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Who is the HVDC centre?
And what’s our role?



What is the HVDC centre?
A simulation hosting facility to manage complete network and device study.



Development of HVDC Connections in GBCurrent HVDC in GB
7 HVDC Links - Totalling: 8 GW
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Future HVDC in GB 
Up to 34 HVDC Links - Totalling: 45.45 GW

Source: National Grid Interconnector Register 01 08 2019
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Interconnectors:
1) Cross Channel (IFA)
2) Moyle
3) BritNed
4) EWIC

New Interconnector:
5) Nemo

New Embedded Links:
6) Caithness – Moray
7) Western Link

New Island Links
8) Shetland
9) Western Isles

New Interconnectors
12) ElecLink
13) NSL
14) Aquind
15) Viking
16) GreenLink
17) NorthConnect
18) IFA2
19) Fablink
20) NeuConnect
21) Gridlink

New Offshore Wind Connections
31)   Dogger Bank
32)   Norfolk Vanguard
34)   Sofia

New Embedded Links
10) Eastern Link 2
11) Eastern Link 1

Additional Interconnectors
26)   Aminth
27) Atlantic Super Connection
28) Continental Link

Development of HVDC Connections in GB



Inverter based technology– its evolution.

• Converter technology, unlike synchronous and passive electrical technology is driven by: 
− Capability to define robust control and protection strategies 

− Tolerances and topologies of the semi-conductor technologies employed  

− User requirements.

• Each control & protections strategy exists in priority to another and transitions can occur within microsecs derived from grid measurement & prediction

• These and the specifics of converter structure and its relationship to specification are areas of heavily guarded IP & will not be reflected in detail within 
models exchanged.



2) Inverter based technology– Network performance significance.



Our projects-
Some examples of Delivering 
de-risked solutions..



Caithness- Moray-
Shetland
Europe’s 1st multi-terminal 
VSC-HVDC project



CMS – Main Project Outline

B0

❑ Phase 1 is a point-to-point HVDC link between 

Spittal (in Caithness) and Blackhillock (in Moray)

National Grid Electricity Ten 

Year Statement 2018

❑ Phase 2 is planned as an extension to Shetland 

and the introduction of a DC switching station

❑ Full design allows for further terminals to be 

incorporated

Phase 1

Phase 2

Phase 3/4



CMS – Replica C&P Panels

Measured Voltage and Current Analogue signals

Firing Pulses (Digital Signal)

Operator Work Station

Real-time Simulator Runtime Interface

VSC Station
Computer

Valve Control Unit

Firing Pulses

Signal
Processing at 

Interface Cubicles
Analogue

Output

Digital Input 

Replica 
HMI

Real Time 

Simulator Rack

RTS 
HMI

Modelled in 
RTS Software

DC 

Network

Measured Node 
Voltages & 
Currents

HVDC Control 

Replica Cubicle

Real-Time 
Simulator

Replica HVDC 
Control

Caithness Moray Shetland



CMS – Replica Applications

❑ Modelled North of Scotland AC 
Network in Real-time Simulation.

❑ Tested response of Spittal 

converter station to AC faults on 

275kV & 132kV circuits.

❑ Demonstrated effectiveness of 
extremely weak grid control at 
Spittal converter station.

❑ Validated emergency power 

control function for preventing 
voltage instability at Spittal.

Simplified North of Scotland Network Modelled using RTS

Operational Support
❑ In-House Training
❑ Respond to Network 

Changes
❑ Diagnose 

Faults/Alarms

❑ Testing Updates/ 
Upgrades

o Long-term Model 



CMS – Learnings

❑ Upfront considered use of Replicas to:

o De-risk multi-stage (potentially multi-

vender) development

o Facilitating multi-terminal solutions and 

interconnected DC hubs;

o De-risking control interactions between 
converters connected in electrical 
proximity, and also with other fast 

acting power electronic controllers 
embedded within the ac network;

o Training and developing Transmission 
Planning and Operations Engineers;

o Undertaking post-commissioning 
scenario planning and network 

analysis

Interaction 
Testing (EMT 

offline and RTS)

