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1 INTRODUCTION
This document is part of WP11 “Harmonisation towards standardisation” of the PROMOTioN project. The overall
objective of WP11 is to support and establish harmonisation of the industry’s best practices, standards and
requirements for HVDC grid systems and DC connected offshore wind power plants. This document, deliverable
D11.2, includes content from the PROMOTioN project deemed relevant to harmonisation bodies and further
standardisation with regard to HVDC systems. For each topic within this category, an overview of the knowledge
relevant to harmonisation is provided, and the completed, ongoing, and planned contributions to harmonisation
working groups are summarised. Equivalent content regarding DC connected wind power plants can be found in
D11.3 “Report on harmonization of WPPs connected to HVDC systems”. Furthermore, there will be another
deliverable discussing grid code recommendations for HVDC systems: D11.4.

PROMOTioN has covered a broad range of topics on HVDC systems. In particular considering the development
of HVDC systems towards meshed HVDC networks or grids – a case that has only recently been considered in
detail – there are several challenges to be tackled and decisions to be made on how to implement a future system.
Harmonisation and standardisation can help to facilitate a better common understanding (of typical scenarios,
their challenges and solutions), faster decision making and development, enabling multivendor compatibility and
expandability of HVDC systems. Figure 1 presents an overview of the contributions to harmonisation and
standardisation contained in this document.

While existing point-to-point HVDC connections are typically provided by one vendor, future multi-terminal HVDC
systems are expected to interconnect different HVDC corridors and enable a step-by-step growth of the system.
In such a scenario, it is increasingly likely that a multivendor system is likely to be attractive, and in such a
multivendor system clear functional requirements and specifications are required to allow for interoperability. To
enable the connection of different converters to one HVDC system, detailed functional specifications for the DC
side must be given. For studying the behaviour of HVDC systems, electromagnetic transients (EMT) models are
typically used in offline simulation studies. One of the aspects studied in this regard is the interaction between the
converter controls and AC line protection. To be able to test the interoperability of control algorithms on realistic
systems, (power)-hardware-in-the-loop (HIL or PHIL) systems or control-hardware-in-the-loop (CHIL) in
combination with real-time simulators are sometimes utilised. PROMOTioN has set-up such a system and
experiences gained will be gathered to provide input to future harmonisation working groups. Another aspect
related to the control and design of the state-of-the-art converters, the modular multilevel converters (MMCs), is
the increased occurrence of resonance effects introduced by the increased integration of converters into the
system. Therefore, the characterisation of MMCs in the frequency domain has been studied and applied to the
PHIL system mentioned previously.
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Figure 1: MTDC System overview with major areas of contribution to harmonisation from PROMOTioN

When moving from HVDC point-to-point connections to multi-terminal HVDC systems, the protection commonly
applied for point-to-point systems via the AC-side circuit breakers may no longer be suitable due to the sustained
and large power loss in case of a DC-side line fault. Five work packages of PROMOTioN were dedicated to
studying, comparing, testing and enhancing existing protection strategies and components. Considering the
testing of particular components, protection Intelligent Electronic Devices (IEDs) - sometimes known as relays and HVDC circuit breakers (DCCB) have in particular been focused on. From these work packages several
aspects relevant to harmonisation activities have been contributed:
-

Design of protection for HVDC systems

-

Performance evaluation criteria for protection systems

-

Substation communication protocols for MTDC protection

-

Communication interfaces between DCCBs and HVDC protection IEDs

-

Specification and functional testing of HVDC protection IEDs

-

Approach to modelling of DCCBs

-

Testing of DCCBs
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Another new technology developed in light of the increased use of HVDC - especially offshore - is HVDC gas
insulated switchyard equipment due to its smaller spatial footprint in comparison to air insulated switchyards.
As shown in D11.1 “Harmonisation Catalogue” there are already a lot of existing working groups and study
committees in the different standardisation and harmonisation bodies. For topics related to the control and
protection of HVDC systems (including switchgear), PROMOTioN has actively contributed to at least 14 Cigré
working groups or activities, 11 IEC technical activities,1 CENELEC working group and 1 IEEE working group.
Importantly, this includes 2 new work items in Cigré and 2 new study committees in IEC that were initiated. Further
ideas for future working groups are also contained in the following sections, and at least 6 suggestions will be
made for additional new future harmonisation activity based on the fact sheets in this document. For each of the
topics, the relevance of harmonisation and the contributions by PROMOTioN and/or identified gaps for further
standardisation are described. Depending on the status of existing work and the focus of the topic within the
PROMOTioN project, the contributions range from an overview and a classification of proposed concepts to newly
developed test routines for components that are proposed or even already implemented in standardisation
documents.

In the following sections, a summary of each identified topic is provided. For each topic, a detailed fact sheet is
also provided in the appendix with additional details on the topic and activity.
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2 HVDC SYSTEM DESIGN AND CONTROL
2.1
2.1.1

TERMINOLOGY AND FUNCTIONAL HVDC SYSTEM SPECIFICATION
RELEVANCE OF TOPIC FOR HARMONISATION

To be able to specify HVDC systems and their functionalities there has to be a common set of terminology that is
clear and of consistent meaning to all relevant parties. As there has been a lot of recent development in the field
of converter technology, potential network topologies, protection systems etc., the terminology is still under
development. It should be ensured that the terminology used in different working groups and standardisation
bodies is aligned.
Most of the existing HVDC systems are point-to-point independent systems integrated into AC systems, based
on the requirements at the AC side. To facilitate the development of future multi-terminal HVDC systems
integrating different vendors - as is common in AC systems - a clear definition of the requirements and
functionalities on the DC side has to be given as well. As the technology is still developing a technologyindependent description is necessary.
2.1.2

CONTRIBUTION TO HARMONISATION

Due to the increasing interest in HVDC systems worldwide it is envisaged that the IEC Electropedia on HVDC
systems will be extended. PROMOTioN partners have reviewed the proposals for the terms to be included. The
proposed terms and figures were often based on a certain technology or DC circuit design choices, e.g. showing
two-level VSCs with a midpoint grounding. The PROMOTioN partners proposed definitions that would allow
consideration of all possible HVDC system configurations and types.
A document intending to compile existing definitions and functional specifications for HVDC systems is the
document HVDC Grid Systems and connected Converter Stations – Guideline and Parameter Lists for Functional
Specifications written by CENELEC TC8X WG06. PROMOTioN has actively contributed to the finalization of the
CENELEC document as a liaison partner. In total, over 150 comments by PROMOTioN partners were gathered
and discussed with the working group. Most of the comments were incorporated into the document, e.g. several
sections were adapted to reflect the main impact factors on the DC side design or the applicable sequences to be
taken in case of faults.
Moreover, based on the involvement in several harmonization groups concerned with HVDC, PROMOTioN
partners indicated overlap or conflicting definitions in the different groups. One prominent example of different
classifications is with regard to protection strategies. CENELEC TC8X defines “Fault separation concepts” at
specified interfaces, which state the impact on the controllability and/or interruption of power exchange at these
interfaces during faults in specific protection zones of the DC system. Cigré TB 739 defines three “Fault clearing
strategies” which are based on the positioning of components that interrupt the fault current. The differences
between the concepts have been pointed out to each working group and led to some rework of the definitions.
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2.1.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.1.

2.2
2.2.1

CONVERTER AND HVDC GRID MODELLING FOR EMT STUDIES
RELEVANCE OF TOPIC FOR HARMONISATION

The identification of suitable HVDC system models for different types of system studies is an on-going activity.
The Cigré benchmark network developed by Cigré WG B4.57 has constituted a first step in designing generic
converter models for EMT studies. EMT studies allow the detailed analysis of the dynamic behaviour of
converters, transmission lines and other components of HVDC systems under transient events like DC side faults.
They are crucial to analyse the prospective behaviour of future HVDC systems and identify typical or challenging
scenarios. There is an on-going discussion about how to set-up adequate generic models for HVDC systems,
especially concerning the converters and the necessary level of detail for different types of studies. This question
is very important for TSOs who would like to represent the different vendors’ converters adequately in their
analysis. To date there has been no final answer, which generic models will be suitable for certain analysis and
which information is needed from the vendors in this regard.
2.2.2

CONTRIBUTION TO HARMONISATION

PROMOTioN has built on the Cigré model used in Cigré WG B4.69. Within WP2 the model has been restructured
with a more modular set-up to allow flexible system studies. Moreover, the model has been extended with
additional converter types, such as the full-bridge converter, and the associated controls. Furthermore, additional
study cases have been implemented to allow a more comprehensive system analysis. The updated model is now
used in Cigré B4.69 and B4.71 for their studies.
While the developed models allow further system studies, PROMOTioN had no vendor specific models available,
correspondingly no further insights into the derivation of generic models and comparisons to vendor models could
be gained. This is still considered a major open point.
2.2.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.2.

2.3
2.3.1

INTERACTION BETWEEN CONVERTER CONTROLS AND AC LINE PROTECTION
RELEVANCE OF TOPIC FOR HARMONISATION

The increasing integration of HVDC (inter)connected power sources like remote offshore wind farms into the
transmission grid will lead to a change of the AC transmission system behaviour under AC line faults.
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While previously the system behaviour under faults was largely determined by the physical set-up of the system
and the electro-mechanical behaviour of the feeding synchronous generators, the behaviour of the integrated
HVDC converters is defined by their control systems and the ampacity limitations of the used power electronic
equipment. A variety of different control concepts has been proposed especially for asymmetrical fault cases.
However, there is little information available on the impact of the controls on the AC line protection relays and
existing requirements on the controls (e.g. in grid codes) do not cover the time frame relevant for the AC protection
relays to send the tripping signals. AC line protection systems in HVAC transmission grids are expected to trip
within one to two cycles of the fundamental frequency. While the ENTSO-E grid code does not specify the timing
of the fault current contribution, some national implementations specify timings, e.g. in the in the range from 50
ms to 80 ms.

The first occurrences of erroneous operation of distance relays in the vicinity of voltage source converters have
led to a re-evaluation of the proper functionality of common AC protection relays in AC transmission grids close
to the newly integrated converters. The joint Cigré working group WG B5/B4.25 has published a technical
brochure (TB 484) on “Impact of HVDC stations on Protection of AC systems”. This brochure covers in detail the
experiences regarding interaction between line commutated converters (LCCs) and AC line protection. Voltage
source converters have not been covered yet. In contrast to LCCs, VSCs can contribute to the fault current and
the respective contribution can be controlled during the time of fault to some extent, however their contribution is
different from synchronous generators. There is a need to further understand the interaction between the VSC
controls and the AC line protection and harmonise the requirements on each under the changing circumstances.

2.3.2

CONTRIBUTION TO HARMONISATION

While most of the work in PROMOTioN has been focused on the DC side, investigations on the interaction
between different possible VSC controls and existing AC line protection systems in the transmission system have
revealed under which conditions existing controls will lead to mal-operation of distance protection relays and how
the controls influence the measured impedances. Based on the work there is currently a Cigré working group
proposal drafted to complement the work of WG B5/B4.25 with a corresponding analysis of the impact of VSC
HVDC stations on protection of AC systems.
2.3.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.3.
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2.4

2.4.1

(POWER)-HARDWARE-IN-THE-LOOP DEMONSTRATION OF HVDC CONVERTER
CONTROLS
RELEVANCE OF TOPIC FOR HARMONISATION

The control strategy of MMCs belongs to the intellectual property of the manufacturers. While no standardisation
of the interfaces and functionalities has been finalised, methods and systems are needed which enable the user
to test new control concepts and, most importantly, to test the interoperability of different controls in an efficient
and reliable way. To allow these kind of tests, several concepts have been proposed including the integration of
controls as a Dynamic Link Library (DLL) file into simulation software; connection of hardware controller replicas
to real-time simulators and PHIL setups comprising the MMCs as lab-scaled hardware components. For none of
these proposed concepts a standard method has been agreed on yet, a gap regarding adequate standardised
test circuits and interface definitions is still present. Especially for PHIL setups, the interface definition between
the real-time simulator and the hardware remains a challenge. Furthermore, the scaling effects for lab-scaled
PHIL setups must be taken into consideration. The dynamic behaviour of the PHIL systems is not completely
identical to the dynamic behaviour of a respective full-scale system, as the scaling down of impedances of a fullscale system, e.g. for the impedance of a transformer and in particular the cables, remains a challenge as well.

2.4.2

CONTRIBUTION TO HARMONISATION

Within WP 16 of PROMOTioN, the PHIL demonstration of the developed HVDC converter control algorithms as
well as the network model developed in WP2 has been carried out. Suitable PHIL interface algorithms for the
simulation of adjacent AC systems as well as offshore wind farms have been identified, implemented and initial
tests have been carried out.
The capabilities of PHIL testing have been further demonstrated through the black-start energization of a 1-MW
WT converter and its corresponding controller. For the purpose, a co-simulated PHIL test bench was developed
and included the laboratory-scaled hardware replica of the DC system in combination with real-time simulators
and annexed power amplifiers. The controls for the offshore wind farm and respective MMCs were derived and,
thus, validated in this framework. For more information on the co-simulated PHIL test bench for WT converters,
please refer to D11.3.
Thanks to the experience gained in this work for interfacing the real-time simulation with the power hardware,
suitable interface definitions have been identified. A possible approach to face the challenge of the scaling effects
is being considered, where the HVDC converter control parameters are designed to be dependent on the
parameters of the investigated system. The knowledge gathered on the effect that the HVDC converters have on
the damping of the system impedance for the full-scale and the lab-scale systems, when their respective system
parameters are incorporated in the design of the HVDC converter controls are summarised. The experiences
gained will be shared with Cigré B4.85 Interoperability in HVDC systems based on partially open-source software
(a working group set up based on PROMOTioN work) and the PHIL setup from PROMOTioN is envisaged to be
used to test the controls developed in this working group.

7

PROJECT REPORT

2.4.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.4.

2.5

MMC IMPEDANCE DERIVATION

2.5.1

RELEVANCE OF TOPIC FOR HARMONISATION

Some of the early windfarm connections employing full-scale converter wind turbines and MMCs experienced
resonance issues that lead to the partial destruction of the asset and disconnection of components. The cause of
the observed oscillations is attributed to the dynamic interactions between the control systems and the AC grid
(or other power electronic controlled components).
A promising methodology to investigate these harmonic resonance phenomena consists of modelling the power
electronic system in the frequency domain, where traditional control theory can be applied. Several approaches
already exist for analytical modelling MMCs in the frequency domain. Typically, these make use of equivalent
impedance or admittance models. However, analytical impedance models are often based on over-simplified
control systems where certain control loops or component behaviours are neglected.
The work in PROMOTioN focuses on how pre-existing control systems of MMCs – not being developed as a basis
for analytical impedance derivation – can be investigated in the frequency domain for stability studies.
Harmonising the methodology used to measure MMC impedance frequency spectra helps to assess dynamic
interactions between MMCs and other components on a shared basis, thus allowing the use of models from
different parties for stability studies.
2.5.2

CONTRIBUTION TO HARMONISATION

Within WP 16 of PROMOTioN, the frequency response of different MMC control systems and MMC control system
replica is measured. The frequency response is modelled as an impedance and used to validate the (black-box)
modelling of the MMC as frequency-dependent impedance. A frequency scan method is, thus, developed to
measure the MMC impedance in real-time over a specific frequency range. The same method can be applied
both to the simulated (without its analytical model knowledge) and to the hardware replica of MMC control
systems.
The measurement method is developed in such a way that the impedance is determined in real-time at the
moment the measurements are taken, without further data post-processing. From a computational point of view,
this also avoids the need for large voltage and current highly-sampled signal data storage.

