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EXECUTIVE SUMMARY
A meshed European offshore grid could provide significant benefits to the European energy market.
HVDC circuit breakers (CBs) are key equipment for the protection of such grids against the
consequences of faults. However, sufficient technology readiness level (TRL) of HVDC CBs needs to
be first demonstrated at the full-scale product before deployment. Newly developed test methods and
circuits are used to demonstrate the TRL of three different technologies of HVDC CBs at an
independent testing facility.

The purposes of these demonstrations are not product development nor scale model verifications for
a proof-of-a concept, rather full, rated performance demonstration under realistic conditions. The test
circuit developed at KEMA high-power laboratory can emulate realistic fault currents prospected in
HVDC grids. Tests were performed following the guidelines on test-requirements agreed upon within
PROMOTioN project. In addition, current interruption tests at load current and at 10 % of load current
were carried out successfully. Also, in case a test breaker is supplied at lower energy absorption
capability than the rated energy, tests demonstrating rated TIV duration are performed to prove the
TIV withstand of breaker internal components for the duration that would occur at rated energy
absorption.

The first HVDC CB technology demonstrated is the active current injection principle (such breakers
are also known as ‘mechanical HVDC CB’), manufactured by Mitsubishi Electric. The prototype HVDC
CB, designed for 160 – 200 kV system voltage, successfully limited a rising fault current to 16 kA within
7 ms after which the system starts to recover. The testing was witnessed by numerous stakeholders
inside and outside the project consortium on June 20, 2019.

The second HVDC CB technology demonstrated is the hybrid HVDC CB manufactured by Hitachi
ABB. The prototype of 350 kV system voltage was setup at KEMA high-power laboratory. The breaker
could interrupt the fast-rising fault current at 20 kA within 3 ms from trip command. Similarly, the testing
was witnessed by numerous stakeholders inside and outside the project consortium on February 26,
2020.
The third technology to be demonstrated is the VSC assisted resonant current (VARC) DC CB which
consists of 3 independent modules, intended for use in an 80 kV system. This demonstrator is
designed to showcase the capabilities and salient features of the VARC technology. One such feature
is the very short operating time of only 2 ms, which is enabled by ultra-fast actuators that drive the
interrupter in each module. Another important feature is that the modules of the CB operate

1

PROJECT REPORT

independently from each other. This design principle, where every module is entirely self-sufficient,
provides means of simplification of both testing and scaling to very high voltages.
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1 INTRODUCTION
A meshed European offshore grid could provide significant benefits to the European energy market.
HVDC circuit breakers (CBs) are key equipment for the protection of such grids against the
consequences of faults. However, the TRL of HVDC CBs needs to be increased towards the full
prototype performance demonstration level. Demonstration in PROMOTioN is by full-power testing,
where test-facility (KEMA Labs) and three manufacturers (Mitsubishi Electric, ABB and SCiBreak), all
project partners, cooperate in this undertaking.
In work package 5, test-circuits and methods were designed and demonstrated. In work package 10,
these methods and circuits are actually used to demonstrate the TRL of the three technologies of
HVDC CBs. Figure 1 shows flow chart of WP10 deliverables.
WP5
Test Environment Definition for HVDC CBs
D10.1 Correct functioning of Test Circuit

D10.2 Interaction of Test Object with Test Environment

D10.3 Acquisition of Input data for
Characterization of Stress Withstand

D10.4 Analysis of Test Results of
Experimental DC CB

D10.5 HVDC CB Failure Mode and Effect Analysis

D10.6 Test Results of HVDC CB Technologies

D10.7 Full Test Setup and Documentation

D10.8 Initialization of standardization activities
D10.8 Reporting of WP10 – HVDC CB Testing
Figure 1: Flow chart of WP10 deliverables

1.1

PURPOSE

Demonstration, with participants consent, of full-scale HVDC CB in a publicly available and widely
accessible way. Relevant stakeholders are invited to witness the demonstration tests
-

EU Commission
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-

The potential users of HVDC CB e.g. the TSOs

-

Project developers, e.g. EirGrid, Equinor, Vattenfall, etc.

-

The financers, like lenders engineers. WSP, Mott & McDonald

-

Consortium members, but with restriction, for example, competitors, etc.

-

Some key people from academia, CIGRE, for example, study committee chairs A3, B4, etc.

The plan is to demonstrate the performance of HVDC CB technologies on one of the days of the test
campaign upon consultation of the manufacturer. A workshop is organized on the morning/day of the
demonstration where the manufacturers explain their HVDC CB technology, DNV GL and KEMA labs
discuss about PROMOTioN and the test method and test installation
-

A demonstration of TF100 (peak fault current interruption) is performed at energy absorption
specified by the manufacturer.

-

Afterwards, the audience is allowed to have a look inside the laboratory test hall to get a visual
impression of the HVDC CB and the test setup and its installation. There are safety (and IP
related) markings in place, from which the audience can have direct eye contact to the test
breaker. If the manufacturers do not want to show some part, they are allowed to conceal it
although in none of the cases the test breaker or part of it is concealed from view.

-

The manufacturers can invite their external customers like potential clients during the demo.
However, the maximum number of attendees are limited to a maximum of 30 at time due to
laboratories safety issues. If more people show up, then it can be split into groups. They will
wait in the control room during the actual test. There might be long waiting between two
successive tests due to cooling time of surge arresters.

-

The list of invitees will be shared to the manufacturers by DNV GL/KEMA Labs and the
manufacturers have the right to refuse attendants if they are, for example, direct competitors.

-

Coordination with WP 15 for the demonstration of a 350 kV hybrid HVDC CB. This is because
a 350 kV DC GIS under a long-term test at KEMA DC laboratory and a 350 kV HVDC CB are
both from the same manufacturer (ABB). ABB plans to organize more than CB performance.
They wanted to combine with GIS demonstration. This will be coordinated. On February 26,
2020 a demonstration of a hybrid HVDC CB was performed where the HVDC GIS was also
demonstrated on the same day.