Dynamic FAT 
HVDC 2

Commissioning 
HVDC 2

Detailed model 
of new  

network 
connection

Pretested 
simulator / 

model HVDC 2

Testing of 
‘Master Control’

Simulator / 
model HVDC 1

If major changes

Vendor A

Vendor B Developer

Honest broker

Adapted from: RTE International, ‘HVDC WEBINAR THIRD 
SESSION: The Johan Sverdrup HVDC project; First 
multivendor HVDC system in grid forming operation ’, 
June 9th 2020 

Responsible party key:

Flow Diagram of Interaction 
Testing for Integration of 2nd HVDC 

Link (with Multiple Vendors)



Shetland Low Fault Level Protection Testing

Replica HVDC 
Control

Real-Time 
Simulator

Amplifiers and 
Protection Relays

❑ De-risk the integration of new 132kV transmission line 
protection in the Shetland Island.

❑ Model and Integrate key components like the Island AC 
network, onshore AC network, CMS HVDC replica control 

and protection panels and AC protection relays.

❑ Test various internal and external faults and ensure the 
protection scheme provide optimal security to the new 

transmission circuits.

❑ Recommendation – Summarise the findings and provide 
recommendation to the project team based on the 
study results and findings.



PROMOTioN
Progress on Meshed HVDC 
Offshore Transmission Networks



PROMOTioN – Overview



PROMOTioN – DC Faults

Fault current characteristics

❑ No zero crossings

❑ High rate-of-rise

❑ High steady state value

Sensitive (& 
expensive) 
converters and 

fast controls

Converter AC breakers
❑As used in existing projects 

❑Slow (40-60 ms opening 
time)

❑Not selective

Fault-current blocking 

converters
❑Higher losses compared to 

half-bridge

❑Fast (responsive within a 
few ms)

❑Not selective

DC circuit breakers 

❑Operating time of 2-10 ms

❑Trade-off in losses vs speed

❑Allows selective fault 
clearing

Non-selective: Temporary shut down 

the whole DC grid

Fault Currents within a DC Grid Options for Protection Selective: DCCBs on every line end

Partially selective: Split DC grid in sub-

grids (protection zones)

https://www.promotion-offshore.net/fileadmin/PDFs/D4.2_Broad_comparison_of_fault_clearing_strategies_for_DC_grids.pdf


PROMOTioN – DC Protection Testing
Busbar 
fault

2
3

1

4

5

Foundation 3 

terminal 

network based 

on real CMS 

HVDC system

HVDC Cables 
❑ Parameters from real project
❑ Travelling wave frequency-

dependent phase model used 
giving accurate v, i response

Converters
❑ Open-source
❑ Average HB-MMC

❑ Includes high and 
low level control

DCCBs
❑ Developed         

by WP6 in 

collaboration 
with industrial 
partners

❑ 3 types: 
hybrid; 
mechanical; 
and VARC

DCCBXX Converter (with/without 
fault blocking capability)

DC Circuit Breaker

Relay

DC Disconnector

Vendor D

Vendor C

Vendor B

Vendor A

Busbar

Cable

Converter (with/without 
fault blocking capability)

DC Circuit Breaker

Relay

DC Disconnector

Vendor D

Vendor C

Vendor B

Vendor A

Busbar

Cable

Real time operation lets us connect 

physical devices in a closed-loop 

with the simulated environment

❑ Shows dynamic response of 

the system as test continues 

after action of the device.

❑ Test multiple devices 

simultaneously

❑ More detailed system 

representation than open-

loop test provides

Interoperability



Multi-terminal Extension of VSC- HVDC Systems

Introduction

CMS Multi-terminal HVDC Design

▪ VSC-HVDC technologies are suitable for connecting 
relatively weak AC systems into stronger grid areas/ 
external grids. 

▪ VSC has improved control capabilities 

▪ Multi-terminal VSC systems have greater flexibility and 
can change power flow direction provided one end 
maintains the voltage polarity.

▪ This presentation identifies that multi-terminal extension 
of VSC-HVDC system is technically feasible, outlines co-
simulation options and testing requirements with project 
risks to be managed.



