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ABBREVIATIONS
Table 1 Abreviations used in the document

Term

Meaning

AC

Alternating Current

CD

Committee Draft

CR 2016/1447

European Network Code for the HVDC connections [1]

CR 2016/631

European Network Code for Requirements for grid connections of
Generators [2]

CGI

Controllable Grid Interface

CHIL

Controller Hardware In the Loop

DC

Direct Current

DRU

Diode Rectifier Unit

ENTSO-E

European Network of Transmission System Operators for Electricity

EMT

Electromagnetic transient

FRT

Fault Ride Through

HIL

Hardware In the Loop

HVAC

High Voltage Alternating Current

HVDC

High Voltage Direct Current

IPR

Intellectual Property Rights

LFDD

Low Frequency Demand Disconnection

MMC

Modular Multilevel Converter

NPS

Negative Phase Sequence

OWPP

Offshore Wind Power Plant

PPS

Positive Phase Sequence

RMS

Root Mean Square

ROCOF

Rate Of Change Of Frequency

RTDS

Real time digital simulation

SCR

Short Circuit Ratio

TOR

Terms Of Reference

TSO

Transmission System Operator

VSC

Voltage Source Converter

WPP

Wind Power Plant
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WT

Wind Turbine

WTG

Wind Turbine Generator

Restricted

2

PROJECT REPORT

EXECUTIVE SUMMARY
Under the title “Harmonization of wind power plants (WPPs) connected to HVDC systems”,
the purpose of this deliverable is to analyze the gaps in harmonization and describe
contributions from the PROMOTioN project. Furthermore, the document recommends new
standardization initiatives to fill in the identified gaps, focusing on international IEC
standards.
This deliverable focuses on harmonization of four topics for wind energy generation
systems which have been researched, developed and demonstrated in the PROMOTioN
project:
•

Test equipment

•

Electromagnetic transients

•

Harmonics and multifrequency stability

•

Grid forming controls

Those four topics are described in the deliverable to explain the topic, identify
harmonization gaps and finally describe PROMOTioN contributions.
The deliverable comes with a collection of fact sheets intending to communicate
PROMOTioN findings in a condensed form to standardization and other harmonization
groups.
The main conclusions and recommendations are
1. Harmonized functional specifications for test benches should be provided in IEC
61400-21-4. PROMOTioN work on generic characterization of electrical test
benches is already used as input to this work.
2. It is recommended to define an IEC new work item proposal for standardization of
EMT modelling. It should not be the task to develop generic EMT models like the
fundamental frequency models in IEC 61400-27-1 because the detailed solutions of
the individual manufacturers are different, meaning that it is difficult to define generic
models, and also the different solutions can be subject to IPR concerns. But the new
work should fill gaps providing general specifications for EMT models and methods
for validating EMT models. The new work should also host the annex in IEC 6140027-2 about EMT model interfaces.
3. IEC 61400-21 should have the clear ambition to develop multifrequency test
procedures which provide test results targeted multifrequency model validation. The
subgroup in IEC TS 61400-21-4is already working on harmonic impedance tests,
and the PROMOTioN fact sheets about harmonic impedance measurements and
frequency coupling should be considered.
4. It is recommended that IEC starts working on a standard for multifrequency
modelling. This standard should upgrade the technical report IEC TR 61400-21-3
and use inputs from CIGRE WG C4.49, and PROMOTioN findings e.g. with
frequency coupling.
5. It is recommended to include functional specifications and test methods for grid
forming operation in the test standards in the IEC 61400-21 series, and include grid
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forming control in generic models and model validation procedures in the IEC
61400-27 series.
6. It is recommended to include functional specifications and test methods for black
start capability in the test standards in the IEC 61400-21 series. More and more grid
operators are requesting this functionality, so common specifications will support
the development of general and robust solutions. Black start capability requires grid
forming capability, but also other specifications needed to provide reliable support to
the restoration of power systems.
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1 INTRODUCTION
1.1

SCOPE OF DELIVERABLE

Under the title “Harmonization of wind power plants (WPPs) connected to HVDC systems”,
the purpose of this deliverable is to analyze the gaps in harmonization and describe
contributions from the PROMOTioN project. Furthermore, the document recommends new
standardization initiatives to fill in the identified gaps, focusing on international IEC
standards.
Andresen et.al. [1] provides an overview of IEC TC88 wind power standards related to grid
connection, separating the standards into test (measurement) standards, validation
standards and modelling standards. Figure 1 is based on the same thinking, with the aim to
illustrate the relation between the technical tasks for harmonization of grid connection of
wind power plants. Figure 1 is a schematic illustration, and as such it is not exhaustive, but
the intention is to show that there is a close relation between the grid operator requirements
for grid connection and the models and tests which are very much targeted to support the
evaluation of compliance with those requirements.

Modelling
Functional requirements
Generic models
Model interface

Model validation

Test

Validation measures
Validation methods

Test equipment
Test procedures
Test results

Compliance evaluation
Simulation based
Test based

Requirements
Active power and frequency stability
Reactive power and voltage

Fault behaviour

Harmonics and interoperability
Grid forming

Figure 1. Schematic illustration of the relation between technical tasks for harmonization of
grid connection of wind power plants.

These technical tasks and relations are quite well established for wind power plants
connected to AC grids characterized by a sufficiently high share of power plants connected
to the grid with synchronous generators to accommodate the renewable generators with
grid connection schemes based on power converters.
The presence of synchronous generators in a synchronous zone ensures a certain level of
inertia and other characteristics which are critical for the frequency control in the
synchronous zone, and the presence of synchronous generators in local parts of the grid
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ensures sufficient short circuit power and other characteristics supporting voltage control
and stability as well as protection coordination in the local area.
DC connection of a wind power plant implies that the wind power plant is connected to a
new (typically offshore) synchronous zone which is connected to the DC system via an
HVDC converter station. Such DC connection can be seen as opposed to conventional AC
connection of a wind power plant, where the wind power plant is connected directly to an
onshore synchronous zones with a noticeable share of synchronous generators. During
normal operation, there are typically no synchronous generators connected to the offshore
synchronous zone. In such a converter dominated synchronous zone, the technical
challenges dealing with the lack of synchronous generation and the interoperability between
the converters requires special attention. The converter interoperability is particularly
challenging when the HVDC converter station is based on grid following technology like
diode rectifier units (DRUs) or line commutated converters, but also cases with grid forming
VSC converter stations require attention to interoperability with wind turbine converters.
The functional requirements to AC connected wind power plants also apply to DC
connected wind power plants, and the converter interoperability challenges are also
emerging in onshore synchronous zones which are operating with increasingly high shares
of converter-based generation. Taking into account this overlap in challenges for DC and
AC connected wind power plants, it is considered more feasible to harmonize procedures
for DC connection of wind power plants through an extension of procedures for AC
connection of wind power plants rather than developing separate procedures for DC
connection.

1.2

STRUCTURE OF DELIVERABLE

Following this introduction, chapter 2 provides an overview of existing harmonization
regarding wind power plants.
Potential contributions from PROMOTioN to harmonization of HVDC systems were
identified in the Harmonization Catalogue deliverable D11.1 [2]. Those contributions are
reflected in this deliverable focusing on harmonization of four topics for wind energy
generation systems which have been researched, developed and demonstrated in the
PROMOTioN project:
•

Test equipment

•

Electromagnetic transients

•

Harmonics and multifrequency stability

•

Grid forming controls

Those four topics are described in chapters 3 - 6 aiming to explain the topic, identify
harmonization gaps and finally describe PROMOTioN contributions. This is structured using
the same sub-sections in each chapter:
•

General

•

Harmonization gaps

•

PROMOTioN contributions and fact sheets
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The fact sheets mentioned in the last bullet are forms intending to communicate
PROMOTioN findings in a condensed form to standardization and other harmonization
groups. Those fact sheets are placed in appendixes to this deliverable.
Chapter 7 summarises the findings providing conclusions and recommendations.
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2 EXISTING HARMONIZATION
Figure 2 groups existing major harmonization documents harmonization into the task
structure of Figure 1. The listed documents include published documents as well as
ongoing work. Those documents are further described in the subsections below.