-

The manufacturers are asked to supply an artist impression of their device for an invitation
leaflet.

1.2

MOTIVATION

PROMOTioN project is expected to enhance the technology readiness level (TRL) of various
components of meshed offshore HVDC networks including HVDC CBs. In this deliverable the test
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setup used in the demonstration of performance of three different technologies of HVDC CBs is
discussed.

1.3

DOCUMENT STRUCTURE

The remainder of this document is organized as follows. In Chapter 2 the complete test circuit used in
the demonstration is briefly described. The agreed upon test program and a simplified method to
compute the test parameters based on rated values of the test breaker are discussed. In Chapter 3
the actual demonstration of the three HVDC CB technologies is presented together with the actual test
result during the DEMO test. Finally, Chapter 4 provides a summary of the discussions in the previous
chapters. In the appendix, invitation letters and lists of attendants of each test are provided.
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2 COMPLETE TEST CIRCUIT FOR HVDC CB
2.1

BACKGROUND

Testing of HVDC CBs requires a very large power to demonstrate their correct functioning. HVDC
breakers combine a number of new technologies that cannot be verified efficiently in an incomplete
product. There is almost no experience with the use of HVDC CBs. At the moment a few pilot projects
have been implemented in China where three different technologies of HVDC CBs are in operation.
Especially at the beginning of the PROMOTioN project there are so many gaps which are fairly
unknown.
-

No international standards specifying test requirements exist

-

System requirements are still not defined clearly

-

Performance specification of HVDC CBs varies significantly with technologies

Before the PROMOTioN project, the testing of HVDC CBs was performed with a focus on proof of a
concept: DC current interruption (local – in the breaker), internal current commutation and TIV
generation. This is even performed on limited scale, for example, testing of modules, subcomponents
and/or reduced size industrial prototypes at low voltage, current and energy.
The main challenge is that there is no test facility featuring high-power DC sources that can supply the
necessary stresses (current, voltage and energy) to the HVDC CB. Alternative solutions such as the
use of charged capacitor and AC power sources are often used.
In order to define a test environment for HVDC CBs, system simulation studies have been performed
in WP5 on a conceptual benchmark HVDC grid. These simulations and studies aimed to fulfil the
following tasks
-

Evaluate the fault transients in HVDC grids

-

Determine the worst-case fault condition in HVDC grids

-

Analyse fault stresses on HVDC CB models during fault current interruption

-

Define test requirements and test procedures

-

Provide benchmark against which candidate test circuits are characterized. Test circuits are
compared by simulation considering availability, performance, etc.

-

Select and design of the most feasible test circuit. A test circuit based on AC short-circuit
generators operated at low power frequency (16.67 Hz) is found to be the most suitable and
readily available for the testing of HVDC CBs.

From simulation studies, it was found out that a test circuit shall supply the following stresses to the
HVDC CBs:
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-

Current with proper rate of rise and magnitude

-

(Quasi-) DC Voltage both during the current interruption process and post current interruption

-

Rated energy during current suppression

Among all the evaluated test circuits, a test method that uses quasi-DC part of an AC voltage at low
power frequency is proposed. The method is found to be more convenient because it adapts the
existing test-installations at test facilities which are designed for HVAC CBs testing to the testing of
HVDC CBs. And it comes at limited additional investment cost.

2.2

BRIEF REVIEW OF THE PROPOSED TEST CIRCUIT

For testing of HVDC CBs, a test circuit capable of providing all the necessary stresses in one go is
desired. To design a complete test circuit with such a feature it is essential to identify the different
critical stages of the current interruption process that need to be verified during a test of an HVDC CB.
Within the PROMOTioN project, four different critical stages within the current interruption process are
identified. At each stage different performance parameters of HVDC CB technologies are verified. The
four different critical stages of the current interruption process are the following,
-

Internal current commutation – a measure of speed of operation of HVDC CB

-

TIV (Counter voltage) generation – Essential part (in terms of magnitude and duration) of
current interruption process that the HVDC CB must demonstrate

-

Energy absorption and sufficient duration of TIV – In addition to MOSA which is stressed by
energy and TIV, other paths of HVDC CB are stressed by TIV. Thus, sufficient magnitude and
duration of TIV is essential during a test.

-

DC voltage withstand after current suppression – The system starts to recover during current
suppression and fully recovers when current is suppressed. The recovered system imposes
DC voltage stress to the open HVDC CB until a residual current breaker isolate.

A test circuit based on AC short-circuit generators was designed in KEMA high-power laboratory. In
order to supply all the necessary stresses at each critical stage, this test circuit accommodates different
parts that can fulfil these requirements. The parts of a complete circuit are presented below.
2.2.1

POWER SOURCE

This part consists of (parallel connection of) short-circuit generators and transformers. It is this part
that supplies the necessary current, voltage and energy during the current interruption process of
HVDC CBs. There are also essential components such as master breakers (MB) and making switches,
see Figure 2. In addition, there is an adjustable reactor to limit the short-circuit current from the
generator in each phase. Power transformers are needed to step-up test the voltage to a desired level.
Each of the short-circuit transformers has two primary windings and two secondary windings where
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each side can be put in series or parallel independently. Besides, individual transformers can be put
in series or parallel to the adjust overall transformer impedance.

Over-Current
Protection
Low frequency AC Power
source

AB1

Ladj

AC

TSG3

Llimit
IDC

TSG2
MB MS

DC recovery voltage source

Arcing time
prolongation

Rdc

UTO

AB2

PT
Ldc
Charging
ckt.