Multi-vendor de-
risking
How to address 
interoperability



Co-simulation of Multi-Vendor VSC- HVDC Systems

3-terminal HVDC System Control and Test Cases

VSC1
Future
VSC3

VSC2

Future Wind 

Farm3 (600 MW)

 Main AC 
Grid2

Wind Farm1  

(800 MW)

 Converter Station 

Specification Blackhillock Spittal Kergord 

Active Power (MW) 1200 800 600 

Reactive Power (MVAr) 394 263 197 

AC Voltage (kV) 400 275 132 

DC Voltage (kV) ±320 ±320 ±320 

Configuration Symmetrical Monopole; Half-Bridge Type 

 

100 MW

Load

VSC2 VSC1 FutureVSC3

DC Voltage & AC 

Voltage Control

Active Power 

& AC Voltage 

Control

AC Voltage & 

Frequency Control

132kV/275kV

400kV

Server 

End
Client 

End

Other Vendor ModelExisting Vendor Models

Other 
Vendor HMI

Existing 
Vendor HMI

132kV275kV

 Ethernet Switch 

or Wireless Link

400kV

Fault F2 

at 10s

Fault F1 

at 8s

Fault F1 

at 12s

▪ Control Modes:

o VSC1 regulates active power and 
reactive power.

o VSC2 controls DC voltage for power 
balancing and regulates reactive 
power.

o VSC3 creates offshore AC voltage 
with fixed frequency, magnitude and 
phase angle.

▪ Test cases: 

o 0.2p.u. active power ramp on VSC3
at 2.5s and 4.5s.

o 0.4p.u. active power ramp on VSC1
at 5.5s; and 

o 100ms 3-phase to ground AC faults 
on VSC1 at 8s, VSC3 at 10s and 
VSC2 at 12s.



Co-simulation of Multi-Vendor VSC- HVDC Systems

▪ To verify off-site performance of HVDC control and protection 
(C&P) systems in EMT-type software models prior to site 
delivery. 

▪ Future VSC terminal DPS supplied by different vendor, would 
require co-simulation of EMT-type offline models from 
different suppliers.

▪ The Johan Sverdrup HVDC project in Norway represents a 
type of multi-vendor VSC scheme.

▪ An example 3-terminal HVDC system with 2 existing VSCs 
and a future terminal by another vendor, co-simulated using 
an offline EMT tool.

Dynamic Performance Studies (DPS)

Co-simulation of 3-terminal HVDC Scheme

(a) Schematic       (b) Set-up

VSC1
Future
VSC3

VSC2

Future Wind 

Farm3 (600 MW)

 Main AC 
Grid2

Wind Farm1  

(800 MW)

 Converter Station 

Specification Blackhillock Spittal Kergord 

Active Power (MW) 1200 800 600 

Reactive Power (MVAr) 394 263 197 

AC Voltage (kV) 400 275 132 

DC Voltage (kV) ±320 ±320 ±320 

Configuration Symmetrical Monopole; Half-Bridge Type 

 

100 MW

Load

VSC2 VSC1 FutureVSC3

DC Voltage & AC 

Voltage Control

Active Power & AC 

Voltage Control

AC Voltage & 

Frequency Control

132kV/275kV

400kV

Server 

End
Client 

End

Other Vendor ModelExisting Vendor Models

Other 
Vendor HMI

Existing 
Vendor HMI

132kV275kV

 Ethernet Switch 

or Wireless Link

400kV

(a)

(b)

▪ Co-simulation can preserve IP arrangements of HVDC C&P 
systems from different manufacturers.  



Co-simulation of Multi-Vendor VSC- HVDC Systems

DPS Results and Discussions – Offline Co-simulation
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▪ Active Power ▪ Reactive Power 

▪ AC Voltage ▪ DC Voltage 

▪ The co-simulated 3-Terminal HVDC system is stable across the test cases investigated

▪ 1.8p.u. DC overvoltage observed for AC 
fault on inverter terminal VSC2 at 12s, and 
the system recovers within 500ms.

▪ DC choppers, fast adaptive HVDC droop 
control or power reduction schemes can be 
used to prevent DC overvoltage.

