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. 15:05 Coffee Break
@ Afternoon Session
Session 2 “Technology Developments”: How should 15:25 Mul.ti-'e‘enfinr HVDC: Trends, Experiences,
HVDC product design change in response and Ongoing Development
to strategic needs? Fred Page, Mitsubishi Electric
14:15 Introduction 15:45 Superconducting Fault Current Limiters for
Adam Scott, The National HVDC Centre HVDC Grids

Alberto Bertinato, SuperGrid Institute
14:25 Regulatory and Policy Aspects of the

Meshed DC Grid 16.05 Panel Q&A
Biljana Stojkovska, Hitachi Energy

14:45 Control & Protection Developments to 16.45 Close
Facilitate Future Multi-Terminal HVDC
systems
Li Zou, GE Vernova

Event Dinner

15:05 Coffee Break 10*" June 2026

Westerwood Hotel — The Conservatory
Starting at 18:30
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HITACHI

Hitachi Energy

Regulatory and Policy Aspects of
the meshed DC Grid

Dr. Biljana Sto] kovska, 28346HVDCICentreEOperatogsY¥orum, 10 - 11 June 2026
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Hitachi Energy HITACHI

Overview of MTMV DC Grid Deployment
Challenges
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Hitachi Energy HITACHI

Current Status of DC Grid Development

Feasibility of MultiTerminal Grids

Demonstration projects confirm multerminal grids are technically feasible,
enabling broader deployment potential.

Challenges Beyond Engineering

Nontechnical challenges (integration, roles, regulation) remain underexplored, .
slowing MTMV deployment |

Institutional and Policy Gaps

Lack of regulatory clarity, limited regional alignment, and a natifo@lised
debate weaken investment signal$ighlighting the need to go from national to
regional debate, planning for spagg&ensive HVDC MTMV systems and unlock
large-scale deployment




Hitachi Energy HITACHI

Regul atory Gaps and Gr i
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Unclear System Vision and Institutional
Responsibilities

Policy Uncertainty Challenges i 7= e

Policy uncertainty creates significant regulatory and commercial barriers
for DC grid deployment and integration with offshore renewables.

Unclear Roles and Responsibilities

' yOSNIFAyGe SEAAGAE FNRdy R ¢{haQ 2LISNF k2y Dt 871 R/ :.L)\gdzu
responsibilities for developing and managing DC grids. 27 ' 43 7 BRSPS

Alternative Delivery Models

Exploration of centralized versus distributed ownership models is needed
to address complexity and investment in MTMV DC grids.

Need for New Institutional Vehicles

Joint ventures and system integrators may be required to complement
existing grid planning and operational frameworks.



Hitachi Energy HITACHI

| nhvest ment RI sks and Gov

High Investment Risk

MTMV DC grids require large upfront capital and long asset lifetimes
increasing financial exposure for investors.

Unclear Governance Structures

Governance lacks clear roles and decision processes, complicating
coordination among TSOs and vendors.

Revenue Model Uncertainty

Undefined revenue models amdonetisationof systemwide benefits
create unpredictability for investors.

Multi-vendor Interoperability Issues

Multiple vendors complicate liability, interoperability, and risk sharing
increasing investor reluctance.




Hitachi Energy HITACHI

Actions Across Policy, Regulation, and Commercial
Domains

Policy Reforms for Investment

Explore reforms in delivery and procurement to support investment
decisions and clarify system integrator roles.

Regulatory Code Revisions

Industry bodies should collaborate on grid code revisions to set
standards and enable stepwise regulatory approaches.

Commercial Governance and Risk Sharing

Improve governance, assess gaps, and develop risk sharing mechanisms
to de-risk investments and align stakeholders.
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GE VERNOVA

Synchronous Grid Forming Controllers In
Multi-terminal HYDC Systems



Introduction GE VERNOVA

Increase Of Offshore Renewable Integration

Increase of HVDC and Mdlerminal DC systems
A Increase of power electronic interface devices

Achallenges on power system stabilgynertia reduction, limited overcurrent capability, risk of interactions

