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Who is the HVDC centre?

And what’s our role?

~ The National HYDC
Centre is an Ofgem
funded simulation and
training facility available
to support all GB HVDC

schemes.

Ofgem determination takes us
from Innovation to BAU for
RIIO-T2

The National
HVDC Centre

Scottish & Southern

part of Electricity Networks
together with
nationalgrid “ SP ENERGY

NETWORKS

The National HVDC Centre is part of Scottish & Southern Electricity
Networks and is funded through the Electricity Network Innovation
Competition as the Multi-Terminal Test Environment (MTTE) Project.
Scottish and Southern Electricity Networks is a trading name of Scottish
Hydro Electric Transmission plc, Registered in Scotland No. SC213461,
having its Registered Office at Inveralmond House, 200 Dunkeld Road,
Perth, PH1 3AQ; and is a member of the SSE Group www.ssen.co.uk

Systems

Skills

The National
HVDC Centre

Scottish & Southern
Electricity Networks

* PROMOTioN
PROGRESS ON MESHED HVDC
:— PE' OFFSHORE TRANSMISSION
ELECTRIC POWER N&/ weTWoRks
RESEARCH INSTITUTE

Scottish & Southern
Electricity Networks

TRANSMISSION




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

A purpose-built facility, with state-of-the-art simulation capabilities.

ITech nolngics

“we consider the Centre provides a neutral and
confidential environment for IP protection, and
is important in bridging knowledge gaps
between relevant parties and allows for the
robust investigations needed to mitigate risks
associated with developing HVDC scheme”

¥

T STARR KA N D E o
~

“We are of the view that the role of the

Centre improves the integrity and security of

the network, as it provides a testing

- ' environment where various HVDC schemes
Caithness vorey shetiand otner and projects can be studied, to anticipate

HVDC Replicas and mitigate against potential risks”.

ofgem

=%’ Breakout ¥ Reception

Area

e Control Hardware Protection Relays
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Development of HVDC Connections in GB

Current HVDC in GB

7 HVDC Links - Totalling: 8 GW

Interconnectors:

1) Cross Channel (IFA)
2) Moyle

3) BritNed

4) EWIC

New Interconnector:
5) Nemo

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

2018
2019

Source: National Grid Interconnector Register 01 08 2019

Future HVDC in GB \

Up to 34 HVDC Links - Totalling: 45.45 GW

10

2027+

New Island Links
8) Shetland
9)  Western Isles

New Interconnectors
12) ElecLink

13) NSL
14) Aquind

15) Viking

16) GreenlLink

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



Inverter based technology- its evolution. Q HUDC Centre

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.

To early 2000s ¢. 2005 onwards c. 2013 onwards “
RoCoF & Vector Shift sensitivity LoM and Different LoM Lesser control based
1% Gen C&P 2" Gen C&P 3 Gen C&P 4 Gen C&P control-based  considerations, sensitivities, potentially
sensitivities control based still LoM

sensitivity remain

[ Power System performance Legacy (early/ | 2" Generation Grid | 3" Generation Grid 4t Generation; Grid
area small scale) follow & withstand | follow & support forming, stabilising
Fault ride through and recovery None/ limited  Yes Yes

LCC & other VSC & other IGBT
Thyristor based TpecA WS VSC & other IGBT based technologies based technologi Steady state and dynamic None/limited Yes
il transition ayec ecanoogtes, voltage support
§ ~ b : Storage devices Fast fault current & transient no no Yes, but may not be Yes- aligned with
voltage support aligned with protection  Felgele=lailol il (<=
. need
| Low SCL resilience no no Yes but may require
careful tuning
Inertial voltage& frequency no no No Yes —inherent to
support control concept
Black start capable no no Potential options
‘ Proportions connectingon GB ~ ¢.20% c.30% c. 50% >1%, more to come?

These are facets of control and protection capabilities and priorities....

Scottish & Southern
Electricity Networks

TRANSMISSION



2) Inverter based technology— Network performance significance.o Tne Nt

e £,
Single point failure risks, as el Wi o s sy
2. Decliing Shorklrut level TTgiX Carpitions et g
3. Mean Short Circuit Level for more complex deSIgnS emerge.
4 o NoBockend. & W-Mdends' & 8:Weles @ Lotidon scenario System
SR B © fa S iooerd © SE_England Transformation in different

Circuit Love for Scanario ST n Different Area areas Tracking and managing changes

4. Annual distribution of the occurring over lifetime.
inertia- where this is

influences performance- not

Short Circuit Level (GVA)
4 6 8 10 12 14 16 18 20

[ E - dti:faz:‘i't;f””e"t' but its Completeness of information A ../ I
o[ 5. Worsening Protection and analysis possible ahead of ;rﬂwxmmg-m/ma;‘wm:mh
: i Eesee———— Performance on decreased connection. (+TinabReport SA-Black-System 28 September 2016,
o o 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 . .
[ e o b v Year Short-circuit level and
5| 7 . 7 ‘ increased converter v i el of it e e (e G
17 2 o LT ] penetration Fgure 1: Syson vokage win PL ) vacks ) ses vokae $ \ -
i Hidden project interactions. :mmr”
| B :
1 dam =" N ™ - o1 [ ‘ "W" I
_hisps://wwwnationalgideso.com/document/3481/ download ! " ] H”“l““
Minimising frequency “drift” = == = . Sotory New vulnerabilities... "
Zaon o
::H Statutory
i o

Responding to frequency movement

https://www.nationalgrideso.com/document/144441/download

. —)
(Frequency moves differently across

Hidden project behaviours.