▪ Ethernet link between two separate 
computers minimised telecommunication 
delays compared to wireless option



Testing VSC-HVDC Supplied by Different Manufacturers

Real Time Simulation with Hardware-in-the-Loop Replica HVDC C&P systems

▪ Used for de-risking multi-terminal HVDC C&P 
systems from different suppliers (Vendor A and B).

o Two existing HVDC terminals (VSC11 & VSC12) 
represented using hardware replica C&P system

o Additional terminal (VSC13) is modelled using an 
open-source modular multi-level converter models. 

▪ Control Modes:

o VSC11 regulates active power and AC voltage with 
reactive power droop control.

o VSC12 controls DC voltage for power balance and 
regulates AC voltage with reactive power droop.

o VSC13 creates offshore AC voltage with fixed 
frequency, magnitude and phase angle for 
connecting 100MW load and 300MW generation.

Hardware in the loop set-up



Key Considerations and Project Risks

▪ Key considerations include:

o Model Sharing: manufacturers will need to 
shared detailed EMT-models, fit for intended 
purpose

o Replica C&P system: future HVDC supplier 
must provide a replica C&P test for multi-
vendor tests to track changes in development 
and or further changes in service.

o Procurement: multi-vendor tests may result 
in dis-interest from other suppliers

o HVDC Grid Code: standardisation of C&P 
specifications will reduce interoperability risk.  

Role of independent test environment in multi-vendor HVDC schemes

▪ Additional time up to 12 months may need to be manage for multi-vendor option compared to a single-vendor 
approach, mainly due to multi-vendor testing requirement.

Estimated Project timeline for additional HVDC terminal

Multi-Vendor Option M0 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 M16 M17 M18 M19 M20 M21 M22

Procurement (Pre-Contract)

1. Specification

2. Tender

3. Bid

Project Delivery (Post Award)

4. Dynamic Performance Studies

5. Factory Acceptance Tests

6. Replica Specification & Installation

7. Multi-Terminal System Tests

Single-Vendor Option M0 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 M16 M17 M18 M19 M20 M21 M22

Procurement (Pre-Contract)

1. Specification

2. Tender

3. Bid

Project Delivery (Post Award)

4. Dynamic Performance Studies

5. Factory Acceptance Tests

6. Replica Upgrade (if required)

7. Multi-Terminal System Tests

M0 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 M16 M17 M18 M19 M20 M21 M22

▪ Vendor responsibility has to be assigned and better coordination between different vendors could 
streamline development timeframes.



Summary

Multi-terminal extension of VSC-HVDC system is technically feasible

▪ No major technical barriers to multi-vendor systems with converters provided by 
different suppliers;

▪ Dynamic performance studies (DPS) can be performed using EMT-type tools 
with co-simulation capabilities to de-risk HVDC schemes involving different 
vendors ;

▪ Factory acceptance testing (FAT) of HVDC C&P systems of converter terminals 
being supplied by different equipment manufacturer can be performed at 
independent testing environment to demonstrate compatibility with replicas of 
existing HVDC scheme; and

▪ Multi-vendor HVDC option would incur an additional time (estimated as 12 
months), but coordination of multi-vendor testing could streamline development 
timescales.



Protection de-
risking
How to ensure reliability and 
resilience



Use of RTS for De-risking Innovation Projects 

Source: http://northsealink.com/

Physical relays 

at Eccles

Physical relays 

at Stella West

Physical relays at Blyth

Series 

Compensator 
Model

AC Network

Model

HVDC 

Model

Overview of Eccles-Blyth-Stella West 

400kV Protection Performance Studies

NGET and SPEN commissioned the HVDC Centre to test & validate AC protection performance and co-ordination testing for a new 
HVDC interconnector to ensure the security and resilience of the GB electricity network. 

Commissioned by:                         & 

A test setup with Physical relays at our centre 

The protection study has increased 
our understanding of the:

▪ Potential risks associated with AC 
protection in the presence of 
HVDC links & FACTs

▪ Practicalities of implementing 
multivendor protection system 
testing within GB Network 

▪ Differences between modelled 
and actual protection behaviour.