TSG1

TO

CDC

ITO

Figure 2: A complete test circuit used for demonstrating the rated performance of HVDC CBs

2.2.2

OVER-CURRENT PROTECTION

A major challenge of using AC short-circuit generators for testing HVDC CBs is the fact that a large
current might flow in case the test breaker fails to clear, especially during the maximum fault current
interruption. This will result in two undesirable conditions. First, the test breaker may not be able to
withstand the large current and could subsequently be damaged if the circuit protection is not properly
prepared against such a situations . Second, it may damage the auxiliary breaker (AB1) especially
because of the long arc duration due to the low frequency.
Thus, the over-current protection circuit is added to the test circuit for protecting a test breaker as well
as the test installation in the case undesirable conditions occur during testing. It consists of triggered
spark gap (TSG1) and AB1, see Figure 2 together with a real-time current level detector in a control
room. The latter sends a firing signal to the TSG1 when a (undesired) specified current threshold is
reached during a test.
2.2.3

ARCING TIME PROLONGATION

In case the overall break time is too short for AB1, the current conduction period is artificially prolonged.
This is achieved by providing first a load like current through a current limiting reactor (Llimit) before the
actual short-circuit is applied by firing TSG2 which bypasses the LLimit.
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2.2.4

POST CURRENT SUPPRESSION DC VOLTAGE SOURCE

Since the source voltage is supplied by the AC generator, it cannot provide long duration DC dielectric
stress after successful current interruption. The post current suppression DC voltage corresponds to
the DC voltage stress applied to the fully open HVDC CB as a result of system voltage recovery on
the healthy side of the breaker. The DC recover voltage is supplied by a separate source (pre-charged
capacitor) in a synthetic manner.

2.2.5

OPERATION OF COMPLETE TEST CIRCUIT

Figure 3 shows the current (blue) and voltage (red) waveforms during a test of HVDC CB using a test
circuit described above. The timing parameters together with the sequence of operation of different
components and/or events are depicted. Times are expressed in electrical degrees in reference to the
source voltage (dashed red trace) zero as origin.

tFN
Current (kA) / Voltage (kV)

tBr. Op.

tFS

prospective current

tRelay

Iprot
test window

DC recovery voltage

Ipk
Source voltage

current
TIV
Inom.
0⁰

θMS θAB1

θTSG2

θTO

θAB2

180⁰

θMB

Electrical angle (degrees)/time (ms)
θMS = Short circuit making
θAB1 = AB1 contact separation
AB1 opening time
= 20 ms

θTSG2 = Bypass arc prolongation reactor
θTO = Open command to the test object
θAB2 = Auxiliary breaker contact touch
55 ms = AB2 closing time
θMB = Trip command to Master Breaker

Figure 3: Voltage and current waveforms showing the detail of the timing parameters and HVDC CB parameters

The timing parameters (electrical angles) are described below.

-

θMS = Making Switch – The moment the short-circuit is applied
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-

θAB1 = AB1 – open command – The auxiliary breaker (which is AC SF6 CB) needs to have
sufficient arcing duration. This marks the moment of contact separation of the AB1 which
actually tripped in advance.

-

θTSG1 = TSG1 – This is a bypass spark gap for over-current protection.

-

θTSG2 = TSG2 – bypass current limiting reactor. When sufficient arcing prolongation can be
ensured together with the breaking time of the HVDC CB, the arcing prolongation circuit is
bypassed. Then the short-circuit with proper rate-of-rise is realised for the test breaker.

-

θTO = This is the moment the trip command is sent to the test object (HVDC CB). Depending
on the CB technology, one or more command signals can be sent.

-

θTSG3 = The third triggered spark gap (TSG3) in the circuit is fired during the current
suppression period of the current interruption process. This is to ensure proper application of
DC voltage application following current suppression.

-

θAB2 = At this time the second auxiliary breaker in the circuit (AB2) is closed – the actual
contacts touch occurs 55 ms after close command. For this reason, the AB2 receives close
command before the start of the actual test sequence.
AB2 is required to avoid a situation where the DC voltage might not be stressing the HVDC
CB when the TSG3 stops conducting due to charge balance on either side of its terminals. C
– t - O (close – time (300 ms) – open) command is sent to AB2 to ensure isolation after
sufficient duration of DC voltage stress.

-

θMB = Master breaker is tripped to isolate the short-circuit power source for the rest of the
circuit. It limits the current to only one loop necessary for the testing of HVDC CB.

2.3

DETERMINATION OF GENERIC TEST PARAMETERS

Depending on the rating of the prototype HVDC CB to be tested, the test circuit parameters are
determined, and circuit components used in the test are selected. From the background of DC current
interruption, a simple model for determining the test parameters is discussed here.
Four HVDC CB design parameters are needed as inputs: Internal current commutation time (Δtic),
peak fault current (Ipk), System voltage (Us) and Transient Interruption Voltage (TIV) during energy
absorption (UTIV). These parameters must be supplied by the manufacturer of the HVDC CB. These
parameters are briefly described below.
Parameters to be specified by manufacturers
-

Internal current commutation time (Δtic) – The time from the trip command until the
beginning of current suppression. In other words, the time from trip command until the peak
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value of interrupted current is reached. This includes breaker operation time and voltage rise
time (the time until the TIV equals the system voltage)
-

Peak short-circuit interruption current (Ipk) – The maximum current interruption capability
of the HVDC CB

-

Rated system voltage (US) – System operation voltage in which the HVDC CB is designed
for. The maximum allowable system operation voltage is used for specification. For example,
for 500 kV system voltage 535 kV is used in the specification in Chinese Zhangbei project.