S
the system during an event) i
i

\\
| [ L —)

http://powerresponsive.com,/wp-content/ uploads/2021/01/PR-Steering-Group-Slides-2 Ist-January-202 1 pdf

Damping frequency

Completeness of codes & Sl
standards & Data Exchange. ;;E@

0
WO I e

Convertor performance can be part of the problem.... or part of the solution.

following an event

Containing frequency movement
(avoiding cascade loss)

Key ingredien ' day

Electricity Networks
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# N\ The National
HVDC Centre

Phase 1 is a point-to-point HYDC link between Phase 2 is planned as an extension to Shetland

Spittal (in Caithness) and Blackhillock (in Moray) and the infroduction of a DC switching station
Full design allows for further terminals to be

incorporated

v v Shetland

Future

stationB | *\s E———

Il
M

_______________

(] ,
i |
|
l | N S WV
) ) - -
: I
l i Spittal DC Switching Blackhillock
i ! 800MW Station 1200MW
0
National Grid Electricity Ten : | "":":‘M r"‘"""" ”M o\ } g Scottish & Southern
Year Statement 2018 W= o g A Electricity Networks
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A Y The National
HVDC Centre

I Measured Voltage and Current > Analogue signals

o0 ¥
s
e = :
e

Firing Pulses (Digital Signal)

Real Time 1 | HVDC Control Repc':::t:"o‘l"x
Simulator Rack U | Replica Cubicle 4
I
Measured Node > — Signal |
T Voltages & > —> Processing at |
Real-Time Currents > > Interface Cubicles |
Simulator A Analogue v
Output _ *
: VSC Station Replica
RTS Software -
V,
ZRTe i A IS
: - A i Operator Work Station
o ; - - G/alve Control Un@
Real-time Simulator Runtime Interface I
: | |Firing Pulses .
Digital Input Scottish & Southern
- Electricity Networks
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A Y The National
HVDC Centre

HH

Leatdl o

Modelled North of Scotfland AC & & . )
Network in Real-time Simulation. mf’T% s ‘Qﬁ’“ b

Tested response of Spittal “ P -

converter stafion to AC faulfs on ,ulq_ ™ s e
275kV & 132KV circuits. - e
Demonstrated effectiveness of T T Lgor”“ L ™
extremely weak grid control at s e l1 |1

Spittal converter station. @Lt:'__‘;; - ?ﬁ

Validated emergency power
control function for preventing

TR

voltage instability at Spittal. . |
I |
= ....: .'-"_"_i:-..;i}.-;,xl.u '."_-I-.uf'..l G Cammsmbis, Euree ‘F *

MNore: * poralis! canzponants ihustrated in dochad fnes ET:E"‘ET- . '.’.- w-r.’u.. !::mhrﬂ'l;m hE Hu'hnul an‘c CEH"I'E A

cre madallad ssng seaqls slentands i real- o — :‘%ﬂ,;:_—m,g. _ﬁﬁ’:‘f H Fizof GO Mok I

sieniafation duk t harcdwans Gralations af e ko iy {E‘F’Eﬂi ﬂnﬂlfﬂs] "

1

Simplified North of Scotland Network Modelled using RTS A4 :

el

sy ovuwwush & Southern
ey Clectricity Networks
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Upfront considered use of Replicas to:

De-risk multi-stage (potentially multi-
vender) development

Facilitating multi-terminal solutions and
interconnected DC hubs;

De-risking control interactions between
converters connected in electrical
proximity, and also with other fast
acting power electronic conftrollers
embedded within the ac network;

Training and developing Transmission
Planning and Operations Engineers;

Undertaking post-commissioning
scenario planning and network
analysis

Simulator /
model HVDC 1

Detailed model
of new
network
connection

Pretested
simulator /
model HVDC 2

T ——

Testing of
‘Master Control’

/. Y The National
HVDC Centre

Flow Diagram of Interaction
Testing for Integration of 2"d HVDC
Link (with Multiple Vendors)

If major changes

Interaction
Testing (EMT

Dynamic FAT Commissioning
HVDC 2 HVDC 2

offline and RTS)

Responsible party key:

Adapted from: RTE International, ‘HVDC WEBINAR THIRD
SESSION: The Johan Sverdrup HVDC project; First
multivendor HVDC system in grid forming operation ’,
June 9t 2020

Scottish & Southern
Electricity Networks
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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 feam based on the
study results and findings.

