sequence active power output atthe grid connection point

3.1.5 Transferability of test results
he test results provide an overview of the control performance in relation active power contro.

he test results can replace full-scale wind turhine measurements.

3.2 Active power ramp rate limitation
3.2.1 Description
he aim of this measurement is to, show the capability of the WT to follow given active pows

=

ramp rates of the WT. Thetests shall be adapted to the possible settings of the ramp rates d

th

8
T

O

T
a
W

adients, with positive and negative ramp rate:

e manufacturer shall declane the possible settings (reference values or setting range) of th

= @

e WT.

3.2.2 Test setup & test conditions

he measurement shall at least be performed on a category 2a test bench as described In
hapter 7.

he test.shall be carried out in the wind speed range from the cut_in and cut_out wind spee(d
hd in-the power range of the DUT from 0 to 100 % and can be carried out in simulated laminar
ind-conditions.

T

8

he DUT shall include at least the components and control functions as defined in Annex B.2.

.3.2.3 Test & measurement procedure

e The simulated wind speed shall be high enough for active power production higher than
0,7 p.u. for the entire test.

e Data should be recorded from 10 s before the ramp rate command and until steady state
condition is reached.
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At the beginning of the test, the DUT shall be operated in normal operation mode. The
active power of the WT can be set to an adequate start value above 0,5 p.u. of the
nominal active power. Then the following two tests with different ramp rates shall be

performed.

Test 1 (slow ramp rate), e.g. +/- 10 % P, /minute

Test 2 (fast ramp rate), e.g. +/- 2 % P, /s

The test shall be carried out with at least P=0,2 p.u. of the nominal active power between
each reference value.

8{3.2.4

e ability of the DUT to operate in ramp rate limitation control mode shall be characterized 4
teést results presented in a graph. The graph shall show the available and measuréd actiyv|
ppwer output during the operational state. Figure 20 gives an example of a step with a negativ
ramp rate and of a step with a positive ramp rate. The steps are achieved by switching the DU
from one reference value to another reference value and back.

Active power (p.u.)

Documentation

-=== Available active power (p.U.) s Active power (p.t)---- Tolerance (p.u

0,95 -

09 Fmmmmmmm———

0,85 -
0,75

0,65

0,6
0,55 -

0,5
0,45
0,4

0,35 -
0,3 -
0,25 -

Time

IEC

Figure 20 - Example of available active power and active
power in ramp rate limitation mode

chlcutation of the positive gradient, in accordance with Figure 20.

The positivé.and negative active power gradient shall be calculated from the 0,2 s average
the measured active power from respectively two different points during the ramp rate activatio
(point. L and point 2 for the calculation of the negative gradient and point 3 and point 4 for th

— 0 D <

[Ol=]

Table 8 - Active power ramp rate calculation

Requested
reference value

Pset [P-U.]

Requested active power
ramp rate

AP/At [p.u./s]

Measured active
power ramp rate

AP/At [p.u./s]

Point 1

Point 2
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Point 3

Point 4

1370

1371 e Requested and measured ramp rate characteristic shall be given in the test report in
1372 accordance with Table 8.

1373 e The available and measured active power output shall be represented in a graph in
1374 accordance with Figure 20.

1375 o[ A UETHaration of the raimp rate Seuing proceaure Dy e manuracturer stall De described
1376 the test report.

1377 The following parameters shall be calculated and documented in a test report:

1378 Time-series of:

1379 e Active power reference values sent to the DUT in p.u.

1380 ¢ Simulated wind speed given to the DUT and the test bench

1381 e Available active power provided by the DUT controller

1382 e Measured positive sequence active power output at the . grid connection point
1383 3.2.5 Transferability of test results

8
1384  The test results provide an overview of the control performance in relation active power controf.
T

1385 he test results can replace full-scale wind turbine measurements.

1386 3.3 Frequency control

8

1387 8/3.3.1 Description
W
n

1388 ith this test, the active power reductien as a function of the grid over-frequency shall be
1389 easured and documented.

1390 NIOTE The defined frequency test includes only over-frequency and no under frequency tests, as the describgd
1391 pfocedure mainly validate the functionality of the frequency control and not the real performance in relation jo
1392 frequency changes. The underfrequency test can be performed in a similar way as defined in the procedure. The repl

1393 frequency capability test is definedin chapter 9.2.2.

1394  The wind turbine frequency dependent active power control capability shall be declared by the
1395 manufacturer and decirment in terms of e.g. dead band, slope, release conditions.

1396  8}3.3.2 Test'sétup & test conditions

>

1397  The measurentent shall at least be performed on a category 2a test bench as described (1)
1398  chapter 7. hn the wind speed range from cut_in to cut_out wind speeds, in the power range
1399  the DUT-from 0 to 100 % and under simulated laminar wind conditions.

1400  The'DUT shall include at least the components and control functions as defined in Annex B.2.

1401 8.3.3.3 Test & measurement procedure

1402  The procedure to test frequency control involves pairs of frequency and active power which
1403 begin from a starting point at "First measurement point" to the maximum possible frequency
1404  reference value at "step max" and back to the starting point "Step release control" according to
1405  the chosen function of the controller. The following tests verify the control capability of the WT
1406  to perform a frequency dependent power control, with a given gradient.

1407  The Figure 21 shows an example of an active power control function P = f(f).
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It is up to the DUT manufacturer to define the kind of control function that shall be tested. The
number of frequency steps and frequency values is variable and depends on the control function
to be tested.

Pref
Could be a reference point
Plp-ul A P=f(f) for the P=f(f) depending on the
/ descripe control function
>~ Example of one
; ~. ~. active power gradient AP/Af
from fsfepa to fstep b
I
1 ij‘ \x‘\a
o o o Ao
| i | | S
F i

~
| | | |

Er.al.ed fstaﬂ control 'fstep a fstep h .. fstep max f [HZ]

H 1
freleasé control f<fstepa f<fstep b ... EC

Figure 21 — Example of an active power control function P=f(f), with the different
measurement points and.related steps of frequency

—

he test shall be performed at two different power levels, at

a) P>0,8p.u.
b) P between 0,25 p.u. and 0,5,p.u.
ach frequency step should be held for at least 30 seconds.

|

Iffthe controller allows different settings concerning the response time or the delay time for the
frequency-dependent active-power reduction, then the fastest possible setting has to be chosen.

For the test itself, @@ne of the following procedures shall be used:

Change the\frequency of the grid, e.g. with a grid emulator.

b) Providexan internal or external input at the control unit to add a frequency reference valus
offset'to the nominal frequency. The software shall be adapted to calculate a resulting
frequency (nominal frequency + offset signal) and to react to this signal. For this test, als¢
the additional offset shall be measured.

The grid protection settings of the DUT shall not be changed during the test.

8.3.3.4 Documentation
The following information shall be given:

e The frequency control function declared by the manufacturer
e Description of the test setup / Real time simulator setup

e Measurement setup according to chosen test procedure
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The following parameters shall be documented in tables and graphs as shown in for example Annex A

e The measured frequency together with the reference signal has to be documented. The
active power output of the DUT as block average time values (0,2 s) and the available

active power have to be documented.

e The active power and the frequency change over time shall be presented in the report.

e The results of the test "frequency increase at nominal active power" have to be
documented in a table. This includes the measured frequency and active power and the

calculated active power gradient.

power gradient.

m

very change of parameter shall be documented.

e[| The active power gradient between two consecutive measurement points shall be
determined by calculation of 4P/4f, as can be seen in Figure 21 as an example.

o[ The results of the test "frequency increase at partial power” have to be documented'in a
table. This includes the measured frequency and active power and the calculated’active

e[ The active power shall be plotted over the frequency increase. Frequency,iacrease is the
difference between the measured frequency and the nominal frequencyef wind turbine.

e[ For nominal as well as for partial power, an average gradient of active power shall be
calculated and reported based on the determined gradients givensin Table 9.

Table 9 — Example of settings for the frequency depéendent active power function

Step of the Measured Grid Frequency Measured Active Active power
Measurement frequency reference power gradient
[Hz] [Hz] [p.u.] [p.u./HZ]
First measurement fated | oS
point

Step start control

Step f

step a

Step fStep b

Step max

Step f < fstep b

Step f<f

step a

Step release
control

(0]

Q -

gpended active power control.

3.3.5 Transferability of test results

he test results provide an overview of the control performance in relation to the frequendy

The test results can replace full-scale wind turbine measurements.

8.3.4 Synthetic inertia

The aim of this test is to document the wind turbine ability to provide a synthetic inertia in the
case of fast frequency events in the power system.
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1459  8.3.4.1 Description

1460  The aim of the test is to determine the control performance of the Wind turbine to provide
1461  synthetic inertia in case of under frequency events, as basis for the simulation model of the
1462  Wind power plant.

1463  8.3.4.2 Test setup & test conditions

1464  The measurement shall at least be performed on a category 2a test bench as described in
1465  chapter 7. In the simulated wind speed ranges from the cut_in and cut_out wind speed, in the
1466 power range of the DUT from 0 to 100 % and can be carried out in simulated laminar wind
1467  cpnditions according to IEC 61400-1.

1468 The grid emulator — shall be able to vary the frequency with a frequency change of minimum b
1469 Hz/s in the range of +/- 10 % of the nominal grid frequency. Alternative a simulated frequendy
1470  s|gnal shall be applied to the WT control system.

1471 The DUT shall include at least the components and control functions as definedin Annex B.2.
1472 8/3.4.3 Test & measurement procedure

1473 The test shall be performed under the following conditions:

—h

1474  a) At partial load with an active power output of 0,3, 0,5, 0,8 and-1.0 P, with an simulation (
1475 constant wind speed / fixed torque

1476 b) At full load with 1,0 Pn with wind speed above 20 % ofdhe’nominal wind speed
1477 c) At full load with 1,0 P, with variating wind speed of #/- 10 % around the nominal wind

1478 speed. The wind speed shall decrease/ increasedtogether with the frequency variation
1479
1480
rrequency f
P i : | Active
f, P ; S 3 power|P

flnenia‘ recovery

Availgble
activg power

finerlia_ trigger

P+ AP

Pre-eveng'§ Steady state .| . Ramp-down Time
Reaction P | | ‘ Recovery |

L&
Response N

5 . Power gain;
1481 3 i

1482 Figure 22 - Synthetic inertia — example response and definition
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The stated response shall include results from at least 2 tests for each case - a, b and c.

The analysis of the measurement consists of 4 intervals of active power output behaviour:

1.

power gain This interval starts from the point in time of detection of the event
(Afrequency, df/dt, frequency point, etc.) until a pre-defined value, whether it is an
agreed change in active power AP, 90% of the agreed change in active power P (as
shown in Figure 22), a defined time limit or a defined frequency, etc.

steady state: This interval runs between the end of the power gain interval until a

W)

(0]

3.4.4

—

ata recording and measurement accuracy shall follow the specification ih,chapter 7.5.4

he following parameters shall be calculated and documented’'in a test report:
Setting of synthetic inertia control parameters according to

Table 10

defimed value sucras a tme mtervat it a defimed frequency tevetor cirange 1
been reached, etc.

ramp-down: This interval starts from the end of the steady state interyal luntil fa
defined value has been reached such as the available active power output;*the prg
event power output or a defined time limit, etc.

recovery: Interval from the end of the ramp-down interval until a.defined value h3g
been reached such as a time limit. This interval essentially covers‘the time taken fd
the DUT to stabilize.

= 0

Documentation

Table 10 — synthetic inertia settings

Parameter Set value

Default active power gain AP (p.u.)

Sradient of active power boost dP/dt (rising) in kW/s (p.u./s)

p.u./s)

SGradient of active power boost dR/dt (falling) in kW/s

inertia, trigger

in Hz

inertia, recovery

in Hz

Time-series of:

Measured positive sequence active power output at the grid connection point

Measured rotational speed of the DUT at the rotor shaft

Measured frequency or the frequency reference value f
value at the grid connection point.

sim»

Available active power provided by the WT controller

measured as 0,1 s average

For 5 s prior to the start of the synthetic inertia event and at least 5 s after the active power
recovery phase of the DUT has terminated.

Calculated parameters according to Table 11
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Period of measurements

Operational mode of the DUT
during the test

V>V vV >v
Active power range resp. wind n n
speed range 0,3 Pn 0,5 I:>n 0’8 IDn 1’0 Pn Constant Variating
P 9 wind speed wind speed
Test number 1 2 3 4 5 6

Pre-event: steady state average
butput power in p.u.

Pre-event: steady state maximum
butput power in p.u.

Pre-event steady state minimum
butput power in p.u.

Response time in ms

Settling time in ms

Steady-state time in ms

Ramp-down time in ms

Recovery time in ms

Recovery period minimum power
np.u.

Recovery period average output
bower in p.u.

>

(e]

o -

I

report template is given in Annex-A:

3.4.5

he test results provide anb.everview of the control performance in relation to fast frequeng
hanges / events.

Transferability of test results

he test results canreplace full-scale wind turbine measurements of the synthetic Inerti
Psponse.

3.5
3.5.1
he dimof this test is to determine the reactive power control response of the DUT to refereng

Reactive power control

Description

<

e

D O - 0 0

values, depending on the wind turbine control system as specified by the manufacturer.

8

.3.5.2 Test setup & test conditions

bminands. The control behavior will be determined in relation to the static error, the rise time
nTﬂw_m_ﬁr—ém—r—n—r—”‘e SEttling time of reactive power Using either reaciive poOwer, voltage or cos ¢ relerence

The measurement shall at least be performed on a category 2b test bench as described in
chapter 7.