Modelling

Model validation

Test

IEC 61400-27-1 (2020)
IEC 61970-302 (2018)
IEC TR 61400-21-3 (2019)
CIGRE TB 766 (2019)
CENELEC CLC/TS 50654-1 (2019)

IEC 61400-27-2 (2020)
IEC TR 61400-21-3 (2019)
CIGRE TB 766 (2019)

IEC 61400-21-1 (2019)
IEC 61400-21-2
IEC TS 61400-21-4
IEC TR 61000-4-7 (2008)

Compliance evaluation
Certification

CR 2016/1447 (2016)
CR 2016/631 (2016)

Requirements
National implementation

CR 2016/1447 (2016)
CR 2016/631 (2016)

IEC TS 63102
CIGRE TOR-WGC4.49
IEC TR 61000-3-6 (2008)
IEC TR 61000-3-7 (2008)

ENTSO-E HPoPEIPS
IEEE PES-TR77
CIGRE TOR-WG B4-87

Figure 2. Existing major harmonization documents

2.1

REQUIREMENTS

In Europe, the Commission Regulations define common umbrellas under which the national
requirements have to fit through a National implementation [3]. The general requirements to
wind power plants are set in CR 2016/631 [4], which is the European network code on
requirements for grid connection of generators. Specific requirements to DC connected
wind power plants are given in CR 2016/1447 [5], which is the European network code on
requirements for grid connection of high voltage direct current systems and direct currentconnected power park modules.
IEEE PES-TR77 [6] is a recently published updated definition of power system stability with
2 new types of resonance stability and converter-driven stability added to the traditional 3
types rotor angle stability, voltage stability and frequency stability [7]. This definition is a
significant step which can be the basis for harmonization of requirements.
ENTSO-E Guidance for High Penetration of Power Electronic Interfaced Power Sources
(HPoPEIPS) [8] characterizes grid forming controls by additional services allowing 100%
power electronic penetration, including ability to:
•

Create system voltage (does not rely on being provided with firm clean voltage)
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•

o

Contributes to Fault Level (PPS & NPS within first cycle)

o

Contributes to Total System Inertia (limited by energy storage capacity)

Support fast dynamics (first cycle) survival for system splits and from brown & black
outs

•

o

Giving survival time for LFDD to operate

o

Restoration including Brown & Black Start

o

Contributes to first swing stability, e.g. through dynamic breaking

Controls act to prevent adverse control system interactions
o

Avoids contribution to super synchronous instability, e.g. through controller
bandwidth limitation

o

Avoids contribution to sub synchronous resonance, e.g. through controller
bandwidth limitation

o

Does not make full system dynamic studies impractical through complex
non-fundamental frequency interactions

•

Act as a sink to counter harmonics & inter-harmonics in system voltage

•

Act as a sink to counter unbalance in system voltage

CIGRE is working with specifications for grid forming operation of VSC converters. Grid
forming operation is defined in [9] part of a paper and a new working group B4-87 [10] will
attempt to create a requirements specification for different types of control of VSC
converters including grid forming. Although those requirements will be specific to VSC
converters, it could be relevant to harmonized with requirements to grid forming operation
of wind power plants.

2.2

COMPLIANCE EVALUATION

A number of counties have national certification schemes for wind turbines and wind power
plants. Those certification schemes includes evaluation of compliance, not only with grid
connection requirements but also with safety and other technical requirements. As an
example, FGW technical guideline TR 8 [11] specifies the assessment and certification of
electrical characteristics of wind turbines and wind power plants.
CR 2016/631 and CR 2016/1447 includes sections on compliance, specifying requirements
to compliance monitoring, compliance simulations and compliance tests. Those parts of the
commission regulations are described in detail in PROMOTioN deliverable D11.5 [12].
IEC SC8A is working on grid code compliance assessment methods for grid connection of
wind and PV power to be published as technical specifications IEC TS 63102 plants [13].
This CD version includes specifications of compliance evaluation methods for plant field
testing, monitoring, CHIL testing and simulation based compliance evaluation.
CIGRE has initiated a working group WG C4.49 on multi-frequency stability of converterbased modern power systems [14]. The scope of this working group is
1. Review of existing literature.
2. Definition of stability phenomenon to be covered within the technical brochure.
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3. Impact of grid-connected converter controllers on sub-synchronous and harmonic
stability phenomenon.
4. Overview of linear modelling and analysis methods to perform small-signal stability
studies.
5. Other analysis techniques.
6. Description of mitigation methods to overcome sub-synchronous and harmonic
stability issues.
7. Guidelines on general approach to such studies and tools.
This work will contribute to harmonize the assessment of multi-frequency stability in
converter-based modern power systems.
Finally, the IEC 61000-3 series specifies limits and guidelines for assessing
electromagnetic compatibility. IEC TR 61000-3-6 [15] is a Technical Report, which provides
guidance on principles for assessing the emission limits for the connection of distorting
installations, i.e. for harmonic emission. IEC TR 61000-3-7 [16] provides corresponding
guidance for flicker emission from fluctuating installations.

2.3

TEST

IEC TC88 is the technical committee for wind energy generation systems. IEC TC88 WG21
is the working group under IEC TC88 for measurement and assessment of electrical
characteristics. This WG21 is working on and maintaining three documents dealing with
grid connection related tests and measurements of wind energy generation systems. The
three parts are reflecting tests at different levels of detail from the complete wind power
plant down to component level:
-

IEC 61400-21-2 [17] will be an international standard covering test of wind power
plants. The work with this standard has reached the CD stage.

-

IEC 61400-21-1 [18] is an international standard covering test of wind turbines. This
standard is published.

-

IEC TS 61400-21-4 [19] will be a technical specification covering test of wind turbine
components and subsystems. This technical specification is still in the working draft
stage.

The specification of harmonic and inter-harmonic measurements in those IEC TC88
documents are based on the methods described in IEC TR 61000-4-7 [20].

2.4

MODELLING

CENELEC CLC/TS 50654-1 [21] distinguishes between 7 different types of models
depending on the different applications. Those types are:
-

Load flow models

-

Short-circuit models

-

Protection system models

-

Insulation coordination related models

-

Electromechanical transient models
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-

Electromagnetic transient models

-

Power quality models

Standardization of models for wind energy generation systems in power systems has
focused on the electromechanical transient type (also denoted RMS models or fundamental
frequency models) and on harmonic equivalent models.
IEC TC88 WG27 is the working group under TC88 for electrical simulation models. At this
point, WG27 has been focusing on fundamental frequency models for wind energy
generation systems.
IEC TC57 is working on harmonization of power systems management and associated
information exchange, and as part of this developing standards for Common information
model (CIM).
Today, there are two IEC standards from TC88 and TC57 respectively covering
fundamental frequency models:
-

IEC 61400-27-1 [22] is an international standard specifying generic fundamental
frequency models for wind turbines and wind power plants. An FDIS of this standard
has been approved, and it is expected to be publish in the summer 2020.

-

IEC 61970-302 [23] on CIM dynamics is an international standard specifying
dynamic (fundamental frequency) models intending to cover all components in the
power system. The models for wind energy generation systems in IEC 61970-302
are referring to IEC 61400-27-1 models.

WG21 has also published a document dealing with harmonic models for wind energy
generation systems in power systems. This work on models for wind turbines is included in
in a CIGRE document about harmonic models for the grid. Thus, there are two harmonic
modelling documents:
-

IEC TR 61400-21-3 [24] is a technical report describing harmonic models using
Thevenin and Mayer Norton equivalents in the frequency domain.

-

CIGRE TB 766 [25] is a technical brochure on network modelling for harmonic
studies.

2.5

MODEL VALIDATION

Validation of models is needed in order to be able to allow use of the models in power
system stability studies and compliance evaluation. Validation of wind energy generation
system models is dealt with in two harmonization documents:
-

IEC 61400-27-2 [26] specifies procedures for validation of fundamental frequency
models of wind turbines and wind power plants, based on wind turbine tests
performed according to IEC 61400-21-1 and wind power plant tests according to
IEC 61400-21-2.
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3 TEST EQUIPMENT
3.1

GENERAL

Existing harmonization documents and work regarding test of wind energy generation
systems is already described in clause 2.3. Most of the tests of wind turbines specified in
IEC 61400-21-1 and wind power plant tests specified in IEC 61400-21-2 do not require
dedicated test equipment beyond standard data acquisition equipment. However, the faultride-though tests of wind turbines in IEC 61400-21-1 are normally performed using
additional voltage divider equipment which has been applied for more than 10 years by
now. Wind turbine nacelle subsystems are already tested commercially in dedicated test
benches using controllable grid interfaces (CGI’s) which have more advanced test
equipment based on power converters.
The main industrial driver for the nacelle tests is that they can reduce the time to market for
wind turbines by testing the nacelle and subsystem at an early stage (and independently
from the blades and the WTG controls) before the prototype test of the complete wind
turibne. The nacelle tests give valuable information to early model validation and
compliance evaluation.

3.2

HARMONIZATION GAPS

The specification of subsystem and component tests in IEC TS 61400-21-4will include
specification of test benches for wind turbine nacelle tests. The immediate application of the
test benches is to test the AC connection of a wind turbine nacelle controlling the test side
converter of the CGI to emulate an AC grid, but the grid side converter of the CGI could
also be controlled to emulate a DC grid as an HVDC converter, and then control the test
side converter as an HVDC converter. The HVDC application should be considered in the
specifications for the CGI.