-

Transient Interruption Voltage (TIV) – This is the counter voltage that the HVDC CB
generates during current interruption. This must be sufficiently higher than the Us defined
above

Based on the above information the basic test (circuit) parameters are determined. These parameters
are,
-

The rate-of-rise of short-circuit current (di/dt)

-

The energy absorption of the HVDC CB (E)

-

Fault current suppression time (ΔtFS)

The protection relay time (Δtrelay) which includes fault detection and fault discrimination (selection) time
is assumed. In this case relay time of 1-3 ms is assumed. Under normal operation condition the relay
time is very essential as it has an impact on the stresses of HVDC CB. Specifically, on the energy
absorption of the HVDC CB.
Thus, the rate-of-rise of the fault current is approximated by
𝐼𝑝𝑘
𝐼𝑝𝑘
𝑑𝑖
=
=
𝑑𝑡 ∆𝑡𝑖𝑐 + ∆𝑡𝑟𝑒𝑙𝑎𝑦 ∆𝑡𝐹𝑁

(1)

Where ΔtFN is the fault neutralization time
Then, from the system voltage, the circuit inductance necessary to ensure the above rate-of-rise can
be obtained as follows,

𝐿=

𝑈𝑆
𝑑𝑖 ⁄𝑑𝑡

(2)

Given the TIV specified by the manufacturer, the duration of fault suppression time can be determined
as,
∆𝑡𝐹𝑆 =

𝐼𝑝𝑘 𝐿
𝑈𝑇𝐼𝑉 − 𝑈𝑆

(3)
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From the above parameters, the total energy absorption can be approximated as follows,
2
𝐿
1
1 𝑈𝑇𝐼𝑉 𝐼𝑝𝑘
𝐸 = 𝑈𝑇𝐼𝑉 𝐼𝑝𝑘 ∆𝑡𝐹𝑆 =
2
2 𝑈𝑇𝐼𝑉 − 𝑈𝑆

2.4

(4)

TEST PROGRAM

The proposed test requirements consisting of four current breaking tests are proposed and agreed
upon. The interruption tests are bidirectional if the prototype of the HVDC CB has such a
feature/capability.
The test program of Table 1 is taken as a guideline in the testing of three HVDC CBs technologies
rated at 80 kV, 12 kA (VSC assisted resonant current type), 160/200 kV, 16 kA (active current injection
type with capacitor discharge) and 350 kV, 20 kA (hybrid type).
Table 1: Agreed upon generic test program
Test
Name
TC10+

Breaking Current and direction

No. tests

Remark

10% of rated continuous current (forward)

2

Low current interruption
capability

TC‒

10% of rated continuous current (reverse*)

2

TC100+

100% of rated continuous (load) current (forward)

2

TC100‒

100% of rated continuous (load) current (reverse*)

2

TF100+

100% of peak fault (short-circuit) current (forward)

2

TF100‒

100% of peak fault (short-circuit) current (reverse*)

2

TDT+

TBD – depends on the energy specified (forward)

2

TDT-

TBD – depends on the energy specified (reverse*)

2

Load current interruption
capability

Maximum current
interruption capability

TDT = Fault current
suppression duration

*Reverse current interruption test is performed only for HVDC CBs with bi-directional current interruption
capability.

For all the tests specified above, it is agreed that DC voltage is applied after current suppression. The
time in between the tests is determined by the cooling time of the MOSA. The manufacturer determines
sufficient cooling time, based on the MOSA temperature. A reclosing test is not considered in the
demonstration tests – only single interruption is aimed within the PROMOTioN project. Later, the
specific details related to each technology of CBs is provided.
When prototypes are being provided having relatively low energy absorption, it will be stated that it
was tested with the supplied MOSA energy absorption only.
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2.4.1

DESCRIPTION OF TEST PROGRAM

a) Rated continuous current interruption test (TC)1
Continuous current is the rated load current that the HVDC CB conducts without thermal overload.
The HVDC CB is expected to interrupt not only 100% load current (TC100±) but also small currents
lower than load current. It is agreed within the work package members (WP10) that low current
interruption at 10% of the continuous current (TC10±) will be performed.
The other issue is whether it is critical to demonstrate lower current interruption at the first current zero
crossing in the technologies of HVDC CBs having such a feature. In these breakers, multiple current
zero crossings may be needed until current interruption is achieved. The speed of current interruption
is not an issue here, rather the fact that the breaker needs to interrupt low current. There might not be
a strict requirement on the interruption time at low currents. In fact, the breaker may not be purchased
for this purpose, but it needs to accommodate this feature unless the breaker is required only for fault
current interruption

b) Rated peak fault current interruption test (TF)
This corresponds to the maximum interruption capability of the HVDC CB. In this case it is expected
that the fault current in the actual HVDC grid shall not exceed the TF100± within a certain time that
includes the protection relay time and the internal current commutation time of the HVDC CB.
Thus, the HVDC circuit breaker is expected to suppress the fault current before (when) it gets to the
peak interruption current. The peak fault interruption current must occur in the worst-case fault
situation; for example, under delayed relay time. Otherwise, the maximum fault current that is expected
in the system must be lower than the peak interruption capability of the HVDC circuit breaker.

c) Rated fault current suppression time test (TDT)
It may not be possible to test the full rated energy of the HVDC CB, either due to the limitation of the
test installation or due to limited energy rating (less than rated energy at the rated voltage) of the
MOSA of the prototype HVDC CB. Then, another alternative solution which can replicate the TIV that
is present for the entire duration of the rated current suppression time, without exceeding the maximum
energy limitation of the test installation/the specified energy of the HVDC CB prototype, is sought. The

1

This is supposed to be load current breaking under normal condition. However, the voltage on the load side (receiving end)
is not properly represented in the tests of PROMOTioN HVDC circuit breakers. The load side is short circuited in this case. It
may not have an impact on the current magnitude but on the system overvoltage. The HVDC CB must build its TIV on top of
the system voltage in this case. This will surely have an impact on insulation coordination.
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alternative can be obtained by computing the fault current that ensures the rated TIV duration at the
specified energy of the test object. This is illustrated in Figure 4.
TDT100± (rated fault current suppression time) is also performed twice per current direction. The
rated TIV duration is obtained using the mathematical expression of Equation (3) which uses the basic
input parameters as described above. The current magnitude is to be computed later, considering the
specified energy of the HVDC CB that is supplied. The rationale behind this test is the verification of
the CBs’ withstand capability against the overvoltage (UTIV) period during the fault current suppression
time. An insulation switching gap (vacuum, SF6) is present in all designs of HVDC CBs, which is
allowed only very short time to gain sufficient dielectric strength against UTIV and Us.
The important point here is that for an HVDC CB, it is essential to not only produce the rated TIV but
also to maintain and withstand the TIV for sufficient duration for successful current breaking.
Under reduced specified energy absorption test condition, TF100 and TDT complement each other to
replace the rated peak fault current interruption at the rated energy absorption which naturally results
in the maximum current, energy and TIV peak and duration stresses. This is illustrated in Figure 4
where TF1002 (red dashed TIV and blue dashed current) represents the peak fault current interruption
at rated energy. The TF1001 (black solid traces for both current and TIV) represents peak fault current
interruption (same current as TF1002 but) at reduced energy. The TDT (green dashed traces) shows
TDT which is aimed at producing the same TIV duration as the TF1002.