The DUT shall include at least the components and control functions as defined in Annex B.2.
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Different from the general requirement above, for type IV wind turbines, the test can be
performed without generator, on a category 3a test bench.

8.3.5.3 Test & measurement procedure

The test procedure as described in IEC 61400-21-1 section 8.4.6.1 for the steady state and
dynamic response test shall be applied.

8354 Documentation

The variables given in IEC 61400-21-1: 2019 section 8.4.6.3 shall be calculated.

The data, tables and figures given in IEC 61400-21-1 section 8.4.6.3 and Annex A-shall be
dpcumented.

—

n

O T

16

ipal result, based on the data and measurement reports of these-=components.

ield test. If validated results can’be shown on test benches of other classes (e.g., test benc

3.5.5 Transferability of test results

he test results can replace full-scale wind turbine measurements of the reactive power control
erformance.

he reactive power demand of the transformer and cables can be added by calculations to the

4  Voltage fault ride through
4.1.1 General
he following chapter describes the test procedures according to:

Strategy 1. Performance tests at nacelle level
Strategy 2: Functionality and capability tests.oh subsystem and/or component level

s e.g. shown in Figure 2.

¢

subchapter 8.4.2, strategy 1 is take€n up, in which FRT tests are typically described at nacell
vel, which can be used directly, taking a transferability assessment into account, instead of

® = D

Ategory 2a), it is also passible to perform the performance test on this test benches (se
hapter 5).

subchapter 8.4.3,\strategy 2 is taken up, which considers the idea of the division in
nctionality and_capability tests. In combination with performance tests or field tests, a
5sessment of the ability to ride through undervoltage and overvoltage events in the grid and
Lpport it acearding to the requirements is possible.

eld tests_cover the full scope of FRT testing. Performance testing also covers the full scop
f testing and can be equated with detailed documentation of the missing components on th
st/benches including an associated risk assessment for the transferability assessment ¢f

r ciriltc
COIOuUito.,.

Capability tests and functionality tests can replace certain tests. Some test examples are
described in subchapter 8.4.3. A combination of capability tests, functionality test and
performance tests can reduce the test effort on the test bench for performance testing or in the
field. These tests can be performed on different test benches and within different stages of WT
development process. The results are combined at the end and proven by individual
performance tests or field tests.
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8.4.2 FRT - Performance testing according to Strategy 1

T

he following objective is to describe the proof for riding through grid faults and to validate the

performance of dynamic grid support. Undervoltage events and overvoltage events are
described in subchapter 8.4.2.1 and subchapter 8.4.2.3. Due to the capabilities of modern grid
emulators not only to adjust voltages and frequencies according to the specifications, but also
to emulate a grid impedance in the controlled mode of operation, there are two described
variants of the test execution.

\Y

ariant 1 describes the tests with definitions of IEC 61400-21-1 with regard to the voltage

I'g

Y,
ré
fn

T
th
d
al

O

> —

EUITETITETTS:

ariant 2 describes the tests with the definitions of IEC 61400-21-1 with regard to the_Yoltage
pquirements and also concretizes the requirements on the dynamic grid impedance _echanges$
om a grid emulator.

—

he chapters have a uniform structure starting with a very brief introduction; the description g
e test setup and description of the components to be emulated; the actual description angd
pfinition of the tests; the measurement data to be recorded for the purpose of documentation;
hd the explicit identification of special features of the respective test execution, so that a finII
assification and evaluation of the tests can be carried out.

4.2.1 Fault ride through without impedance control (Variant 1)
4.2.2 Description

)

he following chapter describes the test setup and test™rethodology for demonstrating th
vervoltage and undervoltage performance of a DUT, with a specified voltage shape according
IEC 61400-21-1 without dynamic impedance contral.

4.2.2.1 Test setup & test conditions

p perform the FRT tests, requirements are specified for the DUT and the test bench, which are
beded to prove the FRT performance of the-DUT.

Dverview of components, subsystems and control functions for FRT performance tests

Componeént
Companent
Component
Component
Function
Function
Function
Companent
Component
Component
Function
Function
Function
Function
Component
Component
Component
Function
Component

-~

QLS)
N

O

D
.
:

Generator Power Control (or speed controlor /
Switch Gear (Circuit breaker / Contactor)

Grid Power Control (active Power)

Functionality test
Capability test
Performance test
[Converter System
Generator

JAdditional Cap- banks
Filter

torque control)

Aux- equip.

Grid (FRT) Current Control
Grid Voltage Control

Grid protection funtions
Blades (always emulated)
Pitch system

x
[Transformer

rl'h of Test
K ¢
7
Chapter
= [test bench system

=

UVRT, 8.4.2

[
x
x
H
x
H
H
H
x
H
H

x | |Grid Power Control (reactive Power)
w| “|frequency Control

Y| *|pitch controller

| %
Hub

x

Sia™

| %

x

B
x
x
L
x
x
x
x

OVRT, 8.4.2

x
x
x
x
x
x

F
(o)

Figure 23 - Overview of DUT components for FRT-performance test

igure 23 provides an overview of which components must be set up as a hardware component
n the test bench and has to be emulated during the tests. Furthermore, a test bench system

is selected.
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The FRT-tests have to be performed on a category la test bench as describes in
chapter 7 (Figure 6). Test can be done at other test bench classes with mHiL system if the
validity of the measurements can be shown. The test bench must meet the following
characteristics:

For type IV wind turbine, a quasi-stationary model for rotor emulation, as well as a laminar wind
conditions, are sufficient. Hence, the rotor and structure emulation can correspond to level 2 of
Table 3.

For type Il wind turbine the rotor and structure emulation must correspond to level 1 of Table 3.

UVRT/OVRT HW equipment as described in chapter 7.5.3 is required to perform the FRT tests.
Figure 24 is based on Figure 16 of IEC 61400-21-1: 2019 and describes the tolerance“of th
p
s

n O

psitive sequence voltage for an undervoltage event with disconnected DUT undenitest. It
ated as per unit of the pre fault voltage.

-

Annex D shows some examples of the transferability of the transient voltage trafsition betwee
the field measurement and test bench measurement campaigns. Annex D also'explains why th
tolerance band for the dynamic range in Figure 16 of IEC 61400-21-1 is-Ro longer available.

D

+0.05 pu
|
20,ms

+0.10 pu
ST P

£
=]
Liﬂ

pre T

7.5ms
1 0.05 pd

<

W\

-y

| 6
20 ms A
>

L >

o

p-level tested

t

faat tclear

Figure 24 - Tolerance of the positive sequence voltage for the undervoltage event with
disconnected DUT under test

Description, of:Figure 24:
e _There are three areas, the pre-fault voltage, the fault case and the post-fault voltage

o In the pre-fault range, the voltage may differ from the set point by 0,05 p.u.

o The most important value is the tested dip-level. Here again, a deviation of
0,05 p.u. is possible.

o After the fault, a deviation of £ 0,1 p.u. from the pre-fault value is permissible.

e The transition between the areas requires at least 20 ms in the positive sequence
system.
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o There is a tolerance of total 7,5 ms for the positive sequence voltage during
the dip. After this time, the positive sequence voltage needs to be within the
tolerance band around the tested dip-level.

o The tolerance on the positive sequence voltage during the recovery is 10 ms.
After this time, the positive sequence voltage needs to be within the tolerance
band around the post-fault voltage.

e The time from trauit to tciear describes the fault duration.

e Further requirements:

o The transient voltage transition in the instantaneous phase voltage is lipear,
with a constant slope.

o The dip starts at the same time in all affected phases.

pte: If the exact behavior of a voltage divider based test equipment should be represented the performance of re

circuit breakers needs to be considered. That means during fault clearance, the voltage return*for three-phase faul
g performed via a two-phase fault.

4.2.2.2 Test & measurement procedure for UVRT-Tests

8
The number of tests and operational modes needs to ,bej,defined and describes by th
manufacturer in order to document the capability of the DU~ It is recommended to test at fol

|fferent undervoltage levels:
e minimum voltage the DUT can ride through'Unin,
e Umin + 0,2 p.u. of the under voltage range capability Uuvrc,
e  Unmin + 0,5 p.u. Uuvrc and
e Unmin+ 0,75 p.u. Uuvre.
ach dip should be repeated twice n a row.

he definition of the number of-the voltage levels and the exact duration of the dips is given by the
anufacturer capability chart\as shown in Figure 25.

=4

=
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Under-voltage chart

Voltage (p.u.)

—

D T T »n - D Q C

(e]

3 -

M

rdervoltage event occurring by doing a no-load, test. The duration is defined according to th

min

Fime " (8)

—u Upin * 0.5 Uyyre == Upa N Uyyre

min " min

=+ Upin + 0,79 Uyype = Under voltage capability Uy

IEC

Figure 25 - Example of an undervoltage test chart

able 12 in IEC 61400-21:2019 shows the specified” magnitudes and durations for th

Q. ® o

ven capability curve. Figure 24 describes the.tolerance of the no-load tests. In case of a gr
mulator, chapter 8.4.2.2.1 specifies furthertest conditions.

he length of the time-series is definedvas” from stable conditions prior to the voltage dip g
vell and until the effect of the undervoltage or overvoltage event has abated. Typically, 10
Fior and 10 s post fault.

w =

urther, the test shall be carriedout for the DUT operating at partial load, between 0,25 p.4.
hd 0,5 p.u. and under full load conditions, above 0,9 p.u. of the nominal active power.
4.2.2.3 Test & measurement procedure for OVRT-Tests

he number of testshand operational modes needs to be defined and describes by th
anufacturer in ofder to document the capability of the DUT.

¢

ach swell should be repeated twice in a row.
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o -

Figure 26 - Tolerance of the positive sequence voltage for the evervoltage event with

y the manufacturer capability chart as shown in Figure27.

Voltage (p.u.)

disconnected DUT

ition of the number of the voltage levels and the“exact duration of the swell is given

} Owebroltage chart

max

mimn

Time (5]

== U == Uy + 0.7 Ugyae Uy =— Over voltage capability

Figure 27 - Example of an over voltage capability chart

Table 13 in IEC 61400-21-1:2019 shows the specified magnitudes and durations for the
overvoltage event occurring by doing a no-load test. Figure 26 describes the tolerance of the
no-load tests. The duration is defined according to the given capability curve. In case of a grid
emulator, chapter 8.4.2.2.1 specifies further test conditions.
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The test shall be carried out for the WT operating at partial load, between 0,25 p.u. and 0,5 p.u.
and under full load conditions, above 0,9 p.u. of the nominal active power.

It is recommended to conduct and evaluate no-load tests before performing measurements with
converter-based test equipment. Check whether the required dynamic is maintained during
voltage dip and voltage recovery. Furthermore, the resulting voltage level and the phase angle
of the voltage during the dip must be verified and documented. The specified setpoint must also
be stated.

8.4.2.2.4 Documentation

The following information shall be given and documented:
e Description of the test setup / Real time simulator setup

e Description of the impedance of the test bench system and the passive components of the
DUT

e Signals for validation of rotor emulation, for example emulated wind speed}, emulated torque,
Torque measures

e Adjusted parameters at the grid emulator for the voltage dip;and the voltage recovery

—

he following parameters and measurements must be documented for the DUT:
e positive and negative sequence voltage,

e positive and negative sequence currents,

e active power,

e reactive power,

e active current,

e reactive current,

e simulated wind speed or'available power

e phase angles

e set points for active and reactive power

—

he positive sequenee and negative sequence values shall be calculated in accordance with Annex ¢
IEC61400-22-1:2019.

o

All measurements per unit are referred to the nominal values. Further the calculation of the trigger
ppint of<fault start must be document.

8l4.22.5 Transferability of test results

The results of performance testing can replace full-scale wind turbine measurements of UVRT
and OVRT.

If the tests in the field and on the test bench are performed with the same test setup, no further
considerations are necessary. If a different setup is used on the test bench, it must be described
and further consideration is necessary as shown in Appendix C.
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8.4.2.3 Fault ride through with impedance control
8.4.2.4 Description

To demonstrate the FRT capability of a DUT according to IEC 61400-21-1 on a subsystem or
component level, the test bench has to emulate the test procedure like a voltage-divider based
test equipment. This chapter is representing equivalent testing procedure according to voltage -
divider based test equipment testing in field.

8.4.2.4.1 Test setup & test conditions

—

Figure 23 provides an overview of which components must be set up as a hardware componet
oh the test bench and has to be emulated during the tests. Furthermore, a test bench syster
ig selected.

-

he FRT-tests have to be performed on a category la test bench\as describes i
hapter 7 (Figure 6). Test can be done at other test bench classes with mHiL system if trE
hlidity of the measurements can be shown. The test bench must-meet the followinlg
haracteristics:

o< o

[oX

or type 1V wind turbine, a quasi-stationary model for rotor emulation, as well as a laminar win
bnditions, are sufficient. Hence, the rotor and structure emulation can correspond to level 2 g
able 3.

40 T
—

T

or type Il wind turbine the rotor and structure emulationmust correspond to level 1 of Table 3.
UVRT/OVRT HW equipment as described in chapter)7.5.3 is required to perform the FRT tests.

Higure 24 is based on Figure 16 of IEC 61400~21-1: 2019 and describes the tolerance of the
ppsitive sequence voltage for an undervoltage event with disconnected DUT. It is stated as pégr
uhit of the pre fault voltage.

e requirements for full converter-based grid emulators with dynamic impedance control are
described in the following.

Z

ethodology of impedance cqgntrol:

—

he impedance at the cannection point of the WT changes dynamically during field tests with
he voltage divider-based test equipment due to the connected and disconnected impedances.
gure 28 demonstrates the impedance profile at the connection point of the WT using the
Dltage divider-based test equipment.