Real-Time
Simulator

A Y The National
HVDC Centre

Amplifiers and
Protection Relays

Replica HVDC
Control

outhern
etworks

B Llectricity N
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The National
HVDC Centre

- PROMOTioN

PROGRESS ON MESHED HVDC

OFFSHORE TRANSMISSION
N2/ NETWORKS
‘:‘-‘]JLF:-‘ UNITED KINDOM + DENMARK - :]JFE NORWAY
’ - Car st TU ¥ Ecquinas
GE
Work packages

USTRAT Brste
SHE Transmissicn - - : + SWEDEN

i ABB
IRELAND S .l KTH

5 2 SCiBreak
EIRGRID S5 ) Sk

WP - Requirements for meshed offshore grids - TenneT

VPG =5 WPT METHERLANDS N
DNV GL
MEU
RUG
Tennel
TU Deift

owa
FGH
RWTH
Siemens
sSow

Fegulation &

BELGIUM {
s ' ITALY

KU Lauven ] 21
T&D Europe s B seam f
foactobef €3 se PRYSMIAN

WP16 WP10

MMC Test banch demonstrator Protection systam HWIDC Circuit Breakas
demaonstration demonstration

The Road Ahead

FWTH Agchen SHE Transmissaon DM GL
St~

VP11 = Harmonisaton lowands standardisation - DTU
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Fault Currents within a DC Grid

ol o]

14 12

N \ LoTTTTTTT
r t, 10 ; -
o/ | ’A\
k ! ks
—_ ; —_ 4
S i g%y '
s £ 6
o ) t
- :
| al C o4
B,
ab |\ - Prospective Fault Current 2 G
Interrupted Fault Current
0 0
0 50 100 150 10 15 20 25

Time [ms] Time [ms]

Fault current characteristics Sensitive (&
1 No zero crossings

expensive)
1 High rate-of-rise ﬁ converters and
) High steady state value fast conftrols

Options for Protection

Converter AC breakers

_1As used in existing projects

ISlow (40-60 ms opening
time)

_INoft selective

_IHigher losses compared to
half-bridge

IFast (responsive within @
few ms)

_INoft selective

1Operating fime of 2-10 ms
ITrade-off in losses vs speed

Allows selective fault
clearing

I \} The National
HVDC Centre

Selective: DCCBs on every line end

1%

E}_

Partially selective: Split DC grid in sub-
grids (protection zones)

1%

Non-selective: Temporary shut down
the whole DC grid

ern

— Hectricitv Netwarks
—y _lcCincmyrRenmo

TRANSMISSION


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

The National
HVDC Centre

I IF I eoge
HVDC Cables - | Converters L DCCBs ! Interoperability
1 Parameters from real project 1 Open-source o 1 Developed .
1 Travelling wave frequency- ' Average HB-MMC ' | by WP6 in : g
. b . I ——l L
dependent phase model used ' LI Includes high and L collaboration :
giving accurate v, i response 3 low level confrol L with industrial
__________________ J
________________________ ! partners :
__________________________________________ 1 BIENTVA i -~ | . I
Model Topology ! M o : T Mg 1 3types: :
. ; ! 0 15% : ' i T | Al == Cable 4
Phase 1: Partially Selective | ! ; ! TTT Lo hybrid; : "
Phase 2 : Fully Selective Radial | ..o | : T \l( o mechanical; 1 O rewy
Phase 3: Fully Selective with | T L C and VARC : vongo g S DCCicuit Breaer
Mesh : Station 4 cmﬂ:f::;:};:ﬁg 100KTW \“:“rir'ﬂ]"'urm : DCCB | Vendor ¢ —"3 DC Disconnector
T T ;'-_-'-_-:-'-_-'-_-'-_-'-_-'-_-:;? '''''''''''''' atrunEmsana Bu L= " Xé o _l ;:or;vzte:((with/wi;k:ou;
: i : E || e Vendor D H]  fault blocking capabilit
EH::J'W!B;N =L : GIEMA | oo sy

Real time operation lets us connect
physical devices in a closed-loop

A | Cableyl31hm Bty : M g ] T L
i e —] : 0 T . T T,
1 :)_E"_I'( E)‘l‘ ] - DOCHs - e | - I "
AD:E.E A : —[EI—— Cable [ 70km) - ‘K} ; T'/ T i :

B Network, = : : : ;
SCR=2.5 DOnshore HVDC : : DECE=)

T

 OmhoreHIDC : e with the simulated environment
i 0 : cﬂﬁg‘ﬁ“’:‘ s wovw  Wind Fam Q Shows dynamic response of
the system as test continues
I woe oo Simulated Environment after action of the device.
: iquﬁmv | DECE;: e R Q Test multiple devices
foun.dqillon 3 W‘\‘ o DC voltage and current simultaneously
ermina e | LA, ; -~ il More detailed system
network based [T st R Breake; " Real World representation than open-
= nshore # commands .- 4 :
on real CMS Comverter Station 2 At - Vendor X {Y.Z....) < loop test provides

HVDC system

‘ HVDC Protection IED(s) \-
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HVDC Centre

."'( Y The National

Introduction

= 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.