3.3

PROMOTION CONTRIBUTIONS AND FACT SHEETS

In PROMOTioN, the latest developments in the testing of the electrical characteristics of
WTs, including IEC standards, compliance test methods, and industrial test benches, have
been studied. The general structure of advanced electrical test benches, including grid
emulator or CGI, wind torque emulator and device under test (DUT), has been proposed to
harmonize the available industrial test sites. This work has been published in [27].
A more condensed version is available in the fact sheet on Proposal for Generic
Characterization of Electrical Test Benches for AC- and HVDC-Connected Wind Power
Plants in Appendix Error! Reference source not found..
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4 ELECTROMAGNETIC TRANSIENTS
4.1

GENERAL

Power system stability has traditionally been based on fundamental frequency studies.
However, for DC connected wind power plants and for power systems with massive shares
of converter-based generation, EMT studies are becoming a cornerstone in understanding
stability and interoperability.

4.2

HARMONIZATION GAPS

Figure 3 illustrates existing harmonization of EMT studies and identified gaps in the same
structure as Figure 1. As mentioned in clause 2.5, the scope of IEC 61400-27-2 is validation
of fundamental frequency models, but appreciating that EMT models are becoming
increasingly important with higher shares of converter based generation, the executive
working group IEC TC88 WG27 agreed to include an informative annex specifying the
model interface for EMT models of wind power generation systems. CIGRE and IEEE have
initiated a new working group JWG B4.82 to provide guidelines for EMT models of HVDC,
FACTS and inverter based generation [28]. Apart from this, no standards for EMT are
available.

Modelling

Model validation

Test

IEC 61400-27-2
(model interface)
Gap: functional specifications

CIGRE JWGB4.82/IEEE
Gap: measures for accuracy

IEC 61400-21 series
Gap: test to support validation

Compliance evaluation

Gap: general criteria for assessment of EMT model’s compliance

Requirements
Gap: requirements ensuring interoperability

Figure 3. Existing harmonization of EMT studies and identified gaps

Figure 3 identifies “requirements ensuring interoperability” as a gap. The point is that for the
grid operators have more than 100 years of experience with operating synchronous zones
dominated by synchronous generators, and therefore very specific functional requirements
to the generation are stated in grid codes to ensure stability. For connection to synchronous
zones with massive shares of power electronics, interoperability should ideally be obtained
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in the same way by grid operators formulating functional requirements to individual
generating unit and other assets like converter stations. However, due to the limited
experience and knowledge about how to ensure stable interoperability in synchronous
zones with negligible shares of synchronous generation, the functional requirements needs
to be supplemented. Detailed models are becoming increasingly important to fill part of this
gab. Better models will enable the grid operator to simulate the interoperability, but it should
still be kept in mind that any model is a simplified representation of the real world, and
therefore even the most detailed models will not capture all issues.
ENTSO-E HPoPEIPS [8] mentions that currently, models for power electronics interfaced
power sources (PEIPS) are inadequate, and that this is due to presence of active complex
high frequency (super-synchronous) converter control interactions. But HPoPEIPS does not
suggest any specific model types. The document also states that models should be simple
enough to allow large scale dynamic system studies, which points more in the direction of
fundamental frequency models.
Another gap is the absence of general criteria for assessment of EMT model’s compliance.
The EU project Best Paths has specified first recommendations to enhance interoperability
in HVDC-VSC multivendor schemes [29], and a CIGRE report [30] includes a chapter on
implementation and validation of EMT vendor-specific models based on the findings from
Best Paths. The final conclusion from Best Paths regarding EMT models was that “EMT
offline studies constitute the first step, to perform control tuning and preliminary studies of
the upcoming project. After such preliminary study, the second step involves HIL studies”
[31].
For WPPs, standardized requirements for what it will take to obtain “adequate” EMT models
is missing. The missing general criteria also affects the gap of missing measures for
accuracy of e.g. wind power plant models adequate of HPoPEIPS systems.
Finally, the present tests specified in IEC 61400-21 series can also be used for validation of
EMT models because waveforms are measured, but additional tests may be needed, for
instance to test operation with very low inertia and operation in weak networks with low
short circuit power.

4.3

PROMOTION CONTRIBUTIONS

PROMOTioN has used generic EMT models, but the discussion with industry, e.g. in the
PROMOTioN workshop on HVDC connected wind power plants [32] concluded that generic
EMT models are not representative to the individual manufacturer in the same way as
generic fundamental frequency models.
PROMOTioN has not reported any fact sheets about EMT, but it is recommended to initiate
IEC work on functional specification for EMT models and procedures for validation of EMT
models. This will be proposed as a new work item for IEC TC88 WG27.
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5 HARMONICS AND MULTIFREQUENCY
STABILITY
5.1

GENERAL

The IEEE PES-TR77 definition of converter-driven stability [6] is divided into FastInteraction and Slow-Interaction Converter-driven Stability. Fast-Interaction covers what has
earlier been referred to as harmonic stability, i.e. frequencies above the fundamental
frequency. Slow-Interaction Converter-driven Stability is driven by slow dynamic
interactions of the control systems of power electronic-based devices, and it includes lowfrequency oscillations with frequencies below fundamental frequency.
Converter driven stability as defined by IEEE includes other aspects than harmonic stability
and low-frequency oscillations. The CIGRE concept multi-frequency stability [14] is
therefore chosen to describe the scope of this chapter.

5.2

HARMONIZATION GAPS

Figure 4 illustrates existing harmonization of multifrequency stability studies and identified
gaps in the same structure as Figure 1.

Modelling

Model validation

Test

IEC 61400-21-3 / CIGRE TB 766
(Thevenin/Norton)
WG C4.49
(Multi-frequency stability)
Gap: Frequency coupling

IEC 61400-21-3
(classification)
Gap: validation methods

IEC 61400-21-1
(wind turbine)
IEC 61400-21-4
(power conversion system)
Gap: model validation tests

Compliance evaluation
Assessment of multi-frequency stability: CIGRE TOR-WGC4.49
Gap: general approach covering converter based generation, HVDC stations, FACTS and other converter based assets

Requirements

Stability definition: IEEE PES-TR77
Gap: requirements ensuring interoperability

Figure 4. Existing harmonization of multifrequency stability studies and identified gaps

Starting with the test task in the upper right part of Figure 4, the present wind turbine test
procedures for harmonics and interharmonics in IEC 61400-21-1 are not sufficient to
validate multifrequency models. IEC TS 61400-21-4is working on procedures for test bench
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tests of harmonic impedances which is intended to fill most of this gap, but there is also a
need to specify how those tests should be used to validate multifrequency models. For the
purpose of validating models, it would also be useful to include a complete (Thevenin or
Mayer Norton) equivalent in the test results and not just the impedance.
Although multifrequency stability is focusing on small disturbances, there are still couplings
between frequencies. This coupling is not considered in the equivalent models described in
IEC 61400-21-3.

5.3

PROMOTION CONTRIBUTIONS AND FACT SHEETS

PROMOTioN WP16 has demonstrated measurement of harmonic impedance of a wind
turbine converter injecting current distortion to a converter connected to a CGI in a test
bench environment. This work is described in the fact sheet Appendix A.2 on harmonic
impedance measurement on wind turbine converters.
PROMOTioN WP11 has studied the coupling between different frequency components
based on EMT simulations. Any such coupling can be included in an equivalent model, but
this approach would square the already high number of model parameters. The intension
with the WP11 study is to identify the main coupling mechanisms and use this to include the
most important couplings in the equivalent models without exploding the number of
parameters to be tested. The state-of-the-art of this work is described in the fact sheet
Appendix A.3 on Frequency Coupling in Harmonic Modelling of Wind Turbines.
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6 GRID FORMING CONTROL
6.1

GENERAL

The industrial state-of-the-art of wind turbine converter control is “grid following”, meaning
the wind turbines need a grid voltage to synchronize against. The alternative grid forming
control intends to allow up to 100% share of the generation in a synchronous zone to come
from power electronics connected generators such as wind turbines and solar PV.

6.2

HARMONIZATION GAPS

Figure 5 illustrates existing harmonization of grid forming control and identified gaps in the
same structure as Figure 1.

Modelling

Model validation

Test

Gap: generic models

Gap: model validation method

Gap: testing methodology

Compliance evaluation
Testing methodology for VSC converters: CIGRE WG B4.87
Gap: general methods applying to different converters

Requirements

requirement specifications (for VSC converters): CIGRE WG B4.87
Gap: general requirements applying to different converters

Figure 5. Existing harmonization of grid forming operation and identified gaps

CIGRE WG B4.87 will specify requirements to grid forming operation of VSC converters,
but it would be useful to general requirements to grid forming operation of converter based
sources including VSC, wind power plants etc. The missing general requirements also
affects the compliance evaluation.
Grid forming operation is not yet included in tests in IEC 61400-21 series, and also not in
the generic models and model validation in the IEC 61400-27 series.