< T =

A

Voltage

Ztotal [ 2Shc.'-rt

)

Figure 28 - FRT Impedance profile
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Grid emulators provide the additional option of virtual impedance adjustment. This allows the
voltage divider-based test method's behaviour to be reproduced on the test bench. For this
purpose, not only the voltage magnitude and phase are adjusted during the tests, but also the
emulated grid impedance.

Note: The behaviour of the voltage divider-based test device can be reproduced by a complete reproduction of the
impedance curve, including all dynamic changes. Another way to consider the different resulting impedances in the
fault case is to set the fault impedance Zoal || Zshort ONCe at the beginning of the test series. This eliminates the need
to dynamically adjust the impedance during the test. Nevertheless, various grid short-circuit powers depending on
the fault depth are taken into account using this approach.

ANNex D SNOWS some examples of the transterablility of the transient voliage transition between
he field measurement and test bench measurement campaigns.

—

8l4.2.4.2 Test & measurement procedure for UVRT-Tests
The test procedure is the same as described in subchapter 8.4.2.2.2.

(0]

4.2.4.3 Test & measurement procedure for OVRT-Tests

—

he test procedure is the same as described in subchapter 8.4.2.2.3.

814.2.4.4 Documentation

bnverter-based test equipment. Check whether the required\dynamic is maintained durin
bltage dip and voltage recovery. Furthermore, the resulting(veltage level and the phase ang
f the voltage during the dip must be verified and documentéd. The specified setpoint must als
P stated.

tlis recommended to conduct and evaluate no-load tests before performing measurements WH]S

O o0 < O
(=]

he documentation is the same as described in subchapter 8.4.2.2.4.

> -

dditional documentation of parameters and mieasurements for the test bench:
e Emulated impedance

8l4.2.4.5 Transferability of test rfesults
The transferability procedure is the\same as described in subchapter 8.4.2.2.5

8/4.3 Functionality and Capability testing according to Strategy 2

In chapter 6 a general classification and naming of components is made. Reference is thepn
made to the tables in Appendix B.2, which show that UVRT and OVRT tests can be divided info
the following three classifications:

a) Functionality tests

O

Capability-tests

c) Performance tests

The.tests of class a) and b) will now be discussed in more detail below.

8.4.3.1 Definition of the DUT

In general, from the list of components in the tables in Annex B.2, the component must be
determined by e.g. the manufacturer, which are suitable for the functionality or capability tests
described here. This can be assessed differently depending on the wind turbine design.

For the basic description of the procedure in the following subchapters, the components were
selected as follows:
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T

It

e Controller for functionality tests
e Converter for capability tests
he focus is of course on UVRT and OVRT tests.

is not further specified whether it is the converter or the wind turbine controller. The decisive

factor is in which controller the corresponding functionalities are implemented.

T

he following components from Figure 4 are discussed here:

!

o))

o T

=]

=

e WT control system
e FRT control

e Convert system + filter system (the filter was also included, as it may be-an integrateld
part of the converter. This can vary depending on the manufacturer.)

should also be mentioned again that the controller level represents the lowest testing level
hd only functionality tests can be carried out on this level and no e.g. Capability tests.

owever, one level higher (e.g. converter level) functionality and cdpability tests can be carrigd
ut. Figure 29 provides an overview of the components on Wwhich functional tests can be
prformed.
Overview of b and control fi ions for GFRT fi ionality tests
(T
i ‘§ =3 ‘i;- = =
W | FEE |l 3 % I z
: | . s e i BlE |y % HERI
» i g 3 & § 818 (23 3| 5| .l 3 3 § |8 e § <
| 11 & BN 3 | vy o\EE 8 Pl ¢l B g op| % |48 ¢ :
£ R BEEE IR EE R AR R
£ 3 i :aSﬂuzfééséEééﬁgaiéfﬁs
UVRT 3.4.3 3c X x x x X X :
OVRT 843 3c 3 ( \ x x x x | %

Figure 29)- Overview components for FRT functional tests

gure 30 provides.an’/overview of the components on which capability tests can be performed.
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Overview of components, subsystems and control functions for GFRT capability tests
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Figure 30 - Overview components for FRT capability tests

8(4.3.2 Functionality testing
8{4.3.2.1 Introduction
The terminology functionality in relation to UVRT and OVRT\tests is addressing controllgr

~—~

software) functions and consequently some form of controllertesting.

—

he following functionalities are examples that are of gfeater importance in order to meet grid
requirements. Other functionalities are conceivable, and can also be tested based on the
procedure described here.

|

xample of functionalities:
e Detection of FRT
e Deadband of current support
e K-factor
e Prioritization of contribute with reactive or/and active current
e Controlling of positive and negative symmetrical system (each phase)
e Controlling'of*the active power ramp rate (P_ramp_rate) post fault
e Handling-of eventually a frequency shift due to a phase jump

In order_to)ensure a common understanding of the nature of such functionalities, the abovg
listed functions are explained in more detail in Annex F.

8| 4.32.2 Test setup & test conditions

The measurement shall at least be performed on a category 3c test bench as described in
chapter 7.

The DUT shall include at least the components and control functions as defined in Annex B.2.

8.4.3.2.3 Test & measurement procedure

In general, the functionality tests should complement the capability and performance tests (see
Figure 2. The test plan and its test parameters need to be developed individually.


https://iecnorm.com/api/?name=95e6f6b48582c421bdaa66ff0081c2f7

1835
1836
1837

1838
1839

1840

1841

1842

1843

1844

1845

1846

1847
1848

1849

1850
1851

1852

1853

1854

1855
1856

1857

1858

1859

1860
1861
1862

1863
1864
1865

1866

1867

1868

88/889/CD - 80— IEC CD 61400-21-4 TS © IEC 2022

In principle, the tests could be carried out as described in chapter 8.4.2.2.2 and 8.4.2.2.3,
respectively and in IEC 61400-21-1:2019 section 8.5 and possibly supplemented by further
tests, depending on the functionalities to be verified.

The number of tests and operational modes need to be defined and described by the
manufacturer in order to document the functionality.

Preconditions:

e The mode and therefore the control parameter need to be send to the DUT

e The parameter (voltage and frequency) of the emulated grid is set to nominal values

e All emulations and hardware dummies need to be in operation

—

est procedure:
e The DUT needs to be start up to a steady state operation point (e.g. 200% active powel)
e Start of measurement

e After a certain time (e.g. 5 sec) the desired UVRT or OVRTrevent (box e in Figure 14)
is triggered

e After the fault (e.g. 5 sec.) the measurement can be stopped

[e]

4.3.2.4 Documentation

—

he following must at least be documented:
e Description of the entire test bench
e Description of the DUT
e Description of the functionality.to be checked

e Description of the measurement data recording (measurement system, sampling time
etc.)

o

e Representation of-the’input and output signals as a time plot

o Possibly further representations, which are necessary to show the functionality

8{4.3.3 Gapability testing
8/4.3.3.1 Introduction
g

apability testing in relation to FRT tests can be carried out at converter hardware level.

Tte fottowmygcapabitities are examptes, whichrwere of greaterimportance i the past tomeet
grid requirements. Further capabilities are conceivable and can be tested based on the
procedure described here.

Example of capabilities:
e Run through, e.g. without disconnection

e Operate the max. capability curve, e.g. to support with reactive current
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e Shows the correct post fault behaviour
e Converter — UPS works (if available)
e Run through

e Side Components for the converter like (e.g. UPS, Crowbar, Chopper, etc. support as
needed)

e Operate multi faults

e Handling of dynamic side aspects (e.g. phase jumps, impedance jumps, inrush effectq
etc.)

e Operate the specified grid frequency 50Hz or/and 60Hz

(0]

4.3.3.2 Test setup & test conditions

—

he measurement shall at least be performed on a category 3a test bench as described in
napter 7.

O

The DUT shall include at least the components and control functions ‘as defined in Annex B.2.

(0]

4.3.3.3 Test & measurement procedure

—

he tests can be performed as describes in subchapter 8.4,2.4)2 and subchapter 8.4.2.4.3. The
peration modes must be specified and described by the mfanufacturer in order to documer
he capability.

o
—

—

(e]

4.3.3.4 Documentation

—

he following must at least be documented:
e Description of the entire test bench
e Description of the DUT
o Description of the capability*to be checked

e Description of the measurement data recording (measurement system, sampling timeg,
etc.)

e Representation of the input and output signals as a time plot

e Possibly(further representations, which are necessary to show the functionality

(€]

4.3.4 Performance testing according to strategy 2

—
[=}

0 complete the FRT testing according to strategy 2 (cf. Figure 2), the functionality an
hpability testing described before are complemented by a performance test. This performang
testvincludes only worst-case scenarios, which verify the dynamic behaviour of the DUT.
I_CIfUI mraricvc thtO ovaril bc ballicd Uut at t_pr 10. tCDt bcnbhca Ul ;II thc f|c=d Thlb pCIfUI Illallbe

test can be done at other test bench classes with mHiL system if the validity of the
measurements can be shown.

O
)

The worst-case scenario must be defined by the manufacturer.

8.4.3.5 Transferability of combined test results to field level

Since there is limited experience on combining different classifications of test cases on different
system levels for grid compliance testing, this sections is of theoretical nature. More specific
description through practical experience is required in the future.
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The aspects discussed in more detail in the following paragraphs should already be mentioned

today.

1.

Transparent, continuous documentation of the entire process

The entire process that is carried out by the manufacturer with regard to strategy 2 must
be described transparently and in detail. This includes the listing of the systems and /
or components and the test bench used in each case. The DUT (hardware and software)
and its parameters as well as any emulations used for components that were not actually
tested (e.g. pitch system, rotor, etc.) must be documented in detail. The description of

the framework conditions of the simulated electrical network and, if the performance test
takes place in the field test, the real network data to compare them are also impartant.
The validation of the emulations with the real measurements must be shewn’' and
assessed.

Validation of maximum capability according to the manufacturer specification

manufacturer. This means that it must at least be shown on the basis of appropriat
tests that the maximum capability curve can be handled as)expected and that th
auxiliary systems such as (e.g. UPS for the converter conttoller, crowbar protection,
chopper system, self-protection system, etc.) are working-correctly and do not lead to
the overall system tripping. In addition, it must be cthecked whether the expected
electrical behaviour, such as voltage support through’reactive current feed, occurs in
accordance with the parameter settings in thev/DUT or whether, for examplg,
overvoltage’s do lead to destruction and thus failure.

The entire process should demonstrate the electrical performance “specified by thE

In addition, this method offers a more detailed examination of performances such as thle
behavior in extreme network conditions, for example with regard to the network shor
circuit power or the examination of different nominal network frequencies of the voltagg.

Proof of functionalities

One means of reducing the>performance test is to carry out functionality tests gs
described in Chapter 8.4:3"on a lower component level. This must be specifically
described by the manufacturer in the overall context of how these are combined with
the capability and / gr-performance test. It makes sense for the manufacturer to carny
out worst case scahs'as a performance test and combine this with the functionality tests.

Validation of applied hardware emulations within this procedure

It is possibte to emulate hardware for this process. The overall concept of thesg
individsal procedures must consider that these emulations are valid. Corresponding
UVRI or OVRT tests, e.g. field tests, must show the correct dynamic behaviour of the
ragtor'system in relation to the emulation. In general, it must be shown that the emulationfs
are comparable with the real behaviour within a certain tolerance band.

Risk analysis

The method offers new possibilities in the future to sufficiently prove the requirements
for the wind turbines (e.g. considering more extensive the corresponding frequency
system (50Hz/60Hz), phase jumps and/or impedance changes during FRT, different grid
short-circuit power, etc.). It is only now possible to test certain extreme points that could
not be tested in the past. However, it must be avoided that there are increased risks
that incorrect behavior due to systematic design errors is no longer recognized. For this
purpose, the manufacturer must create a risk analysis that describes in detail which
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risks his chosen concept could contain, to show this incorrect behavior no longer or
strongly falsified.

6. Uncertainty analysis

In addition to the risk analysis, an indication of the uncertainties of the important result
parameters, such as reactive current delivery, power ramps on return of voltage, etc.,
when using test bench measurements compared to field measurements, must also be
given.

8|5 Disconnection from the grid

—

is chapter describes the measurement and test procedures to prove the correct operation d
the different grid protection systems in the DUT as well as the reconnection procedures|,

8(5.1 Grid protection
8|5.1.1 Description

e purpose of grid protection is to disconnect the DUT from the grid during.abnormal voltage
of frequency conditions.

e aim of these tests is to prove the correct operation of this protection, as defined in IEC
6[L400-21-1.

8|5.1.2 Test setup & conditions
e test shall at least be performed on a category 3c‘test bench test setup according to
chapter 7.
e DUT shall include at least the components and. control functions as defined in Annex B.2.

e test can be performed on the subsystem level (if the grid protection is realised by a separat|
uhit, like a separate grid protection relay) or,0n a hardware in the loop test of the grid protectiq
system of the DUT, as described in IEC\81400-21-1: 2019 section 8.6.2.1

> D

e protective system under test in€luding voltage transformers, grid measuring device, tri
c|rcuit and main circuit breaker shall be of identical type to that applied in the correspondinlg
T type.

O

e protection test set, ngcluding transformer, used for secondary injection of voltage angd
frequency changes shall~fulfil the accuracies as described IEC 61400-21-1 or defined in
C 60255-181 and JEC '60255-127.

e trip signal ffomthe grid protection system shall be connected as an input to the protectio
t@st set in order.to prove the pick-up value as well as to measure the time delay.