The objective for applying the method is the following:


Obtain frequency-domain impedance models based on (black-box) time-domain MMC models



Verify black-box impedance models of manufacturers using hardware control replica

Verifying the black-box model is required to ensure that the simulated impedance matches the hardware controller
replica one. In principle, the resulting frequency-dependent impedances obtained from the black-box model and
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from the replica should match with high confidence in the whole frequency range of interest. However, the nondeterministic behaviour of communication loss or delays happening in a real controller over a given frequency
range can possibly modify its frequency response and, thus, alter its impedance. Hence, by comparing and
validating the frequency spectrum of the black-box impedance model with that of the actual hardware controller
replica or provided time-domain model, the impedance model can be verified.
The validation allows finding instabilities that cannot be otherwise found using the bare black-box model. Once a
model is verified in the frequency of interest, it can be reliably used for further studies such as harmonic interaction
and stability as well as grid compliance verification and integration. The benefit of this method is that the
manufacturer Intellectual property is respected, whilst giving the user full trust into the fidelity of the model. The
approach of the method is to determine the impedance in real-time at the same time the measurements are taken.
This allows the user to directly investigate the impedance during the measurements. In addition, further post
processing such as Fourier transformation requiring voltage and current signals to be saved with high sampling
rates resulting in large data files, can be avoided.
Figure 2 shows the principle of the developed methods when coupled with a device under test (DUT).

Frequency
Generator

Signal
Analyzer

Perturbation
Generator

~
~

DUT

Figure 2: Impedance measuring method [2]

Concerning harmonisation, aligning the measuring reference frame/domain is required when using impedance
models to assess interactions between systems from two different parties (e.g., MMC impedance provided by a
manufacturer and AC grid impedance provided by the transmission system operator). The method described
relies on a positive and negative sequence approach because derived impedances do not have to be aligned on
a common grid angle theta as required by deriving impedances in the dq-frame. Furthermore, parameters such
as the frequency resolution and frequency band, as well as the validity of the derived impedance for which
operation points should be aligned and harmonised.

The proposed frequency scan method developed for real-time applications and usable for both simulated models
and physical test benches is contributed to Cigré WG C4.49 “Multi-frequency stability of converter-based modern
power systems”. Within the working group different investigation methods are discussed for interaction studies.
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2.5.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.5.
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3 HVDC PROTECTION SYSTEMS
3.1
3.1.1

DESIGN OF PROTECTION FOR HVDC SYSTEMS
RELEVANCE OF TOPIC FOR HARMONISATION

HVDC grid protection design may be achieved using multiple strategies and multiple algorithms for fault detection
and discrimination. Furthermore, the different fault clearing strategies impose both varying ratings that are
required for interrupting equipment, and different specifications of interfaces, including interfaces between
protection IEDs and DCCBs. It is important to inform harmonisation organizations of the work that has been done
in classifying these strategies and in describing the algorithms which are available. The harmonisation of these
concepts and definitions is useful towards future standardization (e.g., of interrupting equipment ratings, or
protection IED interfaces) and the resulting multivendor interoperability.
The design of the protection encompasses the choice of suitable fault clearing strategies, protection algorithms,
protection IEDs and interrupting equipment. The main aspects of these design choices are described in detail in
the corresponding fact sheet.
3.1.2

CONTRIBUTION TO HARMONISATION

The HVDC grid protection design relates to the choice of strategies, algorithms, interrupting equipment, protection
algorithms, and has an impact on the grid operation. The optimal choice will depend on the probability of fault
occurrences, desired impact on the connected systems and cost of all protections. The deliverables and papers
presented within the project cover a wide range of related technical topics, and additionally go some way towards
classification of protection system design methods.
Regarding fault clearing strategies, classification has been performed identifying protection philosophies (fully
selective, partially selective and non-selective), which, in combination with identified protection concepts
(permanent stop, temporary stop or continuous operation), allows the protection system designer to gain a
generalised appreciation of the fault clearing strategy and its impact (e.g. on the connected AC systems). These
classifications have already been introduced as input to Cigré JWG B4/A3.80.
Protection algorithms for line fault detection and discrimination have been reviewed and classified according to
their mode of operation (e.g. with or without communication). The classification could be useful for harmonisation
of future protection algorithms, IEDs, and protection schemes, and will be used as input to work within IEC TC95
regarding recommendations for future harmonisation in DC protection. Functional requirements of measurement
equipment may still require harmonisation.
Regarding protection IEDs (devices to execute protection algorithms and provide commands to DCCBs and other
equipment), there are several gaps in harmonisation identified; functional requirements, IED testing, IED
interfaces (measurement sampling frequencies, input/output signals). Some of these topics are covered in other
fact sheets.
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3.1.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.6.

3.2
3.2.1

APPLICATION AND SPECIFICATION OF HVDC CIRCUIT BREAKERS
RELEVANCE OF TOPIC FOR HARMONISATION

DCCBs can be used in a symmetrical monopolar or bipolar HVDC grid with a non-, partially or fully selective fault
clearing strategy. The requirements on the DCCBs are defined by the type of transmission lines, the type of DC
faults to be considered and the expected fault clearing performance. In a future multivendor HVDC system the
system operator will need to have a good understanding of the capabilities of a DCCB, and the manufacturer
should have a standardised means by which to rate their CB. For these reasons, harmonisation in DCCBs is of
clear interest.
3.2.2

CONTRIBUTION TO HARMONISATION

The DC fault response depends on many factors, including the system configuration and grounding scheme, the
type of transmission lines and the adopted protection strategy, e.g. considering fully selective strategies which
achieve continuous operation of the connected converters without blocking.

Based on the fault response, the type of faults to be considered and the adopted protection strategy, three
distinctive application scenarios of DCCBs have been identified based on their requirements on DCCBs.

The first application scenario for DCCBs includes (1) low impedance grounded systems using partially or fully
selective strategies, and (2) high impedance grounded systems requiring DCCBs to deal with both pole-to-pole
and pole-to-ground faults, using partially or fully selective strategies. In such scenarios, fast DCCBs (in the range
of few ms) with short-circuit current interruption capabilities are required since the DCCBs have to be dimensioned
for pole-to-pole faults, which result in sustained high fault currents. The breaker opening time and breaking current
capabilities have to fulfil the DC fault-ride-through (DCFRT) requirements of the converters and to ensure the
stability of the HVDC grid. Relatively large line inductances are typically required to achieve selectivity, limit fault
current and fulfil DCFRT requirements of the converters. These inductors lead to higher requirements on the
energy dissipating capability of the surge arresters installed in the DCCB.

The second application scenario for DCCBs is high impedance grounded cable-based systems requiring DCCBs
to deal with only pole-to-ground faults, using partially or fully selective strategies. Depending on the cost-benefit
analysis, it is possible to use a combination of DCCBs and ACCBs to protect the HVDC system. DCCBs can be
designed to clear pole-to-ground faults only, whereas ACCBs are used to clear pole-to-pole faults, as the
probability of pole-to-pole faults are deemed extremely low. In such scenario, the requirements on the breaker
opening time and breaking current capability can be substantially reduced, as the fault current reaches to a very
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low value in steady-state in symmetric monopole systems. Slow DCCBs (in the range of 20 ms) with load current
interruption capability can therefore be applied. However, there is a trade-off of prolonged overvoltages on the
healthy pole during clearing a pole-to-ground fault, which in turn requires pole rebalancing equipment with a
relatively high energy dissipating capability. In addition, it may take longer for the overall system to recover.

The third application scenario for DCCBs in HVDC systems using a non-selective protection strategy (in which
the method of fault current inturruption results in the whole HVDC network being de-energised), where the DCCBs
are placed at the converter DC-terminals or alternatively at the line end. The required operating speed may be
one order of magnitude lower in such applications, for instance, in the range of 20 ms. Furthermore, the required
energy absorption capability may also be much lower as compared with those used in partially or fully selective
strategies, since very low or no additional line inductance is needed in this application.

This work has been presented to Cigré joint working group A3/B4.80.
3.2.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.7.

3.3
3.3.1

PERFORMANCE EVALUATION OF PROTECTION SYSTEMS
RELEVANCE OF TOPIC FOR HARMONISATION

When developing a protection strategy for an HVDC system there are numerous design choices, many of which
are co-dependent and have various implications (e.g. cost, functionality, impact). When making such design
choices, comparing the implications of each option is clearly essential to enable an informed decision. The
importance of a specific factor is project dependent, however, the means of comparison should be applicable to
all projects. Although existing projects will have used their own methods of benchmarking performance, when we
move towards larger scale and multi-vendor systems, harmonisation of the performance indicators is likely to be
of interest and may be of greater relevance for future projects. Standardisation of Key Performance Indicators
(KPIs) would enable reliable and effective comparison between different protection strategies and also between
different implementations of a particular protection strategy. These KPIs can then be used as input to technoeconomic analysis from which decision making could be performed.
3.3.2

CONTRIBUTION TO HARMONISATION

Within WP4 KPIs were developed with the aim of demonstrating how effectively a protection system achieves key
objectives. The most valuable information for standardisation in this area is the generic definitions – i.e. the
quantities with which to compare – rather than the exact values which should be compared.

Two different categories of KPIs are proposed:
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Effectiveness KPIs: indicate the impacts that the protection strategy execution can cause.
o

Fault Interruption time: time span from the fault occurrence until the fault current interruption within
the protected zone

o

Active Power restoration time: time span from the fault occurrence until the power flow of all
concerned converters is restored and remains within a range of +-10% of its post-fault value.

o

Reactive power restoration time: time from the fault occurrence until the reactive power of an AC
zone is restored and remains within a range of +-10% of its post-fault level.

o

DC Voltage restoration time: time from the fault occurrence until DC grid voltage is restored and
remains within a 10% range of grid nominal voltage

o

Transient Energy imbalance: the difference between the energy that should be exchanged between
the AC zone and the DC grid if the grid were healthy, and the actual energy exchanged by the zone
under fault conditions of the DC grid. The considered time span for calculation of this KPI is the
same as for the active power restoration time.



Failure KPIs: express features related with the non-correct functioning of a protection strategy
o

Primary sequence failure probability: probability that a fault will not be cleared by the primary
sequence.

o

Protection strategy failure probability: probability that a fault will not be cleared by the analysed
protection strategy.

Each KPI has been defined in a robust manner to compare a diverse selection of protection strategies and also
different implementations of those protection strategies. Definitions have been determined to allow comparison
within the deliverable (e.g. in some cases numerical values have been given for comparison purposes), however,
the KPIs can also be used in a generic manner (i.e. without specific numerical values).
It is proposed that these KPIs could be used in order to compare and classify different protection system designs
in future HVDC systems.
3.3.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.8.

3.4
3.4.1

SUBSTATION COMMUNICATION PROTOCOLS FOR MTDC PROTECTION
RELEVANCE OF TOPIC FOR HARMONISATION

The conventional architecture in traditional (AC) substation communication is to use separate systems for
protection, metering and operation. Functions are tied to physical devices and connections to current and voltage
transformers are based on point-to-point (copper) links. This makes such an arrangement inflexible and complex
unless standards are specified. The ‘digital substation’ approach reduces cabling and enables interoperability
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between protection relays. Furthermore, this concept achieves more flexibility and vendor independence by
making use of standardised technologies such as Ethernet. The approach for a digital substation in AC is outlined
in IEC 61850 (Communication networks and systems for power utility automation). An open question is in how far
this standard can be applied to an MTDC substation. To enable a multivendor MTDC substation, which comprises
HVDC protection IEDs from different manufacturers, it is inevitable that the intra substation communication uses
standardised communication protocols at the different Open System Interconnection (OSI) layers.
3.4.2

CONTRIBUTION TO HARMONISATION

The main contribution to harmonisation is a set of possible candidates for fast, reliable, and deterministic
substation communication for multivendor and multi-terminal HVDC protection. One first potential candidate for
inter-IED communication in MTDC protection is HSR (high-availability seamless redundancy as defined in IEC
62439-3). HSR provides bumpless recovery in case of communication failure. However, the number of devices in
an HSR ring is limited due to bandwidth to six devices when using Sampled Value (SV) and a 100 Mbps
communication link. Therefore, modifications might be necessary to achieve the required speed and data
throughput. This is especially the case for DC busbar protection where measurement data from all links is
required. Furthermore, the repeated sending of multicast Generic Object Oriented Substation Event (GOOSE)
messages can lead to high data traffic in the HSR network. A gigabit HSR implementation might be required to
achieve the necessary speed and bandwidth for MTDC protection.

A second potential candidate for inter-IED communication in MTDC protection is EtherCAT. EtherCAT is a flexible,
redundant and efficient protocol. One EtherCAT frame is large enough to contain measured values and binary
information, for example, trip signals. EtherCAT is an efficient protocol because one Ethernet frame is used to
exchange data of all slaves in a daisy-chain fashion. In the case of HSR, different types of messages are used to
exchange those data such as GOOSE or SV.
A comparison of different aspects between the two approaches is shown in the table below.

Communication
principle
Technology
Upper-layer
protocols
Redundancy
Time synchronization
Determinism

ETHERCAT
Summation frame
(Master-Slave)
Full-duplex Ethernet
Different device profiles:
(e.g. CAN application protocol)
Yes, but short switchover time
required
Distributed Clock algorithm
Accuracy: < 1 us
Yes

HSR & PTP
Duplicated frames
(Node-to-Node)
Full-duplex Ethernet
Protocol-independent
Yes (seamless)
Precision Time Protocol
Accuracy: < 1 us
Yes, for highest priority frames

This input is considered relevant for IEC TC57 (Technical Committee responsible for IEC 61850) and CIGRE B5
(Protection and Automation).
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3.4.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.6.

3.5

3.5.1

COMMUNICATION INTERFACES BETWEEN HVDC CIRCUIT BREAKERS AND HVDC
PROTECTION IEDS
RELEVANCE OF TOPIC FOR HARMONISATION

Communication interfaces between AC circuit breakers (ACCBs) and AC protection IEDs have been
standardized. However, unlike ACCBs, some DCCBs provide a variety of functions, such as proactive opening or
fault current limiting (FCL), and self-protection. To enable these functions, the DC protection IEDs are expected
to provide signals steering these functions in addition to a trip command. Interoperability between IEDs and
DCCBs from different vendors is considered feasible, but expected to be more complex than their AC
counterparts, due to the different functions provided by various DCCB technologies. It is therefore crucial to
understand which of the functions are essential to fulfil the requirements imposed in HVDC grid protection, and to
standardize the interfaces between the IEDs and DCCBs to achieve multivendor interoperability between IEDs
and DCCBs provided by different vendors.
3.5.2

CONTRIBUTION TO HARMONISATION

The key proposed contributions to harmonisation include (1) classification of DCCB functions to mandatory and
optional ones. This facilitates standardization on DCCB functions and provides DCCB users a clear view on which
functions could be used. (2) standardized interfaces between IEDs and DCCBs to enable both mandatory and
optional functions of DCCBs.
The mandatory functions should be provided by any DCCB technology. Standardized interfaces between IEDs
and DCCBs are proposed to provide control of both types of functions with a minimal number of signals
possible. The proposed interfaces, shown in Figure 3, are divided accordingly into mandatory and optional ones.
The mandatory interfaces (highlighted in blue in Figure 3) are required for all DCCB technologies to enable the
minimally required DCCB functions. The optional interfaces (highlighted in magenta in Figure 3) are optional for
all DCCB technologies. Any DCCB technology can make use of these interfaces to enable its optional functions
or otherwise disregard them.
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Figure 3: Standardized interfaces between HVDC protection IED and DCCBs ((blue: mandatory, magenta: optional, Np;Nl: the
number of poles and lines).)