PPM #1
DCSS
AC/DC #1 AC/DC 43
T +@ . Cable #1 |, . . , | Cable #3 |
T T T T T T a {@
ﬁ\T = gL il iR Ry, X,
__]I T T | I T T L -
*@ : W+ Ho :_ 1@
P,
DBS #3
— [
[ ] pcsu with DC Breaker
‘:I DCSU Without DC Breaker AC/DC #2
L L L Cable #2 A |
T 1@ ,
| il Ry, X,
| € "0
R
DBS #2
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A TE77: AC fault response options for VSC HVDC convet@isi¢RE Science & Engineering, Volume No. 15, October 2019)

T T e A AGrid-Forming converteiis one that can regulate both instantaneous AC
— frequency and AC voltage. Such a converter is also able to provide Mature.
reactive current equal to the steaeltate rated current during\C faults.
A A Synchronous Gridrorming converteis a GridForming converter I\E/lr;ir%glgj;s
= that is also able to operate in parallel with other AC frequency for today.

regulatingequipment and converters.

/ LDwW9 [/ FYFTRIF HAaHpZXZ tIFLISN mnconX G{@8yOKNRYy2dzdi DNAR C2NXYAYy3I O2yiGNRf LyidSNRLISNI

© 2026 GE Vernova and/or its affiliates. All rights reserved. 15



SGFM Implications GE VERNOVA
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- AC side hamertia thanks to the SGSSGFM in the AC system context often neglect the source of eassgyning an infinite DC system
buffer.

- DC System in practice has very limited stored energy resultiiagtinlynamics compared to the AC systém

- As the HVDC is a transmission system, the DC voltage stability should be a priority if no energy is available to sAgQsystéme, which
results in someestricted functionalities of the SGFM, mainly the inertia emulation

/| LDW9 [/ FYFIRF HaHpX tIFLSNI mMmnconX G{&@yOKNRyYy2dzz DNRAR C2N¥AYy3d O2y(GNRf LyidSNRLISNI
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SGFM and-SGFM local controllers
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- DC Voltage Control
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GE VERNOVA
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Primary DC voltage control

(7
de— ka > AP, der
* 0

U go— Option 2
P — 1/ kg—to Au,
Pt— Option 1
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Associated with SGFM

Associated with C -SGFM
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GE VERNOVA

GF GFM C-SGFM —— |
P%)rl\#l AC/DC #1 DCSS AG/DC 45 Lo3 ::jih | k
T i@ _|: Cable #1 :H: 1 4H: Cable #3_, r{@ o, = 0.5 T ]
mﬁ T [ | 5 5 1y IO [ R = 102 .
‘ DBS #3 . f A ebelnienleedele = A0
= =101 ~
I:lDCSU ‘With DC Breaker C_SGFM B P
l:l DCSU Without DC Breaker J AC/DC #2 1 i 70.3 — Pl;
B! Cable #2 o —— Py
| | @ R, X,
] & '€ ——0 03 5 55 6 ! '
o 9 9.5 10 10.5
DBS #2 Time [s] Time [s]
- Better DC VWoltage Controllability in transient and in steady state DC Voltage change Phase Jump
- Limited energy exchange
GFL GFM SGFM DC Voltage change Phase Jump Islanding

PPM #1

AC/DC #1

n

3
3

I:l DCSU With DC Breaker

l:l DCSU Without DC Breaker

CSGFM stat.
Possibility
Possible fo
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GE VERNOVA

Multi-terminal Protection Strategy utilising a
DC Circuit Breaker



System Requirements for the Protection of MTDC @D e vernova
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* Must be fast so that critical current limits of AC/DC converters and DC breakers are not exceeded.
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An Autonomous Selective Protection Concept

GE VERNOVA
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Case X all cables 200 km long angdF 2ms, F3 GE VERNOVA
Openloop Results
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Case X all cables 200 km long andF 2ms, F3 GE VERNOVA
Closedioop Results (neutralisation by primary protection)
o] [ 3 > 3
8:0 i, /\ A Ly ia1 200 km o D Lo o1 200 km icile C
o AR A, 3§ BKy ﬁ ﬁ BKy ﬁ ﬁ BKc j£
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Case X all cables 200 km long angdF 2ms, F3 €3 e vernova
Closedioop Results (neutralisation by baak protection)
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Conclusions GE VERNOVA
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Innovation Partnership Project

Development Organization
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Collaboration Case Study: PROMOTIioN

PROGRESS ON MESHED HVDC

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

. _ _
2016 "m0 () ] Pem—— 00| w——m0()]) w——m) () D GE— d:f PROMOTioN # N\ The National