-

8/5.1.3 Test procedure

e scope of these tests as well as the test procedure are defined in the IEC 61400-214{1
sections 8.6.2.2 and 8.6.2.3. and shall be applied to the DUT.

8.5.1.4 Documentation

The applied settings as well as the results of these tests shall be documented as defined in IEC
61400-21-1 section 8.6.2.4 and IEC 61400-21-1 Annex A.

If a separate measurement system is used, it is recommended to record the following channels:

. Voltages at the DUT terminals

. frequency at the DUT terminals
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. trip signal of the DUT
. digital or analogue signal showing point in time of frequency change (output from
protection test set)
. main circuit breaker auxiliary contact (if used for full trip test).

In addition the following shall be documented as shown in Table 12, a report template is given
in Annex A.

Table 12 - Documentation requirements for grid protection test

Grid protection system

Manufacturer:

Type:

Serial number:

Software version:

Voltage transformers

Manufacturer:

Type:

Serial mumbers:

Location of measurement
point (highsside/low side of
PGU step-up transformer):

Primary voltage:

Ratio:

Main circuit breaker

Manufacturer:

Type:

Serial number:

8

L6-1-5

ot

The test results can replace full-scale wind turbine measurements.

8.5.2
8.5.2.1

RoCoF protection
Description

The DUT behaviour during grid events that cause a fast change of frequency in a short time
frame shall be tested. The DUT protection shall trip when an excessive rate of change of
frequency (RoCoF) is encountered. The aim of these tests is to prove the correct operation of
this protection, as defined in IEC 61400-21-1.
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8.5.2.2 Test setup & test conditions

The test shall at least be performed on a category 3c test bench test setup according to
chapter 7.

The DUT shall include at least the components and control functions as defined in Annex B.2.

The protective system under test including voltage transformers, grid measuring device, trip
circuit and main circuit breaker shall be of identical type to that applied in the corresponding
WT type.

8]5.2.3 Test setup & procedure

The protection test system, including transformer, used for secondary injection shall fulfil"the
apcuracies as described IEC 61400-21-1 or defined in IEC 60255-181.

—

he trip signal from the grid protection system shall be connected as an input to(the protectio
¢@st system in order to prove the protection settings and to measure the proteCtion time delay.

—
-

—

he scope of these tests as well as the test procedure are defined in the dEC 61400-21-1:2019
bction 8.6.3.2. and shall be applied to the DUT.

n

52.4 Documentation

)

he applied settings as well as the results of these tests shall be . documented as defined in IE
1400-21-1:2019 section 8.6.3.3 and IEC 61400-21-1 AnneX A.

oD -4

fl a separate measurement system is used, it is recommended to record the following
pprameter:

Voltages at the DUT terminals

. frequency at the DUT terminals
. trip signal of the DUT
o digital or analogue signal shoewing point in time of frequency change (output from

protection test set)

. main circuit breaker atxiliary contact (if used for full trip test)

In addition the following shall be documented as shown in Table 13, a report template is give
in Annex A.

>

Table 13 - Documentation requirements for RoCoF test

Grid-protection system Manufacturer:

Type:

Serial number:

Software version:

Voltage transformers Manufacturer:

Type:
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Serial numbers:

Location of measurement
point (high side/low side of
PGU step-up transformer):

Primary voltage:

Katlo.

Main circuit breaker Manufacturer:

Type:

Serial number:

8
T
a

O

f

o =

ramp rate.

5.2.5 Transferability of test results
he test results can replace full-scale wind turbine measurements.

5.3 Reconnection time

he aim of the reconnection time test is to show that.the‘turbine automatically reconnects aftg
grid outage of up to 10 minutes after which the{power is ramped up following a predefine

ue to the large number of UPSs and auxiliary systems (e.g. pitch motors) involved here an
e resulting low transferability of these test results, this test shall only be carried out with th
bmplete WT in operation.

O =

[®N
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9 Additional measurement and test of electrical characteristics under
controllable test conditions

This chapter defines additional tests, which are only possible in a controlled test bench setup
as described in this TS in relation to power quality, steady state operation, dynamic response
and control performance, as well as the documentation requirements and a guidance for the
transferability of the test results towards the WT.

.1 Power quality aspects

4

4 [t | o " 1
1.1 FITCRKTT CUITTTUI

1.11 Description

hese tests are optional. The aim of the measurement is to determine the voltage flicker during

9

9

9

This chapter gives guidance for testing of flicker mitigation due to control issues at a test/bench.
T

cpntinuous operation at the terminals of the DUT.

=

The test results are shown for short term Pst values, but are also be valid\for long term F
vhlues.

©

1.1.2 Test setup & test conditions

—

he measurement shall at least be performed on a category 1lb_test bench as described in
hapter 7.

O

The DUT shall include at least the components and controlfunctions as defined in Annex B.2

or these tests a grid emulator is recommended. In,order to obtain more realistic view of th
UT flicker emission, it is recommended that the BUT sees the emulated voltage fluctuation
ehind an impedance Z = R + jX.

D

o 0T
[2)

—

he following possibilities are proposed:
a) Use of a Variable Voltage — Emulated Impedance (Z) Grid Emulator Figure 31.

b) Use a constant voltage anddimpedance Grid Emulator and add the variable serigs
impedance Z and a contrallable fluctuating shunt load, ohmic or inductive Figure 32
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T

Mover = A L AL AN A N A
\_J J

(Optional)
_|_

Figure 31 - Variable voltage and impedance grid emulator (case a)

Fluctuating Grid Emulator (Optional)
Torque/speed
Constant voltage & Impedance Transformer
YA
Prime Vad DC AC
DUT
Mover | Yo A€ DC
(Optional)

— T

Fluctuating load

(ohmic or inductive)

Figure 32 - Constant'voltage and impedance grid emulator with controllable load

(case b)

he magnitude' of the impedance Z including the impedance of the grid emulator (and of the
grid) for cases a) and b) should be in the range giving adequate Pst values. The impedanc
phase_angles wk (yk=arctan(X/R) must be wy = 30°, 50°, 70° and 85° with a tolerance of 5
here R is the resistive and X the inductive component of the total impedance.

e

P
1

For case D), Figure sZ, the grid emulator may be omitted, so that the impedance Z IS direct

connected to the grid.

9.1.1.3 Test & measurement procedure

The following tests for the flicker mitigation due to control issues shall be performed:

GRID
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It is recommended that the test setup a) or b) generates predefined voltage fluctuations at th
DUT with frequencies of:

- 05Hz
- 15Hz
- 35Hz
- 88Hz

e

The DUT shall be in voltage control mode and compensates the voltage fluctuations by control

of reactive power.

Tlhe power output of the DUT shall be 30% to 50% of Pn for partial load and 90% to 100%-of R
for full load testing.

Flor each test case, one test with constant and one test with fluctuating power output shall b
performed.
T
S

he voltage flicker Pst as 10-minute values without and with the DUT at theyterminal of the DU
hall be measured and compared with each other

Table 14 - Range of input relative voltage fluctuation AU/U,for' Ps: output range about
0,2 and 0,5 for U, =230V

Frequency Sinusoidal Rectangularfluctuations
fluctuations

f [Hz] dU/U [%] dUM [%]

0,5 0,67 — 1,69 0{16—0,41

15 0,30 - 0,76 X~

35 )] 0,10-0,24

8,8 0,07 - 0,18 0,06 -0,14

911.1.4 Documentation
A. Show results of voltage flicker severity index (Pst) with and without the DUT

v

resentation of the results(n,a table as a function of different impedances and frequencies of voltage
Iictuations, e.g.

—h

Table 15 - Flicker Pst per power range and fluctuation frequency

@D

=

mpedanceangle 30° 50° 70° 85°

mpedanee | R

X
Load in % | Frequency | Without | With Without | With Without With Without | With
oan in Hz DUT DUT DUT DUT DUT DUT DUT DUT

Partial load | 0,5 Hz

(30% to
50% of Pn) | 1,5 Hz

3,5 Hz
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8,8 Hz

Full load 0,5 Hz

(90% to
100% of | 15 H?
Pn)
3,5 Hz
8,8 Hz
Maximium

Period of measurements

Dperational mode (reactive control Q=0 / others)

>

report template is given in Annex A.

B. Flicker mitigation factor (ratio F=Pst with_buT/Pst_without bUT)

= T

llctuations, e.g.

resentation of the results in a table as a function of different impedances and frequencies of voltage

Table 16 - Flicker mitigation factor (F) per power range and fluctuation frequency

mpedance angle 30° 50°

70°

85°

 oad in % | Frequency
pf P in Hz

Flicker mitigation factop(ratio F=Pst_with_DUT/Pst_without_DUT)

Partial load | 0,5 Hz

30% to
50% of P,) | 1,5 Hz

3,5 Hz

8,8 Hz

Full load 0,5 Hz

90% to
100%  of | 1O H?
Dn)
3,5 Hz
8,8 Hz
Maximum

A report template is given in Annex A.

9.1.1.5 Transferability of test results

The test results are supplementary to the full-scale wind turbine flicker measurements.

9.1.2 Flicker and voltage change during switching operations

9.1.2.1 Description

This chapter is to give guidance for testing of flicker and voltage change due to switching at a
test bench. These tests are optional and can be performed in case the converter of the DUT is

changed.
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Note: Similar to the testing of flicker during continuous operation, for testing the effect of the switching operations of
a wind turbine sufficiently, it shall be tested in the free field, so that the influence of the aerodynamic part is thoroughly

in

corporated (see the note for flicker during continuous operation).

9.1.2.2 Test setup & test conditions

The measurement shall at least be performed on a category 2b test bench as described in
chapter 7.

Tlhe DUT shall include at least the components and control functions as defined in Annex’ B.22

Fi

- ©

T

o <

o =z

©

3 -

t

F
g
9
T
[0}

pr the connection of the DUT either a grid emulator or the public grid can be used.

1.2.3 Test & measurement procedure
he characteristics shall be stated for the following types of switching operations:

a) One start-up of the DUT at power of 10% of P shall be performed
b) One start-up of the DUT at nominal power P shall be performed

or each of the above types of switching operations, the values;offlicker step factor k¢(y;) an
pltage change factor for the network impedance phase angles y;, = 30°, 50°, 70° and 85° shg
e stated, as defined in IEC 61400-21-1.

o determine the voltage change factor k,(y), and theflicker step factor ki(y), the maximu
f the three phases for each type of switching operation shall be calculated.

OTE 1 Further information on the measurement procedure for voltage changes and flicker during switchin
berations can be found in IEC 61400-21-1, chapters 8.242.2, 8.2.3, B.2, B.4.2 and B.4.3.

1.2.4 Documentation

he following parameters have to be.reported as a function of the impedance phase angle, for each
easured case:

e Flicker step factor
e Voltage change factor
can be documentedyfor example in a Table as described in Annex A.

urthermore, time- series of the voltage, current, active and reactive power shall be documented in
raphs for both*switching events.

1.2.5 Transferability of test results
hedest results are supplementary to the full-scale wind turbine measurements of switchin

= O

erattons

9
9

1.3 Active filter / sink for harmonics

1.3.1 Description

Modern wind turbines can potentially actively improve the power system’s quality of power. In
case of resonance networks such as wind power plants, it is critical that the harmonic injection
by wind turbines is very small and controlled.
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Active filter functionality can be understood very broadly. Several technical solutions could be
introduced in grid-connected converter functionality depending on the expected outcome, e.g.
reduction of either harmonic current or voltage at the wind turbine terminal or at the remote bus.
Among many others, the following active filtering functionalities could be, inter alia, specified:

Local resonance damping: the aim of active filter is to mitigate or damp internal
resonances within the wind turbine’s internal circuit.

Local harmonic current compensation: the task of active filter is to minimize the current
flow between the wind turbine converter and the public grid.

0O 4 © Tz

o >

(o)

fn
1

©

Q T

— O

Local harmonic voltage distortion mitigation: the goal of active filter is to improve and
minimize as much as possible the voltage distortion level at the converter terminals.

Resonance damping at the remote bus: the wind turbines is programmed to damp
prominent resonances in the wind power plant network leading to lower harmoni¢c’voltage
distortion level.

Harmonic compensation at the remote bus: the active filter in wind turbines-leading to
maintain the harmonic voltage distortion level at a selected bus bar.

pte: The purpose of this test is to carry out active filtering evaluation without knowing\the exact control functign
bing implemented.

1.3.2 Test setup & test conditions

he measurement shall at least be performed on a category 2b test bench as described in
napter 7.

he DUT shall include at least the components and coptrol functions as defined in Annex B.2.
dditional the components as specified for the hartnonics evaluation in Annex E have to be
lken into account for the active filter functionality,test.

[o8

rid emulator: The grid emulator shall be able to'provide harmonic disturbances in the require
equency range and shall provide the harmonic contribution in open loop control, to avoi
teractions with the harmonic control funCtionality of the DUT.

[®N

1.3.3 Test & measurement procedure

armonic background distortion-measurement is required before the test is performed, to be
ble to evaluate the impact of thé public grid on the test results.

pte: Please make sure that thesharmonics of interest, e.g. the 5th, 7th, are measured at the DUT terminals, i.¢.
used by the grid emulator, the”public grid or the DUT itself.

he test shall be perfarmed in two steps:

e Step 1 harmonic measurements at the DUT terminals before the active filter is activated
e Step2iharmonic measurements at the DUT terminals after the active filter is activated.

easurement procedure of active filtering functionality of the DUT:

o, Set point reactive power: Q = 0 var.