CMS Multi-terminal HVDC Design

Scottish & Southern
Electricity Networks
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."'(’ .\. The National
M HVDC Centre

3-terminal HVYDC System Control and Test Cases

fwmd Farm1 Existing Vendor Models N Otheﬂftegfeor Model h
(800 MW) _
e N vSCl : vscs Future Wind o VSCI1 regulates active power and
~ A0 00KV 132KV Farm3 (600 MW) reactive power.
Server(, | B | [|Client] : , —
End [<| & 17| Bng - o VSC2 controls DC voltage for power
0 balancing and regulates reactive
0 power.
Fault F1 - AC Voltage &
atgs | ctive Power Frequency Control] ~ Fault F2 o VSC3 creates offshore AC voltage
& AC Voltage at 10s . . .
Control \_ Y with fixed frequency, magnitude and
phase angle.
) Ethernet Switch
V. Ex:hanMl or Wireless Link Vendor HMI
N
3 " 8 vsca
132kV/275kV Converter Station

/ Specification vsc2 VSC1 | FutureVSC3 VSC1
Active Power (MW) 1200 800 600
Main AC T Reactive Power (MVAr) 394 263 197
ain Fault F1 AC Voltage (kV) 400 275 132

Grid2  at12s |DC Voltage & AC DC Voltage (kV) 320 +320 320 VSCl VSC3
Voltage Control ) | Configuration Symmetrical Monopole; Half-Bridge Type VSC2

Scottish & Southern
Electricity Networks

TRANSMISSION




Centre

e )\. The National
——y

. i Wind Farm1 Existing Vendor Models Otheli;ql/gl;lgeor Model
Dynamic Performance Studies (DPS) Ao R i L0 o o,
: : : a a {;‘ )
= To verify off-site performance of HVDC control and protection [ — Lﬂ i | l;- o
(C&P) systems in EMT-type software models prior to site
delivery.
= Future VSC terminal DPS supplied by different vendor, would v:rﬁ;'r"ﬁ’m. Tl Veé’JZf’HM.
require co-simulation of EMT-type offline models from vsc
dlﬁerent Suppllers- 132kV/275kV T Q{— Converter Station
Spgc:lflcatlon VSC2 VSC1 FutureVSC3
= The Johan Sverdrup HVDC project in Norway represents a M%am AJ Reacive Povier (WAT | 301 263|107
type of multi-vendor VSC scheme. Gridz  [oc Vot & AC DC Voliage (o) O
REEE Configuration Symmgtrical Monopole; Half-Bridge Type
= An example 3-terminal HVDC system with 2 existing VSCs S ~ ' LDser: Wenickr]

and a future terminal by another vendor, co-simulated using
an offline EMT tool.

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

Co-simulati f 3-terms Seh
R 11 O er§ COttizh & Southern

(a) Schematic Seteap



&~ N} The National

.L. “d Centre

DPS Results and Discussions — Offline Co-simulation

|

— 05
L % 0 = 1.8p.u. DC overvoltage observed for AC
— E % | B fault on inverter terminal VSC2 at 12s, and
| % 0.5 S the system recovers within 500ms.
acl ac2 ac3
1 e Al - k : B .5 " DC choppers, fast adaptive HVDC droop
«(s) control or power reduction schemes can be
used to prevent DC overvoltage.
715 : , 2 = Ethernet link between two separate
—Veriar Va2~ Vgrios P Vo~V =V computers minimised telecommunication
}7_—” 4 f;: ' L ‘ delays compared to wireless option
/ “ 505
| | °
> ° {(s) > 2 o ° ’ ° (s) ’ e o Scottish & Southern

Electricity Networks
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A Y The National
HVDC Centre

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 (VSC,; & VSC,,)

Vendor A Real-Time
2 Real-Time
Replica HVDC i  Simulator Simulator
Controls (Vendor A) (Vendor B)

represented using hardware replica C&P system
Additional terminal (VSC,;) is modelled using an

. HVDC Control Real-Ti Simulat I-Ti
open-source modular multi-level converter models. Replica Cubicle| . (PB5 Racks) e
signal 2 ! e — (Novacor Rack)
. ZFENOQZX;L},?%@S |
mplitude A Future Wind
= Control Modes: M | - 3 T e
] Software uture ==
o VSC,, regulates active power and AC voltage with - °/V ’ *C = ) s VS{; %cgzﬁﬁ*'
reactive power droop control. it E—> —t Sy C
o VSC,, controls DC voltage for power balance and (Vaive Convol it = p IS
= . \__ Unit2 AC VSCr Frequency Control|
regulates AC voltage with reactive power droop. T e ) M
. . [ ation ] d
VSC,; creates offshore AC voltage with fixed k‘“’"‘I;ﬁ’ %T}[ RIS
frequency, magnitude and phase angle for posignal e ENO”SZ%SSGZ‘;S ‘—T“N"
connecting 100MW load and 300MW generation. e e [ et &

Hardware in th g ish(& Southern
lectnc:lty Networks
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I \} The National
HVDC Centre

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.