6.3

PROMOTION CONTRIBUTIONS AND FACT SHEETS

PROMOTioN WP3 has focused on modelling and control of wind power plants connected to
DC by a diode rectifier unit (DRU), and developed grid forming solutions which are for this
concept. This work has been reported in 7 public deliverables [33], [34], [35], [36], [37], [38]
and [39] and in two fact sheets in Appendix A.4 and Appendix A.5.
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The simulation based experience with modelling and control of DRU connected wind power
plants have been used in WP3 studies of black start capability of wind power plants
described in [38], and this work will be communicated to standardization groups using the
fact sheets in Appendix A.6 and Appendix A.7 together with the fact sheet describing WP16
experience with controller HIL test of wind power plant black start Appendix A.9.
Finally, test of wind turbine converter black start is reported in Appendix A.8.
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7 CONCLUSIONS AND RECOMMENDATIONS
In summary, 9 activities have been described in fact sheets to standardization groups. At
this point in time, all 9 fact sheets will be distributed to five IEC technical committees
including two existing IEC working groups, 7 fact sheets will be distributed to two existing
CIGRE working groups and 5 fact sheets will be sent to one existing CENELEC working
group.
The main conclusions and recommendations are
1. Harmonized functional specifications for test benches should be provided in IEC
61400-21-4. PROMOTioN work on generic characterization of electrical test
benches is already used as input to this work.
2. It is recommended to define an IEC new work item proposal for standardization of
EMT modelling. It should not be the task to develop generic EMT models like the
fundamental frequency models in IEC 61400-27-1 because the manufacturer are
not ready for this, as their detailed solutions are different and accurate EMT models
come too close to IPRs. But the new work should fill gaps including general
specifications for EMT models and methods for validating EMT models. The new
work should also host the annex in IEC 61400-27-2 about EMT model interfaces.
3. IEC 61400-21 should have the clear ambition to develop multifrequency test
procedures which provide test results targeted multifrequency model validation. The
subgroup in IEC TS 61400-21-4is already working on harmonic impedance tests,
and the PROMOTioN fact sheets about harmonic impedance measurements and
frequency coupling should be considered.
4. It is recommended that IEC starts working on a standard for multifrequency
modelling. This standard should upgrade the technical report IEC TR 61400-21-3
and use inputs from CIGRE WG C4.49, and PROMOTioN findings e.g. with
frequency coupling.
5. It is recommended to include grid forming in the test standards in IEC 61400-21 and
in generic modelling in EC 61400-27. Especially grid forming black start capability
needs harmonization as more grid operators are requesting this functionality.
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APPENDIX A: FACT SHEETS
A.1. Generic Characterization of Electrical Test Benches
Proposal for Generic Characterization of
Electrical Test Benches for AC- and HVDCConnected Wind Power Plants
Topic of work
The topic of this work is to propose generic topology and characteristics of converterbased electrical test benches for wind turbines and recommend additional test methods
to IEC standard tests. The electrical tests can be done by appropriate control schemes
for the converters of the test bench.
Target harmonisation organisation(s)/working group(s)/task force(s)
IEC TC88 (primarily WG21)
Key proposed contribution to harmonisation
Proposal for generic topology and control structure of test benches.
Use of test bench to test connection to HVDC system.
Why interesting for harmonisation
The electrical test and assessment of wind turbines (WT) are going hand in hand with
standards and network connection requirements. Wind technology has been matured by
research, development and demonstrations in industrial test sites and laboratories. Also,
the industry is currently interested in the technical and economic benefits of international
collaborations. Therefore, harmonized regulations and standards are in progress for
design and performance assessment of WTs as well as WPPs. The proposed generic
topology and characteristics of converter-based electrical test benches would be
recommended and discussed with IEC TC88 to be used in IEC TS 61400-21-4which is
dedicated for the sub-system level tests such as Nacelle of WT. This work wish to extend
the international harmonization efforts in wind energy towards harmonized test methods
and propose additional test methods to the IEC 61400-21-1 standard tests.

Summary of relevant content
This fact sheet describes a generic topology and control structure as input to harmonize
the industrial test benches, increase the applications of advanced industrial test benches
to include HVDC connection, and fulfil the increasing need for a test environment on new
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topics such as grid-forming and black start capabilities, and instability, resonance and
interactions studies.
The AC and HVDC transmission systems impose different electrical characteristics on
wind power plants (WPP). Therefore, this work proposes to perform compliance tests in
two divisions as AC- and HVDC-connected WTs using a converter-based Controllable
Grid Interface (CGI) and emulate the corresponding AC grid for DUT. HVDC connection
leads to a converter-based grid, yet AC connection has different grid characteristics in
terms of grid impedance, short circuit ratio (SCR), inertia, and background harmonics.
The generic structure of test benches is illustrated in Figure 1.

Figure 1. Generic structure of electrical test benches

The proposed control schemes is illustrated in Figure 2. The wind turbine torque is
provided by the drive motor (Figure 1) which is which is controlled by real time wind
torque emulator which models the wind turbine rotor. The setup can be used for existing
grid forming wind turbine tests specified in IEC 61400-21-1 and for new grid forming
tests.
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Figure 2. Proposed control scheme

Since most of the industrial test benches are based on converters, the characteristics of
a real power system can be emulated by a CGI coupled with real-time digital simulator
(RTDS) systems through high-bandwidth power-hardware-in-the-loop (PHIL) interface.

Relevant deliverables or publications and availability
[1] Behnam Nouri, Ömer Göksu, Vahan Gevorgian, and Poul Sørensen “Proposal for
Generic Characterization of Electrical Test Benches for AC- and HVDCConnected Wind Power Plants”, Wind Energy Science Vol 5 Issue 2 pp 561-575
(2020).

Main author and contact details, other contributors
Behnam Nouri beno@dtu.dk
Poul Sørensen posq@dtu.dk
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A.2. Harmonic impedance measurement wind turbine converter
Harmonic impedance measurement wind turbine
converter
Topic of work
The topic of this work is how to measure the harmonic impedance of a wind turbine
converter. This is done using a power test circuit and using a controller test circuit.
Target harmonisation organisation(s)/working group(s)/task force(s)
IEC TC22, IEC TC88 (primarily WG21), IEC TC82, CIGRE C4.49
Key proposed contribution to harmonisation
Description of method for CHIL and PHIL measurement of harmonic impedance of wind
turbine converter.
Why interesting for harmonisation
The dynamic interaction among the power grid and VSCs tend to cause oscillations in a
wide frequency range and has recently been reported in both wind [1] and the PV [2]
power plants. Knowing the harmonic impedances is the key to assess harmonic stability
[3]. Harmonisation of how to measure harmonic impedance would provide key input to
assessing harmonic stability and therefore more effective evaluation and resolution of
harmonic stability challenges in future systems. Recently published technical report “IEC
TR 61400-21-3 Wind energy generation systems – Part 21-3: Wind turbine harmonic
model and its application” defines generic model structure for wind turbine harmonic
models either as a Thevenin equivalent or a Norton equivalent. Measurement of
harmonic impedance can be used for model validation. The described method can give
input to IEC 61400-21-4, which is currently being developed in order to specify methods
for test of wind turbine components and subsystems.
Summary of relevant content
Within PROMOTioN WP 16, the risk of a harmonic resonance within a power system of
high penetration level of VSCs was identified. The MW-scale demonstrator realized in
DNV GL Flex Power Grid Lab, Arnhem, the Netherlands, accomplishes the following:
1. Propose a power test circuit (henceforth referred as PHIL) for the measurement of
the input-impedance of a vendor specific wind turbine power converter unit (i.e. a
1 MW power converter unit, henceforth referred as Device-Under-Test)
2. Establish a Controller Hardware In the Loop (CHIL) setup to measure the inputimpedance of the wind turbine controller replica of the same vendor.
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3. Compare the input-impedance measurement results in the PHIL setup with its
counterparts in the CHIL setup and provide recommended practice for the future
industrial application.
The CHiL test circuits is illustrated in Figure 1 and the PHiL test circuit is illustrated in
Figure 2.

Figure 1. CHiL setup for the WTG controller replica input-impedance measurement.

Figure 2. PHiL setup for the WTG power converter input-impedance measurement.
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The proposed method is described in detail using a 2-level VSC including lab based
validation in Chapter 2 of PROMOTioN D16.5 [3]. The results obtained from the PHiL,
CHiL and PSCAD simulation are compared in the figure below and they show in general
good similarities among each other for frequencies below 1 kHz. For higher frequencies,
the amplitudes, the impedance amplitude derived from PHIL deviates increasingly, and
the uncertainty of the phase angles increases.

Figure 3. Impedance measurement results comparison – Zdd full range 2500 Hz.