tFS

Current (kA) / Voltage (kV)

tBr. Op.

prospective current

tRelay

Iprot
DC recovery voltage

Ipk
current

TIV
Inom.
0⁰

θMS θAB1

θTSG2

TF1002
TF1001

TDT

θTO

θAB2

Electrical angle (degrees)/time (ms)
Figure 4: Waveforms describing TF1002 (rated peak fault current, rated TIV duration, rated energy), TF100 1
(rated peak fault current, partial TIV, partial energy) and TDT (reduced fault current interruption, rated TIV
duration, partial energy)
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An example comparison of parameters TF1002, T1001 and TDT are shown in Figure 4. The current
level of TDT depends on the specified energy relative to the rated energy of the breaker.
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3 HVDC CB DEMONSTRATION
In this chapter, the actual demonstration of HVDC CBs is presented. First the invitation letter to the
different stakeholder is shown where the rating, special features and artist impression drawings of
the specific technology as proposed by the respective manufacturers is presented. Then, the actual
test setup and the oscillograms (prospective current, interrupted current and TIV) of the
demonstrated test is presented.

3.1
3.1.1

ACTIVE CURRENT INJECTION HVDC CB – 160/200 KV, 16 KA
INVITATION LETTER

PROMOTioN – Progress on Meshed HVDC
Offshore Transmission Networks
Mail info@promotion-offshore.net
Web www.promotion-offshore.net
PROJECT COORDINATOR

Demonstration of Mechanical HVDC CB
Dear Madam/Sir,

DNV GL Netherlands B.V.
Utrechtseweg 310
6812 AR Arnhem
The Netherlands
Tel
+31 6 115 240 83
Web www.dnvgl.com/energy

Arnhem, 16 May 2019

On behalf of the consortium of the EU funded ‘Progress On Meshed HVDC Offshore Transmission
Networks’ (PROMOTioN) project, it is my pleasure to invite you to our demonstration of the DC fault
current interruption performance demonstration of a mechanical HVDC CB with active current
injection provided by project partner Mitsubishi Electric Europe (MEU) on Thursday the 20 th of June
2019.
HVDC CBs are believed to play an important role in realizing high availability and low losses of multiterminal HVDC grids. Several technology concepts have been developed by manufacturers, but thus
far no HVDC CBs have been installed in Europe and hence operational experience is limited. In order
to increase the technology readiness level, improve confidence in the maturity of the technology and
show that it is in principle ready for real-world application, PROMOTioN will demonstrate the most
critical requirement; the DC fault current interruption performance. To this end, full-power DC current
interruption tests will be carried out on full-scale HVDC CB prototypes in an accredited independent
high-power laboratory.
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We consider you and your organisation an important stakeholder in future HVDC grid development,
and the deployment of HVDC CB technology in Europe. It is thus of key importance for us to
enable you to witness the performance of this technology first-hand and live. Please join us, along
with a select group of other stakeholders, during the DC fault current interruption tests. Details of
the test-object and demonstration are given in the appendix.
The demonstration will start with an informal lunch followed by a series of presentations giving an
overview of:
-

The PROMOTioN project, its achievements to date and the other technology
demonstrations in a nutshell– DNV GL Energy

-

An introduction into the operational principle of the mechanical HVDC CB with active
current injection – Mitsubishi Electric Co.

-

An introduction into the test method based on AC short-circuit generators for DC fault
current interruption testing – DNV GL KEMA Laboratories

Please confirm your attendance before the 31st of May 2019 (EOB) by e-mailing Mr. Sebastian
Menze at info@promotion-offshore.net along with any dietary constraints for the lunch. Should
you have any further questions please feel free to contact Mr. Menze or myself directly. We look
forward to welcoming you to our demonstration.
Best regards,

Cornelis Plet
Technical Coordinator PROMOTioN
M: +31 6 115 240 83
E: cornelis.plet@dnvgl.com
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Test object:

Mechanical HVDC CB with Active Current Injection
Nominal voltage rating:

Nominal current rating:
Fault current interruption rating:

160 kV

2 kA
16 kA

Manufacturer: Mitsubishi Electric Co.
Date:

Thursday, June 20, 2019

Time:

12:00 – 18:00

Location:

DNV GL KEMA Laboratories
High Power Laboratory

Registration:

DNV GL Energy
Building B50
Utrechtseweg 310
6812 AR Arnhem
The Netherlands

Figure 5: Artist impression of the HVDC CB
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3.1.2

LIVE DEMONSTRATION

Figure 6: TF100 Current interruption demonstrated in the presence of stakeholders

3.1.3

TEST RESULT

Figure 7 shows the test result of active current injection HVDC CB. The test is performed considering
the 200 kV system voltage. Thus, the breaker produced the TIV with peak value of nearly 350 kV. The
breaker interrupted 17 kA short circuit current within a breaker operation time of 7- 8 ms. The breaker
absorbed 3.8 MJ of energy within 1.75 ms. Moreover, DC recovery voltage of 220 kV is applied for
more than 1 second after current suppression. This is indicated in the figure.
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Figure 7: TF100+ (17 kA) forward current interruption by active current injection HVDC CB – The system voltage for the
breaker is 200 kV in this case

Figure 8 depicts TF100- (reverse current) interruption. In this case the assumed system voltage of the
breaker is 160 kV, hence, the TIV peak is nearly 250 kV. The interrupted current is 16 kA within the
breaker operation time of 7 ms. In this case 2.8 MJ of energy is absorbed by the MOSA of the breaker
with current suppression duration of 1.6 ms.