▪ Capacity to transmit 1,400 MW of power at DC voltage  ±525kV

▪ 730 kilometre link will be the world's longest subsea power interconnection

Impact on AC Protection – New HVDC Connection

http://northsealink.com/
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiF3vntw6nVAhXEUlAKHb3KCZgQjRwIBw&url=http://www.elp.com/articles/2016/07/judge-wants-national-grid-to-keep-power-on-for-sick-disabled.html&psig=AFQjCNGVkKSF2hcKDD7GCtA39g2w8F6Exw&ust=1501247219412142
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiF3vntw6nVAhXEUlAKHb3KCZgQjRwIBw&url=http://www.elp.com/articles/2016/07/judge-wants-national-grid-to-keep-power-on-for-sick-disabled.html&psig=AFQjCNGVkKSF2hcKDD7GCtA39g2w8F6Exw&ust=1501247219412142


Use of RTS for De-risking Innovation Projects 

Impact on AC Protection – Evaluation of the Impact of HVDC Systems with Synchronous Condensers on AC Protection

o A simplified but representative RTDS network model

o A laboratory test configuration and procedures using RTDS HiL-setup for AC protection testing

o Recommendations of the desirable control strategies for:
▪ HVDC systems
▪ most desirable sizing of SC for HVDC systems during faults to support the AC protection



R&D
Driving new tools, approaches & 
insights to de risking



Use of RTS for De-risking Innovation Projects - Innovation Projects

2019/20 Completed 
Innovation Projects

Coordination of AC network 
protection during HVDC 
energization

Stability assessment and mitigation 
converter  interactions 

Improving Grid Code 
for HVDC schemes

Older Completed
Innovation Projects

Developing Open-Source 
Converter Models

Stability assessment for co-
located 
converters

Design of DC/DC Converter

2020/21 Ongoing 
Innovation Projects

HVDC with  synchronous 
condenser impact on AC 
protection

Protection Performance and 
Validation in Low Strength Areas

Adaptive Damping of Power 
Oscillations using HVDC 

NIA Project

COMPOSITE Testing of 
HVDC-connected Wind Farms

Engagement

Innovatio
n

Rese
arch

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiF3vntw6nVAhXEUlAKHb3KCZgQjRwIBw&url=http://www.elp.com/articles/2016/07/judge-wants-national-grid-to-keep-power-on-for-sick-disabled.html&psig=AFQjCNGVkKSF2hcKDD7GCtA39g2w8F6Exw&ust=1501247219412142


Use of RTS for De-risking Innovation Projects 

Impact on AC Protection – HVDC to Black Start

Review algorithms of 
protection relays on 

the network

Use PowerFactory 
simulations to perform 

restoration studies

Hardware testing of 
specific relays in HVDC 

Centre

❑ Risk of resonance during hard-energisation

o Existing protection may not trip in response to the 
resonances

o Relying on HVDC to detect and trip unless mitigation 
implemented

❑ Soft-energisation

o Delayed fault clearance likely

o Risk of exciting resonance due to fast post-fault 
voltage recovery

❑ Strategic reconnecting of load required to 
maximise grid stability

❑ VSC-HVDC provided sufficient current for fault 
detection/relay operation

❑ Weak grid issues exist which could complicate 
connection of wind farms

Real world example 
case used



Use of RTS for De-risking Innovation Projects 
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Review algorithms of 
protection relays on 
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Use of RTS for De-risking Innovation Projects 

HVDC Converter Modelling– Phase I Converter and GB Network Modelling

o Models include all necessary controllers to ensure correct operation

o The MMC models have also been used as the building block for modelling HVDC grid

o The offline (PSCAD) and real-time (RSCAD) models with associated technical reports and 
publications are available to download.

Control system

Large time step Small time step

Power circuit

System level 
control

Converter level 
control

Voltage balancing 
and calculation
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2.5µs
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MMC implementation in RTDS Platform
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A single phase representation of an Average HB-MMC 

A basic circuit diagram of an MMC 

Interface Transformer

https://www.hvdccentre.com/open-source-converters/

Open-source converter model: Researchers at Strathclyde University together 
with The National HVDC Centre have developed and tested open-access 
different MMC topologies to provide building blocks for HVDC system studies.