Relevant deliverables or publications and availability
[1] J. Sun, C. Buchhagen and M. Greve, “Impedance Modeling and Simulation of
Wind Turbines for Power System Harmonic Analysis,” in Wind Integration
Workshop (WIW) Session 3A-1, Berlin, 2017.
[2] C. Li, “Unstable Operation of Photovoltaic Inverter from Field Experiences,” IEEE
Transactions on Power Delivery, vol. 8977, no. c, pp. 1-8, 2017.
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[3] PROMOTioN Deliverable 16.3: Overview of the conducted tests, the results and
the associated analyses with respect to the research questions and analyses
within WP3. February 2020
[4] PROMOTioN Deliverable16.5. Implementation of an Analytical Method for
Analysis of Harmonic Resonance Phenomena (public by M54, June 2020)

Main author and contact details, other contributors
Yin Sun (former DNV-GL)
Yongtao Yang yongtao.yang@dnvgl.com .
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A.3. Frequency and sequence coupling in multi-frequency modelling
of wind turbines
Frequency and Sequence Couplings in Multifrequency (Harmonic) Modelling of Wind Turbines
Topic of work
The topic of this work is to identify frequency and sequence couplings in frequency
domain (harmonic / multi-frequency) modelling of wind turbine converters based on EMT
time series simulations. The study is done in time and frequency domains. The purpose
of the study is to prepare recommendations regarding multi-frequency modelling of
converters in the frequency range from 5 Hz to 2kHz.
Target harmonisation organisation(s)/working group(s)/task force(s)
IEC TC88 WG21 (61400-21-4), IEC TC88 WG 27, CIGRE C4.49
Why interesting for harmonisation
The results of this study is relevant for the ongoing work in IEC 61400-21-4 regarding test
procedures for impedance measurement of wind turbine components (converters) and
subsystems (nacelles). Present harmonics test procedures are not considering frequency
and sequence coupling, so this work intends to advance the international efforts in wind
energy towards harmonized test methods for supporting validation of multi-frequency
(often referred to as “harmonic”) models of wind turbines. It is also recommended to
include the identified couplings in multi-frequency models which could be standardized
under IEC TC88 WG 27.
Summary of relevant content
PROMOTioN WP 11 is working on recommendations regarding test and measurement of
multi-frequency models for wind turbine converters. Injection of voltage source
perturbation to a wind turbine has been analysed based on simulations using an EMT
model. The plan is to do the same analysis with real test results at a later stage. This fact
sheet includes findings regarding frequency and sequence couplings which should be
considered in multi-frequency tests and models.
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Figure 1 illustrates the single line diagram of the multi-frequency injection test of a type 4
wind turbine together with the typical control strategy for positive and negative sequences
of wind turbines converters . This scheme has been implemented in an EMT model used
to simulate time series of voltages VWT and currents IWT at the wind turbine terminals.

Figure 1: EMT model illustration including single line diagram and control system with
positive and negative sequence components.

Time-domain analysis on the harmonic flow into the control system, reveals the frequency
coupling and its root-causes in wind turbine converters. For example, assuming a
fundamental frequency voltage with amplitude 𝑉0 and radial frequency 𝑤0 , and a voltage
perturbation with amplitude 𝑉𝑝 , radial frequency 𝑤𝑝 and phase angle 𝜃𝑣𝑝 relative to the
fundamental frequency phase angle, the voltage 𝑉𝑊𝑇𝑎 (𝑡) and current 𝐼𝑊𝑇𝑎 (𝑡) at the
terminal of a wind turbine are determined by
𝑉𝑊𝑇𝑎 (𝑡) = 𝑉0 cos(𝑤0 𝑡) + 𝑉𝑝 cos(𝑤𝑝 𝑡 + 𝜃𝑣𝑝 )
𝐼𝑊𝑇𝑎 (𝑡) = 𝐼0 cos(𝑤0 𝑡 + 𝜃𝑖 ) + 𝐼𝑝 cos(𝑤𝑝 𝑡 + 𝜃𝑖𝑝 )
First process is the hardware and software filtering (with magnitude 𝑘𝑓𝑣 and angle 𝜃𝑓𝑣 for
the affected frequency [𝑤𝑝 − 𝑤0 ]) on the measured signals and d-q transform:
𝑉𝑑+ (𝑡) = 𝑉0 + 𝑘𝑓𝑣 𝑉𝑝 cos([𝑤𝑝 − 𝑤0 ]𝑡 + 𝜃𝑣𝑝 +𝜃𝑓𝑣 )
𝑉𝑞+ (𝑡) = 𝑘𝑓𝑣 𝑉0 sin([𝑤𝑝 − 𝑤0 ]𝑡 + 𝜃𝑣𝑝 + 𝜃𝑓𝑣 )
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𝐼𝑑+ (𝑡) = 𝐼0 cos(𝜃𝑖 ) + 𝑘𝑓𝑖 𝐼𝑝 cos([𝑤𝑝 − 𝑤0 ]𝑡 + 𝜃𝑖𝑝 + 𝜃𝑓𝑖 )
𝐼𝑞+ (𝑡) = 𝐼0 sin(𝜃𝑖 ) + 𝑘𝑓𝑖 𝐼𝑝 sin([𝑤𝑝 − 𝑤0 ]𝑡 + 𝜃𝑖𝑝 + 𝜃𝑓𝑖 )
Here, 𝑘𝑓𝑣 , 𝑘𝑓𝑖 , 𝜃𝑓𝑣 𝑎𝑛𝑑 𝜃𝑓𝑖 are the attenuations and phase shifts caused by filtering over the
injected perturbation. Therefore, the harmonic will flow into the controller system with
frequency of 𝑓𝑝+ = 𝑓𝑝 − 𝑓0 for positive sequence. Similar calculations show that the
harmonic will flow into the controller system with frequency 𝑓𝑝− = 𝑓𝑝 + 𝑓0 for negative
sequence injection.
Control interactions with the harmonic would be as follows:
1. Operations such as sums and filters (including low-pass-filter and band-rejection-filters)
only attenuate the amplitude of the harmonics and adds phase shift on them. While, as
the sinusoidal harmonic signal confronts the current PI controller and voltage
decoupling part, the controller considers the harmonic as an oscillation in the current
and voltage feedback signals mistakenly. Therefore, the harmonic flows into the control
system via abc to dq transform and fools the control system to add 𝑓𝑝+ = 𝑓𝑝 − 𝑓0
oscillations to the Idq output current references in the steady-state condition. This
oscillation with 𝑓𝑝+ frequency will be seen in DC link voltage and output power as well.
2. Considering the converter’s switching frequency 𝑓𝑠𝑤 and typical design of output filter
cut-off frequency 𝑓𝑓𝑖𝑙𝑡 < 𝑓𝑠𝑤 ⁄2, the frequencies 𝑓𝑝 < 𝑓𝑠𝑤 ⁄2 will flow into the grid (similar
to harmonic injection action) and influence the Thevenin voltage Vth_h and impedance
Zth_h. Frequencies 𝑓𝑝 > 𝑓𝑠𝑤 ⁄2 would be highly attenuated via output filters, and could
be injected randomly; since they are out of the bandwidth of PWM system.
3. Cross modulation from DC-link voltage oscillations: The oscillations in current
references could add oscillations in DC-link voltage. Furthermore, through PWM
multiplication with DC-link voltage, the oscillation would be injected to the grid as
coupling harmonic with frequency of 𝑓𝑝′ = 𝑓𝑝+ ± 𝑓0 (= 𝑓𝑝 − 2𝑓0 and 𝑓𝑝 ). In addition, the
harmonics could appear in the converter’s DC-link with higher frequencies and be reinjected to the grid through PWM multiplication as well.
4. The oscillations in phase-locked loop (PLL) signal can add unwanted harmonics into
the control system as well.
In summary, the most considerable frequency couplings for harmonic injection with
frequency of 𝑓𝑝 have been observed in 𝑓𝑝 ± 𝑓0 and 𝑓𝑝 ± 2𝑓0 in the range of 𝑓𝑝 < 𝑓𝑠𝑤 ⁄2. The
multiplications mostly performed in reference frame transformations (e.g. Clark transform),
PWM modulation and PLL, are the main causes of frequency coupling in the converters.
This fact is neglected in frequency-domain analysis, where the PWM system is modelled
as a gain and first order lag with a small time constant, and furthermore, non-linear effects
have not been considered.
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Figure 2 illustrates positive sequence harmonics of time-domain Fourier Transform (FT)
for 5Hz positive sequence voltage perturbation test in a simulated 60Hz system. The
voltage perturbation is injected in two stages:
-

Stage 1: 0.0037 p.u. from 𝑡=1s to 𝑡=4s
Stage 2: 0.0074 p.u. from 𝑡=6s to 𝑡=9s

Figure 2: Positive sequence voltage and current harmonics for 5Hz positive sequence
injection test.