Multi-Vendor Option MO [M1 (M2 |M3 |M4 [M5 [M6 |M7 |M8 (M9 [M10|M11|M12[M13|M14|M15[M16|M17 |M18[M19 [M20|M21|M22 E = = .
e B ol i = Key considerations include:

1. Specification

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

Project Delivery (Post Award) N N AN AN O I

4. Dynamic Performance Studies p u rpose

5. Factory Acceptance Tests . .

6. Repica Specification & Installation o Replica C&P system: future HVDC supplier

7. Multi-Terminal System Tests

must provide a replica C&P test for multi-

Single-Vendor Option MO [M1 [M2 |M3 |M4 [M5 |[M6 |M7 |M8 (M9 |M10|M11|M12[M13|M14|M15 [M16|M17|M18[M19 [M20|M21|M22 .
Procurement (Pre-Coniract) vendor tests to track changes in development
> and or further changes in service.
3. Bid 0
o Procurement: multi-vendor tests may result
Project Delivery (Post Award) I N I - S .
4. Dynamic Performance Studies N dIS-InteI‘eSt fFOm Other Supp“eI‘S
5. Factory Acceptance Tests . . .
6. Replica Upgrade (f required) o HVDC Grid Code: standardisation of C&P

7. Multi-Terminal System Tests

Mo [M1 (M2 (M3 [m4 [m5 [m6 (M7 M8 |mo [m10]m11|m12|m13|m14]M15[M16]Mm17|m18|M19 [M20[Mm21 [M22 SpeCificationS will reduce interoperab”ity risk.

Estimated Project timeline for additional HVDC terminal

= Vendor responsibility has to be assigned and better coordination between different vendors could

streamline development timeframes.

TRANSMISSION



The National
HVDC Centre

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 HYDC 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.

Scottish & Southern
Electricity Networks
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Impact on AC Protection — New HVDC ConnectiOn

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.

Series

Compensator =  Capacity to transmit 1,400 MW of power at DC voltage +525kV
M;gwey
| o~ = 730 kilometre link will be the world's longest sulbbsea power interconnection
N ,
ae Nemvork R (& The protection study has increased
WOl \ < e T .
Model : o LB our understanding of the:
#‘ ﬂ;%%ﬂ?ﬁ{s \/ Zvozgl Blyth 400KV Converter Station & Subsea Cabl Converter Station & Kvilldal 420kV - POTenTiGI riSkS GSSOCiOTed WiTh AC
Substation Underground Cable LD Underground Cable Substation . .
. rotection in the presence of
Physical relays P X
at Eccles L,_\ HVDC links & FACTs
: > = Practicalities of implementing
multivendor protection system
nationalgrid T testing within GB Network

Source: http://northsealink.com/

hysical rel. lyth 9
| Physical relays at Blyt » Differences between modelled

and actual protection behaviour.

Physical relays

at Stella West | Commissioned by: nationalgrid & ¥ encrcr

Overview of Eccles-Blyth-Stella West A et et  Prvsical rel , ;
400kV Protection Performance Studies estsetupwi yRlisellisialys Gl Ol eisiine Scottish & Southern
Electricity Networks
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A Y The National
\ ’l' HVDC Centre

Impact on AC Protection — Evaluation of the Impact of HYDC Systems with Synchronous Condensers on AC Protection
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o A simplified but representative RTDS network model
o Alaboratory test configuration and procedures using RTDS Hil-setup for AC protection testing

o Recommendations of the desirable conftrol strategies for:

HVDC systems
: o : : sh & Southern
most desirable sizing of SC for HVDC systems during faults fo support the AC protection city Net‘\‘,\,orgs
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2019/20 Completed
Innovation Projects
Developing Open-Source Coordination of AC network
Converter Models protection during HVDC
G energization
Unhurslry'uf
Strathclyde

E=I2 | esehicr insnnore

Stability assessment for co- Stability assessment and mitigation
located converter interactions

converters MANCHESTER

Strathc

Design of DC/DC Converter :crcr)\rpHrc\)/\Srg:gsfglgrgeosde CARDIFF

UMIVERSITY

B ] PRIFYSGO
5 UNIVERSITY (CAFRDYR
- or ABERDEENMN

2020/21 Ongoing
Innovation Projects

Protection Performance and
Validation in Low Strength Areas

Manitoba

o HYDRO INTERNATIONAL

HVDC with synchronous
condenser impact on AC
protection

4:_'_-. 5 *.
Universityof

Strathcle

Adaptive Damping of Power
Oscillations using HVDC

EPI2 | wesernch msninore

NIA Project

COMPOSITE Testing of
HVDC-connected Wind Farms

The National
HVDC Centre

nationalgrid

@ sP ENERGY
" NETWORKS

nationalgrid

Scottish & Southern
Electricity Netwiorks

The National
HVDC Centre

Engagement
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Impact on AC Protection — HVDC to Black Start

=2l

ELECTRIC POWER
RESEARCH INSTITUT

Review algorithms of

protection relays on
the network

_\ Hardware testing of
5 Jspecific relays in HVDC
' Centre

The National
HVDC Centre

Risk of resonance during hard-energisation

o Existing protection may not frip in response to the
resonances

o Relying on HVDC to detect and frip 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

= Electricity Networks:
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HVDC Converter Modelling— Phase | Converter and GB Network Modelling

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

Converter Modelling
 Open source Converter Model

« Converter topologies-HB, FB and Hybrid MMC
* Averaged, Detailed and Switching Function-MMC

Converter Control Design
« Highlevel Confrol

. Low level control

Real-time Implementation
«  Small-fime step
« Large-time step
+ Interface
Models include all necessary conftrollers to ensure correct operation
The MMC models have also been used as the building block for modelling HVDC grid

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

@ The N

ational
Centre

https://www.hvdccentre.

