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The InterOPERA project will define technical frameworks and standards for
electricity transmission and accelerate the integration of renewable energy.
Ensuring that HVDC systems, HVDC transmission systems or HVYDC
components from different suppliers can work together — making them
“interoperable”- is a top priority to accelerate Europe’s energy transition.
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EC objective for climate neutrality & energy independence
= massive deployment of 300 to 450 GW of offshore wind by 2050
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Work packages

WP7 Management and coordination SuperGrid

WP1 Development of standardised
interaction study processes and interfaces
RTE WPs
Procurement

WP2 Functional framework, specification strategy and
and assessment of interoperability for future projects

WP3
Multi-terminal multi-
vendor demonstration
project

T&D Europe multi-terminal multi-vendor HVDC systems preparation
TenneT DE

Amprion
WP4 Cooperation framework and
governance — @rsted
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Multi-terminal (MT) multi-vendor (MV) HVDC demonstrator
Two DC side topology: 3T (base case) & 5T (full extent, offline only)

DCSS #1 DCSS #2

North-West A North East

Building blocks from different vendors:

e 3 AC/DC Converter Station 2GW — 525 kV

* Able to operate as onshore & offshore 1l
| | i=inl
m Onshore Onshore Onshore | | | |

GGW Onshore Onshore Offshore F@;
WWG Offshore ~ Offshore ~ Onshore ;
* 4 DC Switching Station (DCSS) h;@i e
* 1, Power Park Modules (PPM) Sill
* 1 DC Grid Controller o gy

,,,,,,,,,
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MT MV HVDC Real-Time (RT) Demonstrator

i Devices under test
(C&P replicas)

: Communication bus

ACIDC converter station
control

. — ~ \
: Inputs / outputs between
: controls and simulation

Real-time
simulators

Simulated network
(multi-terminal HVDC grid)
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Deliverables available for download O

Among Others: ..=.= :....= o8 & ... .. ... .;==: .:
* Da.1: Requirements for AC/DC converter stations, DC switching 8 e

stations, Power Park Modules and DC Grid controller offline models,
SIL models and C&P cubicles

* D1i.2: Platform requirements for offline and real-time simulations interopera.eu/publications

* Da.3: Definition of a standard process for interaction studies with
EMT simulation in multi-vendor project

= e Y e~ |

| . : :

) .
: D2.1: Functional requirements for HVDC Grid Systems and WP2 Functional framework, specification and assessment of
| SU bsystems interoperability for multi-terminal multi-vendor HVDC systems

TenneT DE

* Dg.2: Multi-Party Cooperation Framework — Draft version

WP4 Cooperation framework and governance — @rsted
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Functional framework [D2.1]
Functional Requirements for HVDC Grid Systems and Subsystems

Structured in four sections:

Functional
requirements for 1. Sequential control
HVDC grid

systems and
subsystems

Continuous control
DC grid protection
AC/DC security and dispatch

oW
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Technical specifications [WP3]

N Overall Demonstrator Definition
* Topology
* Grid Characteristics
* Control Philosophy
* Protection Philosophy

| | | |
2 2

A
Demonstrator AC/DC DC AC Offshore Testbench &
Use Cases & Features  Cable Data Grid Controller ~ Converter Station  Switching Station = Onshore Testbench  Power Park Modules (PPM)

(onshore [ offshore)

OPERA interopera.eu

Enabling multi-vendor HVDC grids



Demonstrator control hierarchy

OUT OF SCOPE
for InterOPERA demonstrator

Integrated AC/DC Grid Control

(Load Flow Scheduler)
Dispatch Level

Operation Power RPC Grid
State Schedule  Schedule Status

DC Grid Controller

DC Grid

Communlcatlon LT Commands Status

_——————— Targels— —_— —_——
IEC 61850 [ T

AC/DC
Converter Station
(onshore)
RMOGG& —Commands- -Status— - Mode & —Commands— -Status — — —
eferences References
DC
AC/DC
Converter Unit Energyuﬁit:sorber
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Mode & Mode & Operation Level

— _ _ Tamgels— Cimmands _Status_ o _COI"I'IITIBI‘IGS S‘lalE _____ Targets— C_OITIITIaFId_S _St_at_us._ ______
l I Station Level

AC/DC AC Offshore

Converter Station Power Park Module
(offshore) Swﬂchlng Station (PPM)
Rg‘:g:;ges' Commands —Status— —_—— —Commands— Status ————— -Commands— -Stafus — — — — — — — —
Unit Level
AC/DC Wind Turbine
Converter Unit Swﬂchmg Units Generators
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Focus on continuous control
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Coordinated control functions

Core control functions

IEC 632021 IEC 62747
. Integrated
AC/DC Grid AC/DC grid
control
control

Implemented by control systems of TSOs

HVDC Grid
control

HVDC system/
multiterminal
control

Implemented by dedi

cated control device

Bipole control

Internal control

DC Node
Voltage
Control
Pole control
Converter
control

Valve control

Implemented by each HVDC station

Functional levels

Dispatch-level

Unit-level

InterOPERA Demonstrator

_____________________________

Station control
(Bipole control)

Pole Pole
control control
Internal Internal
controls controls
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Example of continuous control definitions [D2.1]
Operating ranges, control modes...