The FT has been performed in 200ms window where the time in Figure 2 is the starting
time of the window which is why the impact of the perturbation is observed 200ms before
the perturbation is activated. The FT is repeated every 20ms to show the dynamics of the
harmonic voltage and current with 20ms resolution.
Between the two perturbation stages (in Stage 0), no perturbation is injected. Figure 2
confirms that the voltage and current amplitudes are very low in Stage 0, and therefore the
angle between voltage and current is very uncertain in stage 0.
Figure 2 confirms the impact of 5 Hz voltage perturbation on 5 Hz current component and
the frequency couplings of the perturbated 5 Hz to the 55 Hz, 65 Hz, 115 Hz and 125 Hz
current components, and studies of other frequencies have confirmed that those are the
most significant couplings.
The figure also shows that the 5 Hz (voltage perturbation frequency) and 115 Hz current
components ramp to the level of the new stage in 200 ms and stays constant after the
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window only includes data from the new stage. Since the ramping is caused by mix of data
from two stages, this ramp response indicates that the impact of controller dynamics on
the 5 Hz and 115 Hz components is not significant.
The other coupling components are visibly affected by dynamics caused by the controller.
This dynamic response is particularly clear for the 65 Hz component where the 65Hz
current component response is settled after approximately 1 second. This dynamic effect
is important to keep in mind when specifying the length of a single tone perturbation
window, which should be a compromise between measurement accuracy and
measurement time. The dynamics could also be included in advanced harmonic models,
so it could be relevant to measure the settling time.
Figure 3 shows the impact of sequence coupling. The negative sequence voltages and
currents are illustrated for the 5Hz positive sequence injection. Accordingly, the sequence
coupling sequence from injected positive sequence voltage perturbation to affected
negative sequence currents is considerable.

Figure 3: Negative sequence voltage and current couplings for 5Hz positive sequence
injection test.

The next step is to apply the single-tone perturbation for multiple frequencies in order to
characterize the frequency dependence of the impedance. For this purpose, the 5 Hz
voltage perturbation test in Figure 2 is repeated for voltage perturbation frequencies from
5 Hz to 2000 Hz with 5 Hz steps. A Thevenin equivalent is calculated for each frequency
using the voltage and current components at t=3.2s for stage 1 and t=8.6s for stage 2. This
frequency sequence is first done for positive sequence perturbation to calculate positive
sequence impedances and then repeated for negative sequence perturbation to calculate
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negative sequence impedances. Thus, frequency and sequence couplings are not included
in this part.
Figure 4 illustrates the positive and negative sequence impedances of wind turbine
converter for the positive and negative sequence harmonic injection tests respectively. The
first assumption would be to achieve symmetrical model in the results, meaning that
positive sequence impedance (Rthp-pi, Xthp-pi) could be similar to negative sequence
impedance (Rthn-ni, Xthn-ni). According to Figure 4, the impedances for positive and
negative sequences are very similar for frequencies above 3𝑓0 (240 Hz), but for lower
frequencies, significant differences are identified. The main reason for this difference is the
different controls of positive and negative sequences. Therefore, it is recommended to
perform negative sequence injection tests in addition to positive sequence injection tests.

Figure 4: Positive and negative sequence impedances for positive and negative sequence
injection tests.

Relevant deliverables or publications and availability
The work has not been published yet. More detailed analysis is intended to be published
in a journal paper.
Main author and contact details, other contributors
Poul Sørensen posq@dtu.dk (contact and editing)
Łukasz Kocewiak lukko@orsted.dk (contact)
Behnam Nouri beno@dtu.dk (did modelling, simulations, plots, draft writing and analysis)
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A.4. Functional requirements for DRU connected WPPs
Functional requirements for DRU connected
WPPs
Topic of work
Definition of functional requirements for OWWPs when connected to a passive converter,
i.e. diode rectified unit (DRU). In case of DRU as the offshore HVDC converter, there is
need for solutions to energize the offshore AC grid and the offshore WTs and forming
(creating and controlling) the offshore AC grid voltage, because the DRU is a passive
one-directional unit without any grid forming capability. The OWPP(s) and hence the WTs
are considered to take the grid forming responsibility in the DRU-concept
Target harmonisation organisation(s)/working group(s)/task force(s)
ENTSO-E WGs, CENELEC TC8X WG6, CIGRE B4.87, IEC TC88 WG21, IEC TC88
WG27
Key proposed contribution to harmonisation
Thank you very much for the draft. It looks very good. I would just propose to include the
list of functional requirements to the end of "Summary of relevant content" and then "Key
proposed contribution to harmonisation" could be
•

Overview of offshore transmission system based on DRU connected WPPs

•

Definition of operational modes of DRU connected WPPs

•

List of functional requirements for DRU connected WPPs

Why interesting for harmonisation
Grid codes and all harmonisation/standardization documents today consider only the
case of grid following WT/WPPs. Moving to a grid forming WT/WPP concept needs
functional requirements.
Summary of relevant content
The DRU is proposed to replace the offshore VSC-HVDC converter, while keeping the
onshore VSC-HVDC as it is, i.e. controlling the HVDC link voltage in point-to-point
connections. Figure 1 shows a simplified overview of the DRU connection.
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Figure 1 Simplified overview of OWPP group and offshore transmission system (OTS)

In case of DRU as the offshore HVDC converter, there is need for solutions to energize
the offshore AC grid and the offshore WTs and forming (creating and controlling) the
offshore AC grid voltage, because the DRU is a passive one-directional unit without any
grid forming capability. The OWPP(s) and hence the WTs are considered to take the grid
forming responsibility in the DRU-concept. As studied in detail in WP3, the WTs can
create and control the offshore AC grid voltage such that wind power is transferred via
the DRU, while keeping almost all OWPP capabilities (e.g. MPPT, active power control,
FRT, frequency support to onshore grid) as in the VSC-HVDC case. In WP3, for initial
energization (start-up) of the offshore AC grid and WTs, an AC umbilical cable has been
considered, which is disconnected when the power flow from WTs over DRU starts.
Therefore, the DRU-connected Wind Power Plant in Figure 1 has to be able to operate in
the following modes:
•

Islanded mode (ISL): The WPP is neither connected to the DR station or to the
HVAC umbilical cable

•

HVAC connected mode (SAC), synchronised AC: The WPP is connected to a
strong HVAC grid via the umbilical cable. Only limited wind power can be
transmitted to in this mode.

•

DRU connected mode (DR): The WPP is connected and delivering power through
the DR station. This is the normal production mode of operation.

•

Simultaneous DRU and HVAC connected mode (DR-SAC). The WPP is connected,
at the same time to the DR station and to the HVAC grid. This mode of operation is
used during power-up or power-down of the WPP. Usually, once the DR station is
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conducting, then the umbilical cable is disconnected. (N.B. a detailed description of
the modes of operation and the transition between them is included in Deliverable
D3.1).
In all cases, the WTGs should be grid forming. In line with today’s available technology
and implementations (VSC-HVDC), the existing grid codes (e.g. CR 2016/1447 [5]) are
written from the perspective of VSC-HVDC such that the offshore HVDC converter is
assumed to be grid forming and the WTs to be grid following.
Grid forming DRU connected OWPPs should meet the following functional requirements:
•

Dynamic Active Power Control

•

Island Support (No HVDC or AC Connection)

•

Minimum Production Limit (DR mode)

•

Steady State Frequency Control (DR mode)

•

Optimized (Narrow) Frequency Range

•

Dynamic Frequency Control

•

Rate of Change of Frequency (ROCOF) Limits

•

Steady State Voltage/Reactive Power Control

•

Dynamic Voltage Control

•

Offshore Fault Ride Through

•

DC Fault Ride Through Requirements

•

Onshore AC Fault Ride Through

•

Onshore Frequency Support Requirements

•

Synthetic Inertia

•

Onshore Oscillation Damping Requirements

Relevant deliverables or publications and availability
WP 3 reports:
[1] PROMOTioN Deliverable 3.1: Detailed functional requirements to WPPs, Dec.
2016, public.
[2] PROMOTioN Deliverable 3.2: Specifications of the control strategies and the
simulation test cases, Mar. 2017, public.
[3] PROMOTioN Deliverable 3.7: Compliance evaluation results using simulations, in
preparation, public by Apr. 2020.
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[4] PROMOTioN Deliverable 3.8 List of requirement recommendations to adapt and
extend existing grid codes, in preparation, public by Apr. 2020.
Main author and contact details, other contributors
Nicolaos A. Cutululis (niac@dtu.dk), DTU
Ramon Blasco-Gimenez, (rblasco@upv.es), UPV
Lie Xu (lie.xu@strath.ac.uk), Strathclyde University
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A.5. Compliance simulation of DRU connected WPPs
Compliance simulations of DRU connected WPPs
Topic of work
Specification of compliance simulations for OWWPs when connected to a passive
converter, i.e. diode rectified unit (DRU). The DRU is proposed to replace the VSC-based
offshore HVDC terminal, while keeping the VSC-based onshore HVDC terminal as it is, i.e.
controlling the HVDC link voltage in point-to-point connections. When using the DRU as
the offshore HVDC terminal, solutions are needed to energise the OWPP and WTs and
form (establish and control the voltage magnitude and frequency of) the offshore AC grid,
for the DRU is a passive, unidirectional unit without any grid forming capability. WTs in
DRU- connected OWPPs are thus considered to take the grid-forming responsibility.
Target harmonisation organisation(s)/working group(s)/task force(s)
ENTSO-E WGs, CENELEC TC8X WG6, CIGRE B4.87, IEC SC8A, IEC TC88 WG27, IEC
TC115
Key proposed contribution to harmonisation
•