A basic circuit diagram of an MMC
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md@ Strathclyde Engagement with the National HVDC Centre:
Strathclyde Phase | Converter an: d GB Network Modelling
Scottish & Southern
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The National
HVDC Centre

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

This project has focused on MMC impedance modelling and validation Universityof
o Need for adequate modelling method due to the existence of internal harmonics in MMC, e Strathclyde
e.g. the use of the harmonic state space (HSS) method. Upc| 4@
o Stability analysis in frequency domain using impedance method LT
o Stability of multi-infeed converter system R
/
. / y MMC2 5_( ] //
g2 // line2 1l 5 p 4 + s
! en JRN P2 - — I
\\ @ Yl’f {"'} EL"'I[HJ — Controller
Equivalent X Y
AC grid ¢ )
// o Nm_—K} b1 [ solidlines: MIIF=0.81 Lowwient [ 4
X1 ':, X jines L 1: Dashed lines: MIF=0.26 o=~ ——"""" - fEi;E)MHE:% \\ Al R
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o To measure the interactions among multiple HYDC 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

| Y
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The National
HVDC Centre

What is Co-ordinated offshore?

Whats our role in it?
GB implementation by 2050

“Our expectation is for HVDC to have
a pivotal role in enabling the efficient
connection of renewable generation
to the electricity system, directly via
remote Offshore Transmission
Operatorsor interconnectors.”

._,.-'—-’..‘,' " : e
4 i \'l ’ ,'
1 2 L:" - A1 -50%
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S . | T Assets
23 g T
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What are the concepts?

Increasing use of HVDC in new ways.

Shared
Offshore
Transmission

Multi-purpose
interconnector

Electricity
storage or
demand
customer
Connection to
offshore
transmission
system

Onshore system

Offshore system

Foreshore

NN
<
) // = Offshore generator

N\
&

— Onshore system

I I — Offshore generator

— ]

I

Intarconnector
{ | Onshore system
within the jurisdiction
| | of another country or
territory

)Y Foreshore

Onshore system
——  Offshore system

— Offshore generator

N

[ —®

Electricity storage
or demand

N,
) Foreshore

Quasi
Bootstrap

Generator

Connection to a

TO owned
bootstrap

/. Y The National
HVDC Centre

_[_[ @ — Onshore system
—— Offshore system
= Offshore generator

Foreshore
Ll H
@)

— Onshore system
= Offshore generator

™
)) Foreshore

Diagrams from "Changes intended to bring about greater
coordination in the development of offshore energy networks,"

Ofgem, July 2021
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Co-ordinated offshore:

Why is this a new way of doing things?

Status Quo

o Point-point Project arrangements
Onshore performance is project-defined;

o Many individual small convertors,
geographically spread on edges of
network incrementally harder to deliver;
&

Impacting onshore system reinforcement
and driving need for system support.

Integration from 2030

Sy

1286w

o Multi terminal, Multi-Project, integrated with MPI

o Onshore performance = product of combination of projects & control
systems- if technical needs are clear.

o Larger strategically located convertors, providing support to the

Integration from 2025

/

1556w

1280w

I \} The National
HVDC Centre

HVDC (o,

Pathfinderan Theme 5-

Critical Oil &Gas sector .
Efficiency Streamlined

transfer
progltamme R & D X Governance
delivery )

anchoring R&D delivering pace

activitieé St r a t e gy

Theme4-
Expertise, Skills
& resourcing

Clear centres of
industry and
Academiclead,
supporting scale

and expertise

onshore network and each other- if specifications are co-ordinated.

o Complementing & optimising onshore system reinforcement and
providing system support —if design, testing and operation is co-

ordinated

Scottish & Southern
Electricity Networks
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Our R&D strategy for Co-ordinated offshore:

what’s does it mean?

A European Green Deal

Striving 1o be the first climate-neutral continent

@ PROMOTioN
P S ON ME YOC

Innovation Potential Current Size of Action required by
Level of Opportunity
Innovation 0-2yrs m
bes Theme 1: Upscaling HVDC manufacturing innovation
1.1 Demonstrate HVDC Circuit Breakers in Europe M ﬁ ﬁ @
1.2 Develop capability for high-power plastic-insulated HVDC cables Lo g‘ .@ [ Use]
1.3 Improve high voitage subsea connections and dynamic cables for deep- Low _ﬁ_ _ﬁ_ Available
water systems !
1.4 Develop integrated battery storage integrated with HVDC, including hybrid = .g. .ﬁ. 'Q‘ -
asset solutions AL AURe
& Theme 2: Advancing Coordinated and Efficient HVDC schemes ) )
2.1 Design and test new control functions for grid integration of complex HVDC | psogium .g. .ﬁ. .g. m
2.2 Develop reconfigurable HVDC replica controls and demonstrate mobile Lo _g_ ‘g .g
testing option i
2.3 Explore GB use of overhead line circuits for DC transmission and DC Medi ¥y -
z edium Trial
substations for MPIs |
2.4 Enable delivery of dispersed Bipole HVDC offshore addressing other sea g. ,g ﬁ
. user interactions High m
&Theme 3: Maximising the Benefits of Integrated Offshore Solutions T
3.1 Develop control and protection approaches for lower fault level networks Lo .ﬁ. 'ﬁ‘ .@. m
3.2 Expand GB strengths in wide area control and manufacturing of complex . | @ g -
HVDC applications Medum
3.3 Enhance supervisory controls & asset management telemetry on HVDC tow _g_ _ﬁ
projects : |
3.4 Review and inform the application enhanced controls for MPIs and offshore
grids Low Propose
W Theme 4: Leveraging Technical Expertise, Skill Development and Resourcing ) J
4.1 Nurture and develop early-year teaching of HVDC and STEM-based subjects g‘ _ﬁ
with industry L m
4.2 Improve HVDC R&D capability in UK Universities & focussed doctoral i ,@_ _ﬁ, _g_ m
centres across industry need »
4.3 Increase efficiency of hardware-in-the loop testing capability for complex @_ ,ﬁ
HVDC schemes o ==
4 4 Enhance HVDC operator training using simulators and export of technical g _@
expertise Medium m
9 Theme 5: Grow domestic capability via Knowledge transfer from Oil and Gas Sector
5.1 Optimise offshore converter platform design, operation, maintenance and _ﬁ_ _ﬁ _@_
Lo =
floating structures i m
5.2 Repurpose existing O&G manufacturing hubs & offshore assets for HVDC- _@_ ,ﬁ .
o Available
OWF & H2 applications i
5.3 Exchange skills and innovation in offshore operation & re-training _ﬁ_ _ﬁ
— Low [ Accelerate
5.4 Optimise seabed and environmental surveys Medium ﬁ g .ﬁ m