Figure 8: TF100- (16 kA) reverse current interruption by active current injection HVDC CB
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Figure 9 shows continuous current interruption (TC100) by active current injection HVDC CB. The
breaker clears 2000 A within breaker operation time of 7 ms. It produces the TIV with peak value of
240 kV. The current suppression duration is 5.6 ms within which energy of 1.3 MJ is absorbed.
Following current suppression, the DC recovery voltage of 180 kV is applied for more than 1 second.

Figure 9: TC100+ (2000 A) current breaking by active current injection HVDC CB

Table 2: Summary test results of the of active current injection HVDC CB (160/200 kV)

Test
Name
TC10+

Breaking Current
(kA)
0.2

Δtic
(ms)
7

#tests
(agreed)
2

ΔtFS (ms)

TC10‒

‒0.2

7

TC100+

2

TC100‒

6.5

energy
(MJ)
0.2

DC recovery
voltage application
180 kV Applied

Actual #tests
performed
2

2

6.5

0.2

180 kV Applied

2

7

2

5.5

1.4

180 kV Applied

2

‒2

7

2

5.5

1.4

180 kV Applied

2

TF100+

16

7

2

1.6

2.6

180 kV Applied

2

TF100‒

‒16

7

2

1.6

2.6

180 kV Applied

2

TDT+

8.5

7

2

4.3

4.6

180 kV Applied

2

TDT-

‒8.5

7

2

4.3

4.6

180 kV Applied

2

TF100+

17

8

-

1.6

4

220 kV Applied

1
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3.2
3.2.1

HYBRID HVDC CB 350 KV, 20 KA
INVITATION LETTER

PROMOTioN – Progress on Meshed HVDC
Offshore Transmission Networks
Mail contact@promotion-offshore.net
Web www.promotion-offshore.net
PROJECT COORDINATOR
DNV GL Netherlands B.V.
Utrechtseweg 310
6812 AR Arnhem
The Netherlands
Tel
+31 6 115 240 83
Web www.dnvgl.com/energy

Demonstration of HVDC CB and HVDC GIS

Dear Madam/Sir,

Arnhem, February 27 2020

On behalf of the consortium of the EU funded ‘Progress On Meshed HVDC Offshore Transmission
Networks’ (PROMOTioN) project, it is my pleasure to invite you to our demonstration of the
performance of a hybrid HVDC CB and an HVDC GIS on Thursday the 27th of February 2020.
HVDC CBs and HVDC GIS are believed to play an important role in realizing high availability and
low losses in multi-terminal HVDC grids. Several technology concepts have been developed by
manufacturers, but thus far no HVDC CBs have been installed in Europe and hence operational
experience is limited. In order to increase the technology readiness level, improve confidence in the
maturity of the technology and show that it is in principle ready for real-world application,
PROMOTioN will demonstrate the most critical requirements: the DC fault current interruption
performance of the HVDC CB and long duration dielectric performance of the HVDC GIS. To this
end, performance verification tests will be demonstrated on a full-scale ABB HVDC CB prototype
and a visit will be paid to an ABB HVDC GIS under live voltage and current stress, both in an
accredited independent high-power/high-voltage test laboratory.
Attached you find the program of the day, including technology workshops, lunch and dinner and two
laboratory visits. The duration will be from 10:00h to 22:00h.
Also attached see some characteristics of the objects to be demonstrated.
We consider you and your organisation an important stakeholder in future HVDC grid development,
and the deployment of HVDC switchgear technology in Europe. It is thus of key importance for us
to enable you to witness the performance of this technology first-hand. Please join us, along with a
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selected group of other stakeholders, during the demonstrations. Details of the demonstration are
given in the appendix.
Please confirm your attendance before the 7th of February 2020 (EOB) by e-mailing Mr. Sebastian
Menze at contact@promotion-offshore.net along with any dietary constraints for the lunch and
dinner. Should you have any further questions please feel free to contact Mr. Menze or myself
directly. We look forward to welcoming you to our demonstration.
Best regards,

Cornelis Plet
Technical Coordinator PROMOTioN

M: +31 6 115 240

83

E:

cornelis.plet@dnvgl.com

HVDC hybrid circuit breaker

Rated voltage
Rated current
Max. continuous current
Rated breaking current
Breaker operation time

350 kVdc
3000 Adc
3300 Adc
16 kA
3 ms

23

PROJECT REPORT

PROGRAM OF DEMO HVDC SWITCHGEAR
WP 10: HVDC CB performance demonstration
350 kV Hybrid HVDC CB
WP 15: HVDC GIS technology demonstrator:
350 kV HVDC GIS

Date:
Thursday, February 27, 2020, 10:00 – 22:00
Locations:

DNV GL Energy Headquarters, B50, Utrechtseweg 310, 6812 AR Arnhem, Netherlands
Golden Gate Bridge meeting hall, first floor
KEMA High-Power Labs, Klingelbeekseweg 195, 6812 DE Arnhem, Netherlands
KEMA HVDC Laboratory, Westervoortsedijk 73, 6827 AV, Arnhem, Netherlands
Agenda:
09:30
Registration DNV GL Energy HQ, B50
10:00 – 10:30 Welcome on behalf of DNV GL
Cornelis Plet, DNV GL PROMOTioN Coordinator
10:30 – 11:00 How to reduce the size of platforms with HVDC GIS
Uwe Riechert, ABB Switzerland, WP15 leader
11:00 – 11:20 Testing of HVDC GIS
Hong He, KEMA Labs, Netherlands
11:20 – 11:40 Alternative Partial Discharge Monitoring Techniques for HVDC GIS
Fabio Andres Muñoz Muñoz, Luis Castro Heredia, Delft University, Netherlands
11:40 – 12:00 SF6 alternative gases for HVDC GIS: Focus on PD characteristics and monitoring
Thanh Vu, SuperGrid Institute, France
12:00 – 12:15 Q&A
12:15 – 13:00 Informal lunch
13:00 – 13:30 Welcome on behalf of KEMA Labs
Coen Rooijmans, KEMA Labs
13:45 – 14:15 HVDC CBs
René Smeets, KEMA Labs, WP10 leader
14:15 – 14:45 ABB hybrid HVDC CB
Arman Hassanpoor, ABB Sweden
14:45 – 15:15 Testing of HVDC CBs
Nadew Belda, KEMA Labs
15:15 – 15:30 Q&A
15:30 – 16:00 Break, safety instructions
16:00 – 17:30 Transport to KEMA HVDC laboratory (5 km), GIS and site visit
17:30 – 20:00 Transport downtown Arnhem (3 km) and dinner
Restaurant Verheyden, Wezenstraat 6, 6811 CR Arnhem
20:00 – 20:30 Transportation to KEMA High-Power Laboratories (3 km)
20:30 – 21:30 Witnessing of live current interruption by HVDC hybrid CB
21:30
Transport back to Arnhem downtown (or hotels) (3 km)
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3.2.2

LIVE DEMONSTRATION

Figure 10: Demonstration current interruption performance of hybrid HVDC CB - Public demo

3.2.3

TEST RESULT

The hybrid HVDC CB is demonstrated in the presence many different stakeholders as shown in the
Figure 10. Initially, the target TF100 current was 16 kA which was demonstrated several times fulfilling
the agreed upon test program. However, later the TF100 current was increased to 20 kA and tests
were performed accordingly.
Figure 11 shows the test results of the TF100 (20 kA) current interruption. With breaker operation time
of 3 ms the hybrid HVDC CB could interrupt 20 kA current by producing a TIV with peak value of 490
kV. The hybrid HVDC CB maintains the TIV for about 1.5 ms to suppress the fault current which could
otherwise have increased to a peak value of 37.5 kA. During current interruption, the hybrid HVDC CB
absorbed nearly 7 MJ of energy in this particular case. Energy absorption of more than 10 MJ has
been demonstrated in another test the result of which is not shown here.
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Figure 11: TF100(20 kA) current interruption by Hybrid HVDC CBCB

The continuous current (TC100) interruption of the hybrid HVDC CB has also been demonstrated.
Figure 12 shows test results of TC100 current interruption. TC100 for the hybrid HVDC CB
corresponds to 3300 A (in fact this was mentioned maximum continuous operation current). The
breaker operation time is 3 ms and the breaker produced the TIV with peak value of just over 450 kV.
The fault current suppression in this case 8.5 ms. The fault current suppression time is intentionally
prolonged through the design of the test circuit.
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Figure 12: TC100 (3300 A) current interruption by hybrid HVDC CB
Table 3: Summary of the test results of hybrid HVDC CB (350 kV system voltage)

ΔtBO
(ms)
3

Energy
(MJ)
<1

Actual ΔtFS
(ms)
9.5

DC recovery voltage
application
380 kV applied

#tests

TC10+

Breaking
Current (kA)
0.33

TC100+

3.3

3

<7

8.5

380 kV applied

2

TF100+
(agreed)
TDT+

16

3

10

2.5

380 kV applied

2

4.6

3

10.5

9.5

380 kV applied

2

20

3

10

1.5

380 kV applied

2

Test Name

TF100+
(achieved)

2
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3.3
3.3.1

VOLTAGE SOURCE CONVERTER (VSC) ASSISTED RESONANT HVDC CB (VARC DC CB)
INVITATION LETTER
PROMOTioN – Progress on Meshed HVDC
Offshore Transmission Networks
Mail contact@promotion-offshore.net
Web www.promotion-offshore.net
PROJECT COORDINATOR

Web-based demonstration of 80 kV VSC assisted resonant current
HVDC CB

Dear Madam/Sir,

DNV GL Netherlands B.V.
Utrechtseweg 310
6812 AR Arnhem
The Netherlands
Tel
+31 6 115 240 83
Web www.dnvgl.com/energy

Arnhem,

July 6, 2020
On behalf of the consortium of the EU funded ‘Progress On Meshed HVDC Offshore Transmission
Networks’ (PROMOTioN) project, it is my pleasure to invite you to our web-based demonstration of
the performance of a VSC assisted resonant current (VARC) HVDC CBCB on Wednesday the 19th
of August 2020.
HVDC CBCBs are believed to play an important role in realizing high availability and low losses in
multi-terminal HVDC grids. Several technology concepts have been developed by manufacturers,
but thus far no HVDC CBs have been installed in Europe and hence operational experience is limited.
In order to increase the technology readiness level, improve confidence in the maturity of the
technology and show that it is in principle ready for real-world application, PROMOTioN will
demonstrate the most critical requirement: the DC fault current interruption performance. To this end,
performance verification tests will be demonstrated on a three-module SCiBreak VARC HVDC CB
prototype in the accredited independent KEMA high-power test laboratory, Arnhem, the Netherlands.
Attached you find the program of the web-based demonstration, including a presentation on the
demonstrated technology by SCiBreak staff.
Also attached see some characteristics of the object to be demonstrated.
We consider you and your organisation an important stakeholder in future HVDC grid development,
and the deployment of HVDC switchgear technology in Europe. It is thus of key importance for us
to enable you to witness the performance of this technology first-hand. Please join us, along with a
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selected group of other stakeholders, during the demonstrations. Details of the demonstration are
given on the next page.
Please confirm your attendance before the 1st of August 2020 by e-mailing Mr. Jochen Körner at
contact@promotion-offshore.net along with any dietary constraints for the lunch. Should you have any
further questions please feel free to contact Mr. Körner or myself directly. We look forward to
welcoming you to our demonstration.
Best regards,