Optionatreactive power under-—and overexcitedat the maximumpower bin:

e Grid emulator: Three, 10-minute data sets of instantaneous voltage and current
measurements shall be collected for each 10% power bin (0% Pn — 100% Pnr), and shall be
performed with the same operational conditions as for the no load tests.

e Public grid: Seven, 10-minute data sets of instantaneous voltage and current measurements
shall be collected for each 10% power bin (0% Pn — 100% Pn)

e The maximum value from the three or seven measurements of each power bin shall be taken.

Note: All three phases shall be measured at the same time during the measurements.
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DUT: The following values shall be measured and reported in percentage of In and Un respectively and
for operation of the DUT within the active power bins 0, 10, 20, ... 100% of Pn.

e Values of the individual current components

e Total current distortion up to the 50t harmonic order

e Values of the individual voltage components

e Total voltage distortion up to the 50t harmonic order

A synchronized to power system fundamental frequency rectangular 10-cycle window for 50 Hz and
1p-cycle window for 60 Hz power systems IS recommended for the analysSiS of measurements.

e DFT is applied to each of the measured currents and voltages with rectangular weightings.
e active power shall be evaluated over the same time window as the harmonics.

9/1.3.4 Documentation

(2]

e tests results shall be reported in a table including measurements at the”’DUT terminal
before the active filter (Step 1) and after the active filter (Step 2) is activated.

e emission of the magnitude voltage and current harmonics shall he~documented in tablgs
ahd graphs according to Annex A.

ublic grid: The 95" percentile of current and voltage harmorics shall be measured and
reported for public grid measurement.
rid emulator: The max value of current and voltage harmonics shall be measured and

=

ported for grid emulator measurement.

Table 17 - Active filtering (AF) evaluation{table for voltage as current harmonics
Power
bin
, 0% 10% 20% 100%
Harmonic
brder
w AF | w/o AFxfow AF | w/o AF | w AF | w/o AF | wAF | w/o w AF | w/o AF
AF
2
3
4
5
50

9.1.3.5 Transferability of test results

The test results can replace full-scale wind turbine test of active filtering functionality.
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9.1.4 Frequency depended Impedance measurement
9.14.1 Introduction

The wind turbine frequency-dependent equivalent impedance is crucial in harmonic propagation
and small-signal stability studies. Small-signal wind turbine impedance is a part of the Thevenin
or Norton model described in IEC 61400-21-3.

Therefore, impedance measurement tests are required for harmonic modelling as well as
harmonic model validation for wind turbines and converters.

The aim of this chapter Is to provide a general test methodology for the harmonic impedande
measurement based on voltage or current perturbations in a test environment.

pte: Different methods, rather than the proposed test method in this chapter, might be used for the_impedange
easurement and harmonic model validation. However, the applied methods shall provide a procedure'to verify ti
curacy and reliability of the results.

[¢)

1.4.2 Test setup & test conditions

he measurement shall at least be performed on a category 2b test bench as described in
hapter 7.

O -4 © 2 3 Z

he DUT shall include at least the components and control functions,as defined in Annex B.2.

test device with capability of small-signal current or voltage perturbation injections is required
5 illustrated in Figure 33 respectively. Accordingly, the,perturbation test device can be ja
bparate unit in series or parallel connection with the BUT. Each perturbation is a singlg-
equency component (single-tone) or a group of frequencies (multi-tone) with small amplitudes.
he measurement equipment should have high resolution to measure the small-signal response
f the DUT against perturbations.

O 4=0v o > A

anble anble Zc]
DUT DUT
ng ng
Ugs(fo) Lo () Ues(f0)
Uooe & I Upen(fi) Upoc & lpoc pert( Li
Meg‘s)flremz;is Measurements

(b) (a)

Figure 33.-'Generic topology of (a) current and (b) voltage perturbation tests [1].

Allternative.d grid emulator, as shown in Figure 34, for emulation of the AC grid (Ugs(fo)) as we
ap the voltage perturbation (Upert(f))) can be used.
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Zcable

Upoc & Ipoc

Measurements

Figure 34 - Example of a grid emulator structure for voltage perturbation application [1].

—

pte: To minimize the coupling effects of the grid emulator on the test result, it is recommended to perform the tep
th an open-loop control for the perturbations, which means using set points for Uen(fi) without control feed-back
pwever, special considerations might be required for open-loop voltage injections. Thus, it is recommended
aluate the test procedure in no-load condition first and then perform the tests with DUT. Depending on‘the outp
ter, transformer characteristics and switching frequency of the grid emulator, it is possible to-perform voltag
brturbation tests for an acceptable range of frequencies

® ~0 P

1.4.3 Test & measurement procedure

-4 © T o Ts Z

he impedance measurement test methodology is given Figure 35.

Proposed Test Methodology o
Specification of Perturbations

Y

Without perturbation: Upw(g) or Ip,,c(o)

Positive sequence perturbation at“£: Upocp) OT pocp) a
Negative Sequence perturbation at “%;": Upoem) OF Ipocm)

v

DF
Lt Us[t]
Llt] Uty @
It Ut

A 4
Sequence Calculation

L] Upft]
Ift] Uit 4

A 4

Admittance/ Impedance Calculation
116D

a
=

V.If-f5] Y [ftr N Z [f-fr] ZJf+f
PLIT=017 = =17 %/ Sk SRl U/ E Ay ¥/ b

pa)
v7

Figure 35 - Impedance measurement test methodology for wind turbines using
perturbation tests

The methodology consists of five steps as follows:

1) Specification of Perturbations:
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First, the specification of perturbations should be chosen based on the DUT characteristics and
application of the test results. In Table 18, the test specification is categorized based on the
voltage or current perturbation methods and frequency ranges. Accordingly, the maximum
amplitude of the perturbations, frequency steps and power set-points should be specified for
the test procedure as follows:

e Within the given range for voltage (Upoc(fi)) or current (Ipoc(fi)) perturbation tests, smaller
values can be chosen for testing of Type Ill WTs. In addition, higher values within the
given range can be chosen for the grid emulators with lower short circuit ratio.

o[ T e peTturbation frequency strattstartfromr the o freguency (fmin) anmd-merease wit
the frequency steps (e.g., 9Hz, 9+2Hz,9+4Hz...). Lower frequency steps can be used forn
more precise impedance measurements locally near the potential resonance frequencies.

o[ Itis recommended to choose the maximum frequency perturbation to less than cut-off
frequency of the grid emulator’s output filter (fomax< feut-off(gs))-

e[ To achieve an accurate impedance model, different power set-points shall’be tested.

o[ The period of injections is preferably 3 seconds to achieve 1Hz or 0,5Hz\resolutions in
DFT calculations. It can be chosen up to 11 seconds to provide 0,1Hz-resolution.

Table 18 - Specification of voltage or current perturbation tests

Frequency range fmin < fp < fo fo < fp < 2fo 2fo < fp
Moltage perturbation 0,4%-0,8% p.u. 1%-2% p.w. 1%-2% p.u.
(Upoc(fi))
Current perturbation 4%-8% p.u. 2%-4% p.u. 1%-2% p.u.
(Ipoc(fi))
Minimum frequency 9Hz fo+1 Hz 2fo+1 Hz
fmin (HZ)
Maximum frequency 2Hz
steps (Hz)
Power set-points 0,1;0,5;1,0
(p.u.)
Perturbation 3-11 seconds
duration

I) Positive and Negative Sequence Perturbations:

In order to~measure a full response of the DUT against perturbations, it is required to perforrr
tests feripositive and negative sequence perturbations separately. The sequence-domain
mpedance is recommended since it can be used for power system stability studies easily.

IMFTguTE 35, Ohoc(p) @l Thoc(p) AT€ TEIEITITIY tO thTEe-phase PoSitiveE SEQUETNCE VOitage or current
perturbations for a range of frequencies. Similarly, Upocny and lpocny depict the negative
sequence injections. The time-domain three-phase currents and voltages shall be measured for
each perturbation.

I11) Discrete-Fourier Transform (DFT):

The DFT of the three-phase measured data for each perturbation shall be calculated according
to IEC 61400-21-1. To achieve 1Hz resolution in the harmonic spectrum, 1 second DFT window
is recommended.
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IV) Sequence calculations:

In this step, the positive and negative sequence voltage and currents shall be calculated for
each perturbation frequency from the three-phase voltage and current harmonic spectrums. In
this way, UpmIfl, Unw[fl, lo@[fl, Inem[f] shall be derived from positive sequence perturbations and
Upm[fl, Unm[f], o], Inm[f] shall be calculated from negative sequence perturbation tests. The
sequence-domain transformation of three-phase voltages can be calculated as follows:

] Y L A VY
o) 3k 5

Where a = 14120°. Similar calculations can be performed for current components,
V) Admittance or Impedance Calculations:
According to the proposed methodology in Figure 35, the calculation of admittance ¢r

mpedance matrices shall be based on the sequence-domain calculations of the three differefnt
measurement data sets:

—~

1) Normal operation without perturbation (Upo),Un(o),lp(0),In(0))-

—~

2) Positive sequence perturbation test at fi (Up(p),Un(p), lpeiiom)-

—~

3) Negative sequence perturbation test at fi (Upn), Usgn)rhoiny, Inn))-

—

he admittance matrices shall be derived as follows?

Yo (f— ) = by ~ o _ Aep
l < =
P Up(p) —Up) AUp )

[n(n) - [n(O) _ AIn(n)
Un(n) - Un(O) AUn(n)

Y (i + fo) =

Similarly, the impedancematrices shall be derived as follows:

Up(p) B Up(O) _ AUv(p)
Ip(p) - IP(U) Alp(p)

pr(fi —fo) =

Un(n) - Un(O) _ AUn(n)

Zun(fi + o) = =
i 0 In(n) - In(O) AIn(n)

Npte: Using the positive sequence perturbation data at frequency of “f;”, the positive sequence admittance/impedange
can‘he calculated at “fi-fo” (Y, (f; — fo), Zpp (fi — fo)). While, using negative sequence perturbation test data at “f”, th
calculated negative sequence admittance/impedance shall _he for “f+f” (V’“L(fi = fo Lot -qu\) Eurther

investigations on the test results are out of the scope of this chapter and can be found in [1].

[¢]

Note: For higher frequencies (f, > fcuorm), the perturbation tests are optional and the admittance/impedance can be
calculated by performing the test procedure (Fig.4) on simulation models.

Note: In the case of model validation applications, the extracted model from the test methodology shall be compared
with the model given by the DUT owner. Multi-tone perturbation tests can be used for model validation application
as well. Note that the model validation procedure is out of the scope of this chapter.
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9.1.4.4

The accuracy of measured data depends on the measurement equipment resolution and
potential environment noise level. Since the tests shall be done in the small-signal range, high
precision measurement equipment is required. Class | measurement instruments are
recommended for current and voltage measurements according to IEC 61000-4-7. The
measurement instruments with higher precision can be used optional for a better accuracy.

Measurement data assessment

1) Effects of Test Procedure:

T vraculte Af thn tact and oo iivamant data Ao nnA an-tha - pnaorturbhationn anthoad fran,ian
l\4 IDOUILJ v iiec ot Aaarnmu III\;uJUI\:IIIUIIL A%l 33e 9 \JL; wiTuo A>3 '.I ILUIUMLIUII mreiriouyg, ||\4\.|u\.,||\.‘

cpuplings and potential undesired distortions. Therefore, three evaluation criteria are suggeste
as follows:

o <

a) Total Harmonic Distortion (THD) of Voltage and Amplitude of the Intended Perturbation: If|a
perturbation contains undesired harmonic components in a considerable level;the result ¢f
tests would have frequency couplings with the undesired harmonic components,and would IeaE
tg wrong data and calculations. Therefore, amplitude of the injection and the<FHD of the voltag

ekcluding the intended perturbation could be considered as trust criteriacfor the measurement
dpta.

O

Vicinity Harmonic Components: In addition to THD, the undesired harmonic components in
he vicinity of the intended perturbation can affect the trustworthy_ of the test results. The main
puplings can be observed for “2foxfi“ and “fifo“ frequencies: Therefore, the injections should
pt contain considerable undesired harmonic componeqts~in the vicinity of the intendef
e
d

—

prturbation frequency, especially in the range of absolute values of [fix2fo]. However, in th
hse of high frequency ranges, inevitable switching harmonics would be observed, but it shoul
e proven that such harmonics are not results of the ‘perturbation tests.

O 0T S5 O

Differential Phase Angle: A stable phase anhgle between harmonic components of voltag

hd current over the injection period can be @nother trust criterion which confirms steady—stalIZ
hd stable condition of the converter re€sponse against the injection. This factor can bg
valuated by time-domain illustrations ora probability factor over the injection period.

D Y D O

©

1.45

he applied perturbation method and settings as well as the results of these test must be
pbcumented in the test repoftsy including:

Documentation

Q. —

e Description of the test setup / Real time simulator setup
¢ Measurementsetup according to chosen test procedure
e Documentation of the control mode / operational mode of the DUT.

e Table of the calculated frequency dependent positive and negative sequence (Thevenin or
Norton) Impedance for each power level as stated Table 18, in the validated frequency range
as shown in e.g. Table 19

— —Tabte t9 = Exampie of Tepresentation of the harmonic impedance

Harmonic / Frequency Harmonic impedance — Harmonics impedance —
order positive sequence negative sequence
[n] Hz Resistance, R Reactance, X Resistance, R Reactance, X
Q] Q] Q] Q]
100
150
4 200
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5 250

Note: The equivalent harmonic impendence representation of the DUT is a small-signal representation and therefore
sensible to the applied control mode/ operational mode of the DUT .