Examples of implementation have demonstrated that the proposed interfaces allow various DCCB technologies,
such as the IGBT-based hybrid and resonant injection-based mechanical types, to achieve their designed
functions. The proposed interfaces were shown capable of enabling various DCCB technologies to achieve
multivendor interoperability in a single HVDC grid.
3.5.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.10.

3.6
3.6.1

SPECIFICATION AND FUNCTIONAL TESTING OF HVDC PROTECTION IEDS
RELEVANCE OF TOPIC FOR HARMONISATION

HVDC protection IEDs are under development, but no harmonised specifications, functional requirements or
functional test procedures have been defined – each of which is important to enable effective operation of a future
multivendor protection system. It is proposed that the content provided could be taken as input to future best
practices and harmonisation in this field.
3.6.2

CONTRIBUTION TO HARMONISATION

Given the lack of specifications, functional requirements and tests for evaluating compliance to functional
requirements, work has been performed examining the specification and functional testing of HVDC protection
IEDs. This activity has mainly been focused on the testing of physical HVDC protection IEDs, for which there are
presently no functional requirements or test procedures for evaluating functional performance. Within the
PROMOTioN project test procedures and functional requirements have been proposed and used for testing of
both academic and industrial HVDC protection IED prototypes. It is proposed that similar test procedures would
be a good contribution to future standards to ensure that protection devices within a future multivendor HVDC
system perform as expected and comply with the same regulations and metrics.
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The activity in this topic has contributed to one IEC technical committee, within which a new standardisation
working group has been proposed and will be voted on in the coming months. The proposed activity is a joint
working group on protection elements for LVDC and HVDC, which will produce a report recommending future
standardisation requirements for testing of protective functions in DC systems.
The activity in this topic has contributed to one IEEE SA working group, and elements of the topic will be included
in a recommended practice document.
No contribution was yet made to Cigré B5, even though it was identified that it might be of interest.
3.6.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.11.
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4 DC SWITCHGEAR AND CIRCUIT BREAKERS
4.1

APPROACH TO MODELLING OF HVDC CIRCUIT BREAKERS

4.1.1

RELEVANCE OF TOPIC FOR HARMONISATION

DCCBs have been commercialised recently, but multiple different topologies are available on the market.
Modelling of these new components is a very important stage in all system studies and design. Having DCCB
models of same structure and same inputs/outputs would be of much help to future system designers and
operators.

4.1.2

CONTRIBUTION TO HARMONISATION

In work package 6, Modelling of 3 different DCCB families of technologies has been completed in a coordinated
way. This includes the functional behaviour of hybrid IGBT-based, hybrid thyristor-based, mechanical and VARC
DCCBs and their control and protection systems. High-level models suitable for protection system studies, as well
as detailed models suitable for analysing the stresses on the component and sub-component level have been
developed. The models include all key functions in DCCBs and additional functions like fault current limiting. The
models also describe internal temperature estimation and self-protection functions. In some applications, DCCBs
may include multiple internal branches considering the need for multiple operations in short time, and these
topologies are also presented in the models. The models will be made available publicly as PSCAD models, c.f.
Figure 4.

Figure 4: Model Interfaces in PSCAD
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It is foreseen that the models and modelling approaches including the defined levels of abstraction/detail are
useful input to future standardisation activities regarding HVDC system studies including the effect of DCCBs.
Examples of such studies are switching studies, protection studies, insulation coordination studies and dynamic
studies. To this end, the models will be used in Cigré JWG B4/A3-80 “HVDC Circuit Breakers - Technical
Requirements, Stresses and Testing Methods to investigate the interaction with the system“.

4.1.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.12.

4.2
4.2.1

TESTING OF HVDC CIRCUIT BREAKERS
RELEVANCE OF TOPIC FOR HARMONISATION

DCCBs are an important component in the realisation of HVDC multi-terminal networks. However, before the work
presented within the PROMOTioN project, there were no suitably detailed test methods, test requirements or test
circuits for DCCBs. Also, no DCCB had been independently tested at full power. The operation of DCCBs is
fundamentally different than that of AC circuit-breakers in that it cannot exploit the occurrence of a natural current
zero, and therefore it is forced to dissipate the inductive line energy stored in the network. This makes testing a
challenge, since there are no high-power laboratories that can directly test DCCBs. There is a strong interest from
the industrial partners in PROMOTioN as well as from the industry as a whole in establishing a series of standards
that take into account the verification of every part of the DC fault current interruption process.
4.2.2

CONTRIBUTION TO HARMONISATION

Within the PROMOTioN project, assessment of electrical stress parameters for DCCBs was performed. The
assessment covers dielectric, operational, making and breaking, and endurance stresses, and proposes
terminology for these critical stress parameters based on existing standards. Test methods for examination of DC
fault current interruption in DCCBs were then designed and subsequently demonstrated based on existing
powerful AC generators and auxiliary circuitry, operated at low power frequency. In order to define the proper test
conditions, electrical and thermal stresses on subcomponents of DCCB need to be measured and evaluated.
Separate research oriented tests on experimental DCCBs, independently from manufacturers, were carried out
to define the stresses (electrical, thermal, mechanical) to which various internal key-subcomponents are exposed.
In a next step, based on this, a test program was defined (see below) that takes verification of withstand against
these internal stress into account. This test program has been agreed upon by the manufacturing partners in work
package 10 of PROMOTioN as being applicable for their designs. In a final step, all designs were tested in a highpower laboratory at DNV GL and publicly demonstrated to be able to pass the tests in an equal and technically
viable way.
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The list of requirements, including its rationale, methods to replicate the adequate stresses in a laboratory (testcircuits) and number of actual tests required has been transferred to CIGRE WG B4/A3.80 for background
discussion (pre-standardization) and is being transferred into IEC WG 64 as a basis for a future standard.

Name

Current

Short-Circuit Current Breaking test

#

TC10+

10% of rated continuous

2 tests in positive current direction

2

2 tests in negative current direction

2

2 tests in positive current direction

2

2 tests in negative current direction

2

2 test at specified energy absorption*, positive current

2

current
TC10-

10% of rated continuous
current

TC100+

100% of rated continuous
current

TC100-

100% of rated continuous
current

TF100+

100% of peak fault current

direction
TF100-

100% of peak fault current

2 test at specified energy absorption*, negative current

2

direction
TDT+

TBD

2 test at rated fault current suppression time**, positive

2

current direction
TDT-

TBD

2 test at rated fault current suppression time**, negative

2

current direction
*: Specified energy absorption based on specified value of energy absorption (MJ) of the test-object delivered
**: Rated fault current suppression time based on time and energy parameters as would be present in service
condition
All tests are single opening operations
In all tests, Us (considering 10-15 % overvoltage) will be supplied during 300 ms after main current interruption

4.2.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheets, Section 5.13.

4.3
4.3.1

GIS
RELEVANCE OF TOPIC FOR HARMONISATION

HVDC GIS has been introduced as a promising technology where the benefits of the proven HVDC transmission
and AC gas-insulated switchgear/systems can be combined. The objective of PROMOTioN WP 15 is to develop
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a thorough understanding of technical and operational requirements of DC GIS systems in meshed offshore
HVDC grids, develop and demonstrate monitoring and diagnostic methods, develop meaningful standardized test
programs based on existing standardization work and increase technology readiness level (TRL) of DC GIS
technology from 6 to 8 by demonstrating a full-scale prototype in an independent test lab.

4.3.2

CONTRIBUTION TO HARMONISATION

Due to the lack of standardisation of HVDC GIS, WP 15 includes prototype installation test, novel approaches of
partial discharge (PD) measurements and eco-efficient SF6 alternatives for HVDC GIS, while contributing to
standardise testing DC GIS for power transmission at a rated voltage of 550 kV and higher.
The proposed prototype installation test covers three types of load conditions with both DC voltage polarities. The
320 kV DC GIS test pole consists of different forms of busbars, disconnectors, earthing switches, bushing and
build-in instrument transformers. The tests involve continuous DC stress (20% above rated value), impulse voltage
tests, polarity reversal tests, superimposed impulse voltage tests, DC and AC PD measurement and a full rated
current thermal stress. Detailed test specification and program, test requirement and test procedure were
published. The work has been contributed to several Cigré working groups (JWG B1/B3/D1.79, JWG D1/B3.57,
WG D1.63, WG D1.67) and to IEC standardisation activities in IEC TC 17/17C and TC 99 (5 separate activities).
Note that Cigré JWG B1/B3/D1.79 was created based upon PROMOTioN work. Eventually, DC GIS demonstrates
the technology will be well suitable for commercial HVDC station application.
4.3.3

ASSOCIATED FACT SHEET

The full detail of this harmonisation activity can be found in the associated fact sheet, Section 5.15.
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5 SUMMARY AND CONCLUSION
Based on the experiences and knowledge gained in PROMOTioN, there are a lot of aspects where further
harmonisation and standardisation could help facilitate the development of MTDC grids. A simple and basic
standardisation that could go a long way is an agreement on standard voltage levels for the DC side. At the same
time, the main components, technologies and tools for designing and building such grids are readily available.

This document has focused on the harmonisation topics related to HVDC systems, encompassing HVDC control,
HVDC protection, DCCBs and HVDC GIS. Within these topics significant contributions have been made to a wide
range of harmonisation groups; IEEE, IEC, Cigré and CENELEC. At least 27 working groups or other technical
harmonisation activities have been contributed to, including the creation of 4 groups. It is hoped that this preharmonisation and harmonisation work will allow the extensive research and development that has been
performed within the PROMOTioN project to influence future HVDC systems and reduce the barrier to an eventual
European multiterminal HVDC system.
The information contained in the fact sheets in the following appendix provide the technical details required to
gain a reasonable understanding of the topics for future or ongoing harmonisation activity. Given that the
harmonisation activity continues after the submission of this deliverable, fact sheets will be updated on the
PROMOTioN website where appropriate. Contact details for the technical lead of each topic can be found on each
fact sheet.
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APPENDIX: FACT SHEETS
5.1

FACT SHEET (REF SECTION 2.1)
Terminology and functional specifications for
HVDC systems

Topic of work
Specification of the required and possible functionalities of HVDC systems to facilitate large-scale integration
of HVDC systems and future multi-terminal HVDC systems, including the definition of consistent terminology
for all aspects concerning HVDC systems
Target harmonisation organisation(s)/working group(s)/task force(s)


Electropedia (Technical Committee 1 of the IEC) | Contribution has been made during an update
phase of the HVDC terms in Electropedia (September 2018)



CENELEC TC 8X/WG06: System Aspects of HVDC Grids | Contribution has been made as a liaison
partner working actively in the process of finalising the document



Cigré Working groups B4 | Contribution has been made by active members from PROMOTioN

Key proposed contribution to harmonisation
Improvement of terminology and functional specifications for HVDC systems based on the manifold aspects
studied in PROMOTioN
Why interesting for harmonisation
To be able to specify HVDC systems and their functionalities there has to be a consistent set of terminology
that is clear and of consistent meaning to all relevant parties. As there has been a lot of recent development
in the field of converter technology, potential network topologies, protection systems etc. the terminology is
still under development. It should be ensured that the terminology used in different working groups and
standardisation bodies is aligned. Moreover, most of the existing HVDC systems are point-to-point
independent systems integrated into AC systems, based on the requirements at the AC side. To facilitate the
development of future multi-terminal HVDC systems integrating different vendors as is common in AC
systems, a clear definition of the requirements on and functionalities of the HVDC system has to be given. As
the technology is still developing a technology independent description is necessary. There is little
standardisation for HVDC systems with regard to their functionality. A still perceived gap is further
specifications of the functionality of the converter controls to facilitate interconnection of different vendor
systems.
Summary of relevant content
Within the course of PROMOTioN there have been detailed discussions on aspects of ,e.g.:
-

Control of HVDC systems

-

Wind farm controls

-

Protection System Design and Functionalities

-

HVDC Breaker design, functionalities and testing
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-

The system intergation of these aspects

These discussions took into account the existing definitions and specifications, e.g. from the CENELEC
TC8X WG06 or different Cigré and IEC groups related to the corresponding field of topic. The documents
HVDC Grid Systems and connected Converter Stations - Guideline and Parameter Lists for Functional
Specifications - Part 1: Guidelines & Part 2: Parameter Lists prepared by the working group CENELEC TC
8X/WG06 are the first available documents specifying terminology, functionalities and parameters on both the
AC and DC side in a very comprehensive way. In total, over 150 comments by PROMOTioN partners on the
document were gathered and discussed with the working group. Most of the comments were incorporated
into the document, e.g. several section were adapted to reflect the main impact factors on the DC side design
or the applicable sequences to be taken in case of faults.
Moreover, based on the involvement in several harmonization groups concerned with HVDC, PROMOTioN
partners indicated overlap or conflicting definitions in the different groups. One prominent example of different
classifications is with regard to protection strategies. CENELEC TC8X defines “Fault separation concepts” at
specified interfaces, which state the impact on the controllability and/or interruption of power exchange at these
interfaces during faults in specific protection zones of the DC system. Cigré TB 739 defines three “Fault clearing
strategies” which are based on the positioning of components that interrupt the fault current. The differences
between the concepts have been pointed out to each working group and led to some rework of the definitions.

Relevant deliverables or publications and availability (e.g. public <by certain date where applicable>)


www.electropedia.org – New HVDC terminology not yet available ( Status: 30 October 2019)



FprTS_50654-1 & FprTS_50654-2 HVDC Grid Systems and connected Converter Stations Guideline and Parameter Lists for Functional Specifications - Part 1: Guidelines & Part 2: Parameter
Lists - public, can be purchased

Main author and contact details, other contributors
c.brantl@iaew.rwth-aachen.de

5.2

FACT SHEET (REF SECTION 2.2)

Converter and HVDC Grid Modelling for EMT
Studies
Topic of work
Designing converter and grid models for investigation of operation and control of HVDC systems especially
under fault conditions
Target harmonisation organisation(s)/working group(s)/task force(s)
Model update from PROMOTioN is now used in the following Cigré working groups
-

B4.71 Application guide for the insulation coordination of Voltage Source Converter HVDC (VSC
HVDC) stations
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-

B4.69 Minimizing loss of transmitted power by VSC during Overhead line fault

Key proposed contribution to harmonisation
The Type 4 detailed equivalent converter model developed in Cigre B4.57 has been
-

restructured in a modular way to facilitate the adaption of the model to different case studies

-

extended with additional converter types, i.e. the full-bridge converter and associated controls

-

complemented with additional components, libraries and cases studies

Why interesting for harmonisation
The identification of suitable HVDC system models for different types of system studies is an on-going activity.
The Cigré benchmark network developed by Cigré WG B4.57 has constituted a first step in designing generic
converter models for EMT studies. EMT studies allow the detailed analysis of the behaviour of converters,
transmission lines and other components of HVDC systems under transient events like DC side faults. They
are crucial to analyse the prospective behaviour of future HVDC systems and identify typical or challenging
scenarios. There is an on-going discussion about how to set-up adequate generic models for HVDC systems,
especially concerning the converters and the necessary level of detail for different types of studies. This
question is very important for TSOs who would like to represent the different vendors’ converters adequately
in their analysis. To date there has been no final answer, which generic models will be suitable for certain
analysis and which information is needed from the vendors in this regard.
Summary of relevant content
PROMOTioN has built on the Cigré model used in Cigré WG B4.69. Within WP2 the model has been
restructured with a more modular set-up to allow flexible system studies. Moreover, the model has been
extended with additional converter types, i.e. the full-bridge converter and the associated controls.
Furthermore, additional study cases have been implemented to allow a more comprehensive system
analysis. Figure 5 shows some exemplary converter library components.