Simulation test cases for DRU-HVDC-connected grid-forming WTs and OWPPs

•

Procedures for simulation-based compliance evaluation of DRU-HVDC-connected
grid-forming WT and OWPPs

Why interesting for harmonisation
Grid codes and harmonisation/standardization documents today do not consider explicitly
grid-forming WTs or passive, unidirectional offshore HVDC terminals without any grid
forming capability, such as DRUs.
Summary of relevant content
Simulation test cases are proposed for DRU-HVDC-connected grid-forming WTs and
OWPPs, including [D3.2]:
•

Normal operation
o HVDC link and offshore AC grid start up
o HVDC link and offshore AC grid disconnection
o Intentional islanding and re-synchronisation to an external AC grid
o Dynamic voltage control
o WPP power control/tracking
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o Changes in reactive power sharing command
o Active power reference commands when connected to an external AC
o Disconnection/reconnection of filters / reactive power compensation
•

Fault ride-through and protection
o Onshore grid faults
o HVDC link faults
o Internal DR faults
o Umbilical AC cable faults
o Offshore AC faults

•

Ancillary services
o Onshore frequency support
o Onshore power oscillation damping

Procedures are proposed for evaluating—by means of simulations—compliance of DRUHVDC-connected grid-forming WTs and OWPPs with the defined functional requirements
[D3.1], [D3.2], [D3.8]. Such simulation-based compliance evaluation procedures address
[D3.6]:
•

Active power control

•

Harmonics

•

Frequency control

•

Voltage control

•

Reactive power control

•

Offshore AC fault ride-through, current injection and recovery

•

Onshore frequency support

•

Onshore power oscillation damping

Following the proposed procedures [D3.6], the proposed simulation test cases [D3.2] are
used to evaluate the compliance of the developed grid-forming WT and WPP controls
[D3.4], [D3.5] with the defined functional requirements [D3.1], [D3.2], [D3.8] by means of
EMT simulations [D3.7].
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Relevant deliverables or publications and availability
[1] PROMOTioN Deliverable 3.1: Detailed functional requirements to WPPs, Dec.
2016, public.
[2] PROMOTioN Deliverable 3.2: Specifications of the control strategies and the
simulation test cases, Mar. 2017, public.
[3] PROMOTioN Deliverable 3.4: Results on control strategies of WPPs connected to
DR-HVDC, Jan. 2018, public.
[4] PROMOTioN Deliverable 3.5: Performance of ancillary services provision from
WFs connected to DR-HVDC, Jan. 2018, public.
[5] PROMOTioN Deliverable 3.6: Report with the compliance test procedures for DR
and VSC connected WPPs, Dec. 2018, public.
[6] PROMOTioN Deliverable 3.7: Compliance evaluation results using simulations, in
preparation, public by Apr. 2020.
[7] PROMOTioN Deliverable 3.8 List of requirement recommendations to adapt and
extend existing grid codes, in preparation, public by Apr. 2020.
Main author and contact details, other contributors
Nicolaos Cutululis (niac@dtu.dk), DTU
Ramón M. Blasco-Giménez (rblasco@upv.es), UPV
Lie Xu (lie.xu@strath.ac.uk), University of Strathclyde
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A.6. Functional requirements to black start from WPPs
Functional requirements for black start from
WPPs
Topic of work
Functional requirements for WPP black start operation have been defined as a first step
for black start capable controller verification, both by simulation and CHiL testing. These
requirements are mainly based on the published requirements for black start operation by
NGESO and Elia.
Target harmonisation organisation(s)/working group(s)/task force(s)
ENTSO-E WGs, CENELEC TC8X WG6, CIGRE B4.87, IEC TC88 WG21, IEC TC88
WG27
Why interesting for harmonisation
Black start operation considering wind power plants as a means to restore networks after
blackout is not present at the moment in harmonisation/ standardization documents.
Harmonisation of functional requirements will help manufacturers, developers and TSOs
for the qualification of black start capability by wind power plants.
Summary of relevant content
Grid forming wind power plants can be used to provide black-start capability, whether
HVAC or HVDC connected. In any case, grid forming wind turbines (WT) and wind power
plants (WPP) should show black-start capability before being qualified to provide the
black-start service. Qualification requires a prior specification of functional requirements
Figure 1 shows a typical HVAC connected WPP with black start capability.
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Figure 1. Black-start with a HVAC connected WPP

For adequate verification of black-start control functionality, a proposal of the functional
specifications parameters has been defined in Promotion Deliverable D3.7. The
considered functional requirements are:
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•

Frequency Range

•

Voltage Range

•

Block Load Size

•

Reactive Power Capacity

•

Dynamic Voltage Control

•

Frequency Control Capability

•

Harmonic Distortion

•

Low Voltage Ride-Through

•

Over-Voltage Ride Through

•

Power Sharing Between Wind Turbines

•

Synchronisation Capability

During black-start operation the WPP might be the only generator in the local electric
island, therefore, these requirements must be enforced by the WPP control. (This is a
difference with respect to existing codes which are meant as limits where WPP tripping is
not allowed).

Relevant deliverables or publications and availability
[1] PROMOTioN Deliverable 3.7: Compliance evaluation results using simulations, in
preparation, public by Apr. 2020.

Main author and contact details, other contributors
Ramon Blasco-Gimenez (rblasco@upv.es),
Nicolaos A. Cutululis (niac@dtu.dk),
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A.7. Compliance simulation of black start from WPPs
Compliance evaluation of black start from WPPs by
means of simulation
Topic of work
The topic of work covers the compliance simulation of WPP controllers for black-start
operation. The first step of control compliance evaluation includes the characteristics of
the simulation studies to be carried out to show compliance to the black-start functional
requirements for WPP black-start operation for both HVAC and HVDC connected WPPs.
Target harmonisation organisation(s)/working group(s)/task force(s)
ENTSO-E WGs, CENELEC TC8X WG6, CIGRE B4.87, IEC SC8A, IEC TC88 WG27
Why interesting for harmonisation
Black start operation considering wind power plants is not present at the moment in
harmonisation/ standardization documents. Harmonisation of software based compliance
evaluation studies will help manufacturers, developers and TSOs for the qualification of
black start capability by wind power plants at the earlier stages of the tendering process.
Summary of relevant content
Grid forming wind power plants can be used to provide black-start capability, whether
HVAC or HVDC connected. In any case, grid forming wind turbines (WT) and wind power
plants (WPP) should show black-start capability before being qualified to provide the
black-start service. At early stages of the tender process or even for initial project studies,
it is important to show that the WPP control is capable to meet the back-start functional
requirements by means of detailed EMT simulations.
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Figure 1 Black-start with a HVAC connected WPP
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Figure 1 shows a typical HVAC connected WPP, whereas Figure 2 shows the diagram of
a three HVDC connected WPPs, with intermediate HVAC substations. Both scenarios
are considered for the WPP black-start compliance evaluation.

Figure 1. Black start operation of a HVDC connected Wind Power Plant

For adequate verification of black-start control functionality, a proposal of the process for
the verification of WPP black-start control capability has been defined in Promotion
Deliverable D3.7. The functional requirements to be verified are:
•

Frequency Range

•

Voltage Range

•

Block Load Size

•

Reactive Power Capacity

•

Dynamic Voltage Control

•

Frequency Control Capability

•

Harmonic Distortion

•

Low Voltage Ride-Through

•

Over-Voltage Ride Through

•

Power Sharing Between Wind Turbines

•

Synchronisation Capability
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The process of compliance evaluation based on detailed EMT simulations include the
following:
•

•

Scenario definition: Definition of the topology of the system to be used for
compliance evaluation and the requirements for model detail for each element.
Three scenarios have been considered:
-

HVAC connected wind power plant

-

HVDC connected wind power plant (with and without intermediate
substations)

Test case definition: Several test cases have been defined to check the WPP
control black-start compliance:
-

Off-shore AC grid start-up operation (self-start to houseload operation)

-

Response to changes in reactive power sharing command in islanding
operation

-

Response to changes in frequency set-point

-

Dynamic voltage control

-

Harmonic compliance

-

Off-shore HVAC substation energisation

-

HVAC export cable energisation

-

Off-shore HVDC station energisation

-

HVDC cable energisation

-

On-shore HVDC station energisation

-

On-shore HVAC substation energisation

-

Synchronisation to on-shore grid

-

Power block delivery

-

Soft energisation (from houseload operation to power block delivery)

-

Response to on-shore grid faults

-

HVAC export cable faults

-

Off-shore ac faults

For each test case, a sensitivity analysis is defined to different power levels and to
different number of connected WTGs.
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Relevant deliverables or publications and availability
[1] PROMOTioN Deliverable 3.7: Compliance evaluation results using simulations, in
preparation, public by Apr. 2020.