Unit testing (@KUL)
MT/MV testing (@HVDC Centre)

Key outcomes
A Realtime demonstration of DC

Cablg, ~ DCCBy DCCB.s
(31km) (La=15mH) (L43=20mH) Cabley, (267 kr.n).-. protection relay
0 320KV _
=5 D A MV/MT environment
41 43

N & - MITSUBISHI
£KTHY : . ELECTRIC
g s § ¥ s

, ﬁ == SE;HOORFLETRANSMISSIDN v HVDC Centre

Mo ot 600 T ¥ T
S g X ox 5 x x x %
[1}] 550}' » % X X X x X x x % ® X y =
" 500 e : : - :
20 40 60 80 100 120
Converter C&P DC Relay DCCB Success? (b) Operation time (backup
N ‘r:ErT 108F X x T A )'( ” ARSI A x T X T =
Replica Mitsubishi Electric VARC = ok X xX XXX Xy 3
= x
Replica Mitsubishi Electric Hybrid = 107 . L : : L L X
0 20 40 60 80 100 120
Replica Mitsubishi Electric Active current injection (c) Dependability
v - e =
Backup
Replica KTH Hybrid L . . . : .
0 20 40 60 80 100 120
Replica KTH Active Current Injection Distance (km)

©Mitsubishi Electric Corporation
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Collaboration Case Study

2020 == D()2] w0 () 2 Gmmmm ()3 =mmmmD())/ w—)

SIL testing
HIL testing

= -

C&P MT/MV real -time verification

: NEDO RIGHT PROJECT

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

Key outcomes \\y
A MT/MV real-time C&P demonsi
A Three converter vendors.r;’;\\
A Converter control, dc line protection

relay, dc grid controller

4':5 ACa - i (ﬁr AItolc System status
Planned Values Commands,«* «x = ~**«,
-4 A" S O0(m  ta
V= l\ Offshore Offshore (1) Onshore (1) Onshore ﬂ %
_I_ WF Conv. Sta. Conv. Sta. System HH
P 0 .
,-C'/\ Offshore| [ Offshore (2) L1 Converter Station
l l WF Conv. Sta. S @ : DC Cable
L %~ : DC Circuit Breaker
| 4 <
\\-41\ Offshore Offshore (3) Onshore (2) Onshore ﬂ %
150km /| l l WF Conv. Sta. Conv. Sta. System HHE
NEDO, o NEye® Histo issi 4 : 150 mt
_ , _ ry4 Tdansmission route assumed : Control Slgnal . ) _
in the Next Generation Offshore HVYDC System Research and \ 4 . :T ri1r p S gna |

Devel opment Project,éd March
https://www.nedo.go.jp/content/100928863.pdf (in Japanese)
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2021,

Conv. Controller

Protection Relay

NEDO RIGHT Project
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Coll aboration :CaAsgeuiSlitau dy o TSy

Changes for the Better

2022

o

MELCO + generic
MELCO + GEV (MV/MT)
Public demonstration

2 0 2 S 2024 w—— 2025

0.0573 MW

hd

f \ The National

\. 4/ HVDC Centre M" |
Aquila Project | ¢
o

a GE VERNOVA ° 0.076; MW
"‘W —

World -first technology to unlock full power of HYDC power systems - SSEN Transmission

©Mitsubishi Electric Corporation ‘ 32


https://www.ssen-transmission.co.uk/news/news--views/2025/4/world-first-technology-to-unlock-full-power-of-hvdc-power-systems/
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2023 2024

Collaboration Case Study : Interopera o MTsyaeH

Changes for the Better

DCSS control unit delivered
DC protection rel aV—Tﬂﬁ—fJ

Status

A Installation and dry-runs successful
Next steps

A Reattime verification demonstration

C52 Vpc=525 kV

Line1 Jurees

T s

eli vered

W Inter
OPERA

Enabling multi-vendor HVDC grids

DCSS8Blue: with DCCB;Red:disconnectors. 33



Field Experience Case study: Shin-shinano

Rated Capacity

53.0 MVA
(37.5 MW,37.5 MVAr)

System Voltage

66kV
(500 kV /275 kV /66 kV Tr)

Output 4,620V, 1,710 A
Voltage, Current

DC voltage 10.6kV
Switching frequency 9 pulse PWM

Voltage source converter

CEMAEE] (4 multiple-stage)

Device 60 GTO (6 kYV, k A)
Field Test 1997-1998

Substation Shin-shinano S/S

of Tokyo Electric Power Co.