Max. Consent
& network
benefit

World-leading
Export-able
Optimising
Added Value

World-leading
Export-able
Optimising

Training
Focussing
Optimising
Maintaining
Building
Resourcing
Consenting

The National
HVDC Centre

Scottish & Southern
Electricity Networks
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The GB Strategic Innovation Fund

Driving R&D in GB transmission.

7]

Cost reduction Reliability
Enabled large volume of offshore wind, The system reliability has increased
the cheapest form of renewable energy, | with no more power cuts like the one
to connect cost effectively to the that affected large areas of Great
network reducing energy Britain in August 2019.

bills. Consumer

Benefits
-
1 T

Smart systems Net zero
Enabled the widest possible stability The network as been able to grow
support to be available without significantly and accommodate 40GW
relying upon expensive standby of offshore wind by 2030 and
fossil fuel generators. continue to increase helping to
deliver net zero goals.

There has been no
repeat of the August
2019 blackout

Whilst enhancing
visual amenity on our
coastlines

Delivered to both

onsumers and network | Giving other countries
users the confidence to
invest in DCCBs

Yours sincerely,
The INCENTIVE team

* INCENTIVE- teaming short term energy reserves+ « Network-DC; delivering the Front-End Engineering and
with HVDC to deliver Inertia and network stability ~ CBA de-risking for DC Circuit Breaker implementation

Strategic Innovation Innovate Of em Scottish & Southern
Fund (SIF) UK Electricity Networks

TRANSMISSION

Yours sincerely, The Network DC Team




R&D in Europe

>450GW of offshore networks by 2050..

Mobilising research
and fostering innovation
Transforming the

Increasing the EU's Climate EUS e-corlomy fora A zero pollution ambition
ambition for 2030 and 2050 sustainable future for a toxic-free environment

/ \
Supplying clean, affordable Preserving and restoring
and secure energy ecosystems and biodiversity
I |
Mobilising industry From ‘Farm to Fork”: a fair,
for a clean and circular economy healthy and environmentally
friendly food system
\
Building and renovatingin an
energy and resource efficient way

/
Accelerating the shift to
sustainable and smart mobility

Leave no one behind

Financing the transition 2
) (Just Transition)

TheEU asa A European
global leader | Climate Pact

* 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

/. Y The National
HVDC Centre

European
Commission

SETIS - SET Plan information system

English ‘ Search

Publications Related links

Home Implementing the actions

SET Plan implementation progress reports

European Commission SETIS - SET Plan information system New SET Plan action on high voltage direct current (HVDC)

NEWS ANNOUNCEMENT | 13 April 2021

New SET Plan action on high voltage direct current (HVDC)

The SET Plan secretariat is establishing a technical working group on high voltage direct current (HVDC). The technical working group will help to:
« align ongoing research, development and innovation actions and raise interest in HYDC systems and related power electronics at the national and EU
level
+ increase collaboration and coordination with SET Plan countries, ensuring their active involvement in the technology development.

HVDC is a power electronics (PE)- based technology that enables the transport of electricity over long distances and allows the integration of high shares of
renewable energy sources (RES) in the actual alternative current (AC) energy system.

As stated in the offshore renewable energy strategy | . the rollout of offshore wind and ocean energy, expected to take place in all EU sea basins,
requires the development of energy-transportation infrastructure such as HYDC. The technical working group’s goal is to support the development and
deployment of HYDC and direct current (DC) technologies and systems within the AC grid to make the EU energy systems fit for the future.

For more information, please contact the SET Plan secretariat.

Scottish & Southern
44 Electricity Networks

TRANSMISSION



QO Thehational
Managing a more complex HVDC future

Interoperability is about the dialogue, the tools and the tests; and doing it at Scale..

