Making Headway on DC System Interoperability-
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Larger DC Networks
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 Multi vendor Interoperability in VSC- * Practical DC system interfacing- offshore
HVDC systems. * INTOG, Hydrogen- anything else to come?
* What we’ve done. * Load rejection management- practically.
* Demonstration and making it practical to * Co-ordinated and staged allocations of offshore grid
deliver forming and damping controls.

* How we’ve done this. * Practical DC system interfacing- onshore

* Growth of DC systems.  HVDC as a network vs a resource connection interface.
* What might they look like * Grid forming support from multi-terminal systems.
* How to get to a vendor agnostic DCCB * Black start and other support.
specification. « HVDC systems complementing resilience

* Associated devices to enable DCCB. « HVAC & HVDC system cross-optimisation.
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A road map to DC systems.

Today
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= m

Radial/ multi terminal HYDC
(1.4GW max, 320kV)- max 5

A ends

+ Going beyond °
point- point

« DC Switching
Stations y
(DCSS)

We are here!

e

By 2030

Offshore,DCSS (AINQ), i ac (21GWmax, 275kv {using 400y IN€W higher ratings
»7 substation plant offshore})) HND proposed,if . of H\/DC- the next
R developed. PR
- - standard?

Radial/ multi terminal HYDC
bipole (2x1.2GW max, 525kV)-

max 5 ends

Project Aquila -= =-

HVDC DCSS hubs onshore
oo (2x1.2GW max, 525kV)- multi-
Specifying &  terminal multi vendor

operating DC demonstration
networks

Multi-terminal, SIF Network DC

Multi-vendor

HVDC A4
”

”
”

By 2035

-~
-i-u "

By 2040

Radial/ multi terminal HYDC bipole (2x1.8GW max,
640kV)- no inherent limit to ends- if developed
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HVDC DCSS hubs onshore with DC generation
connection BAU, small offshore DCSS being implemented. Offshore large hubs
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HVDC CB demonstration on existing hubs.
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Onshore DCCBs at scale within big hubs
>3600MW generation
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Offshore
DC networks

Offshore meshed network across north
sea.

."‘"DCCB use

~= onshore
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Multi-terminal Multi-vendor VSC HVDC demonstration.

Specifications- layouts interfaces, data, MTMYV Control specification and testing
design (Q2, 2024/5) (Q3 2024/5)

- o CTReoy

* What we have done. | -
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Enables contracting, consenting, delivery

Patent protection, legal commercial review
(Q4 2024/5) @

£ o0 001

Multi-Vendor Multi- This Patent covers an advanced control system for coordinating HVDC converters supplied by g 0 °

Terminal Control different vendors in a multi-terminal configuration. This enables smooth power flow orchestration §
between all inals- prioritising stable operation intact and post-fault. & 0 00
. A . 20 002
SCOtt_I.Sh & SOUthgrn The Natlonal Multi-Vendor Multi- This Patent allows operation across unbalanced conditions across a range of configurations and 0—# J 003 .
Electricity Networks @y / HVDC Centre Terminal Operability outages to maximise the availability of an integrated HVDC grid. b o e [ | EvERSR
001 ?

° 001 002
conductancels

Enables clear roles& responsibilities, &

TRANSMISSION
M-I-SLBISHI Multi-Vendor Multi- This patent provides a mathematical proof of network stability that can then be monitored in real
GE VERNOVA Terminal Stability time- and provides a basis for clear specification of an vendors’ convertor interface to a DC network

Enables legal & commercial space for interoperability assured performance
Aquila Interoperability Package DCSS hub and associated design | Aquila Commercial and Legal package.
and specification
Lead by HVDC Centre (September Lead by SSEN-THVDC Lead by SSEN-T Innovation, Comercial,
1 m 2021- April 2024 ) engineering team (September legal and procurement teams in
¢ M o re to c o m e ° 2021- April 2024) association with University of

Groningen (April 24- April 25)
2 H SIEMENS Vendor Agnostic multi-terminal control, Tender pre-engineering, Requirements at tender & contracting
e More Vendors @ Hitachi E nergy ERERENZ control interface specification, design  specifications, layouts, designat  phase, liabilities and responsibilities
input. Associated test & demonstration vendor agnosticlevel. allocations, how to manage “switch
approach on” and lifecycle support thereafter.

* More projects (offshore hubs & onshore hubs-

agnostic delivery. Respects vendor IP as  engineering documents enabling of readiness to contract and manage
in real industrial project. Tested interoperability multi-vendor solutions.
demonstration across vendor replicas

- Patented approach protecting vendor Planning, tender and contractual Independent review and assessment
Why?