A report template is given in Annex A.

9.1.4.6 Transferability of test results

T + 4 1+ ! £iill ] ot i +.
TCICOUTTOUNO LATT TCPIALT TUT oL Al wWiTTu tUurvmmic TTTCAouTr CITicTito.

9|2 Steady state operation
912.1 Voltage capability
T

he aim of this test is to validate the capability of the DUT to operate within a defined voltagg
range.

©

2.1.1 Description

n this test, the voltage range capability of the DUT under steady state’conditions shall be
hlidated, against the capability chart given from the manufacturer.

<

©

2.1.2 Test setup & test conditions

—

he measurement shall at least be performed on a category 2b test bench as described in
napter 7.

O

The test bench grid system shall be able to vary and(provide a stable voltage supply in th
range of min +/- 2 % of the desired voltage capability{of the DUT.

¢

he grid system shall be able to adjust the veltage operating points with a maximum error ¢f
% of Un.

=

The DUT shall include at least the components and control functions as defined in Annex B.2.
g

omponents not affected by voltageariations can be excluded from the test.

©

2.1.3 Test & measurement/procedure

The test shall be carried out with the following start conditions:
e| The DUT shall(be'operated at nominal voltage and nominal power as declared by the
manufacturer.

e[ The DUT Sshall operate at the nominal power factor for the operating point as stated by the¢
manufacturer.

>

t least2 tests shall be conducted, one at each voltage capability limit.

The \Inlfngn at the terminals of the DIUT shall be r‘hnngn(‘l nr‘r‘nrr‘ling to the fnllnwing sequence:

e The voltage shall be reduced to the minimum voltage and maintained for a minimum of 10
min or the defined minimum capability time of the DUT.

e The voltage shall be increased to its nominal value and maintained for a minimum of 10
min;

e The voltage shall be increased to its maximum limit and maintained for a minimum of 10
min time or the defined maximum capability time of the DUT;

e The voltage shall be decreased to the nominal value.
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T

he voltage shall be maintained stable during the entire test and the voltage variations during

the test shall not exceed 1 % of Un.

During the test the positive sequence voltage and active and reactive power shall be measured
at the terminals of the DUT with an average time of 0,2 s

Note: Additional test of specific voltage levels, can be performed with the same procedure.

9
T

.2.1.4 Documentation
he following parameters shall be documented in tables and graphs as shown in for example

A

©

5 -

(

9{2.2 Frequency capability

The aim of this test is to validate the capability of the DUTt{6.0perate within a defined frequendy
range.

912.2.1 Description

1

QD

©

o -

© 0O - (|

-4 T

Nnex A.

DUT documentation of the voltage capability range including their nominal voltage and
limits

Positive sequence voltage measured at the DUT terminals with and average time of 0,2 s
Measured active and reactive power with and average time of 0,2 s

2.1.5 Transferability of test results

he test results are supplementary to the wind turbine measurements. and the test results can
eplace full-scale wind turbine measurement.

this test, the frequency range capability under steady state conditions shall be validated,
painst the frequency range capabilities givén.from the manufacturer.
2.2.2 Test setup & test conditions

he measurement shall at least beperformed on a category 2b test bench as described i
napter 7.

S

he test bench grid emulator shall be able to vary and provide a stable frequency and voltag
Lpply in the range of min+Y> 0,5 Hz of the desired frequency capability of the DUT.

[¢)

he DUT shall include at least the components and control functions as defined in Annex B.2.
omponents not-affected by frequency variations can be excluded from the test.

2.2.3 Test'& measurement procedure

pr the determination of the frequency capability the following procedure shall be applied:

hetest shall be carried out with the following start conditions:

The DUT shall be operated at nominal frequency, nominal voltage and nominal power as
declared by the manufacturer.

The DUT shall operate at the nominal power factor for the operating point as stated by the
manufacturer.

At least 2 test shall be conducted one at each frequency capability limit / frequency level (e.g.
47 and 52 Hz)
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The frequency at the terminals of the DUT shall be slowly changed according to the following
sequence:

e The frequency shall be reduced to the minimum frequency level and maintained for a
minimum of 10 min or the defined min capability time of the DUT.

e The frequency shall be increased to its nominal value and maintained for a minimum of
10 min;

e The frequency shall be increased to its maximum limit and maintained for a minimum of
10 min time or the defined minimum capability time of the DUT.

e[ The frequency shall be decreased to the voltage nominal value.

—
D

he frequency shall be maintained stable during the entire test and the frequency variationsiduring th
gst shall not exceed 0,1 Hz.

—

During the test the frequency, positive sequence voltage, active and reactive powenshall be measured
al the terminals of the DUT with an average time of 0,2 s.

pd

pte: Additional test of specific frequency levels, can be performed with the same procedure.

©

2.2.4 Documentation

—

he following parameters shall be documented in tables and graphs<as-shown in Annex A:

o| DUT documentation of the frequency capability range including their nominal frequency
and limits

e[ Frequency at the DUT terminals measured with ah average time of 0,2 s

e[ Positive sequence voltage measured at the DYT/terminals with and average time of 0,2 s

e[ Measured active and reactive power with ahd average time of 0,2 s

©

2.2.5 Transferability of test results

—

he test results are supplementary.to’the wind turbine measurements and the test results can
e¢place full-scale wind turbine measurement.

-

912.3 Current Unbalance'Factor in an unbalanced system

9{2.3.1 Description

The aim of the measurement is to determine the current unbalance factor of the PGU when the
vpltage unbalance’induced by the grid emulator is set to a specific value (e.g. 2%+0,5 %).
912.3.2 TeSt.setup & test conditions

The measurement shall at least be performed on a category 2b test bench as described in
chapter.z.

TheDUT shall include at least the components and control functions as defined in Annex B.2.

For the generation of a voltage unbalance system the following possibilities are proposed:

a) Use of Grid Emulator with a voltage unbalance, see Figure 31 in chapter 9.1.1.2

b) Use a constant voltage and impedance Grid Emulator and add the voltage unbalance
by a shunt load, ohmic or inductive see Figure 32 in chapter 9.1.1.2.

The grid emulator or the shunt load shall at least be able to set the voltage unbalance factor to
at least 2% with an accuracy of + 0,5%.
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9.2.3.3 Test & measurement procedure

The current unbalance factor of the DUT is determined, while the DUT is operating in an
unbalanced system.

e The test shall be done in steady states at 10, 20, 30, ... 100% Pn.

e The positive sequence reactive power shall be set to zero.

e The drivetrain shall be in a steady state for minimum 1 minute in each step.

e 3-phase voltage and currents shall be recorded, and 1-minute averages of voltage and
current unbalances shall be calculated in each step.

—
N

he positive sequence voltage U1l and current 11 as well as the negative sequence voltage U
nd current 12 shall be calculated according to IEC 61400-21-1.

QD

2.3.4 Documentation

D

he measured 1-minute values of the current unbalance and the active power positive sequenc
ystem component are represented as an IUF-P diagram. The measurement results shall be
fesented in a table as mean values of each power bin, as defined, for example, in Table 2
he maximum current unbalance factor as a 1-minute value shall-be“explicitly given.

— T »n 4 ©

Table 20 - Current unbalance factor in an unbalanced system

P [p.ul] Q [p.u.] Ul [p.u] | U2[p.ul] UUF 11 [p.u.] 12 [p.u.] IUF
~0,1 ~0,0 2% % 0}5%
~0,2 ~0,0 2%+'0,5%
~0,3 ~0,0 2%+ 0,5%
~0,4 ~0,0 2% + 0,5%
~0,5 ~0,0 2% + 0,5%
~0,6 ~0,0 2% + 0,5%
~0,7 ~0,0 2% + 0,5%
~0,8 ~0,0 2% + 0,5%
~0,9 ~0,0 2% + 0,5%
~1.0 ~0,0

9{2.3.5 Transferability of test results

The test results arensupplementary to the wind turbine measurements and the test results can
eéplace full-scalé wind turbine measurement as supplement the results from chapter 8.2.5.

-

913 Contfo} performance

9!13.1 Grid Impedance variations
913,111 Description
T

eraim ofthe measurementistodetermine the Qtnhilify ofthe DUT controller due to impnrlnnm:

variations in the grid.

9.3.1.2 Test setup & test conditions

The measurement shall at least be performed on a category 1b test bench as described in
chapter 7.

The grid emulator shall be able to, variate the grid impedance / reduce the short circuit ratio
(SCR) and weaken the grid strength down to a predefined level e.g. to 1 with respect to the Sn
of the DUT.
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Alternative the impedance variation can be performed with physical impedances.
The DUT shall include at least the components and control functions as defined in Annex B.2.

9.3.1.3 Test & measurement procedure

The test shall be carried out at minimum at two different test levels, with the following start
conditions:

Test condition 1 (100 % of Py):

e[ The DUT shall be operated at nominal voltage and nominal power as declared by the
manufacturer.

4

e[ The DUT shall operate at the nominal power factor for the operating point as stated by thg
manufacturer.

—

est condition 2 (50 % of Py):
e[| The DUT shall be operated at nominal voltage and 50 % of Pn, nomifal'power as declared
by the manufacturer.

o[ The DUT shall operate at the power factor for the operating point as stated by the
manufacturer.

O

uring the test the impedance shall be varied in the fellowing way, for both test conditions
ated above:

n

e The impedance of the grid is increased stepZwise from a starting impedance Z: (SCR
around 10) to a maximum impedance Zn\(e.g. SCR = 1). The impedance steps shall b
chosen to cover equally the SCR range’ with the respective X/R ratio.

D

e The time duration for the steps should be chosen long enough to ensure that the
system has been stabilized.

z
it 3 Lt
Z,=SCR <—><—n I ——>
(e.g. | ‘
Z4=1) | |
Zg i
[
Z,

Z
DUT / Grid .. .

Figure 36 - Impedance variation — example of steady state procedure & stepwise
impedance increase

The grid impedance variations as shown above can performed with a grid emulator or physical
impedances.

The impedance / SCR setting shall be maintained stable during the entire test and the variations
during the test shall not exceed 1 % of the defined impedance.

During the test the positive sequence voltage and active and reactive power shall be measured
at the terminals of the DUT with an average time of 0,2 s, with a sample rate of 20 kHz.
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9.3.14 Documentation
The following parameters shall be documented in tables and graphs as shown in for example
Annex A:

Impedance steps and values as complex value

Positive sequence voltage measured at the DUT terminals with and average time of 0,2 s
Measured positive and negative sequence current with and average time of 0,2 s
Measured active and reactive power with and average time of 0,2 s

(o]

5 -

(

— © ©

- O

q

n

©

o -

—

Jsconnected from the main power supply. The described test procedure defines the procedur

3.1.5 Transferability of test results
he test results are supplementary to the wind turbine measurements and the test results can
bplace full-scale wind turbine measurements.

3.2 Island operation

3.2.1 Introduction

he aim of the test is to validate the DUT behaviour under Island operation, where the DUT

D n

r testing the stand-alone islanding operation and describes not the island detection or re¢
ynchronization.

3.2.2 Test setup & test conditions

he measurement shall at least be performed on a category 1lb test bench as described in
hapter 7.

he test can be performed with passive tuned RLC loads or with a grid emulator, which |s
hpable to emulate a fixed RLC load. Figure«37 shows the setup with a variable RLC-load.

he DUT shall include at least the components and control functions as defined in Annex B.2.

S1
DUT Grid

S2

RLC- load

Figure 37 - Single line diagram of RLC load connected with DUT

9
T

.3.2.3 Test & measurement procedure

he test shall be carried out with the following start conditions:
The DUT shall be operated at nominal frequency, nominal voltage and an active power
setting according to the defined test level.

The DUT shall operate at the nominal power factor for the operating point as stated by the
manufacturer.
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2595 It is recommended to do the test at minimum three power levels for Pn >= 20%, > 50 % and >
2596  80% of the nominal power of the DUT.

2597  The following test sequence shall be applied for the defined test levels:

2598 1. Stable operation of the DUT at the defined output power

2599 2. Tuning of RLC loads / to be equal to the power production

2600 3. Opening of the grid circuit breaker / switch grid emulator operation to a fixed RLC- load
2601 operation

2602 4. DUT operation in islanding mode

2603 5. After the system has been stabilized the DUT shall be disconnected.

2604 9!13.2.4 Documentation

2605  The following information shall be given for the test:

2606 e Description of the test setup / Real time simulator setup

2607 e Description of the impedance of the transformer and the passive'Components of the DUT

2608 ¢ Impedance or emulated RLC load and power production of the DUT

2609  The following parameters shall be documented in tables and graphs as shown in for example Annex A
2610 e Measured frequency at the DUT

2611 e Measured positive and negative sequence voltage measured at the DUT

2612 e Measured positive and negative sequence\current

2613 e Measured active and reactive power farm the DUT

2614 Al variables shall be measured from 1 se-before the Island operation until 5 s after the system has
2615  bpen stabilized.

2616 913.2.5 Transferability gfi'test results

2617  The test results are supplementary to the wind turbine measurements and the test results cgn
2618  replace full-scale wind turbine measurement.

2619
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9.4 Dynamic performance

9.4.1 RoCoF —real df/dt — capability

9.4.1.1 Description

The DUT behavior during grid events that cause a fast change of frequency in a short time
frame shall be tested.

The aim of these tests is to prove the DUT’s capability to operate through fast changes of
frequency (RoCoF).

914.1.2 Test setup & test conditions

e measurement shall at least be performed on a category 1b test bench as described in
chapter 7.

o

e grid emulator must be able to control the frequency of the emulated grid“with require
dynamics, typically 1 Hz/s to 6 Hz/s.