Converter Modelling

• Open source Converter Model

• Converter topologies-HB, FB and Hybrid MMC

• Averaged, Detailed and Switching Function-MMC

Converter Control Design

• High level Control

• Low level control

Real-time Implementation

• Small-time step

• Large-time step

• Interface 

https://www.hvdccentre.com/open-source-converters/


Use of RTS for De-risking Innovation Projects 

Stability Assessment- Converter Interaction and Network Stability with High Converter Penetration 

o To measure the interactions among multiple HVDC converters, the multi-infeed impact factor (MIIF), is used to 

categorize the network

o Preliminary study indicates that multiple converters in close electrical proximity (in frequency domain) can significantly 

affect system stability

This project has focused on MMC impedance modelling and validation

o Need for adequate modelling method due to the existence of internal harmonics in MMC, 
e.g. the use of the harmonic state space (HSS) method.

o Stability analysis in frequency domain using impedance method

o Stability of multi-infeed converter system

MMC2

MMC1

Equivalent 

AC grid

X line2

X line1

Xc 

Xg 1

Xg 2

P2

P1

𝑀𝐼𝐼𝐹𝑗,𝑖 =
∆𝑉𝑖
∆𝑉𝑗

Solid lines: MIIF=0.81

Dashed lines: MIIF=0.26



Co-ordinated 
Offshore 
HVDC
Spearheading GBs’ 
Green transition…



What is Co-ordinated offshore?
Whats our role in it?



What are the concepts?
Increasing use of HVDC in new ways.

38



Efficient DC 
offshore 
Networks
R&D enabling this 
transition…



Co-ordinated offshore:
Why is this a new way of doing things?



Our R&D strategy for Co-ordinated offshore:
what’s does it mean?



Making it 
happen.
The arrangements, the 
initiatives.



The GB Strategic Innovation Fund
Driving R&D in GB transmission.

• INCENTIVE- teaming short term energy reserves+ 
with HVDC to deliver Inertia and network stability

• Network-DC; delivering the Front-End Engineering and 
CBA de-risking for DC Circuit Breaker implementation



R&D in Europe
>450GW of offshore networks by 2050..

• HVDC resilience, Interoperability, Multi- terminal, 
Multi- vendor are all themes.

• GB a partner across programmes up to €55m in scale

• National HVDC Centre active in supporting the setting 
of the research direction in Europe
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Managing a more complex HVDC future 
Interoperability is about the dialogue, the tools and the tests; and doing it at Scale..
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A model for delivering interoperability 
Implementing solutions, advising on the transition.
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Delivering Interoperability  
Its not just HVDC itself- but the controls surrounding them. And how you do it.
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The future 
DC Grids.
The multi-terminal, 

multi DC-hub, 

multi-vendor DC 
Supergrids;

and the interoperability 
at scale that makes that 
real… 



A Global future of DC grids
Unlocking future network stability and reliability- through achieving interoperability.
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In Summary..
• The Future of HVDC is coming at us at scale and pace

◦ We need to get ready for that now.

• The tools, processes and technologies are available and ready.

◦ We need to progress their implementation, and drive more flexible delivery

• R&D is key to the transition

◦ But it needs to be focused on supporting the doing, not “future casting”. 

• The future- achieving the multi-vendor inter-operable  DC grids of the future.

◦ Interoperability is key

• SHE Transmission and the National HVDC Centre are spearheading several areas of innovation, to 
ensure we meet the ambition of the Net Zero Transition.

◦ supporting EU and GB research across HVDC technology,  interoperability & resilience and new ways of simulating and 
testing.

• We can all make this happen- but have much to do… 
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Follow us on Twitter @HVDC_Centre_GB

Follow our Linkedin page The National HVDC Centre for 
regular updates.

Thanks for listening.

Any questions, please?

❑ For further information, please visit www.hvdccentre.com ; OR email: info@hvdccentre.com

❑ https://www.hvdccentre.com/technical-films/

mailto:info@hvdccentre.com


Contact- Benjamin.Marshall@sse.com
Ben Marshall