EMT-Models
Full Bridge

Half Bridge
AC

AC

AC

DC
GND

M

AC

_

Outputs

+

AC

+

DC
GND

-

Outputs

Figure 5: Exemplary Converter Library Components

The updated model is now used in Cigré B4.69 and B4.71 for their studies. It is under discussion, if and how
the model could be published to the general public.
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While the developed models allow further system studies, PROMOTioN had no vendor specific models
available, correspondingly no further insights into the derivation of generic models and comparisons to
vendor models could be gained. This is still considered a major open point.

Relevant deliverables or publications and availability (e.g. public <by certain date where applicable>)
All relevant deliverables are confidential to the project consortium. It is under discussion if and how the model
could be published to the general public.
Main author and contact details, other contributors
Christina Brantl, RWTH Aachen University, c.brantl@iaew.rwth-aachen.de
Philipp Ruffing, RWTH Aachen University, p.ruffing@iaew.rwth-aachen.de

5.3

FACT SHEET (REF SECTION 2.3)

Interaction between converter controls and AC
line protection
Topic of work
Evaluation of functionality of AC line protection relays like distance protection and differential protection
considering different MMC converter control objectives during AC line faults
Target harmonisation organisation(s)/working group(s)/task force(s)
-

Cigré B5 Protection & Automation: Draft of working group proposal initiated

Key proposed contribution to harmonisation
Identification of main interaction aspects between converter control and AC line protection to initiate
harmonisation on the requirements between the two.
Why interesting for harmonisation
While the existing AC line protection functionality was based on the physical behaviour of the AC transmission
grid and the connected synchronous generators, the behaviour of the AC transmission system under AC side
faults is changing due to increased integration HVDC connected power plants like offshore wind farms. The
newly integrated converters are mainly of VSC type and can contribute to the fault current. The contribution is
governed by the controls and a variety of different control concepts has been proposed especially for
asymmetrical fault cases. However, there is little information available on the impact of the controls on the AC
line protection relays and existing requirements on the controls (e.g. in grid codes) do not cover the time frame
relevant for the AC protection relays to send the tripping signals. The joint Cigré working group WG B5/B4.25
has published a technical brochure (TB 484) on “Impact of HVDC stations on Protection of AC systems”. This
brochure covers in detail the experiences regarding interaction between line commutated converters (LCCs)
and AC line protection. Voltage source converters have not been covered yet. In contrast to LCCs, VSCs can
contribute to the fault current, however their contribution is different from synchronous generators. There is a
need to further understand the interaction between the VSC controls and the AC line protection and harmonise
the requirements on each under the changing circumstances.
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Summary of relevant content
While most of the work in PROMOTioN has been focused on the DC side, investigations on the interaction
between different possible VSC controls and existing AC line protection systems in the transmission system
have revealed under which conditions existing controls will lead to mal-operation of distance protection relays
and how the controls influence the measured impedances.

In a first step existing requirements on the controls under fault conditions were analysed:
A general requirement given in the ENTSO-E grid is for the converter to stay connected to the transmission
grid during voltage sags at its AC point of connection (PoC) for a certain voltage level and time. With regard to
the fault current contribution, the ENTSO-E’s HVDC grid code demands the capability of fast fault current
contribution for symmetrical (3-phase) faults if specified by the system operator. The requirement to provide
asymmetrical current injection in the case of asymmetrical faults is left open. The fault current contribution has
been further specified in some national implementations, most of which now require reactive fault current
contribution to support the voltage. Furthermore, detailed requirements are for example given in the published
German implementation including separate specifications for positive and negative sequence and the
respective timings: The rise time to 90 % of the required additional reactive current should be below 50 ms and
the settling time should be smaller than 80 ms. However, line protection systems in HVAC transmission grids
are expected to trip within one to two cycles of the fundamental frequency, so the given specifications do not
cover the relevant time frame.

Therefore in a second step different control concepts were implemented and their interaction with both distance
protection relays and differential protection relays under different network and fault conditions were evaluated.
The control concepts cover both negative sequence current suppression and dedicated negative sequence
current injections.

While modern VSCs, like MMCs, are designed for high voltage and high-power applications, offer flexible
control over active and reactive power and are able to adjust the positive and negative sequence currents, the
capabilities under fault conditions are limited. MMCs will always be limited in their current contribution to
approximately their rated current, have a delay in fault current contribution and the discussed controls will lead
to uncharacteristic current profiles.

Based on the given results the use of basic distance protection relay functions is not advised, if the MMC is the
only source of short circuit current for a relay, as the relay might trip delayed or not at all, leading to a loss of
selectivity. The differential protection works selectively in all analysed cases.

Based on the work there is currently a Cigré working group proposal drafted to complement the work of WG
B5/B4.25 with a corresponding analysis of the impact of VSC HVDC stations on Protection of AC systems to
ensure the proper functionality of AC line protection concepts under the increased integration of HVDC
systems.
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Relevant deliverables or publications and availability (e.g. public <by certain date where applicable>)
C. Brantl, P. Ruffing and R. Puffer, “Application of line protection relays in high voltage AC transmission grids
considering the capabilities and limitations of connected MMCs”, The 15th International Conference on
Developments in Power System Protection, Liverpool, March 2020
Main author and contact details, other contributors
Christina Brantl, RWTH Aachen University, c.brantl@iaew.rwth-aachen.de

5.4

FACT SHEET (REF SECTION 2.4)

(POWER-) HARDWARE-IN-THE-LOOP
DEMONSTRATION OF HVDC CONVERTER
CONTROLS
Topic of work
Proposed HVDC converter control algorithms and network topologies need to be demonstrated in order to gain
experience and to increase the technology readiness level (TRL) of the relevant technology. Due to several
reasons, such as high costs and missing infrastructure, demonstration with full-scale systems can be carried
out for limited cases only. Power-hardware-in-the-loop systems consisting of hardware HVDC components and
real time simulations present an efficient alternative, where close to reality demonstrations can be carried out.
However, certain aspects of PHiL methods remain a challenge and a continuous research and several
investigations are done to face these challenges.
Target harmonisation organisation(s)/working group(s)/task force(s)
Cigré WG B4.85 “Interoperability in HVDC systems based on partially open-source software” – Use of the
developed PHIL system to demonstrate the control concepts.
Key proposed contribution to harmonisation
Development of framework for PHIL systems to allow the investigation of control concepts. This includes:
-

Discussion and implementation of suitable interface algorithms.

-

Investigation of approaches to consider scaling effects.

Why interesting for harmonisation
The PHiL system demonstration allows close to reality demonstration of the developed control concepts and
various network topologies. By identifying proper PHiL interface algorithms, weak AC grids and OWF rated at
the rated power of the HVDC converter can be demonstrated. Furthermore, by considering the system
parameters of the investigated system in the HVDC converter controls, the same damping response and
dynamic behaviour of the demonstrated system and its respective full-scale system can be achieved. This
enables a closer to reality investigation of the interactions between the HVDC converter controls and the
interaction between the HVDC converters and the emulated offshore wind farms.
Summary of relevant content
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Within WP 16 of PROMOTioN, the PHiL demonstration of the developed HVDC converter control algorithms
as well as the network developed in WP2 has been carried out. Suitable PHIL Interface algorithms for the
simulation of adjacent AC systems as well as offshore wind farms have been identified, implemented and
initial tests have been carried out. To analyse the differences between a simulated full-scale model and its
respective PHiL implementation, the Ideal Transformer Method (ITM) is initially used, whose main advantage
is its high accuracy. The ITM method implemented for the coupling of the simulated OWF is shown in
Figure 6.

Figure 6 - PHiL implementation of the simulated OWF

For the emulation of weak AC grids, mainly the Damping Impedance Model is used, as it shows higher
stability but lower accuracy when compared to ITM. The stability and accuracy of the DIM are dependent on
the equivalent impedance of the hardware HVDC converters. As the HVDC converters are nonlinear
components and their equivalent impedance depends also on the operating point, i.e. the transferred active
power on the DC grid, the implementation of the PHIL interface algorithm remains a challenge. One approach
to ensure stability of such DIM interface algorithm, would be the implementation of a variable impedance that
is adjusted according to the working point of the HVDC converter. Furthermore, solutions are being
investigated with regard to the use of proper measurement filters that reduce the measurement noise and
have a minimal impact on the dynamic behaviour of the system.
Another difference between the simulated full-scale model and its respective PHiL implementation is the
damping effect of the system impedances. The scaling down of the system impedances remains a challenge.
Regarding this point, a control algorithm that considers the system parameters is being investigated, which
will contribute to the reduction of the differences regarding the dynamic behaviour between the simulated fullscale model and its PHiL implementation.
Relevant deliverables or publications and availability (e.g. public <by certain date where applicable>)
Loku, “Demonstration of Multi-terminal DC Grid Integration with an MMC Test Bench” –Cigre2020
Conference – under review
Loku, “Demonstration of Offshore Wind Integration with an MMC Test Bench featuring Power-Hardware-inthe-Loop Simulation” – Wind Energy Science Journal, Special Issue: Wind Energy Science Conference under review
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[1] D16.3: Overview of the conducted tests, the results and the associated analyses with respect to the
research questions and analyses within WP3.

Main author and contact details, other contributors
Fisnik Loku, Email: f.loku@iaew.rwth-aachen.de

5.5

FACT SHEET (REF SECTION 2.5)
MMC Impedance Derivation

Topic of work
The dynamic interaction between VSC-MMCs and the AC power grid can be described in the frequency domain
and evaluated using the impedance-based stability criterion. In this framework, the MMC is modelled as a
frequency-dependent impedance. Within WP 16 of PROMOTioN analytical- [1] and measurement-based
derivations of MMC models are investigated [2][3]. The presented method uses a measurement-based approach
because of its practical advantage in various applications.
Target harmonisation organisation(s)/working group(s)/task force(s)
Cigré WG C4.49 “Multi-frequency stability of converter-based modern power systems”
Key proposed contribution to harmonisation
A frequency scan method is proposed to obtain the frequency-dependent impedance of active components such
as MMCs. The method is developed for real time applications and can be used to measure the frequencydependent impedance of simulated models as well as of physical test benches.
The obtained impedances can be fitted to rational models represented by poles and residues for harmonic
resonance studies. With them, the harmonic stability can be evaluated over a specified frequency range.
Why interesting for harmonisation
Several approaches exist for modelling MMCs in the frequency domain analytically by means of impedance or
admittance models. However, analytically impedance models are often based on simplified control systems where
certain control loops are neglected. The work in PROMOTioN focuses on how pre-existing control systems of
MMCs – not being developed as basis for analytical impedance derivation – can be investigated in the frequency
domain for stability studies. For instance, models based on black-box time-domain MMC models can be obtained
or black-box impedance models of manufacturers can be validated by comparing the frequency spectrum of the
black-box impedance model with that of the actual hardware controller replica. Harmonising methods to derive
MMC impedances will help to assess dynamic interactions between VSC-MMCs and other components on a
common basis, allowing to use models from different parties for stability studies.
Summary of relevant content
Within WP 16 of PROMOTioN the frequency response of pre-existing control systems for MMCs are extracted
and used for modelling the MMC as frequency-dependent impedance. A measurement and frequency scan
method is developed to obtain the MMC impedance in real-time over the specified frequency range [2]. The
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method can be applied both to simulated as well as to physical laboratory converters or control replica. The
main principle of the method is to determine the impedance in real-time at the same time the measurements are
taken. This allows the user to directly investigate the impedance during the measurements. In addition, further
post processing such as Fourier transformation requiring voltage and current signals to be saved with high
sampling rates resulting in large data files can be avoided. Figure 2 shows the principle of the developed
methods when coupled with a device under test (DUT).

Frequency
Generator

Signal
Analyzer

Perturbation
Generator

~
~

DUT

Figure 7: Impedance measuring method [2]
A series of perturbation frequencies fpert is used as input for the perturbation generator and the signal analyser.
A current perturbation or voltage perturbation can be used depending on the device under test. The sinusoidal
output signal
voltage source with

of the perturbation generator is used as input for a current source with
=

=

or a

. An additional current source or voltage source at grid frequency sets the grid

operation point, respectively. Simultaneously, the signal analyser applies a discrete Fourier transform over a
moving window on the measured voltage and current according to the perturbation frequency. By defining a
fundamental of 1 Hz for the Fourier transform, every integer frequency can be evaluated by a moving window
with 𝑇 > 1𝑠 to complete one period of the Fourier integral. Using the subsequent measurement samples, the
measurement duration is set between 1 s and 2 s. In addition, the 1 s delay, decays any potential transients
excited by the perturbations. The output data is subsequently used to determine the impedance of the DUT
according to the perturbation frequency applied at the moment.
The MMC Test Bench Laboratory at RWTH Aachen University is used to analyse factors influencing the MMC
impedance of physical MMCs. Figure 8 shows the setup for measuring the impedance of the MMC Test Bench
at RWTH Aachen University by means of the method described above.
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Figure 8: MMC Test Bench setup for MMC impedance derivation
In addition to the physical measurements, the MMC impedance is obtained using a simulated MMC Test Bench
model, having the same control system as the MMC Test Bench. Figure 9 shows the MMC impedance of the
MMC Test Bench and the simulated MMC Test Bench model in grid forming control mode.

Figure 9: MMC impedance of MMC Test Bench and simulated MMC
Using rational approximation tools such as Vector Fitting with the measured frequency domain data, the MMC
impedance can be expressed by a rational model. Figure 10 shows the impedances of the MMC Test Bench
represented by the measured data and the fitted transfer function of order 20.
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Figure 10: MMC Test Bench measurement and transfer function
With respect to harmonisation, aligning the measuring frame/domain is required when using impedance models
to assess interactions between systems from two different parties (e.g. MMC impedance provided by a
manufacturer and AC grid impedance provided by the transmission system operator). The method described in
this fact sheet relies on a sequence domain approach because derived impedances do not have to be aligned
on a common grid angle theta as required by deriving impedances in the dq-frame. Furthermore, parameters
such as the frequency resolution and frequency band as well as the validity of the derived impedance for which
operation points should be aligned and harmonised.

Relevant deliverables or publications and availability (e.g. public <by certain date where applicable>)
[1] PROMOTioN D16.5: Implementation of an Analytical Method for Analysis of Harmonic Resonance
Phenomena (public by M54, June 2020).
[2] Quester,”Online Impedance Measurement of a Modular Multilevel Converter”, ISGT Europe conference,
Bucharest, 2019.
[3]. Y. Sun, C. Buchhagen and M. Greve, “Impedance Modelling and Simulation of Wind Turbines for Power
System Harmonic Analysis,” in Wind Integration Workshop (WIW) Session 3A-1, Berlin, 2017.