The DUT shall include at least the components and control functions as defined in Annex B.2.

©

4.1.3 Test & measurement procedure

he test sequence consists of a rapid change of the frequency typically in a range of 1 Hz/s tp
Hz/s starting from the nominal frequency.

D —

o

he test shall be carried out, by increasing or decreasingdhe grid frequency by the specifig
bnstant rate of change of frequency (df/dt) from rated ffequency. The test has to be occurrefd
b that the DUT does not trip, with increasing the test stope (df/dt) condition in 1,0 Hz/s step$
5 e.g. defined in [IEC 61400-21-1: 2019, up to the RoCof capability defined by the manufacture.

Q 0 O -

©

4.1.4 Documentation

—

he applied settings as well as the results,of these test must be listed in the test reports, |a
eéport template is given in Annex A.

-

Reference value of the protectiof’level and release time

Description of control settings)/ operational mode
Time-series of:

Measured positive segquence active power output at the grid connection point

Measured frequency or the frequency reference value fsim, measured as 0,1 s average
value at the grid/connection point.

easurementsvinclude data 5 s prior and 5 s after to the start of the RoCoF (df/dt) event.

he teStresults are supplementary to the wind turbine measurements and the test results can

M

914.1.5 Transferability of test results

T

replace’full-scale wind turbine measurement.

9.4.2 Phase jump
9.4.2.1 Description

Phase jump is used for Verification of the insensibility on automatic reconnections in case of
phase discordance. The DUT behaviour during grid events that cause a fast change of the
voltage vector surge in a short time frame shall be tested.

The aim of these tests is to prove the correct operation of the DUT without tipping during
operation.
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2660 9.4.2.2 Test setup & test conditions

2661  The measurement shall at least be performed on a category 1b test bench as described in
2662  chapter 7.

2663  The DUT shall include at least the components and control functions as defined in Annex B.2.

2664 9.4.2.3 Test & measurement procedure

2665

2666 The test can be performed with efther.

2667 a) A grid emulator connected to the DUT
2668 b) Orthe DUT connected to the public grid
2669

2670 9{4.2.3.1 Test with a grid emulator (option a)

AN

J

z |

i

grid emulator |
i DUT

(Zr) Voltage of :

emulated grid !

(Vr) !

|

|

|

|

|

|

|

|

|

:

2671 !

2672 Figure 38 - Example of a test setup with the grid emulator.

2673  With reference to the diagram shown in Figure 38 - use of emulated grid:

2674 | The gridiemulator must be capable of producing a voltage phase jump on the output
2675 terminals of the converter of 90° and 180°, respectively.

2676 e| Generator operating at power level compatible with the characteristics of the test circuit
2677 and with a unitary power factor.

2678 e Vr: voltage of emulated grid;

2679  The DUT must be brought into operation at nominal power. The DUT shall operate under the
2680  conditions set for at least 5 minutes.

2681 At the end of the stabilization period, 2 tests must be conducted in sequence, inducing a
2682  transient which produces suddenly a phase angle displacement on the Vr simulated grid voltage
2683  of the grid emulator about 180° in a time range < 10ms and 90° in a time range < 5ms.
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9.4.2.3.2 Test on real grid (option b)
Test on distribution grid through coupling transformer:
switch or

contactor
controlled interlocked

CcB

D ——————

O O L 4 DUT

= ~
| I
| |
- . Rc
90 i 180° | |
| |
| |
! B :
} D ——— :
‘ } : DUT
! T O ) voltage
TR . } | grid voltage : vD
grid voltage ! | 90° and 180° |
VR VR |
AC grid | i i
(z8) o |
| ! |

—_—

Figure 39 - Circuit for the verification of the immunity on automatic reconnection in
case of phase discordance through coupling transformer.

=

ith reference to the diagram shown in Figure 39 use of a coupling transformer:
o[ TR: transformer with open columns, to bé configured YYn or DYn depending on the test tq
be performed.

o[ DUT operating at a level of power compatible with the characteristics of the test circuit and
with unitary power factor.

¢| Rc: resistive load ballast weight'with power equal to the nominal power of the DUT.
o| Vr: voltage of the distribution grid.

e[ VR': voltage phase shifted relative to the distribution grid of 90° and 180° depending on th
test to be performed.

[¢)

¢| Vb: voltage applied to the DUT.

—

he DUT must belset into operation at the nominal power. The DUT shall operate under the
bnditions set-for at least 5 minutes

O

dheck that/ for at least 1 minute, the current through the CB switch is below 2% of the nominal
clurrent.~The value measured must be included in the test report.

a pen the CB contactor and close the CR' contactor_in a coardinated and instantaneous manner
(less than the difference on the opening and closing times). The ballast resistance damps the
electrical transients on the output of the DUT and prevents a possible disconnection from the
grid.

The disconnection of the DUT or the protections tripping can only occur downstream of the
complete closing of the CB' contactor.

Two (2) tests must be conducted, with phase angle shift at closing of 180° and 90° respectively.
For this purpose, the vector group of the TR transformed must be reconfigured appropriately.
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9
T

4.2.4 Documentation
he following information shall be given and stated as part of the test report,

e Description of the test setup / Real time simulator setup

e The angle between the voltage before and after the phase jump, with a measurement
error of max 1°.

e Measured positive and negative sequence voltage measured at the DUT

©

5 -

(

9
9
G
fn
G

p

[®)

fq

riin a grid equipped with loads or grid following converter systems.

Ypecific.requirements for grid control may depend on the grid operator. FNN [15] proposes the

Py Measured anMvp and npgaﬁVﬁ sequence current

e Measured active and reactive power from the DUT

e Instantaneous voltage and current measurements from 20 ms before the phase jump event
until min 200 ms after the event.

he measurements results shall be in graphs and tables as e.g. defined in Anhex A.

4.2.5 Transferability of test results

he test results are supplementary to the wind turbine measuremenis- and the test results ca
eplace full-scale wind turbine measurement.

>

5 Grid forming operation (Optional)
5.1 Description

[=N

rid forming operation is a converter capability aiming to control voltage amplitude an
equency — both in island mode or when connected-to a grid with additional power sourceg.
rid forming control of converter is usually intended to provide — besides active and reactive
pwer — a contribution to the services (e.g. praviding inertia and short circuit power) needed to

rid forming control

- of converters (in power plants;"HVDC substations or STATCOMS) is needed if 100%
converter based power gengration without synchronous generators or synchronous
condensers is intendeds

- with inertia and short circuit power provision is needed to provide black start capabilit
to re-energize lagge grids. For black start capability, additional energy sources are
needed to start‘up a wind turbine.

- can be tested-both at turbine or component level (or a possible combination of both).

- typically responds to voltage amplitude or frequency (voltage angle) changes within
lessthan % line period. Therefore, some extensions of test setups described before
are\necessary to evaluate grid forming capabilities of converters.

llgwing tests:

Phase jump

Phase jump followed by a linear frequency change in the main voltage
Voltage jump (UVRT and OVRT)

Occurrence of a negative system

Occurrence of harmonics

Occurrence of subharmonics

Change in grid impedance

Noohs~MwDdE
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resulting in additional evaluations of the results of tests methods described in the chapter of this TS. In
these cases, it is assumed, that the grid is voltage controlled and strong.

In addition, the following test is required:

8. Island network formation with current applying regulated voltage source

In this case, it is assumed, that the grid is current controlled and weak.

F

igure 40 describes the test setup including necessary extension for testing grid forming

c
0
th

prvertercontrotcapabitittes—Thetestsetup-indescribed-imaway-thatatowsdifferent-form
f validation (Controller software only, controller in a HiL environment, hardware test) can, uge
e same topology.

o,

)

.
o

[a}

Conventional Test System
Tr.1.C
52

Tr.2 C
N U o
Sedef Zser /53 454 LTy
optional U(J“ ﬁ optional
<

P

|

S

o
/
.

B Grid + Power Input Emulator \

Panp. 15

A

Public Grid

H
*, o

A S !
LYy out

o1 s e LSRG RN e— | eeeessssssssses
Natans? ™ (D ) {E
optional 3 ‘,-"-,f.--.‘ +  Emulation of
L} DUT B E power input to
H
.
%

DUT
optional 1our | N—_ S R—

| aereeerrerereren o ENETBY SOUTCE
(current controlled)

...............

Figure 40 - Test setup extension for testing grid forming converter control capabilitieq

Table 21 - Description of components shown in Figure 40

Item Designation Description

A Public grid Generators, transformers, lines and loads
operating at different voltage levels and
connected in one network. NOTE: Tr. 1

can be applied to step up or step down the

voltage as appropriate.

B Grid + power input emulator Grid emulator: Device used for emulating
steady state values or dynamic changes of
voltage, frequency or impedance.

Power input emulator:

Device for emulating the power input of the
DUT. Depending on the component level,
it replaces e.g. the aerodynamics (rotor
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and pitch system) and the generator for
testing grid forming on a converter system.
NOTE: May or may not include step-up or
step-down transformers Tr. 1_B and Tr.
2B

C Conventional test system

FRT equipment made up of voltage divider
suitable for both UVRT and OVRT testing.

NOTE: May or may not include step-up or

step-down transformers Tr. 1_C and Tr.

N > ©

7T

D DUT

Device under test (turbine or component
level). NOTE: Tr. 2 would be the step=up
transformer normally applied for the-DUT,
if applicable.

E Emulation of power input to the
DUT

Replaces the rotating prime mever which,
in the case of a wind turbine; would be the
shaft driven by the rotor-blades.

F Energy source

Used for islanding tests, where voltage
and frequency are“set to deviate from
nominal values.-NOTE: This might be
needed, when the grid + power input
emulator js not able to operate as current
controfled load.

G Load bank

Used for islanding tests, where voltage
and frequency are set to deviate from
nominal values. NOTE: This might be
needed, when the grid + power input
emulator is not able to operate as current
controlled load.

5.2 Power Hardware in the’loop (PHiIL) implementation

possible power HiL (PHiL):implementation of the hardware setup is shown in Figure 41. Table
1 describes hardware, real-time-simulator and human machine interface of the test setup.
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2773 Figure 41(- Power Hardware in the loop (PHiL) implementation
2774
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Annex A(informative)

Report template

A.1 The final detailed report template will be provided together with the CDV

D

Information from the project leader to the Annex A: The Annex A is a summary of the defined

d

feedback on the suggested required documentation parts in the main document

ocumentation requirements from chapter 7, 8 and 9. The WG21 wants in this CD to hav

e

and will

a
6

T
fq

|

N 0

- ol £i L ") H 4 s A A Y ) & & (P (- ) L=
wrwarus 11miali£Zc ic 1mTimurTtiative ATITITA A, WILNT 1T Salllic StUuctiurc as Uclhinicu 11m i 1

1400-21-1.

he Annex A will include suggestions for the reporting of the measurement resultis. Th
rmatting of the tables and the graphs is exemplary.

he Annex A of this standard will be structured in the same format as the IEC 614000-21-1 an
e IEC 61400-27-2, including report templates, tables and time seriesy0f the requeste
prameters, values, etc. as defined in the documentation subchapters ofthis standard.

addition to the suggested test report format, the measured values_should be provided in
andardized electronic format, as requested e.g. for the simulation(model validation in 6140(
7-2.

~
-

QO

D
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Annex B
(informative)

Subsystems

B.1 Guideline test flow - functional, capability and performance test

is technical specification is a supplement to the 61400-21-1 and IEC 61400-21-2, and.doés n¢t
re¢place all parts of these standards, as there are some functions and performance parametéers, whigh
nly can be validated on the final product and at the project specific site.

o

The procedures provide the basis for detailed simulation model validations and detailed validation of tHe
electrical characteristics of components and subsystem.

The defined test and measurement procedures can be performed as a.combination of functional
cppability-, and performance tests.

The combination of the different tests on subsystem and componentievel can afterwards, be used {o
verify the overall performance of the Wind turbine, as shown in Figure 2 and Figure 42

o

A detailed test overview and overview of the minimum subsystems, necessary for the verification an
apsessment of the electrical characteristics are shown in{Fable 22 and Table 23.

Iflit can be reasoned that the changes that have beendmplemented pose no significant risk of changin
the electrical performance of the unit, then thereis'10 need to perform new tests and measurements o
the wind turbine with the changes or DUT. Inthese cases, the measurement and test results can b
apapted to the other wind turbines within the-product platform. A detailed guideline can be found
IEC61400-21-1 Annex F. In the cases ofidminor changes e.g. on the control function, the validation p
the performance can be performed as:afunctional test, including the WT controller and a HiL setup with
the necessary control interfaces.

S5 DO S Q

=

In cases where minor changes in the subsystems requesting a refresh of partial tests ard
measurements, or if it has been validated and agreed that the test results are not affected by the different
gst level, a lower system test level than stated would be acceptable.

—

—

able 22 and Table* 23, provides as well the overview of the necessary subsystems and
bmponents which are necessary for the functional (F), capability (C) and performance test (P).

O

The validation-can be performed as a combination of functionality test, capability test and performande
gst. Whefe the final validation will be a combination of the different test categories.

—

—

he/measurement results are finally used to validate theoretical analysis and numerical simulatiorjs
odels as well as electrical performance of the Wind Turbine, subsystems and components.