©Mitsubishi Electric Corporation

—H

K | | A< K] | 7 |

o oo o) S s

‘ MITSUBISHI
AN ELECTRIC

Changes for the Better

504z

1

1B

.>- 50Hz

2B

3B

275kv

34



Field Experience Case study : Kii Channel (system overview)

2000 eyl s 2024
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Commissioning

Kii Channel HVYDC Link
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Changes for the Better

. — T

Ki h o®&/uS @
'S e == | W , T
A \\Nji ra SW/S ©
Anan C/S
N Converter Station Kansai T & D, Shikoku T & D and JPOWER TN

""" Future stage

DC OHL

Kansai T &D,

Submarine Cables

Kansai T &D and JPOWER TN

Ratings

1400 MW (2800 MW design), 250 kV (500 kV design)
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Case study: Kii Channel (C&P system)

—>

Original system

Upgraded system
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Shikoku Electric

Kansai Electric

Shi koku E Kansai Electric
1 .
Anan 1 Yura 1 Kihoku
I L
1 1
DC I i nle DC line : DC | i e
Protect=i Protection : Protedfi on
Sync : : Sync |
control 1 1 control
1 1
1 1
i i
Converter K K Converter
c&P ! Pole 1 ! C&P
1 1
1 1
1 1
; 1 1 ;
Grid I I Gri dl_
Control : : Cont rldl
1 1
1 1
i i
Converter K 1 POle 2 1 K Conveltle
C&P : : C&P
1 1
: :
1 1
Sync I I Sync
control : : cont ol
DC line 1 DC line 1 DC line
Protection : Protection : Protection
1 1
1 1
| | | |

©Mitsubishi Electric Corporation

Anan ' Yura ! Kihoku
1 1
| |
DC line : DC | i r|| e DC line
Protection : Pr ot ed 1: i | oPmotection
Sync . . Sync
cont n oll 1 1 control
1 1
1
I
Converter K K Converter
C&P Pole 1 ! c&pP
1
1
1 1
: [ [
Grid | |
Cont rloll : :
1 1
1 1
1 1
C It : : C t
onverter onverter
C&P K : Pol2 GI K c&P
1 1
1 1
[l [l
1 1
Sync I I Sync
cont 11 07 | | control
DC line 1 DC line 1 DC line
Protection : Protection : Protection
I I
| | | |
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¢ mTSuBISHI
Lessons learnt A% ELECTRIC

Changes for the Better

Opportunities for multi  -vendor
A Not reliant on single vendor:
A Removing common mode failures,
A Increasing competition
A Can reduce delivery time for large-scale delivery

Challenges for multi -vendor

A It is difficult for vendors to collaborate closely & and a 3 party is needed

A VSC control is more complex and heavily controlled by proprietary designs/IP compared to LCC

A DGC-side is common for all converters - C&P should have response that is pre determined (not
freely designed by the vendor as in single-vendor)

Key take -aways

A Owners need to take system design responsibility

A Early development of specifications, particularly for interfaces is critical

A System designer (owner) should be responsible for determining response and performance of
the system in both normal operation and during failures, particularly for the DC -side.
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Y SPRINT Project Overview

Y RSFCL Technology and Protection Concepts

Y Impact of RSFCL on HVDC System Performance
¥ Techno-Economic Assessment

¥ Conclusions and Perspectives
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supercrid | SPRINT project

L, Superconducting fault current limiters Potential to limit Reactor Implementation within DC Network Topologies

Electricity Networks HVDC Centre Ttftite

Scottish & Southern ( The National SuperGrid

TRANSMISSION

Yy Ofgem Strategic innovation Fund
Y Discovery phase : January to Mai 2026

Y Problem
> HVDC networks must rapidly isolate and clear faults to prevent equipment damage and outages
> The current approach relies on large DCR (DC reactors)
> Expensive and large footprint
> Requires larger or additional offshore platforms
> DCRs are not only a protection solution D they impact the entire system design, cost, and operation