Main author and contact details, other contributors
Matthias Quester, RWTH Aachen University.
Alessandro Iannarelli, DNV GL Energy - Alessandro.Iannarelli@dnvgl.com

5.6

FACT SHEET (REF SECTION 3.1)
Design of protection for HVDC systems
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Topic of work
Protection should be designed such that it detects abnormal situations and such that it provides the correct
countermeasures to avoid damage to equipment or extended loss of service. This document discusses the
part of the power system protection that deals with dc-side short-circuit faults.
Target harmonisation organisation(s)/working group(s)/task force(s)
Harmonisation bodies are at the moment finishing (CENELEC TC8X) or have finished (CIGRE B4/B5-59).
Potential active working groups of interests would be:
-

CIGRE JWG B4/A3-80 HVDC Circuit Breakers - Technical Requirements, Stresses and Testing
Methods to investigate the interaction with the system

-

CIGRE JWG B4/B1/C4.73 – “Surge and extended overvoltage testing of HVDC Cable Systems”
(Potential input to final brochure)

-

IEC TC95 WG on DC protection (testing)

Key proposed contribution to harmonisation
The key proposed contributions to harmonisation are (i) harmonised terminology related to protection
philosophies and fault clearing strategies, (ii) an overview and classification of protection algorithms (i.e.
discriminating between the non-unit ones, unit ones, algorithms for selective fault clearing strategies/nonselective fault clearing strategies), (iii) requirements on protection IEDs and interfaces and (iv) requirements
for DC switchgear based on different fault clearing strategies. The PROMOtioN project has brought all these
aspects together, which allows future system designers to make sound design choices.
Why interesting for harmonisation
HVDC grid protection design may be done using multiple strategies and multiple algorithms for fault detection
and discrimination. Furthermore, the different fault clearing strategies impose different required ratings for
interrupting equipment, may entail interactions between equipment (e.g., DCCBs and overvoltage reduction)
and different interfaces for protection IEDs. It is important to inform harmonisation organizations of the work
that has been done in classifying these strategies and in describing the algorithms which are available. The
harmonisation of these concepts and definitions is useful towards future standardization (e.g., of interrupting
equipment ratings, or protection IED interfaces) and the resulting multivendor interoperability.
Summary of relevant content
The design of the protection encompasses the choice of suitable fault clearing strategies, protection
algorithms, protection IEDs and interrupting equipment. The main design factors for each aspect, the relevant
interactions between them and gaps in standardization are described below.
Fault clearing strategies
The strategies found in literature are classified according to the adopted protection philosophy (fully selective,
partially selective and non-selective), which indicates the extent of the system which is affected, and
according to the adopted protection concepts within each protection zone (permanent stop, temporary stop or
continuous operation), which indicates the time during which the system is affected in fault clearing. In
general, the impact of a certain strategy, applied to a DC grid or part of a DC grid, on the connected AC or
DC grids can be reduced by increasing the selectivity in fault clearing at the DC side, reducing the fault
clearing time at the same level of selectivity or a combination of both. As an alternative, the use of a certain
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strategy can be extended by changing the underlying AC grid, e.g., by contracting a higher amount of
frequency reserves. The optimal choice will depend on probability of fault occurrences, equipment cost and
(cost of) impact on the connected systems.
Protection algorithms
The overview of protection algorithms shows that these algorithms operate mainly on traveling waves and
may use a scheme without or with communication. This means that algorithms must make use of highbandwidth measurements sampled at a high frequency. The algorithms not using communication rely on an
impedance between the protection zones, which, for HVDC grids, may be provided by an inductor in series
with the DCCB. For algorithms using communication, the algorithms may employ a traveling-wave differential
or directional-comparison protection scheme and must rely on a fast communication channel, such as a
dedicated fibre optic cable.
Gaps in the harmonization of protection algorithms are functional requirements on measurement equipment
which should serve as an input to the protection IEDs (and hence provide the inputs needed for the
protection algorithms).
Protection IEDs
Protection IEDs must detect and identify faults based on the implemented algorithms, and take appropriate
actions such as tripping DCCBs, informing nearby HVDC converters about DC-side faults or sending
information to remote locations. Gaps in standardization or harmonization for protection IEDs are found in
functional requirements, IED testing, IED interfaces (measurement sampling frequencies, input/output
signals) (see also corresponding fact sheets).
Interrupting equipment
Different equipment can be used to interrupt DC-side short-circuit fault currents; AC circuit breakers (located
at the converter’s AC-side), DCCBs, AC/DC or DC/DC converters with fault blocking capability.
DCCBs differ from AC circuit breakers, and the different DCCB technologies also differ in functionality.
Potential functionalities are (besides breaking and making currents) pro-active opening, fast O-C-O cycles or
fault current limiting. It is important that all these functionalities are well understood, and that IEDs are able to
operate all these functionalities (i.e., that IED interfaces exist such that these functionalities may be used).
For converters with fault blocking capability, it is important that the methods of interrupting the dc-side fault
(controlled/uncontrolled fault blocking) as well as the way to interrupt the fault (i.e., the fault blocking control)
is harmonized, such that a multi-vendor protection scheme can be conceived.
PROMOTioN has also investigated pole rebalancing, DC breaker interruption requirements and occurring
over-voltages on cables during pole-to-ground faults in symmetrical monopolar grids. The design trade-offs of
an effective strategy with respect to DC breaker duties and pole rebalancing equipment have been discussed
within the PROMOTioN project. These may be tested against the cable overvoltage withstand capabilities, to
design a cost-effective HVDC grid.
Summary
The HVDC grid protection design relates to the choice of strategies, algorithms, interrupting equipment,
protection algorithms, and has an impact on the grid operation. The optimal choice will depend on the
probability of fault occurrences, desired impact on the connected systems and cost of all protections.
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Relevant deliverables or publications and availability (e.g. public <by certain date where applicable>)
Deliverables
-

D4.2 - Broad comparison of fault clearing strategies for DC grids (publicly available) (link)

-

D4.5 - Requirements for DC switchgear

Publications
-

Leterme, Willem; Jahn, Ilka; Ruffing, Philipp; Sharifabadi, Kamran; Van Hertem, Dirk; 2019.
Designing for High-Voltage dc Grid Protection: Fault Clearing Strategies and Protection Algorithms.
IEEE Power and Energy Magazine; 2019; Vol. 17; iss. 3; pp. 73 – 81 (link)

-

Wang, Mian; Jovcic, Dragan; Leterme, Willem; Van Hertem, Dirk; Zaja, Mario; Jahn, Ilka; 2019. Prestandardisation of Interfaces between DC Circuit Breaker and Intelligent Electronic Device to Enable
Multivendor Interoperability. CIGRE Aalborg Symposium; 2019 (link)

-

Leterme, Willem; Wang, Mian; Chaffey, Geraint; Van Hertem, Dirk; 2019. HVDC Grid Protection
Algorithm Performance Assessment. Proc. CIGRE Symposium Aalborg; 2019 (link)

-

Leterme, Willem; Wang, Mian; Van Hertem, Dirk; 2018. Fault Discrimination in HVDC Grids with
Reduced Use of HVDC Circuit Breakers. 2018 IEEE POWER & ENERGY SOCIETY GENERAL
MEETING (PESGM); 2018; Vol. 2018-August (link)

-

Wang, Mian; Leterme, Willem; Beerten, Jef; Van Hertem, Dirk; 2018. Using fault current limiting
mode of a hybrid DC breaker. Proceedings in the 14th International Conference on Developments in
Power System Protection; 2018 Publisher: Institution of Engineering and Technology (link)

-

Wang, Mian; Abedrabbo, Mudar; Leterme, Willem; Van Hertem, Dirk; Spallarossa, Claudia; Oukaili,
Samer; Grammatikos, Ioannis; Kuroda, Kenichi; 2017. A Review on AC and DC Protection
Equipment and Technologies: Towards Multivendor Solution. Cigré Winnipeg 2017 Colloquium;
2017 (link)

-

Wang, Mian; Leterme, Willem; Chaffey, Geraint; Beerten, Jef; Van Hertem, Dirk; 2018. Pole
Rebalancing Methods for Pole-to-ground Faults in Symmetrical Monopolar HVDC Grids. IEEE
Transactions on Power Delivery; 2018; Vol. 34; iss. 1; pp. 188 – 197 (link)

-

Wang, M; Leterme, W; Chaffey, G; Beerten, J; Van Hertem, D; 2019. Protection and pole voltage
rebalancing for pole-to-ground faults in symmetrical monopolar HVDC grids. IET Conference
Publications; 2019; Vol. 2019; iss. CP751 Publisher: IET (link)

-

Wang, Mian; Beerten, Jef; Van Hertem, Dirk; 2019. Pole Voltage Balancing in HVDC Systems:
Analysis and Technology Options. IEEE PES PowerTech 2019; 2019 Publisher: IEEE (link)

Main author and contact details, other contributors
Willem Leterme (KU Leuven), willem.leterme@esat.kuleuven.be
Geraint Chaffey (KU Leuven), Christina Brantl (RWTH Aachen)

5.7

FACT SHEET (REF SECTION 3.2)
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Application and specification of HVDC circuit
breakers
Topic of work
Various DCCB technologies with a wide range of functions and capabilities have been developed in recent
years. It is necessary to define the specifications of the DCCBs to ensure successful HVDC grid protection in
its intended application scenario.
Target harmonisation organisation(s)/working group(s)/task force(s)
-

Cigré joint working group B4/A3.80 HVDC Circuit Breakers

Key proposed contribution to harmonisation
The main contributions of this work is (1) to classify DCCBs into different types which can be used in different
application scenarios. This helps the users to select DCCBs according to the desired application scenarios.
(2) to propose a generic approach to specify functional requirements of DCCBs in a fully selective protection
strategy. The proposed approach can be used to derive specifications of DCCBs for any given HVDC
systems using a fully selective protection strategy.
Why interesting for harmonisation
On the one hand, the state-of-the-art DCCB technologies provide a variety of functions and a wide range of
operation capabilities. For instance, some of the hybrid DCCBs are capable of proactive opening, fault
current limiting and self-protection, in addition to fault current interruption function. Depending on the breaker
technology, the breaker opening time have a range from μs to about 10 ms; and the breaking current
capability varies from few kA to 25 kA. On the other hand, DCCBs can be used in non-selective, partially
selective, and fully selective fault clearing strategies. Each of these strategies may entail different
requirements on the DCCBs. Therefore, it is necessary to identify the scenarios in which DCCBs will and can
be applied and to define the corresponding specifications to ensure successful protection.
Summary of relevant content
DCCBs can be used in a symmetrical monopolar or bipolar HVDC grid with a non-, partially or fully selective
fault clearing strategy. The requirements on the DCCBs are defined by the type of transmission lines, the
type of DC faults to be considered and the expected fault clearing performance.

DC fault response depends on system configuration and grounding scheme, the type of transmission lines
and the adopted protection strategy. In low impedance grounded systems, such as a bipolar configuration or
asymmetrical monopolar configuration, both pole-to-pole and pole-to-ground faults result in a high fault
current and a low voltage. By contrast, in high impedance grounded systems, such as a symmetrical
monopolar configuration, the fault current for pole-to-ground faults has a large value transiently, but reaches
to a very low value in steady-state. Meanwhile, the faulted pole experiences a very low voltage; however, the
healthy pole is subjected to a persistent overvoltage without any countermeasures. In addition, cable-based
HVDC systems lead to a higher rate-of-rise of the current due to cable discharge, as compared with
overhead line based systems. Furthermore, the adopted protection strategy influences the fault behaviour
primarily due to the additional line inductances used in conjunction with DCCBs. Typically, line inductances in
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the range of tens to hundreds of mH have to be applied to limit the rate-of-rise and the peak of the fault
current in partially or fully selective strategies.
The likelihood of the different types of faults is primarily determined by the type of the transmission lines.
The occurrence of both pole-to-pole and pole-to-ground faults are likely in overhead line based HVDC
systems. However, the occurrence of pole-to-pole faults is generally deemed very unlikely in cable-based
HVDC systems. The protection system can be designed considering the likelihood and severity of different
types of faults and the cost-benefit of using certain protection strategies with various (or a combination) of
protection equipment.

Based on the fault response, the type of faults to be considered and the adopted protection strategy, three
distinctive application scenarios of DCCBs have been identified based on their requirements on DCCBs.

The first application scenario for DCCBs includes (1) low impedance grounded systems using partially or fully
selective strategies, and (2) high impedance grounded systems requiring DCCBs to deal with both pole-topole and pole-to-ground faults, using partially or fully selective strategies. In such scenarios, fast DCCBs (in
the range of few ms) with short-circuit current interruption capabilities are required since the DCCBs have to
be dimensioned for pole-to-pole faults, which result in sustained high fault currents. The breaker opening time
and breaking current capabilities have to fulfil the DC fault-ride-through (DCFRT) requirements of the
converters and to ensure the stability of the HVDC grid. Relatively large line inductances are typically
required to achieve selectivity, limit fault current and fulfil DCFRT requirements of the converters. These
inductors lead to higher requirements on the energy dissipating capability of the surge arresters installed in
the DCCB.
The second application scenario for DCCBs is high impedance grounded cable-based systems requiring
DCCBs to deal with only pole-to-ground faults, using partially or fully selective strategies. Depending on the
cost-benefit analysis, it is possible to use a combination of DCCBs and ACCBs to protect the HVDC system.
DCCBs can be designed to clear pole-to-ground faults only, whereas ACCBs are used to clear pole-to-pole
faults, as the probability of pole-to-pole faults are deemed extremely low. In such scenario, the requirements
on the breaker opening time and breaking current capability can be substantially reduced, as the fault current
reaches to a very low value in steady-state in symmetric monopole systems. Slow DCCBs (in the range of 20
ms) with load current interruption capability can therefore be applied. However, there is a trade-off of
prolonged overvoltages on the healthy pole during clearing a pole-to-ground fault, which in turn requires pole
rebalancing equipment with a relatively high energy dissipating capability. In addition, it may take longer for
the overall system to recover.