GB and continental Europe & beyond)
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Multi-terminal Multi-vendor VSC HVDC demonstration.

How we did this.

Four key principles to our approach-

Principle 0 — respect vendor IP

Characterise and inform performance at convertor
island interface. NOT open up C&P

* Cascaded control architecture between MTC and converter

+ Converter interfacing MTC via voltage reference value of VI droop (K-factor refers to virtual
conductance)

* Essential MTC Functions
~ Power Control
= Global DC voltage control
~ Pole balancing control
- Quantifying the positioning of operating point between no-load condition and collapse (CX-index)
+ Operating domain of equilibrium [voitage and power)
« A prerequisive of small-signal stability

Vendor 1
Converter

— s .
v . TS0 Defined HVDC :
Multi-Terminal L Koy Megutatoe s || Main ¢ ‘Superisory Control .
Control T e Loops Cirevit | :
Vi '
— H Vendor n
Converter Cantral ' | s
i Converter
111D, Coen, B, ashad, € Foctn, 5. R 8 Tuan, Terminal Porformance ;
ecomenes . O Poar Based Assesamerd S I Vondors' Py
Transmiss o ACE: 20211, hasgam, UK. 2023, o9, Z24:21. o K0 Kbcp 2623, 1303

Principle 1- coherent robust DC
network control

Stability over power flow efficiency. Across contingencies
including loss of communication.

¥ Converter Control (us ™ ms):

¥ operate based on local

measurement
g > respond to Multi-Terminal Control
# sustainable when communications.
are lost
£~ mins mEe sms # Multi-Terminal Control (ms * s)
Power ne e Communication shannel » monitor
> assess
TSO defined Vendor
. *_optimize
vendor supplied black HFBPERd should be sustainable when
delivered bowes

all communication channels or a single
power line is lost
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Principle 2- enhanced DC network
operation & availability

Unbalanced control to manage network outages/

faults, control hunting and Hybrid rigid & full bipole
arrangements

NodeA  NodeB ModeC  NodoA  NodeB NodeC  ModeA  NodeB  Nodec
Gifshore AL busbar B

Unbalance
Balanced + pole Lot L
currant current e
Pow

cirouit

ety Nodel  nodel mModed Nodel  Node? | Noges
Enforeed Constraint
Domaing of cantrol

(2] Dong Chen and Benjamin Marshall, “Modelling Asymmetrical HVDC Transfer
Network for Multi-Vendor-Multi-Terminal Interoperability.” JET Conference on
Renewaoble Power Generation, Glasgew, 2023, in press

Principle 3- assess and maintain
stability in operation.

Ability to present emission limits at the DC converter terminal
Interface supporting single terminal testing of a global set of
DC network stability criteria. Based on small signal, relative
gain array, and emission transfer considerations

(1) Equivalent Cireatit

i) Omiginal Grd

[3] Bong Chen and Benjamin Marshall, “Towards HYDE Interoperabllity - On Dominance of Nodal Impedance.” TechRxiv, Oct, 2023



Multi-terminal Multi-vendor VSC HVDC demonstration.

How we did this.
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* Three strands to approach-
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SIEMENS

Alignments
CNerey

with other
international

interfacing o
activities

GB TSOs Vendors

Bilateral vendor activities Monthly GB interoperability expert group

Simulation,
control
approach and

testing

Dissemination of
approach, models, test
benches and activities

Virtual replica
delivery &
contracting

Process,

Technical management of

requirement
clarification and
process
discussion &
agreement

+ Workshops, Tutorials and webinars delivered- more planned. Final reporting later this year.

Future work (Network DC et al) on a similar basis

|| Respecting Vendor IP, deliver & demonstrate TSO function needs

For power system expertise

&@T1enner

TSOs across
Europe &
internationally

P oo

International
research on
interoperability

Wider dissemination

GB HND,
MPI/NSI/
Energy Islands

CIGRE, IEEE,
IEC,IET.

Department for
Energy Security
& Net Zero




Multi-terminal Multi-vendor VSC HVDC demonstration.
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* How we got here.