Cornelis Plet
Technical Coordinator PROMOTioN
M: +31 6 115 240 83
E: cornelis.plet@dnvgl.com
PROGRAM OF VSC ASSISTED RESONANT CURRENT HVDC CB

Date:
Wednesday, August 19, 2020, 14:00 – 15:30
Location:
Log-in data to be provided after registration
Agenda:
14:00 - 14:15
14:15 - 14:45
14:45 - 15:15
15:15 - 15:30

Welcome and introduction
VSC assisted resonant current HVDC CB technology - SCiBreak
Live stream from KEMA Laboratories of fault current interruption
Q&A

The 80 kV VARC Demonstrator

The SCiBreak 80 kV VARC demonstrator is a 3-module design, intended for use in an 80 kV system.
This demonstrator is designed to showcase the capabilities and salient features of the VARC
technology. One such feature is the very short operating time of only 2 ms, which is enabled by ultrafast actuators that drive the interrupter in each module. Another important feature is that the modules
of the CB operate independently from each other. This design principle, where every module is entirely
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self-sufficient, provides means of simplification of both testing and scaling to very high voltages. With
many modules, fault tolerance through redundancy can also be implemented and analysed in a
straight-forward way. A moderate energy dissipation capacity of 3 MJ (1 MJ per module) has been
selected for the demonstrator. This corresponds to a maximum suppression time of 4.2 ms when a 12
kA fault current is interrupted, and above 8 ms for a 6 kA interrupted fault current.
The VARC technology furthermore provides the opportunity to intelligently control the conditions of
the current-zero in the main interrupter. This control is effectuated by the voltage source converter
that excites the resonant current in each CB module and timely fault current suppression can thus be

VSC assisted resonant current
HVDC circuit breaker

Rated voltage
Rated current
Max. continuous current
Rated breaking current
Breaker operation time

80 kVdc
2000 Adc
2500 Adc
12 kA
2 ms

guaranteed under any operating conditions. The fast control system that enables this form of control
also brings about other benefits, such as the ability to run grid protection algorithms and provide
detailed online monitoring during operation.

Figure 13 Model of the circuit breaker demonstrator, with residual current switch and auxiliary power system in view.
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Figure 14 An example layout of a 320 kV VARC dc circuit breaker, with a residual current switch, an auxiliary power system and a large
current limiting reactor.

3.3.2

LIVE DEMONSTRATION

The live demonstration of VARC HVDC CB is performed online due to the Corona (Covid-19) situation.

Figure 15: Photo taken after Live demonstration

3.3.3

TEST RESULTS

Initially the target is to achieve TF100± (both forward and reverse) current interruption of 12 kA within
2 ms of breaker operation time. This was successfully completed fulfilling all the required number of
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tests as per the PROMOTioN test program. Also, the breaker operation time is shortened to 1.5 ms
and two tests in each current direction were successfully performed. Figure 16 shows one of such a
test result where reverse current of 12.4 kA is interrupted. The breaker operation time is 1.5 ms in this
case and the fault current is suppressed within 3.6 ms while nearly 2.5 MJ energy is absorbed.
However, DC recovery voltage was not applied from the test circuit in this case. The decaying DC
voltage that is seen after current suppression in the figure is due to the trapped charges across the
resonant capacitor which the breaker automatically discharges after current suppression is completed.

Figure 16: Reverse current interruption - 12.4 kA current interrupted within 1.5 ms of operation time

Later the TF100 current is increased to 15 kA. This was performed once for each current direction.
Figure 17 shows TF100 forward current interruption in which 15 kA is interrupted within the breaker
operation time of 2 ms. In this case the TIV having peak value of nearly 130 kV was produced by the
VARC HVDC circuit breaker. The current was suppressed within 2.2 ms while absorbing 1.8 MJ of
energy.
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Figure 17: TF100 (15 kA) current interruption

The TC100 current interruption (both in the forward and reverse directions) have been performed as
well. In this case the TC100 corresponds to 2000 A continuous current. Oscillograms showing the test
result of TC100 is shown in Figure 18.

Figure 18: TC100 current interruption by VARC HVDC CB

Table 4: Summary of test results of VARC HVDC CB

Test
Name

Breaking Current
(kA)

ΔtBO
(ms)

Energy
(MJ)

Actual ΔtFS
(ms)

DC recovery voltage
application

#tests
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TC10+

0.2

2

0.023

2.6

Not applied

2

TC10-

0.2

2

0.023

2.6

Not applied

2

TC100+

2

2

0.16

2.7

Not applied

2

TC100+

2

2

0.16

2.7

Not applied

2

TF100+

12

1.5

1.3

1.92

Not applied

2

TF100+

12

1.5

1.3

1.9

Not applied

2

TDT+

8

2

2.5

5.3

Not applied

1

TDT-

8

2

2.5

5.3

Not applied

1

TF100+
(achived)

15

2

1.8

2.2

Not applied

1

2

At internal commutation time of 2 ms, a fault suppression time of 3.5 ms was achieved for 2 forward and 2
reverse current interruption tests. The energy absorbed in each case is 2.45 MJ
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4 SUMMARY
Three different technologies of HVDC circuit breakers have been demonstrated in the presence of
different stakeholders who have been invited to witness the actual full-power testing at KEMA highpower laboratory.
First, a test program has been agreed within the WP10 which includes the following
-

Peak fault current interruption (TF100)

-

Continuous current interruption (TC100)

-

10 % of continuous current interruption (TC10)

-

TDT – test of rated TIV duration in case tests have been performed on test objects at reduced
energy

Based on this the following has been achieved and demonstrated during the testing of HVDC circuit
breakers
Table 5: Summary of main test results
HVDC CB

Breaker operation

TF100

TC100

System

Energy

time (ms)

(kA)

(A)

voltage (kV)

(MJ)3

7-8

16 - 20

2000

160/200

5

Hybrid

3

20

3000

350

10.5

VARC

1.5 - 2

12-15

2000

80

3

Active

current

injection

3

Demonstrated during testing
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