Bridging the Information gap...the wrong wa i ) e
g g g p g y HVDC Centre To early 2000s ¢. 2005 onwards ¢. 2013 onwards
—
. 1 will tell you what | think achieves

requirement, not why
LCC & other G VSC & other IGBT
Thyristor based Tyf;:si“ WnTG VSC & other IGBT based technologies based technologies,
° technologies Storage devices
.’\\ > A ik

~_—

| Oh dear I

R

' AR AR
‘ Vendor-

Iinteroperability risks
land

“Old School” verification process- oriented around
Synchronous generation-no longer sufficient...

Page: 16
a2 Current loop Wider stability impact

Physics of Power System and Power Electronic engineering

: 2 ] The National o control o from events,
Bridging the Information gap...properly O HVDC Corcre Short ciruit approach, De;‘;';it”ew protection challenges,
‘ : : strength regional 5 or\t/ voltage recovery &
1 will explain what | am trying to achieve, and why I will tell you what information | need from you to inertia PP regulation, power
achieve that, and why i need it deficits qualit

R e il e —
ed to have a way of simulating the whole solution,

Of and conhiden

and based Defining containment+inter-
an technology frequency area effectsin
displacement control needs distribution

New verifications with more detailed and more
Physics of Power System and Power Electronic engineering . . .
extensive simulation needs

o goo V- ST Hosted simulation ‘ Scottish & Southern
wnifi| Saevo \F HVDC Centre Environments Electricity Networks

Interoperability risks ( Vendor- Convertor Frequency regulation &

consortium
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A model for delivering interoperability

Implementing solutions, advising on the transition.

Systems Layers of Co-ordinated control by device

Outcome

Wide Area control

Co-ordinated
solutions need to

Supervisory control

) Vendor
deliver an array components
of functions, Vendor Hardware
clearly tested,
respecting e
interoperability Realvstic Detalled generic
Wide Area controls- Supervisory controls Outer Controls & Protection Pillars of enhanced com pone nt com ponent
+ Inner control loop C&P regional stability across M de Mmaode

GB system

Key

Shared Quasi =} VSC_HVDC
Offshore Bootstrap bipoles/ monopoles
Transmission

| Grid forming “« ”

Grid for Sandbox” test

| Supenisory control environment
Multi-purpose Generator Damping &
interconnector Connection to a offshore grid

TO owned forming control
- bootstrap
Electricity , Master HVDC
storage or P 7 control
demand G
customer [ . Wide Area Control C I ear
Connection to — oy Diagrams from "Changes intended to bring about greater
offshore 24 Y wine coordination in the development of offshore energy networks," 1fi i 1< |
ofshore 2 sornton Specificatio End Commissioning
system
n & Tests

Scottish & Southern
46 Electricity Networks

TRANSMISSION



The National
HVDC Centre

Delivering Interoperability
Its not just HVDC itself- but the controls surrounding them. And how you do it.

Systems Layers of Co-ordinated control by device Outcome

HVDC interoperabhility
(N

(@ Partially open control
\ 7 and protection
I

~

Wide Area control

Supervisory control

User-reconfigurabl
HVOC control and

protection

—

Series
Compensator

Model.—
- s

Key
== Informs

===®imits

@ spENERGY
NETWORKS

- i " Supervisory controls Outer Controls & Protection Pillars of enhanced Physicalrelays

Wide Area controls- Local interaction & + Inner control loop C&P regional stability across at Eccles

Frequency management, control hunting Delivering AC network GB system

Oscillation damping, management, performance, respecting device Via co-ordinated and

classical and non- management/ rationing and DC circuit needs, informed by  compatible devices and nationalgrid

classical voltage & angle of behaviours under Wide Area and Supervisory control network oriented

stability, Thermal limits; e.g. grid forming  needs together providing controls and protection Z'f'gf”‘(”’x:s’{s

management. Protective current limits & multiple technical code compliant device solutions.

relay actions? disturbance cases belhayioun via proprietor IP Scottish & Southern
solutions 47 Electricity Networks
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and the interoperability
at slcale that makes that
real...

Scottish & Southern
Electricity Networks
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A Global future

of DC grids

The National
HVDC Centre

@

Unlocking future network stability and reliability- through achieving interoperability.

ToGreenland  wivdwies. o et Pove Buts hremscns

1l

A Global overlay of trans-continental links?

The Road Ahead

North Sea, “DC mesh” concept
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Western Baltic “DC Hub”

49

Eastern Baltic HVDC “spine”
Scottish & Southern
Electricity Networks
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!"_r" Y The National
\.\ ,l' VDO Centre

In Summary..

* The Future of HVDC is coming at us at scale and pace
o We need to get ready for that now.
* The tools, processes and technologies are available and ready.
o We need to progress their implementation, and drive more flexible delivery
* R&D is key to the transition
o 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.
o 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.

o 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...

Scottish & Southern
50 Electricity Networks
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Thanks for listening.

Any guestions, please<¢

L For further information, please visit www.hvdccentre.com ; OR email:

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

Follow us on Twitter @HVDC Centre GB

The National
HVDC Centre Follow our Linkedin page The National HYDC Centre for

regular updates.

(


mailto:info@hvdccentre.com

Ben Marshall
Contact- Benjamin.Marshall@sse.com
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