2013 2016 2018 2020

: _ 2019
Caithness PROMOTi Johann-

Moray - CIGRE B4.81 GB offshore co-
Shetland oN Svestrup ordination project

Testing, operational Recruited staff, :
8, op Project partner, RTEi collaborative RTEi collaborative

support, replica knowledge
A . & WP lead, partner with centre- WG member & Partnered with partner,

hostin h Cardiff .
2 = anEe, a:t : testing, knowledge section author RTEi & GB TSOs knowledge
FHMEEAT e specification exchanges exchanges

2021

2021 Al 2022
Global US DOE

PST (eastern
offshare

Project

) INTEROPERA
Aquila

Active discussions
across industry for
design support, hosting
& testing of HND
solutions

Functional designs,
Modelling for Represented Expert Advisory control principles, Advisory
interoperability on WG advisor Board testing, operational Board
support, replica hosting

Interoperability
priorities to
enable offshore
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Growth of DC systems.

e The future Is now!
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* HND phases
DC Network reinforcements where Project Aquila unlocks solutions

* Networks needing Multi-vendor & DCCB at scale
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Appoint OEMs

Confirm control philosophy

OEM confirms technology readiness

Simulations re-confirm DCCB specification and feasibility |

Replicas installed

Realistic tests of DCCB performance in future GB networks

Growth of DC systems- DCCB.

* The progress of Network-DC; vendor agnostic DCCB
specification & integration as a network grows.

DCCB Protection & Control Replicas
Hardware-in-Loop (Hil)
Software-in-Loop (SiL)

* Philosophy and testing process confirmed

 OEMs identified and contracting to support next steps

NETWORK DC PROJECT

For power system expertise

Aims to advance industry readiness to deploy DC Circuit Breakers (DCCBs) and develop offshore HVDC networks.
A Strategic Innovation Fund (SIF) project now in its Beta Phase from September 2023 to June 2027.

HVDC Centre
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* 12terminals ii}
= DC Switching Station
* 525kV, 2 kA, 2 GW bipoles o

N LA i reactance at the
* Adding DCCBs supports 7 terminal of the ast
capacity expansion and converters. |
operational flexibility (21 E o %
25 . L
Aim to prevent converter blocking except for pole closest to fault o 50 w0 150
\\ P d b C /N e s M)

MORE DC REACTANCE
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Figure: Ty for L, . = 200mH , 400mH

Increasing the DC
reactance at the
switching station is 85 ]|
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more effective than = |
adding DC

ACTIVE CURRENT LIMITING

® Fault clearing DCCB
Active current limiting DCCB
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sty i

Depends on arrester energy limits. .
Could be extended to provide active = . —

Helps limit currents to be interrupted. i M

damping of post-clearance oscillation.
/
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DC fault currents are highest if there are solid ground connections
at all converter terminals.
Resistance earthing at the DCSS, even with low resistance, helps

increase time before converter blocking.
\ £ Y,
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Growth of DC systems. n c
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* Enabling DCCBs- related considerations.
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DC networks Components and specifications & CIgIe

* InterOpera provides additional clarity on DC component functions and
specification areas.

Power Park

Mod AC/DC
nverter
] -;0 "
atin N
v o  den Power exchange DC SW{TChlnE Transmission
evices devices § T devices Tdevices
'
|
|
o |
|
STATION '
|
AC/DC ' o e =" =
UNIT '
|

e Standardised terminologies and implementation concepts

* Aguila and Network provide foundations for control and performance specification
respecting IP. It all fits together.



e Lots of new devices.

e Lots of new considerations-

— Load security/
Intermittency

— Energisation/ impulse load
management.

- Legacy ;
specification/interfacing /
(INTOG).
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Practical DC interfacing- offshore.

For power system expertise

O 5 Postive Pole (Faulted pole) Behaviour for DC Fault 1 Negative Pole (Healthy pole) Behaviour for DC Fault 1
e Load rejection
500 —— Onshore Station -
—— Onshore Station
— on n .
= 400 Lo o
— Off
want slow ramping- =
o
&

Voltage (kV)

e.g. 0.25p.u./ s _
— but can go faster with L L [ .

25 1 —— Onshore Station 1
- 2 ~—— Onshore Station 2

crowbar action (AC fault or : - e
n 1 —— Offshore Station 1
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Current (kA)
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w
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0.5 1.0 1.5 2.0 2.5 3.0

— Offshore AC Hf/ HV crowbar
operation specification?
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e
w ~
e o
o o

= ramp down rate = 0.25 pu
——— ramp down rate = 2.1 pu

Freq (Hz)
=y
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Grid forming-
across HvVDC
Interfaces to
common AC
offshore islands

Harmonic and
Inter-harmonic
damping and

allocations of roles.

e Code and
standards issues-
clarity needed

o,
XY

Bxisting Network

33

\»
=

>
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* Resource connection vs
transmission

* Energy buffers?

Inertia support

Resource
& inertia

% insufficient
?

& — g
f Voltage
o 7
AC

frequency |
2

DC
Voltage

HVDCCable

Symmetrical Monopole Sn

HVDC Link

Interarea mode

‘e
Resource
& inertia

insufficient

Resource
& inertia
insufficient

For power system expertise

Resource
& inertia

insufficient




 The INCENTIVE project

* The storage don’t need to
be that big!