The third application scenario for DCCBs in HVDC systems using a non-selective protection strategy, where
the DCCBs are placed at the converter DC-terminals or conjunctively at the line end. The required operating
speed may be one order lower in such application, for instance, in the range of 20 ms. Furthermore, the
required energy absorption capability may also be much lower as compared with those used in partially or
fully selective strategies, since very low or no additional line inductance is needed in this application.
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Relevant deliverables or publications and availability (e.g. public <by certain date where applicable>)
Deliverables
-

D4.2 - Broad comparison of fault clearing strategies for DC grids (publicly available) (link)

-

D4.5 – Requirements for DC switchgear (publicly available)

Publications
-

Wang, Mian ; Leterme, Willem ; Beerten, Jef ; Van Hertem, Dirk, “Using fault current limiting mode of
a hybrid DC breaker”, Institution of Engineering and Technology, The Journal of engineering; 2018;
Vol. 2018; iss. 15; pp. 818 – 823. (link)

-

Wang, Mian; Leterme, Willem; Chaffey, Geraint; Beerten, Jef; Van Hertem, Dirk; 2018. Pole
Rebalancing Methods for Pole-to-ground Faults in Symmetrical Monopolar HVDC Grids. IEEE
Transactions on Power Delivery; 2018; Vol. 34; iss. 1; pp. 188 – 197 (link)

-

Leterme, Willem; Wang, Mian; Van Hertem, Dirk, “Fault Discrimination in HVDC Grids with Reduced
Use of HVDC Circuit Breakers”,https://lirias.kuleuven.be/handle/123456789/617315 IEEE
PESGM, 5-10 Aug., 2018. (link)

-

Abedrabbo, Mudar ; Leterme, Willem ; Van Hertem, Dirk, “Systematic Approach to HVDC Circuit
Breaker Sizing”, IEEE Transactions on Power Delivery; 2019 (link)

-

A. Bertinato, J. C. Gonzales, D. Loume, C. Creusot, and B. Luscan, “Development of a protection
strategy for future DC networks based on low-speed DC circuit breakers,” in Cigré Paris Session,
Paris, France, 26–31 Aug. 2018. (link)

Main author and contact details, other contributors
Mian Wang (KU Leuven), mian.wang@kuleuven.be

5.8

FACT SHEET (REF SECTION 3.3)
Performance evaluation of HVDC protection
systems

Topic of work
Definition of criteria for evaluation and comparison of HVDC grid protection strategies
Target harmonisation organisation(s)/working group(s)/task force(s)
IEC/TC115/WG15
Key proposed contribution to harmonisation
In order to evaluate protection strategies performance and to establish thresholds of minimum performance
some metrics must be defined. These metrics are referred as the Key Performance Indicators (KPI). The
proposed KPIs are specific for DC protection strategies and must be based on metrics that are not dependent
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on the parameters or topology of the AC systems connected to the DC grid. Three categories of KPIs have
been identified: Efficiency, Failure and Economic indicators. Effectiveness indicators are the KPIs related to
how the protection strategy manages the fault clearing process and the grid restoration. Failure indicators are
KPIs that assess features related to the malfunctioning of a protection strategy. Economic indicators are
related to investment cost and operational costs. In this document only efficiency and failure indicators are
presented.
Why interesting for harmonisation
Given the numerous options for protection strategies found in literature and under study on the WP4 it is
important to have a methodology to compare between different options. It is also important to define the
pertinent criteria in a protection strategies evaluation.
Summary of relevant content
In order to measure the performance of the protection strategies, Key Performance Indicators (KPI) are
defined. Two different categories of KPIs are proposed:
 Effectiveness KPIs: indicate the impacts that the protection strategy execution can cause.
o Fault Interruption time: time span from the fault occurrence until the fault current interruption within
the protected zone - Figure 11.
o Active Power restoration time: time span from the fault occurrence until the power flow of all
concerned converters is restored and remains within a range of +-10% of the nominal power - Figure
12.
o Reactive power restoration time: time from the fault occurrence until the reactive power of an AC zone
is restored and remains within a range of +-10% the nominal power - Figure 13.
o DC Voltage restoration time: time from the fault occurrence until DC grid voltage is restored and
remains within a ±10% range of grid nominal voltage - Figure 14.
o Transient Energy imbalance: the difference between the energy that should be exchanged between
the AC zone and the DC grid if the grid were healthy, and the actual energy exchanged by the zone
under fault conditions of the DC grid. The considered time span for calculation of this KPI is the same
as for the active power restoration time - Figure 15.

Figure 11: Fault interruption time

Figure 12: Active power restoration time
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Figure 14: Voltage restoration time
Figure 13: Reactive power restoration time

Figure 15: Transient energy imbalance

 Failure KPIs: express features related with the non-correct functioning of a protection strategy. During the
protection sequence it is possible that some actions might fail and the protection does not fulfil the expected
performance. The expected performance of the protection is the correct execution of the primary sequence.
However, since the protection is not perfectly reliable, three mutually exclusive outcomes are considered
possible: the primary sequence clears the fault, a backup sequence clears the fault or all sequences fail to
clear the fault. Two failure KPIs are proposed according to the estimated occurrence rate of each outcome:
o Primary sequence failure probability: probability that a fault will not be cleared by the primary
sequence.
o Protection strategy failure probability: probability that a fault will not be cleared by the analyzed
protection strategy.
A protection strategy failure means the failure of both the primary and backup sequences to clear the
fault. In practice, a failure of the protection would lead to the opening of all the AC breakers connected to
the converter stations, leading to very long temporary stop of the exchanged power.

Effectiveness KPIs are calculated using fault simulations in the WP4 grid benchmark for protection strategies
assessment. The Failure KPIs are estimated using reliability data and the Monte Carlo method as presented
in the WP4.2 report. An overall summary of the KPIs developed is provided in Figure 16.

42

PROJECT REPORT

Figure 1: Summary of key performance indicators for HVDC grids

Relevant deliverables or publications
D4.2 Broad comparison of fault clearing strategies for DC grids.
FMEA of a non-selective fault-clearing strategy for HVDC grids – G. D. Freitas, A. Bertinato, B. Raison, E.
Niel, O. Despouys.15th IET International Conference on AC and DC Power Transmission (ACDC 2019),
2019.
Assessment methodology and performance indicators for HVDC grid protection strategies. G. D. Freitas, , A.
Bertinato, B. Raison, E. Niel, S. Poullain, B. Luscan.4th International Conference on Developments in Power
System (DPSP 2018), 2018, Belfort, UK.
HVDC grids protection strategies comparison method. G. D. Freitas, A. Bertinato, S. Poullain, B. Luscan, E.
Niel, B. Raison. Symposium de Genie Electrique (SGE 2020), 2020, Nantes, France
Assessment of protection strategy options for future DC grids. A. Bertinato, G. D. Freitas, S. Poullain, B.
Ismail, O. Despouys, P. Ruffing, D. Van Hertem. CIGRE 2020, Paris, France
Main author and contact details, other contributors
Guilherme Dantas de Freitas, SuperGrid Institute, guilherme.dantasdefreitas@supergrid-institute.com
Alberto Bertinato, SuperGrid Institute, alberto.bertinato@supergrid-institute.com
Bertrand Raison, Université Grenoble Alpes, bertrand.raison@univ-grenoble-alpes.fr
Olivier Desouys, RTE, olivier.despouys@rte-france.com

5.9

FACT SHEET (REF SECTION 3.4)

Substation communication protocols for MTDC
protection
Topic of work
Identification of suitable communication protocols for fast, deterministic and redundant substation communication
for multiterminal high-voltage direct-current (HVDC) protection (MTDC protection)
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Target harmonisation organisation(s)/working group(s)/task force(s)
IEC TC57 (Technical Committee responsible for IEC 61850), CIGRE B5 (Protection and Automation)
Key proposed contribution to harmonisation
The main contribution to harmonisation is a set of possible candidates for fast, reliable, and deterministic
substation communication for multivendor and multiterminal HVDC protection.
Why interesting for harmonisation
To enable a multivendor MTDC substation, which comprises HVDC protection IEDs from different manufacturers,
it is inevitable that the intra substation communication uses standardised communication protocols at the different
OSI layers. The information in this fact sheet summarises the PROMOTioN work, which could be taken as input to
future best practices and harmonisation.
Summary of relevant content
The conventional architecture in traditional (AC) substation communication is to use separate systems for
protection, metering and operation. Functions are tied to physical devices and connections to current and voltage
transformers are based on point-to-point (copper) links. This makes such an arrangement inflexible
and complex unless standards are specified. The ‘digital substation’ approach shall reduce cabling and enable
interoperability between protection relays. Furthermore, this concept achieves more flexibility and vendor
independence by making use of standardised technologies such as Ethernet. The approach for a digital substation
in AC is outlined in IEC 61850 (Communication networks and systems for power utility automation). An open
question is in how far this standard can be applied to an MTDC substation.

Possible substation arrangements for MTDC are shown in Fig. 1:

(a) Central IED

(b) Decentral communicating IEDs

Figure 1: Example substation arrangements in MTDC [1]

One first potential candidate for inter-IED communication in MTDC protection is HSR (high-availability seamless
redundancy as defined in IEC 62439-3). HSR provides bumpless recovery in case of communication failure.
However, the number of devices in an HSR ring is limited due to bandwidth to six devices when using SV and a
100 Mbps communication link. Therefore, modifications might be necessary to achieve the required speed and
data throughput. This is especially the case for DC busbar protection where measurement data from all links is
required. Furthermore, the repeated sending of multicast GOOSE messages can lead to high data traffic in the
HSR network. A gigabit HSR implementation might be required to achieve the necessary speed and bandwidth for
MTDC protection.
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A second potential candidate for inter-IED communication in MTDC protection is EtherCAT. EtherCAT is a flexible,
redundant and efficient protocol. One EtherCAT frame is large enough to contain measured values and binary
information, for example, trip signals. EtherCAT is an efficient protocol because one Ethernet
frame is used to exchange data of all slaves in a daisy-chain fashion. In the case of HSR, different types of
messages are used to exchange those data such as GOOSE or SV. Furthermore, EtherCAT provides a
mechanism for time synchronisation, and, being an open standard, it is favourable for vendor interoperability.

A possible IEC 61850 compatible substation architecture using fast protocols is shown in Fig. 2.

Figure 2: Substation architecture with combined merging unit (MU) and IED [1]

Considering a decentralized protection architecture within the MTDC substation (shown in Fig. 1b), a dedicated IED
is employed per protection object and requires measurements and status and command signals from the instrument
transformers and breakers, respectively. The measurements and signals are expected to be communicated over an
intra-station communication network at the process-level. Certain requirements are imposed on this intra-station
communication network with regards to redundancy, time synchronisation and determinism. A redundant
communication channel is essential for communicating protection related information, such as analog measurements
and breaker commands, in order to guarantee a reliable protection system. HVDC protection requires that the
redundancy is achieved in a seamless fashion meaning zero-switchover time. If a short switchover time between the
different communication paths is needed, then the inherently imposed time delay may not affect the overall protection
performance in terms of the general speed requirement. Time synchronisation is of importance for protection
schemes that require measurements from different nodes in the communication network in order to assure time
alignment between the data. The time synchronisation accuracy between the network nodes should be below 1 us.
Lastly, a deterministic communication channel is crucial for HVDC protection schemes. It is important that the
queuing delay at each node in the communication network is bounded, so that a worst-case communication delay
can be guaranteed. Based on these requirements, two protocols have been selected, namely Ethernet for Control
Automation Technology (EtherCAT) and High-availability Seamless Redundancy (HSR) together with the Precision
Time Protocol (PTP). The conceptual integration of these two communication solutions for an intra-station
communication network is shown in Fig. 3.
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Figure 3: Conceptual integration of EtherCAT and HSR for intra-station communication for HVDC grid protection [2]

EtherCAT is standardized in IEC 61158 and can be characterised as a hardware-augmented real-time Ethernetbased communication protocol. The communication principle of EtherCAT is based on a Master-Slave concept,
which utilises a summation frame to communicate between the EtherCAT master and EtherCAT slaves (nodes) in
the network. This summation frame represents a standard IEEE 802.3 Ethernet frame that is forwarded from node
to node in a daisy-chain fashion and data is written and read from the passing frame on-the-fly. This kind of frame
processing is achieved by dedicated implementations on Application Specific Integrated Circuits (ASICs) or Fieldprogrammable Gate Arrays (FPGAs) in order to guarantee a minimum frame forwarding delay at each EtherCAT
slave. Thus, a deterministic communication behaviour is achieved. The currently used transmission speed is 100
Mbit/s, but in the future Gigabit Ethernet can be considered to be the standard. In addition, cable redundancy is
achieved by the EtherCAT master by forwarding the data through the second Ethernet port to those EtherCAT slaves
that are not reachable through the first Ethernet port. This process might require a short switchover time. Moreover,
time synchronisation of the network nodes is achieved through the Distributed Clock synchronisation method of
EtherCAT that can achieve an accuracy of below 1 us. The EtherCAT protocol has previously been used in HVDC
stations for the communication between I/O units and the main computer at up to 10 kHz.
On the other hand, the HSR protocol utilises a node-to-node communication principle and is inherently based on a
full-duplex Ethernet ring topology. The HSR protocol is standardised in IEC 62439-3 and has mostly been used at
process-level networks for AC substations. Furthermore, redundancy of the communication channel is achieved by
the fact that the sending node duplicates each Ethernet frame that is being published and sends the respective copy
of the frame through the two respective Ethernet ports of each node. Thus, one copy of the Ethernet frame is being
forwarded in each direction of the ring network. The forwarding principle at each node, also called Double Attached
Node for HSR (DANH), uses cut-through switching in order to limit the communication delay. The receiving node
forwards the first received Ethernet frame to the upper communication layers, while the second received Ethernet
frame is discarded. The distinction between associated frames is made based on a special HSR header information,
which is inserted right after the MAC source address and thereby changes the standard Ethernet frame structure.
Therefore, the DANH are usually implemented on dedicated hardware such as FPGA. Additionally, time
synchronisation of all the nodes in the HSR ring is achieved by PTP with hardware-timestamping. This
synchronisation method over the communication channel guarantees an accuracy of below 1 us. Having all DANH
synchronised in the network, a deterministic communication channel can be established for the high priority traffic,
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such as measurements and breaker commands. Another advantage of HSR is its protocol-independency for higher
level protocols, which allows the usage of standardized application layer protocols, such as Sampled Value (SV) or
Generic-object Oriented Substation Event (GOOSE) protocols.

The comparison between the two approaches is shown in the table below.
Communication
principle
Technology
Upper-layer
protocols
Redundancy
Time synchronization
Determinism

ETHERCAT

HSR & PTP

Summation frame
(Master-Slave)
Full-duplex Ethernet
Different device profiles:
(e.g. CAN application protocol)
Yes, but short switchover time
required
Distributed Clock algorithm
Accuracy: < 1 us
Yes

Duplicated frames
(Node-to-Node)
Full-duplex Ethernet
Protocol-independent
Yes (seamless)
Precision Time Protocol
Accuracy: < 1 us
Yes, for highest priority frames

Relevant deliverables or publications
[1] I. Jahn, F. Hohn, and S. Norrga, "Impact of measurement and communication aspects on protection of
multi-terminal DC grids," IET J. Eng., vol. 2018, no. 15, pp. 1146-1149, Oct. 2018. Published.
Main author and contact details, other contributors
Ilka Jahn, KTH, ilka@kth.se
Fabian Hohn, KTH;

5.10 FACT SHEET (REF SECTION 3.5)
Communication interfaces between HVDC circuit
breakers and HVDC protection IEDs
Topic of work
New functions are emerging in a HVDC grid as compared to point-to-point HVDC links or AC power systems.
As a consequence, it is necessary to define communication interfaces between key DC-side components to
enable these functions and to ensure interoperability in a multi-vendor environment. One important aspect is
the communication interfaces between intelligent electronic devices (IEDs) and DC circuit breakers (DCCBs).
Target harmonisation organisation(s)/working group(s)/task force(s)
-

Cigre joint working group B4/A3.80 HVDC circuit breakers

Key proposed contribution to harmonisation
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The key proposed contributions to harmonisation include (1) classification of DCCB functions to mandatory
and optional ones. This facilitates standardisation on DCCB functions and provides DCCB users a clear view
on which functions could be used. (2) standardized interfaces between IEDs and DCCBs to enable both
mandatory and optional functions of DCCBs.
Why interesting for harmonisation
Communication interfaces between AC circuit breakers (ACCBs) and AC protection IEDs have been
standardized. However, unlike ACCBs, some DCCBs provide a variety of functions, such as proactive
opening or fault current limiting (FCL), and self-protection. To enable these functions, the DC protection IEDs
are expected to provide signals steering these functions in addition to a trip command. Interoperability
between IEDs and DCCBs from different vendors is considered feasible, but expected to be more complex
than their AC counterparts, due to the different functions provided by various DCCB technologies. It is
therefore crucial to understand which of the functions are essential to fulfil the requirements imposed in
HVDC grid protection, and to standardize the interfaces between the IEDs and DCCBs to achieve
multivendor interoperability between IEDs and DCCBs provided by different vendors.
Summary of relevant content
DCCBs functions are classified into mandatory and optional functions. The mandatory functions should be
provided by any DCCB technology, whereas, the optional functions are not required by all DCCB
technologies. Standardized interfaces between IEDs and DCCBs are proposed to provide control of both
types of functions with a minimal number of signals possible. The proposed interfaces, shown in Figure 17,
are divided into mandatory and optional ones. The mandatory interfaces (highlighted in blue in Figure 17) are
required for all DCCB technologies to enable the mandatory DCCB functions. The optional interfaces
(highlighted in magenta in Figure 17) are optional for all DCCB technologies. Any DCCB technology can
make use of these interfaces to enable its optional functions or otherwise disregard them.