DCCB + RSFCL

Y Solution
> SPRINT introduces Resistive DC Superconducting Fault Current Limiters (RSFCLS):
> Only activates during faults

> Smaller footprint and few units required
> Flexible installation reduces offshore platform costs

The Discovery Phase will demonstrate

technology benefits of RSFCL on real HVYDC networks
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superrid | SPRINT project

L Superconducting fault current limiters Potential to limit Reactor Implementation within DC Network Topologies

Structure of the project Deliverables

f N
g ) > RSFCL cost model

> Final Report

> RSFCL model for EMTP simulations (DLL)

F:O
>?2*%$2 N-"~0° a-TXHK
$ (G XAEIBAIIL «

A\ 4
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superGrid | \What is a Resistive Superconductive Fault Current Limiter ?

Institute

Y Basic property of High Temperature Superconductive material
> A passive, no loss material if T<Tc, Jdcand B<Bc
> Use of "High Temperature” SC material: YBCO operating with Liquid Nitrogen at ~ -200 °C
> Tape winding into pancake, assembly of pancakes to match the voltage

—
=3
~

Bllc axis Insulation / Lamination (Polyimide)

Electrical insulation between conductors.

Stabilizer / Shunt Layer
Thermal stability and resistance in fault.

Silver (Ag) Contact Layer
Protection and good electrical contact.

Superconducting Layer (REBCO/YBCO)
Carries current with zero resistance.

Critical current density J_ (A/cm?)

Buffer Layers (MgO, etc.)
Electrical insulation and crystal texture.

© 0 06 0 6 @®

Substrate (Hastelloy® C276 / Ni alloy)
Mechanical and thermal support.

Figure 1. 3D diagrams of T, B, and J, of various
superconductors (includingNbTi, MgB,, YBCO and B
2223)[261© 2017 Springer International Publishing AG



https://www.oaepublish.com/articles/ss.2022.10#B26

superGrid | S W? + Wy LEEU e EvGe CAuv

Institute

Mnevniki substation (Moscow)

Y 2019 World -first 220 kV D 1.2 kA RSFCL installed in a 220/20 kV substation

Y RSFCL aim: mitigate high fault current levels (above 50 kA) caused by rapid power
consumption growth

Bushings

40
without SFCL
< 20 Cryostat
4
oy /
c
L
5
© 0
with SFCL
-20

0 20 40 60 80
Time, ms

‘ Superconductor assembly
(with corona rings)

M. Moyzykhet al., 'First Russian 220 kV Superconducting Fault Current Limiter (SFCL) For Application in Clt{EGEdTransactions on Applied Superconductivity / 47
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Institute

6 J « ZPioject (China)
vy 2020 World -first application of RSFCL technology in an MTDC grid (Symmetric monopole+160 kV)

Y RSFCL aim: to expand the grid into a 4terminal MTDC configuration to limit short -circuit current (prospective current
exceeding 16 kA, while the original DCCB design was rated for 9 kA).

Y RSFCL Ratings :
> 160-kV/1-kA,lIcgawd | W H#$8 MJI XTw 26 UU1l-to-paefau) C °| « aA 2a TA3 «;

MMC-VSC

f Clrcwt Breaker
Qing'ao Station 'f DC SFCL
I
I
MMC-VSC ‘ MMC-VSC
Taurus Station Sucheng Station

t ® DididzRig VR ! K€/ [ 5S&ATy | yIRY & @Jca CASYl (tANERERoSNYie NI yal OlA2ya 2§ OBIELIgR Sdnf&GizllS NO2 vy RdzO0 A OA G &
ad { BWHAIYb | YRcSM G452 F{ HZISND2 y RdzO (i AybD 9@ drfNG y/adzNNB W2/ 4] /2 WA (IEIwR JRIFBLIS ND 2 v RdzO G A GA G @ 48



SuperGrid : :
‘e | Medium voltage demonstration tests

Demonstration tests at SuperGrid Institute (France)
50 kVDC tests

RSFCL with 2 tapes in parallel

Limitation of current from 43 kAp down to 5,5 kAp
Interrupted current 2,5 kA

< < < <

— 45000
<. 42000
$ 39000
£ 36000
S 33000
2 30000
$ 27000
2 24000
21000
18000
15000
12000
9000
6000
3000 -

Limited Current, Pro

0
133 138 143

148

Time [ms]