* What else could (some of
these..) Energy buffers be
used for?

Offshore wind fram

W

Grid Following mode

INCENTIVE
STATCOM

Grid Forming mode
Test Grid .
Dynamic
Containment
Serivce

— DC
N %Voltage

Source

Grid following
Conv erter

Practical DC network interfacing- onshore.
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Black start, fault recovery, POD? e cigre

* One re-start asset can reconnect 1. Offshore island: VSCs + AC assets
2. MTDC: MMCs, cables, DCSS

many offshore and onshore .

. Onshore system: Supporting { 40 BESS

resources via the MTHVDC generation and block oads e

n etWO rk GC0156 Definitions: ESRS ACGrid 1 -—'?— A
' Anchor: Generator with the ability to \ o
start-up and support reenergisation of Bl

 Anchor or Top - Up : MTDCStart —up . Offshore Island

» Many buffers can insulate HVDC ~ fgisumoireesiorotena [ HEEY_ -

- Top-Up: G t t ired t If- ipole etworl
network from a Wldespread AC stc.',a?t, b?.ltc::ir:;rar;3 t?gcl::secfosne ACGrid 2 .—:I/-— N pipele pERework

instruction once external voltage source

System VOItage depreSSIOn . becomes available, to support demand BL2

reconnection

* Energy buffer can be used for POD
and other damping functions to
avoid MTHVDC disturbance

 Just beginning to explore these
applications.

3 phase fault at Walpole
400 kV substation 2025

B Fault Location 0% Volts
Il 0-15% Volts
15-30% Volts
[ 30-40% Volts
40-50% Volts
[ 50-60% Volts
I 60-70% Volts
70-80% Volts
80-90% Volts




* HVDC wise.
* Learning as we go.

(1.

HVDC embedded in single synchronous zone, operating in parallel with AC corridors. System
remains AC-dominated.

Large, highly-meshed network \

Investigate HVDC overlay grids, interaction risks, impact of failure.
erge model enables testing of analysis tools.

G. Small or medium synchronous area \

HVDC to transfer power from wind-rich zones onshore and offshore. Connection of large
offshore wind plus embedded links forming multi-terminal networks.

Investigate hybrid AC/DC grid dominated by HVDC and converters.

Qnaller model enables analysis of whole system.
(.

Offshore wind integration and inter-area energy trading.

Multi-purpose offshore HVDC grid

Interconnection of use cases 1 and 2. Need to respect requirements of different areas.
Opportunity for new inter-area services while maintaining firewall.

\Model will interface to UC1 and UC2 models, or reduced equivalents.

Il AC double circuit OHL
[~ LCCHVDC subsea cable

| [~ VSCHVDC subsea cable

l Impedances as required

Weste

East West

Southern Scotland

NW England NE England
m

Yorkshire &
East
Midlands

North Wales
& Mersey

Nodes with SG, wind,
other gen., demand

Nodes without SG, wind
other gen., demand

Nodes with HVDC model
as single end

Example

West
Midlands
South Wales . London &
led & Southwest [  Southeast

-

Offshore
Deliverable 2.1

Resilience Needs and

Objectives

[Barriers & selutions

- Roles and responsibilities

- Regulatory, code and standard requirements
Technology limitation and pipeline development need

- Anticipatory investment benefits and requirements

- Processes and frameworks

..& Onshore fault effect and extent of subsequent

Challenges

Extent of HVDC elements- co-ordination,
interaction, stabilization.

Extent of HVAC elements- decoupled offshore
sgm,;ier?gulat\on, interaction to WTG, resonance &

JOoNE

Co-ordination across HVAC island behaviors
Compliance, control and testing needs of WTG

HVDC control resilience onshore fault/ outage &
priorities for power recovery

HVDC DC side onshore fault coordinated power
recovery management & interoperability

onshore voltage recovery

% Offshore DC fault control strategies

Offshore DC fault protection strategies
Limitation of offshore AC fault effect
§ ﬁg«z\c%gmmunity, environmental and amenity

Regulatory complexity — interaction of codes and|
sta Jarggy prexity

Review, Consult, Recommend
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e Economic, environmental and
supply chain pressures all drive the
DC network direction.

* |ts happening/ happened! Staged
and multi-vendor demonstration.

e Close now to DCCB demonstration

S Qe @ menr yoe T v
too. We have a plan.

Aims to d d ry d o deploy DC Circuit Breakers (DCCBs) and develop offshor HVDC etworks.
t ati ( F) project now in its Beta Phase from Septem erzuza o June 2027.

* |ts about delivery. Yes, incremental
& measured- but ultimately doing it-
time to press the button.




Thanks- any questions?
@HVDCCentre.com
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