Figure 17 standardized interfaces between HVDC protection IED and DCCBs ((blue: mandatory, magenta:
optional, Np;Nl: the number of poles and lines).)
Examples of implementation have demonstrated that the proposed interfaces allow various DCCB
technologies, such as the IGBT-based hybrid and resonant injection-based mechanical types, to achieve
their designed functions. The proposed interfaces were shown capable of enabling various DCCB
technologies to achieve multivendor interoperability in a single HVDC grid.
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Relevant deliverables or publications
M. Wang, D. Jovcic, W. Leterme, D. Van Hertem, M. Zaja, I. Jahn, “Pre-standardisation of Interfaces between
DC Circuit Breaker and Intelligent Electronic Device to Enable Multivendor Interoperability”, In Proc. Cigrè
Aalborg 2019 Symposium, Aalborg, Denmark, 4 - 7 June, 2019, 18 pages (link)

Main author and contact details, other contributors
Mian Wang (KU Leuven), mian.wang@kuleuven.be

5.11 FACT SHEET (REF SECTION 3.6)
Specification and Functional Testing of HVDC
Protection IEDs
Topic of work
Definition of functional specifications for HVDC protection IEDs, and associated methods for testing IED
functional performance.
Target harmonisation organisation(s)/working group(s)/task force(s)
IEC TC95. CIGRE B5. IEEE Standards Association recommended practice P2004.
Key proposed contribution to harmonisation
This work has defined functional specifications, functional requirements and associated test procedures for
evaluation of functional performance relating to HVDC protection IEDs. Similar specifications and functional
test procedures will be required to ensure acceptable performance of protection devices in future multivendor
HVDC networks.
Why interesting for harmonisation
HVDC protection IEDs are under development, but no harmonised specifications, functional requirements or
functional test procedures have been defined – each of which is important to enable effective operation of a
future multivendor protection system. The information in this fact sheet summarises the PROMOTioN work
which could be taken as input to future best practices and harmonisation.
Summary of relevant content
Test procedures have been developed to assess the functional performance of an HVDC protection IED [1].
The first tests developed can be considered ‘unit testing’, and have similarities with ‘functional type testing’ and
‘dynamic validation type testing’ within standards that already exist for testing of AC protection IEDs. Functional
type tests using synthesised waveforms are developed to examine the accuracy of the algorithm characteristic,
Figure 1. Dynamic validation type tests using power system simulation of example test networks have then
been developed, Figure 2. Several protection IEDs (one open-source and one industrial prototype) have been
tested using the proposed test procedures [1, 2].
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(b) characteristic testing for travelling wave
(a) characteristic testing for dv/dt algorithm

based algorithm

(c) Example test routine

Figure 1: Example routines for functional type testing of HVDC IEDs [1]

(a) Example A with converter at bus

(b) Example B with no converter at bus

Figure 2: Example test networks for dynamic validation type testing of HVDC IEDs [1]

Functional specifications for HVDC protection IEDs are also under development, aiming to better define
performance requirements and specifications [3, 4], in particular looking towards future open-source protection
systems and structures [5].
Testing of an HVDC protection IED within a protection system is also required to examine the whole system
operation and such testing will be performed in future WP9 testing [6]. This work focuses on two aspects. First,
the IED performance and interoperability in a multivendor protection system is examined in both a partially
selective [7] and fully selective protection system [8]. It has been demonstrated that – in the presented cases
– a multivendor HVDC protection system can perform well and within functional requirements that are in line
with typical expectations for HVDC protection [7, 8]. Secondly, the analysis of the performance of the overall
protection system will be analysed, considering the key performance indicators used elsewhere in the project
(and described in another harmonisation fact sheet) and analysing the overall performance and system impact
of the protection system.
Relevant deliverables or publications
[1] Requirements for functional testing of HVDC protection IEDs – G. Chaffey, I. Jahn, R. Loenders, W.
Leterme, M. Wang, F. Z. Dejene, S. Norrga and D. Van Hertem. Cigré B4 Colloquium 2019. Published.
[2] Testing and Performance of an Industrial HVDC Protection Relay – G. Chaffey, W. Leterme, D. Van Hertem,
F. Page, K. Ishida, K. Kuroda. To be published.
[3] HVDC Grid Protection Algorithm Performance Assessment – W Leterme, M Wang, G Chaffey, D Van
Hertem. Proc. CIGRE Symposium Aalborg. 2019. Published.
[4] Pre-standardisation of Interfaces between DC Circuit Breaker and Intelligent Electronic Device to Enable
Multivendor Interoperability – M Wang, D Jovcic, W Leterme, D Van Hertem, M Zaja, I Jahn. Proc. CIGRE
Symposium Aalborg. 2019. Published.
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[5] Functional Specifications for IEDs in Open-Source MTDC Protection – I. Jahn, F. Hohn, K. Sharifabadi, M.
Wang, G. Chaffey, S. Norrga. IET DPSP 2020. Published.
[6] PROMOTioN WP9 deliverables and publications – forthcoming (focus on system testing). To be published
by September 2020.
[7] Demonstration of Partially Selective HVDC Grid Protection System with Hardware-in-the-loop IEDs – I
Cowan et al. IET DPSP 2020. Published.
[8] Multi-vendor interoperability tests of IEDs for HVDC grid protection – M Wang et al. IET DPSP 2020.
Published.
Main author and contact details, other contributors
Geraint Chaffey, KU Leuven, geraint.chaffey@kuleuven.be
Ilka Jahn, KTH; Willem Leterme, KU Leuven; Mian Wang, KU Leuven.

5.12 FACT SHEET (REF SECTION 4.1)

Approach to modelling of HVDC circuit breakers
Topic of work
Modelling of 3 different DCCB technologies has been completed in a coordinated way. The topologies
considered represent 3 families of DCCBs which are under development by manufacturers and some have
been implemented. Models are developed to various levels of complexity. The simplest model has a structure
which represents all 3 topologies.
Target harmonisation organisation(s)/working group(s)/task force(s)
Cigré JWG B4/A3-80 “HVDC Circuit Breakers - Technical Requirements, Stresses and Testing Methods to
investigate the interaction with the system“. The models will be used in this working group.

Key proposed contribution to harmonisation
DCCB have been commercialised recently, but multiple different topologies are available on the market. Having
DCCB models of same structure and same inputs/outputs would be of much help to future system designers
and operators.
Why interesting for harmonisation
There are multiple DCCB manufacturers worldwide and DCCB technologies are substantially different.
Harmonisation will help develop interoperability and multivendor systems. Modelling is a very important stage
in all system studies and design. Common model formats, interfaces, and model verification approaches will
help future designers and operators.
Summary of relevant content
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Modelling of 3 different DCCB families of technologies has been completed in a coordinated way. The
models include all key functions in DCCBs and additional functions according to the considered type of
breaker.
Depending on the level of simplification, the models include:
-

Load current branch,

-

Main breaker branch,

-

Energy absorption branch,

-

Internal temperature estimation for semiconductors where applicable,

-

Control and self-protection functions,

-

Residual current breaker,

-

Breaker status monitoring,

Additional functionalities considered, where applicable, are:
-

Fault current limiting

-

Multiple internal branches, considering the need for multiple operations in short time

For these detailed models a list of relevant test cases, which cover a wide range of DCCB functionalities has
been compiled and a corresponding test environment has been designed. The developed models have then
been tested on this test system.
The test cases include the following
-

Opening on maximum fault current,

-

Opening on low load current,

-

Closing on load current,

-

Repeated open-close operation,

-

Opening under reverse fault current direction,

-

Operation without trip signal – low impedance fault,

-

Operation without trip signal – high-impedance faults,

-

Operation with different system parameters,

The PSCAD models and the test environment will be made available for download. Corresponding
information will be uploaded on the PROMOTioN Homepage: www.promotion-offshore.net.

As the previously discussed models are very detailed, their use for larger grid studies leads to high
calculation times for the corresponding simulative investigations. The ongoing work [9] therefore aims to
present a single (but simple) DCCB model which will be suitable for a wide range of DCCB topologies.

Relevant deliverables or publications and availability (e.g. public <by certain date where applicable>)
1.

D Jovcic and M.H. Hedayati “DC Chopper based test circuit for high voltage DC circuit breakers” IET
ACDC Power transmission, Manchester, February 2017, DOI: 10.1049/cp.2017.0030

2.

A. Jamshidifar and D Jovcic “Modelling of Hybrid DC Circuit Breaker Based on Phase-Control
Thyristors”, IEEE PES GM, Chicago, July 2017.
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3.

F. P. Page at all. “Mechanical Circuit Breaker Modelling for System-level, Real-time Protection
System Simulations” CIGRE B4 colloquium, Winnipeg 2017,

4.

A. Jamshidifar, D Jovcic. M Popov and S. Liu “ Modelling and Comparison of Common
Functionalities of HVDC Circuit Breakers” IEEE PES GM 2018.

5.

M. Wang, D. Jovcic, W. Leterme, D. Van Hertem, M. Zaja, I. Jahn “Pre-standardisation of Interfaces
between DC Circuit Breaker and Intelligent Electronic Device to Enable Multivendor Interoperability”,
CIGRE Alborg, June 2019,

6.

S. Liu, M. Popov: Development of HVDC System-level Mechanical Circuit Breaker Model,
International Journal of Electric Power And Energy Systems

7.

Liu, S., Liu, Z., de Jesus Chavez, J., & Popov, M. “Mechanical DC circuit breaker model for real time
simulations”. International Journal of Electrical Power & Energy Systems, 107, 2019, 110-119.

8.

WP6 “Development of standard DC CB verification plan and RTDS models”, Promotion public
deliverable December 2017.

9.

Mario Zaja, Dragan Jovcic, Linash Kunjumuhammed, Kazuyori Tahata, Takashi Inagaki, Simon
Nee, “Generic and simplified HV DC circuit breaker models for grid-level studies” IEEE PES GM
2020, Montreal, August 2020. .

Main author and contact details, other contributors
Dragan Jovcic
University of Aberdeen,
d.jovcic@abdn.ac.uk

Simon Nee,
SciBreak, AB,
Sweden
Kazuyori Tahata, Takashi Inagaki, Linash Kunjumuhammed
Mitsubishi Electric Corporation, Japan
See above for individual publications.

5.13 FACT SHEET (REF SECTION 4.2)
Test Environment for HVDC Circuit Breakers
Topic of work
Development of test method, generic test requirements and demonstration of test circuits for qualifying HVDC
circuit breaker (DCCB) technology. In particular, a test procedure and test circuit have been developed and
demonstrated for testing the DC short-circuit current interruption capability.
Target harmonisation organisation(s)/working group(s)/task force(s)
Active participation in pre-standardization:
•

CIGRE JWG A3B4.34 (2014-2017) on HVDC switchgear (incl. DCCBs)

•

CIGRE WG A3.40 (2018-2021) on MVDC systems and switchgear

53

PROJECT REPORT

•

CIGRE JWG B4A3.80 (2019-2022) on HVDC circuit breaker requirements

Active participation in IEC standardization activities in IEC TC 17/17A:
•

IEC AHG4 (2016-2017), on market relevance of HVDC switchgear

•

IEC AHG60 (2017-2018), on existing standards of HVDC switchgear



IEC 62271-314 (2019 - ), WG 65 standardization of HVDC transfer switches



IEC 62271-316 (2019 - ), WG 64 standardization on HVDC circuit breakers

Key proposed contribution to harmonisation
Within WP5 of the PROMOTioN project, a comprehensive assessment of electrical stress parameters for
DCCBs were developed based on system simulation studies. The assessment covers dielectric, operational,
making and breaking, and endurance stresses, and proposes terminology for these critical stress parameters
based on existing standards. A test circuit for breaking tests, based on low-frequency short-circuit generators
is selected, developed and demonstrated which can recreate every stage of the interruption process (fault
current rise, current zero creation, counter-voltage generation, overvoltage withstand, energy absorption and
DC recovery voltage withstand). The test circuit and methods are used in WP10 to demonstrate the DC fault
current interruption capability of full-scale prototypes of commercially available DCCB technologies.
This list of requirements, including its rationale, methods to replicate the adequate stresses in a laboratory
(test-circuits) and number of actual tests required has been transferred to CIGRE WG B4A3.80 for
background discussion (pre-standardization) and is being transferred into IEC WG 64 as a basis for a future
standard.
Why interesting for harmonisation
There is a strong interest from the industrial WP5 partners as well as from the industry as a whole in establishing
a series of standards that take into account the verification of every part of DCCB lifetime stresses. The
electrical system test requirements developed, and the experiences gathered in WP5 are being transferred
into the international standardization activities.

Summary of relevant content
DCCBs are important components in the realisation of HVDC multi-terminal networks. To date, DCCBs exist
only as prototypes in development laboratories of several manufacturers and their operation has been
verified internally. In order to qualify the technology for use, agreed testing requirements, procedures and
methods must be developed and standardized. In WP5, the stresses that different DCCB technologies are
exposed to during fault current interruption were studied by simulation and translated into test requirements.
Different test circuits capable of recreating these stresses were studied and compared. Finally, test circuit
was designed and demonstrated to test DCCBs with existing AC short-circuit generators operated at lowfrequency and auxiliary circuitry such as capacitor installations for synthetic testing.
Relevant deliverables or publications and availability
N. A. Belda, C. A. Plet and R.P.P. Smeets, “Analysis of Faults in Multi-terminal HVDC Grids for Definition of
Test Requirements of HVDC Circuit Breakers”
N. A. Belda, C. A. Plet, R.P.P. Smeets and R. Nijman, “Stress Analysis of HVDC Circuit Breakers for Defining
Test Requirements and its Implementation”
N.A. Belda, C.A. Plet, R.P.P. Smeets, “Full-Power Test of HVDC Circuit-Breakers with AC Short-Circuit
Generators Operated at low Power Frequency”, IEEE Trans. On Pow. Del., Vol. 54. Issue 5, pp.1843 – 1852,
2019
N. A. Belda, R. P. P. Smeets, “Test Circuits for HVDC Circuit Breakers”, IEEE Trans. On Pow. Del. Vol. 32,
Issue 1, pp. 285 - 293
Plus 6 project deliverables (2016-2018):
Deliverable 5.1: HVDC Network Fault Analysis
Deliverable 5.3: Fault Stress Analysis of HVDC Circuit Breakers
Deliverable 5.4: Documents on test requirements
Deliverable 5.5: Documents on test procedures
Deliverable 5.6: Software and analysis report on candidate test-circuits and their effectiveness
Deliverable 5.7: Realization of Test Environment for HVDC Circuit Breakers
Main author and contact details, other contributors
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C.A. Plet, DNV GL, Utrechtseweg 310, 6812 AR Arnhem, Netherlands
Cornelis.plet@dnvgl.com, +31-611524083
N.A. Belda, KEMA Labs, Klingelbeekseweg 195, R11, 6812 DE Arnhem, Netherlands
nadew.belda@kema.com, +31-687309531
R.P.P. Smeets, KEMA Labs, Klingelbeekseweg 195, R11, 6812 DE Arnhem, Netherlands
rene.smeets@kema.com, +31-646713678