3

Figure 42 — gives an overview of the different test categories and strategies.
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/IEC 61400-21-4, general three categeroies of test strategy

/ Strategy (1) N Strategy (2) N Strategy (3)*
,Movement to lower turbine level* ,Combination of different test cases" ,Move completely to component level*
Based on the IEC 61400-21-1 it will be define In addition to strategy (1), the tests are: As a seperate strategy this is based on the idea of
more specific each test. moving the tests to be carried out only to relevant
components or subsystems
- Tests will be move to lower level (e.g. nacelle) = DB il i CEses S a5
9- functionality, capability and performance - These tests are carried out on test benches for
. the relevant components or systems.
WHiTEre e i SEES D IS - Therefore be possible to split tests into lower
component levels =
=1 a .
sent certain components or subsystems.
. . - - Enabling tests that have been done at different
- It will be describe a transferability procedure X . . . . )
X turbine levels and test categories to be combined - Using these different validated model ir;at a
based on this lower level compare to a full . . .
) . in order to demonstrate the overall behavior of the complete WT-model which repres
turbine test at site. . X . . -
wind turbine electrical behavior of the entire WT.
- Reducing the number of tests that might be - The final data are then generated purely through
needed to be done at the nacelle or WT level simulations
o /N N J
Use of the measurement results Usé of the measurement results
The final results of the measurements that are Theffinal results of the measurements according|to
available according to strategy (1) and (2) should strategy (3) will be used for a detailed validation|of
be replace the results of the measurements, models which represent the electrical behaviour |of
according to IEC 61400-21-1, taking into account a certain component.
the uncertainties caused by transferability

procedure.

[ON
Efect of the ,, time to m ‘i
Comparability to the present measurement procedure acc. to IEC 61400-21-1 decrease arket’ increase

* In this version of IEC 61400-21-4, strategy (3) and the model validation proigre not described any further.

o

“ m

Figure 42 — Qverview of test strategies

.2 Overview of componeénts, subsystems and control functions

Able 22 and Table 23 gives.ar’overview of the major components subsystems and control functions
painst the different measureéments and test procedures as defined in this TS. The different columns
bfines therefore the minimum requirements for the DUT.

ach column defines therefore as a guidance the necessary parts and subsystems, which
hould be as_minimum, included in the test system as DUT, to be able validate and perform th

D

-

efc,),'as the physical HW implementation of these controller functions can variate from WT typ
ahd.manufacture.

quired measurements and tests.

e control functions are listed as functionality, instead of the physical HW (Turbine controlle

D =
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Table 22 — Overview of components, subsystems and control functions according to
chapter 8
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N
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£ % |E 8 g S |5 |2 £ |E |8 |2 ©
g g |2 |3 & § § |2 |S E IS |z |5 § |2
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o 2 & e s 5 s |S <3 B} g s g =
s e p 3 3 £ |& [ |8 3 4 s £ |=
= 2 2 H 2 = 3 = = s 5 % H s
a P T 3 F—r= n :
5 H g : [z |3 R ERE HEERE
[ S 2 o T [S) (5] = < [S) (5] (5] [c] ES = g S
Flicker Field test *
Field test *
time Field test *
Harmonics,
Interharmonics - P P P P 4 4
Higher 2b
Power la P P P P P P P P
Reactive power
P(1,2,3] 3 P |P| P
h istic (Q=0) 2a { )
Reacti
eactive power c(1,23) c| c|c]|c
capability 2b
Voltage dependency
C(1,2,3] C C C C C
of PQ diagram 2b ¢ )
Unbalance factor P P P P
20
Active power control 2a X P F,P F,P (P) | F,P
Activ.e power ramp X p EP P ® | Fp
rate la or2a
Frequency control 2a X P F,P FP| P
hetic inertia la X P,C P,C P,C P,C | PC P,C
Reactive power X P(1,2,3) P
control 2b
UVRT e X P,C P,C | P.CF |PCFIPCR| (P) P,CF p*,c*|p*,c*| (P*),C*
OVRT From3a-1a PC P.C | P.CFP.CFIPCF| (P) PCF P*,C*[P*,C*| (P*),C*
Grid protection 3c F
Rate of change of
frequency RoCoF F
(df/dt) 3c
P} Perfomance test C: capability test EY Functional test
(4,2,3,4): refers to turbine type I, II, lll and IV * Can be emulated

Tpble 23 - Overview of components, subsystems and control functions according to chapter 9
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[ 5} e 2 S & 8 6| 2| & G| & 8 3| & 3| & [} 6| 6| | m| &| & a
Flicker control 1b P P P P F,P F,P P F,P P,g
licker and voltage.
change during
itchi i 2 P P | FP | FP FP
Axtive filtef /' Sink for
harmenics 2b P |P(1,23) P FP | FP F,P P(1,2§3)
Impedance
measurements 2b X 1,23 X X X X X 1,2,B
Voltage capablity 2b X C C C C C C
Frequency ili 2b C C C [o [o
Current 2b c c (9 9 c (9 9
Grid Impedance
variations 1b C C C C C C C C o C
Island operation 1b C C C C C C c* | ¢* C
RoCoF - real df/dt —
il 1b [9 [o [9 C [9 cx | c [9
Phase jump 1b C C C C [9 cx | c* C
Grid forming la

P: Perfomance test

(1,2,3,4): refers to turbine type I, II, lll and IV

C: capability test

. Functional test

* Can be emulated
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The control functions are listed as functionality, instead of the physical HW (Turbine controller
etc.), as the physical HW implementation of these controller functions can variate from WT type
and manufacture.
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C.1

Annex C
(informative)

Replacement of components

Introduction

D

The aim of the following chapter is to describe a standardized workflow to avoid complete repeating of
a grid compliance measurement on a wind turbine in field or on a test bench by changing individual

C

C

T

2

1.

mponents or releasing new sortware versions.

Definition of components

his process is considering both changes to hardware or software of the turbine:

Adaption or improvement of software

The software changes includes that one of the turbine controllers, the converter, safety syste
or other software of components are updated. The assumption is that\a prototype of a produg
family has been tested with appropriate software and there is a certificate or equivalent
attestation that the grid compliance is fulfilled.

Adaption or improvement of hardware

The hardware includes all relevant hardware components of a turbine. The assumption is tha
a prototype was tested with a defined set of components in the field or on test bench. Either &
the same time or later, it is decided that this type)of wind turbine will be sold with other
components, for example, from another manufacturer. Also considering parts of a component
being adjusted to increase performance¢ These component adjustments or manufacturer
change should not result in the automatic loss of measurement results or certificates. Rather,
an analysis should conclude if this adaptation affects the grid compliance properties.

—r
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C.3 Workflow replacement of component

The following Figure 43 shows a standardized workflow for replacement of a hard- and software
component. A detailed description about the workflow and the definition of each box is stated

below.

-120 -
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Figure 43 - Flowchart of the procedure to handle a hardware or software update

1) Categorization of the Turbine Change

A software or hardware component is replaced by the manufacture and the process of reassessment
starts. It has to be checked, if the change is a subject of the described process of replacement of
components. The workflow can be used, if the changed component is listed in Figure 4 and the
change is done at the same product family as the tested prototype (see IEC 61400-21-1: 2019, Annex

2) Isthe change under this subject replacement of component?

Iffthe change fulfills the criteria in Box 1, the described process of reassessment in Box4 can be
gllow. Otherwise, the change does not fulfill the criteria in Box 1 and a new test campaigh is needed,
5 describes in Box 3.

Q =

w

New test campaign needed

>

new measurement according to Chapter 7.1 or IEC 61400-21-1 must be.done.

4) Detailed assessment

Al first assessment of the influence on the electrical characteristics is done by the manufacture. The
re¢sults of the assessment process shall be summarized in a report. The report includes the following
rfformation:

e Description/ Specification of changed parameters or hardware component

e Reason for the change of component

e Description of the affected properties and. functions of the turbine

e Which tests according to Table XXX (Annex B) consider the component?

e Results of the evaluation

5) Discussion of results with all.involved parties

—

he evaluation report is discussed with all involved parties and a decision is made on the impact of
hanges. There are three categories:

O

¢ Relevant: Change has an influence on the electrical characteristics

¢ Influencebutirrelevant: Change have an insignificant impact on the electrical characteristics
of the windturbine, which can be neglected

¢ Irrelevant: Change has no influence on the electrical characteristics of the wind turbine

6) .“Becision

Depending on the categorization in Box 5, three different paths of actions are defined:

e Relevant: Box 7 to Box 18
e Influence but irrelevant: Box 19 to Box 22
e Irrelevant: Box 23 to Box 24

7) Path: relevant

If the changes are relevant for the electrical characteristics, then two options for analysis are available:
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2934 e Measurement of impact (Box 10)
2935 e Simulation of impact (Box 14)

2936  The classification of impact and definition of test cases is based on a discussion with all involved
2937 parties (Box 8 and Box 9). Table 22 and Table 23 in Annex B can serve as the basis for discussion.
2938

2939 Box 10.Measurement of impact

2940 The measurement can be divided in two categories:

2941 a. Aremeasurement of the affected grid compliance characteristics at the upgraded

2942 complete wind turbine in the field according to IEC 61400-21-1 or test bench according-d
2943 Chapter 7.1.

2944 b. A remeasurement of the affected grid compliance characteristics on the adjusted or

2945 replaced component on a test bench

2946 For a remeasurement at the upgrades complete turbine in field see IEC 61400-21-1 and en test bench
2947 sge Chapter 7.1. A test procedure for a remeasurement on the adjusted or replaced'cOmponent on a
2948  t@st bench is described in C.4.

2949  Box 11.New measurement report

2950 The results of measurement have to be summarized in a new measuremeént report. The new

2951 nmeasurement report also includes a comparison between the test results with the reference

2952 cpmponent and the changed component.

2953 Blox 12.Simulation

2954  The grid scenarios for simulation are defined according to.the test cases. The simulation is based on p
2955 vhlidated model of the DUT and an adapted model of-the'DUT. The validated model must be adapted
2956 afcording to the changes. The simulation must be dofie with the validated model and the adapted
2957 model. The results of the simulation with the validated model represent the reference. A comparison
2958  must be done with the simulation results.

2959

2960 Blox 13.Discussion of results decisiorwwith all involved parties

2961  The simulation results are discusséd with all involved parties and a decision is made on the influence
2962  of changes on the electrical properties, either an additional Notification for the measurement report is
2963 made or a new measurement(Box 10) can be carried out.

2964

2965 Blox 14.decision with~all involved parties

2966 Al decision is made-on the influence of changes on the electrical properties, either an additional

2967 Notification forthe measurement report is made or a new measurement (Box 10) can be carried out.
2968 Blox 15.New measurement report

2969  Theé¢simulation results are included in the existing measurement report as an additionerl
2970 nbtification:

2971 Box 16. Path: Influence but irrelevant

2972 If the changes have an influence in the electrical characteristics, but modifications are irrelevant
2973  for the grid characteristics, the follow path can be used.

2974 Box 17. Manufacturer notifications
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2975  The manufacturer prepares a manufacturer notification based on the detailed assessment
2976 report (Box 4).

2977 Box 18.Additional notification to existing report

2978  The manufacture notification is included in the existing measurement report as an additional
2979  notification.

2980 Box 19. Path: Irrelevant

2981 Ifrthe chranges are frretevarnt, o further action 1S Meeded:

2982 Blox 20.No updated measurement report needed

2983 The existing measurement report is not updated and can be used for other processes.

2984 Npte: If a certification procedure exists, the updated measurement report will be passed to the,certification body {o
2985 update the certificate.

2986 .4 Test & measurement procedure

d
2987 When measuring a complete turbine in the field, you can simplify the in- and output as illustrated in
F

2988 gure 44, The turbine is integrated in a specific environment, such as;

2989 e the variable primary energy input

2990 e the electrical network which consuming the electrical en€rgy output

2991 ¢ the parameters that determine the mode of operation‘of the DUT in relation to the operating
2992 point.

2993 e Eventually reference values like P, Q, U, cos,phi) etc.

2994  (enerally, the physical quantities at the input and output of the DUT are measured as shown in (s.
2995 FHgure 44.

2996

2997 The network changes or network disturbances shown in the illustration below can, for example,
2998 represent voltage dips or even network@reloads. The measurement results are either used for project-
2999 re¢lated analyses or evaluated regarding grid codes.

3000



https://iecnorm.com/api/?name=95e6f6b48582c421bdaa66ff0081c2f7

88/889/CD —-124 - IEC CD 61400-21-4 TS © IEC 2022

Parameter set for operation point, mode, Disturbances
etc.

Wind Turbine (DUT)
-

Variable Primary Component Type A : Variable Electrical
Energy Input réﬁ Energy Output Grid
N
Reference Values
Measurement
3001
3002 Figure 44 - lllustration of a set-up on a test.field, when testing a complete wind turbing
3003 with the in- and outputs, the parameteér; references, measurements, the grid and
3004 disturbances including a certain component type A.
3005
3006
3007 Hrst step:
3008
3009  The first step to show that a:component change shows the same electrical behavior is, to make sure
3010 that at least the electrical environment is the same within certain limits compare to the related basis
3011 measurement (e.g. a field test).
3012
3013 More specifically,(should the DUT now represent a single component to be tested on a test bench, th¢
3014  ephvironmental.conditions should be adapted to the test in the field.
3015
3016 Ifla test on.a wind turbine in the field is performed first, the boundary conditions as well as the
3017 measurement results are present (solid lines). If, at the time of the field measurements, the inputs and
3018  optputs as well as, if different, the border conditions (dashed line) are also indicated, this can later be
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3020 important to adapt the boundary conditions as well as possible to the field measurements.

3021

3022

3023 Second step:

3024

3025  The second is to test the component type A again with some reduced test cases on a test rig and
3026 measure the same in and outputs as done during the field tests (s. Figure 45)

3027
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