153

158

163

DC limitation tests with DC CB mechanical Breaker

- 60000
- 50000
- 40000
- 30000
- 20000

- 10000

DCCB Voltage, RSFCL Voltage [V]
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SuperGrid
InSt'tute Superconducting CAbles foR —X%‘m—
sustainable Energy Transition ] 00
> - - 50KV
. a.” - 2500 A
tran';:ggsion L )Y —>r>——
grid . Pt Toward
SCARLET T e
H B il S0kv
Y H2020 demonstrator project . an 22 o
] 1 7 .
vy 5-° AJ° -«y JHKBKB-C °3J«” ZX3 - ZKVDOF KBXAEXHK -2 ° - 3 « H5E&$ a ¢
> Reduced footprint and environmental impact e EE

+ pole (HTS)

> For offshore wind: offshore conversion station could be suppressed

Y 2 types of SC cable demonstrators in 2027
> LN2 cooled HTS YBCO cable
U Onshore / offshore solution

> Electricity and chemical energy transfer: MgB2 SC cable cooled by
transferred LH2

US5- " "°KE Z-3X XX« Z-3
Y 1 RSFCL demonstrator

> RSFCL is a solution to have an optimal protection of the SC cable combined
with fast DC breaker

> 10000 ADC module demonstration in 2026

«TA"°3 J§K

J o o 5

SUPERNGDE" R|§|:|

LN, flow (return)

Lapped HV insulation

Grounded
screen \ - B

Copper core for
fault management
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ElU

- pole (HTS)
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RSFCL Projects / demonstrations

HTS tapes 6 J « Zx160 kV and Mnevniki 220 kV substation
Superconducting anti-inductive coil 8-9 Gochang 154 kV at KEPCO

Cryostat 8-9 Mnevniki 220 kV substation

Cryocooler 8-9 Mnevniki 220 kV substation

Liquid nitrogen liquefier 8-9

Cryogenic Bushing 6-7 6 J « Zxl160 kV DC

RSFCL components are mature, but system integration at HVDC level remains the key
challenge (TRL 34)
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Impact of RSFCL on HVDC
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superGrid | SPRINT use case

Institute Peter Spit Radi Radi
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Where should RSFCLs be installed to maximize protection " ruispoe
performance in HVDC grids? " Rigidpole
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' Peterhead EGL2 Spittal Radial Infeed 1~ Radial |an¢| 2 emead EGLA  QUeee3S  pagialinfeed3  Radial Infeed 4 '
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| | | I | I I
I i |
v Retained option l IS P | [ T U AR S D
> Placement of RSFCL within the ring between the two I { ° 0 H : . i I° H : H : H : H I
DCCBs | 1 |
> WIthOUt DCR I Node 1- I I Node 1-2 I
Y Protection sequence I |
> |n case of a fault on a zone only the adjacent RSFCLs I I gl I
i | I
> Subsequently, the DCCBs of the faulty zone will & .
: Zone 21 : 1 JRS W
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superGrid | SPRINT use case
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I ? >al|>1 oll8s6]]|>1 >0 I ? >al [>T
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R 2 1
n& ] X3 X«°® K-IJT v-C J«T N
N?2XAEX3JIK ZJAK° ™ ©°E°X J«T e - - ) - 3
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U;°2 «X zJABe ¢ °| &$ M3 xJ|bk3lzy gAkSZ I .
U; ©+NAAEX ZJIAB°" -« &$ M3 XJ| X? LF1 normal operation LF2 disconnecting a node
U; °o#A"  MJ3 ZJAKe~
U; °co#A " MJ3 ZJAK®° " C °| &$ M3 XJ! X3 Jj K AZIX wimisie
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LF3 worst stress on converters
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Y EMT comparison of RSFCL vs DCR based protection

Y RSFCL based protection

> High di/dt due to cable discharge (no DCR)

> Very fast action of RSFCL

> Current decrease rapidly within 5 ms

Y DCR based protection

> DCR= 250 mH each one
L : : >?*$2
> DCR sizing is dictated by MMC blocking avoidance
T KBJI3zX « TAN® J« NX
T " KB-C NA33 X«° TE«J? N~ 3IK-C T bTm®ﬁ

3 X2 A 2fast DCBBsoheralion






