5.14 FACT SHEET (REF SECTION 4.2)

Testing of HVDC Circuit Breakers
Topic of work
Demonstration of full-power testing of HVDC circuit breakers (DCCBs) of three different technologies. Aim is
to demonstrate their TRL up to level 7-8.
Target harmonisation organisation(s)/working group(s)/task force(s)
Active participation in pre-standardization:
•

CIGRE JWG A3/B4.34 (2014-2017) on HVDC switchgear (incl. DCCBs)

•

CIGRE WG A3.39 (2017-2020) on surge arresters (including those used in DCCBs)

•

CIGRE WG A3.40 (2018-2021) on MV HVDC systems and switchgear

•

CIGRE JWG B4A3.80 (2019-2022) on DCCB requirements

Active participation in IEC standardization activities in IEC TC 17/17A:
•

IEC AHG4 (2016-2017), on market relevance of HVDC switchgear

•

IEC AHG60 (2017-2018), on existing standards of HVDC switchgear



IEC 62271-314 (2020 - ), WG 65 standardization of HVDC transfer switches



IEC 62271-316 (2020 - ), WG 64 standardization on DCCBs

Key proposed contribution to harmonisation
Within WP10 of PROMOTioN, a list of test requirements is formulated and agreed upon by the manufacturing
partners MEU, SciBreak and ABB describing the laboratory verification of the current interruption process.
These test requirements cover every stage of the interruption process (fault current rise, current zero creation,
countervoltage generation, overvoltage withstand, energy absorption and DC recovery voltage withstand),
covers the complete range of currents to be dealt with and covers the three technologies on the market. This
list of requirements, including its rationale, methods to replicate the adequate stresses in a laboratory (testcircuits) and number of actual test required has been transferred to CIGRE WG B4A3.80 for background
discussion (pre-standardization) and is being transferred into IEC WG 64 as a basis for a future standard.
Why interesting for harmonisation
There is a strong interest from the industrial WP10 partners as well as from the industry as a whole in
establishing a series of standards that take into account the verification of every part of the DC fault current
interruption process, as laid down in the test requirements agreed among all the partners in WP10. These
requirements, and the experiences gathered in WP10 are being transferred into the international
standardization activities.
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Summary of relevant content
DCCBs are an important component in the realisation of HVDC multi-terminal networks. However, before the
work in the PROMOTioN project, no DCCB had been independently tested at full power. The operation of
DCCBs is fundamentally different than that of AC circuit-breakers in that it cannot exploit the occurrence of a
natural current zero, and therefore it is forced to dissipate the inductive line energy stored in the network.
This makes testing a challenge, since there are no high-power laboratories that can directly test DCCBs. In
WP5, test methods were designed and demonstrated to test DCCBs with existing powerful AC generators
and auxiliary circuitry.

With this work package 10, PROMOTioN seeks to demonstrate the full-power testing and functioning of a
number of DCCBs, prototypes and/or scale models in the test-environment developed in WP5. In order to
define the proper test conditions, electrical and thermal stresses on subcomponents of DCCB need to be
measured and evaluated. Separate research oriented tests on experimental DCCB, independently from
manufacturers, are carried out to define the stresses (electrical, thermal, mechanical) to which various
internal key-subcomponents are exposed to.
In the next step, based on this, a test program is defined (see below) that takes verification of withstand
against these internal stress into account. This test program is agreed upon by the manufacturing partners in
the WP, as being applicable for their designs.
Name
Current
Current breaking test
TC10+
10% of rated continuous current
2 tests in positive current direction
TC1010% of rated continuous current
2 tests in negative current direction
TC100+
100% of rated continuous current
2 tests in positive current direction
TC100100% of rated continuous current
2 tests in negative current direction
TF100+
100% of peak fault current
2 test at specified energy absorption*, positive current direction
TF100100% of peak fault current
2 test at specified energy absorption*, negative current direction
TDT+
TBD
2 test at rated fault current suppression time**, positive current direction
TDTTBD
2 test at rated fault current suppression time**, negative current direction
*: Specified energy absorption based on specified value of energy absorption (MJ) of the test-object delivered
**: Rated fault current suppression time based on time and energy parameters as would be present in service condition
All tests are single opening operations
In all tests, Us (considering 10-15 % overvoltage) will be supplied during 300 ms after main current interruption

In the final step, all designs are tested in the high-power laboratory and publicly demonstrated to be able to
pass the tests in an equal and technically viable way.
Relevant deliverables or publications
N.A. Belda, C.A. Plet, R.P.P. Smeets, “Full-Power Test of HVDC Circuit-Breakers with AC Short-Circuit
Generators Operated at low Power Frequency”, IEEE Trans. On Pow. Del., Vol. 54. Issue 5, pp.1843 – 1852,
2019
R. Le Roux, S. Roche, N.A. Belda, “Utilization of Surge Arresters in HVDC Circuit Breakers and similar
applications”, CIGRE CMDM Conf., Bucharest, 2019
R.P.P. Smeets, N.A. Belda, “HVDC Fault Current interruption Technology”, invited lecture, ICEPE-ST Conf.,
Oct. 2019, Kitakyushu, Japan
N.A. Belda, R.P.P. Smeets, R. Nijman, M. Poikilidis, C.A. Plet, “High-Frequency Current Interruption of
Vacuum Interrupters in an Experimental DC Circuit Breaker”, ICEPE-ST Conf., Oct. 2019, Kitakyushu, Japan
P. Hock, N.A. Belda, V. Hinrichsen, R.P.P. Smeets, “Investigations on Metal-Oxide Surge Arresters for HVDC
Circuit Breaker Applications”, INMR World Conf., Oct. 2019, Tucson, USA
N.A. Belda, “Testing of HVDC circuit breakers”, tutorial at CIGRE A3B3 colloquium, March 2019, Hakodate,
Japan.
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Plus 9 project deliverables of which 3 will be available to the public (2018-2020):
D10.7: full demonstration of test circuits and test methods (public)
D10.8: initiation of standardization activities for HVDC circuit-breaker design, testing and application (public)
D10.9: reporting (public)
Main author and contact details, other contributors
N.A. Belda, KEMA Labs, Klingelbeekseweg 195, R11, 6812 DE Arnhem, Netherlands
nadew.belda@kema.com, +31-687309531
R.P.P. Smeets, KEMA Labs, Klingelbeekseweg 195, R11, 6812 DE Arnhem, Netherlands
rene.smeets@kema.com, +31-646713678

5.15 FACT SHEET (REF SECTION 4.3)

HVDC GIS
Topic of work
The objective of PROMOTioN WP 15 is to develop a thorough understanding of technical and operational
requirements of DC GIS systems in meshed offshore HVDC grids, develop and demonstrate monitoring and
diagnostic methods, develop meaningful standardized test programs based on existing standardization work
and increase technology readiness level (TRL) of DC GIS technology from 6 to 8 by demonstrating a full-scale
prototype in an independent test lab.
Target harmonisation organisation(s)/working group(s)/task force(s)
Active participation in pre-standardization:
•

CIGRE JWG B1/B3/D1.79: new working group created “Recommendations for dielectric testing of
HVDC gas insulated system cable sealing ends.”

•

CIGRE JWG D1/B3.57: “Dielectric Testing of gas-insulated HVDC Systems”

•

CIGRE WG D1.63: “Partial Discharge Detection under DC voltage stress”

•

CIGRE WG D1.67: “Dielectric performance of new non-SF6 gases and gas mixtures for gasinsulated systems”

Active participation in IEC standardization activities in IEC TC 17/17C and TC 99:


IEC TC 17 WG 6 Common specifications for DC switchgear



IEC TC 17C WG 42 DC gas-insulated switchgear assemblies



IEC TC 17 C – AHG37 (finished)



IEC TC 99 PNW 99-265: Insulation co-ordination for HVDC systems — Part 1：Definitions,
principles and rules



IEC TC 99 PNW 99-266: Insulation co-ordination for HVDC systems — Part 2: Application
guidelines for line-commutated converter (LCC) stations

Key proposed contribution to harmonisation
Due to the lack of standardisation of HVDC GIS, this contribution aims to summarise the experience and
knowledge gained from all participants of WP 15, which includes prototype installation test, novel approaches
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of partial discharge (PD) measurements and eco-efficient SF6 alternatives for HVDC GIS, while to contribute
to standardise testing DC GIS for power transmission at a rated voltage of 550 kV and higher.
The proposed prototype installation test covers three types of load conditions with both DC voltage polarities.
The 320 kV DC GIS test pole consists of different forms of busbars, disconnectors, earthing switches, bushing
and build-in instrument transformers. The tests involve continuous DC stress (20% above rated value), impulse
voltage tests, polarity reversal tests, superimposed impulse voltage tests, DC and AC PD measurement and a
full rated current thermal stress. Detailed test specification and program, test requirement and test procedure
were published. Eventually, DC GIS demonstrates the technology will be well suitable for commercial HVDC
station application.
Why interesting for harmonisation
Standardization is essential to provide a common base for users to specify and operate, manufacturers to
design and laboratories to test HVDC GIS equipment. Additionally, results from basic research at universities
and institutes provide the technical foundation for standardization. Thus, contributions from all four areas are
important to create a meaningful, effective specification. WP15 has also combined the specification from TSO’s
perspective. The specification focuses on the main differences to the specification of AC GIS, in which TSO
builds knowledge and experience. The detailed specific testing guideline and requirement of a test object are
described. The requirements, and the experiences gathered in WP15 are being transferred into the
international standardization activities.
Summary of relevant content
Prototype installation test is a special and optional test which is not in the category of a type test program.
However, it is a proposed test to be performed after the type tests, to indicate the long-term (more than one
year) performance of a complete HVDC gas-insulated system. Within PROMOTioN project, the prototype
installation test consists of six 60-day blocks plus two 15-day blocks of DC stress, terminated by superimposed
switching and lightning impulse withstand voltage tests, respectively. In order to represent the typical GIS
lifetime of 40 years, the DC voltage level (± 420) is increased to 20% above the rated value (± 350) in the longterm phase.
Partial discharge measurements can be carried out in HVDC GIS following the traditional UHF method.
However, the UHF method is not able to properly estimate the apparent charge due to the frequency bandwidth
of the sensors and the propagation modes in the UHF range in the GIS. A new method based on magnetic
antennas has been developed at the Delft University of Technology. Due to their constructive aspects, the
magnetic loop antennas work in the HF and low VHF range.
Due to lack of the partial discharge experience feedback is still missing for HVDC and even more, for SF6
alternative gases, partial discharge measurements with defects are performed in SF6 and SF6 alternative
gases with same theoretical SF6 dielectric strength under both polarity of DC Voltage with different measuring
systems. In case of a protrusion, some differences in terms of partial discharge inception voltage are observed
although the gases have the same theoretical dielectric strength. The detailed descriptions and results refer to
D 15.8. Although there are some differences between gases, PD behaviour of alternative gases is comparable
to SF6. Effective PD monitoring systems can thus be developed for HVDC GIS with alternative gas.
All PROMOTioN WP 15 achievements will be contributed to the standardization of HVDC GIS.
Relevant deliverables or publications and availability (e.g. public <by certain date where applicable>)

58

PROJECT REPORT



PROMOTioN WP15, "Deliverable D15.1 Recommendations for Specifying DC GIS Systems," 2019.
[Online]. Available: https://www.promotion-offshore.net/results/deliverables/.



PROMOTioN WP15, "Deliverable D15.2 document on test requirements, procedures and methods,"
2019. [Online]. Available: https://www.promotion-offshore.net/results/deliverables/.



PROMOTioN WP15, "Deliverable D15.3 report on DC GIS diagnostic and monitoring tools and
methods," 2019. [Online]. Available: https://www.promotion-offshore.net/results/deliverables/.



PROMOTioN WP15, "Deliverable D15.4 test report of prototype installation test on HVDC GIS," 2020.
[Online]. Available: https://www.promotion-offshore.net/results/deliverables/.



PROMOTioN WP15, "Deliverable D15.5 report on diagnostic analysis and condition assessment," 2020.
[Online]. Available: https://www.promotion-offshore.net/results/deliverables/.



PROMOTioN WP15, "Deliverable D15.7 report on PD characteristics of SF6 alternative gases:
comparison with SF6," 2020. [Online]. Available: https://www.promotion-offshore.net/results/deliverables/.



PROMOTioN WP15, "Deliverable D15.6 White- and position papers on pre-standardization of DC GIS
testing 2020. [Online]. Available: https://www.promotion-offshore.net/results/deliverables/.



PROMOTioN WP15, "Deliverable D15.8 report on long term monitoring of DC GIS with defects,"
[Online]. Available: https://www.promotion-offshore.net/results/deliverables/.



M. Gatzsche, U. Riechert, H. He, Y. Audichya, A. R. Mor, L. C. Heredia and F. Muño, Prototype
Installation Test of HVDC GIS for Meshed Offshore Grids, GIGRE SC B3 / PS1, 2020.



Rodrigo Mor, F. A. Muñoz Muñoz, L. C. Castro Heredia, "A Novel Antenna for Partial Discharge
Measurement in GIS Based on Magnetic Field Detection," Sensors, vol. 19, p. 858, 2019.



Rodrigo Mor, L. C. Castro Heredia, F. A. Muñoz Muñoz, "A magnetic loop antenna for partial discharge
measurements on GIS," International Journal of Electrical Power & Energy Systems, vol. 115, pp. 1-6,
2020.



Josefsson, U. Riechert, C. A. Plet, S. Mebrahtu-Melake, A. Hassanpoor: Performance Demonstration of
HVDC substation equipment, Demonstration der Eignung und Leistungsfähigkeit von HGÜ
Schaltanlagen, Stuttgarter Hochspannungssymposium 2018, Innovationen für die Netze von morgen,
6./7.März 2018 Filderhalle (Leinfelden)



U. Riechert; C. A. Plet, R. Smeets, J. Josefsson: Demonstration der Eignung und Leistungsfähigkeit von
HGÜ Leistungsschaltern und gasisolierten Schaltanlagen, Performance Demonstration of HVDC Circuitbreaker and Gas-Insulated Switchgear Equipment, GIS Anwenderforum 2018, GIS user forum 2018, 20.
Fachtagung Hochspannungs-Schaltanlagen: Anwendungen, Betrieb und Erfahrungen, 2018, 9th of
October 2018



U. Riechert, M. Gatzsche, A. Hassanpoor, C. A. Plet, N. Belda:, Compact switchgear for meshed
offshore HVDC networks – between vision and reality, HighVolt Kolloquium 2019, Dresden, Germany,
9th – 10th 2019, May, Prüfen und Messen an elektrischen Betriebsmitteln der Hochspannungstechnik,
Testing and Measuring on Electric High-Voltage Equipment



U. Riechert, Tutorial: PROMOTioN Project - Novel switchgear for future multi-terminal HVDC grids,
HVDC GIS, CIGRE - IEC 2019 Conference on EHV and UHV (AC & DC), Hakodate, Japan April 23-26,
2019
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C. Toigo, C-T. Vu, F. Jacquier and A. Girodet: Partial discharge behavior of protrusion on high voltage
conductor in GIS/GIL under High Voltage Direct Current: comparison of SF6 and SF6 alternative gases
DOI: https://doi.org/10.1109/TDEI.2019.008358

Main author and contact details, other contributors
Uwe Riechert, ABB Power Grids Switzerland, uwe.riechert@ch.abb.com
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