Main author and contact details, other contributors
Ramon Blasco-Gimenez (rblasco@upv.es),
Nicolaos A. Cutululis (niac@dtu.dk),
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A.8. Test of wind turbine converter black start capability
Test of wind turbine converter black start
capability
Topic of work
Controller Hardware in the Loop (CHiL) and Power Hardware in the Loop (PHiL) of wind
turbine converter black start capability, With increasing penetration of wind power in the
electrical network, and the consequential decreasing share of conventional generation
plant in generation mix, there is interest from TSOs in procuring black start services from
wind power plants. Furthermore, offshore wind turbines (WTs) with the capability of
starting, self-sustaining, and energizing the offshore AC grid offer benefits of flexibility to
wind power plant operators in the event of prolonged outages of the export connection.
Target harmonisation organisation(s)/working group(s)/task force(s)
IEC TC88 WG21
Key proposed contribution to harmonisation
The following tests are proposed for WTG black start:
-

Co-simulation of mechanical simulation and electrical simulation

-

Controller Hardware-in-the-Loop testing

-

Power Hardware-in-the-Loop testing

Why interesting for harmonisation
Black start capability has been a topic of research in recent years, ranging from control
strategies for self-energization of a WT to parallel operation of multiple WTs for the
energization of the wind power plant /1/. There are several solutions proposed for the
self-energization of the WT, using batteries in the DC link or pitch control. This piece of
work provides inputs to real time tests of WTG black start.
Summary of relevant content
The test case is the self-energization of a 1 MW wind turbine that belongs to a string of
wind turbines in a wind plant as illustrated in Figure 1. There are two operational
approaches to energize the proposed power circuit:
-

Soft energization is referred when the loads/equipment to be energized are
already physically connected before applying any voltage. In the figure below
CB_LV and CB_HV are closed before forming a voltage in the grid side terminal
of the converter.
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-

Hard energization refers to the traditional approach to energize a certain segment
of a network by switching in by sections the circuit to be energized. This method
entails higher voltage transients that can be difficult to control and higher
dielectric stress in the equipment. A hard energization process implies that
CB_LV is closed and CB_HV is open before any voltage is built by the converter
in the figure below.

Figure 1. Test case for a 1 MW wind turbine that belongs to a string of wind turbines

The following development were conducted:
1. Initial mechanical-electrical co-simulation
When using pitch control for self-energization during the black start, there is an inherent
coupling between the pitch control and converter control. The pitch control regulates
output power through rotor speed, and the converter regulates power output controlling
DC and AC voltages. Therefore, an accurate assessment of the coupling between a
WT’s electromechanical, structural, and aero-dynamics and the WT controller is
recommended. A co-simulation CHiL testbench was developed to couple between
Bladed (DNV GL software for wind turbine design) and the real-time digital simulation
platform. Furthermore, the real-time simulation platform integrates a hardware converter
controller in a CHiL setup. A simplified diagram of the concept of how the model of the
wind turbine will be simulated is shown below.
2. Controller Hardware-in-the-Loop Black Start
In this stage, the WTG controller is integrated with the RT-lab platform to simulate the
grid side converter of the WTG as illustrated in Figure 2. The soft energization of the
model of the power circuit was successfully validated for all the different wind profiles;
The test case of hard energization with nominal wind conditions and nominal turbulence
has been proved successful for the energization case.
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Figure 2. WTG controller integrated with the RT-lab platform to simulate the grid side
converter of the WTG

3. Power Hardware-in-the-Loop Black Start
The power circuit of Power Hardware-in-the-Loop test for WTG Black Start is illustrated in
Figure 3, it contains the following power components:
-

A 3MW wind turbine converter (only 1MW submodule were energized)

-

A 1MVA wind turbine transformer

-

A High voltage circuit breaker

-

A 25 meter HV cable section
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Figure 3. Power circuit of Power Hardware-in-the-Loop test for WTG Black Start

The soft energization for the proposed test circuit was successfully validated in different
wind conditions and turbulence. All cases were tested with auxiliary loads connected.
The hard energization is the most demanding test case for the converter controllers due
to the high transient currents that could push the wind turbine converter to instability.
Given this stochastic behaviour of the test, it was decided not to run the co-simulation
together with the testbench, and only a fixed speed was set in the generation emulation.
The hard start energization was proved successful in two attempts with this approach,
which proves the feasibility of this functionality.
Relevant deliverables or publications and availability
[1] PROMOTioN Deliverable 16.3: Overview of the conducted tests, the results and
the associated analyses with respect to the research questions and analyses
within WP3. February 2020
Main author and contact details, other contributors
Alejandra Fabian, Yin Sun (former DNV-GL)
Andrew Harsson andrew.harson@dnvgl.com
Yongtao Yang, yongtao.yang@dnvgl.com
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A.9. Controller HIL test of wind power plant black start capability
Controller HIL test of wind power plant black start
capability
Topic of work
Verification of wind power plant back start capability by means of real time Controller
Hardware-in-the-Loop simulation. The black start wind power plant has to provide grid
forming control capability with a possible large number of wind turbine generators and
grid configurations that can change largely during the black start sequence. ControllerHiL testing is used to decrease the risk of such installations and could be used in the
process of compliance verification.
Target harmonisation organisation(s)/working group(s)/task force(s)
ENTSO-E WGs, CENELEC TC8X WG6, CIGRE B4.87, IEC TC88 WG21
Why interesting for harmonisation
Black start operation considering wind power plants is not present at the moment in grid
codes or harmonisation/ standardization documents. Relatively inexpensive prequalification verification can be carried out using controller hardware-in-the-loop
simulation.
Summary of relevant content
Grid forming wind power plants can be used to provide black-start capability, whether
HVAC or HVDC connected. In any case, grid forming wind turbines (WT) and wind power
plants (WPP) should show black-start capability before being qualified to provide the
black-start service. Control hardware-in-the-loop can be used at an earlier project phase
to show that the WT and WTGs controllers can provide the black-start service in a wide
range of grid conditions. Also CHiL provides a tool to identify possible interaction
between wind turbines within a WPP or with other equipment (HVDC converters,
STATCOMs, etc).
Figure 1 shows a typical HVAC connected WPP with black start capability.
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Figure 1. Black-start with a HVAC connected WPP

For adequate verification of black-start control functionality, the CHiL should consider:
-

An adequate number of wind turbines, together with the corresponding converter
controllers.

-

Wind turbine models should include grid side converter, machine side converter,
generator, aeroelastic model and relevant wind turbine control.

-

Wind power plant controller.

-

Grid model (including cables, transformers, saturation characteristics, with
adequate level of detail).

-

Detailed model of STATCOM, together with its control, if present.

-

Main protections, to verify adequate protection operation during black-start.

Figure 2 shows a typical HVDC connected WPP with black start capability.

Figure 2. Black start operation of a HVDC connected Wind Power Plant

Additionally for a HVDC connected wind power plant (Figure 2), the following elements
should be considered:
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-

MMC VSC-HVDC converter detailed models including their corresponding control.

-

Adequate cable models.

The following functionality should be tested:
-

Off-shore AC grid start-up operation (Self-Start to Houseload Operation)

-

Response to changes in reactive power sharing command during islanded
operation

-

Response to Changes in Frequency Set-point

-

Dynamic voltage control

-

Harmonic compliance

-

Off-shore HVAC substation energisation

-

HVAC export cable energisation

-

On-shore HVAC substation energisation

-

Power block delivery

-

Synchronisation to on-shore grid

Additionally, in the case of HVDC connected WPPs, the following functionality should be
tested:
-

Off-shore HVDC station energisation

-

HVDC cable energisation

-

On-shore HVDC station energisation

Energisation should be tested both for sequential operation and for soft-start operation
and for different wind conditions.
Additionally, the response to the following faults should be also covered:
-

Off-shore array cable faults

-

Export cable faults

-

On-shore grid faults

This kind of CHiL verification is industrial practice for HVDC projects and can be
extended with relative ease to cover functionality verification of grid-forming wind turbine
and wind power plant controllers.

Relevant deliverables or publications and availability
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[1] PROMOTioN Deliverable 3.7: Compliance evaluation results using simulations, in
preparation, public by Apr. 2020.
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