Primary DC voltage control capabilities

Ugelp-u.] . .
(Dansient Dynamic  Steacy:state provided by AC/DC converter stations
:% : : Steady-state time range:
g i | Nomalstate * Onshore stations DC voltage — power droop
I% : : Intermso voltage
Dy - W i Alert state .
e g L"f"r ________ oy interms of OC voltage * DCvoltage sensitive mode (DCVSM)
i ] I o i o __ pNor Emergency state . .
Udcn 'é E _____ i ““___Q_z““ g’;:: in terms of DC voltage (] lelted DCVSM (LDCVSM_U/O)
7 N A e
- ___ég ____________ _: : Uimin Dynamic time range: --—--  Secure operating range
mm .% : : _ —— Continuous operating range
ﬁ ! ? e . LDCVSM-O, s5,, (e.g. 2%) e o1
¢ ; g o 1o | ST Lo €820 Uoene Pac = Pie+— (Ve = Vae)
o :/4‘» : : Transient time range: = ) Si
:;;‘//; E E W Detailed in Section 7 0985 | Frmmimimim e D s Upciu Vi= 1u" 10' zu' 20
; 7 ] ; LDCVSM-U, s2.. (e.g. 2%)
!f’fi i H : #— t Time after the occurrence nas
ty t t, ts . of a disturbance -1 =0.5 0 0.5 1
Poc
I FIGURE 15: General illustration of system-level DC voltage profile. * Power ||m|ng mode (PLM)

* DCvoltage limited mode (DCVLM)
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FIGURE 54 DC undervoltage FRT profile at DC-PoC for connection requirement definition, Pole-to-

Ground voltages



3

The role of EMT simulation in HVDC
interaction & grid design studies

interopera.eu



Interaction studies

Among others:

* Da.1: Requirements for AC/DC converter stations, DC switching
stations, Power Park Modules and DC Grid controller offline models,
SIL models and C&P cubicles

* Da.2: Platform requirements for offline and real-time simulations

* Da.3: Definition of a standard process for interaction studies with
EMT simulation in multi-vendor project

* D2.1: Functional requirements for HYDC Grid systems and
subsystems

* Dg.2: Multi-Party Cooperation Framework — Draft version

W Inter
OPERA
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interopera.eu/publications

for interaction
studies with EMT
simulation in
multi-vendor

projects

\
Inter
OPERA [rsc]

interopera.eu


http://interopera.eu/publications

HVDC interaction & grid design studies

T

Typically, with | Dasign studies Functional framework ]17
project specific +
Settings

Va rIOUS StUdy paCkageS at dlffere nt prOJeCt ’ Preparation of detailed technical specification l
phase;, a§ well as. the requlred muljcl-pa rty s e | S ) e
organisation. For interactions studies: |

— ‘ DPS ‘ ‘ DPS ‘ ‘ DPS ‘

1. Near steady-state studies A S b ™ |
2. Energisation, de-energisation and grid

reconfiguration studies >\

3. Withstand studies

Harmaonic Harmanic
‘ stability ‘ ‘ stability }4 ......
studies

e -

_ N _ e .
4. Small-signal stability studies o, Frequency-domain
- Offline simulaticns Screening

e #
HIL simulation Detailed study

Need for suitable models! .

Interaction issue detected? Need for mitigation
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WP1 Model and platform requirements @

Among others: i B R R T
|« D1.1: Requirements for AC/DC converter stations, DC switching | : . R
| stations, Power Park Modules and DC Grid controller offline models, ! @ :
| SIL models and C&P cubicles | .
| |
| |
I

| * Da.2: Platform requirements for offline and real-time simulations | interopera.eu/publications

* Da.3: Definition of a standard process for interaction studies with
EMT simulation in multi-vendor project

* D2.1: Functional requirements for HYDC Grid systems and
subsystems

Platform
requirements
for offline
and real-time

simulations

* Dg.2: Multi-Party Cooperation Framework — Draft version
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Key messages on model & platform requirements

WP1 addresses the need for requirements consistent among all stakeholders
* Models shall be provided as open-box, with few exceptions defined—e.g. control and protection (C&P), valve, wind
turbine electrical and mechanical model— which can be provided as a black-box IEEE/CIGRE DLL.

* Tool-independent DLL concept, based on the CIGRE TB 958, has been validated with several vendors proving
smooth integration in two EMT tools and is being now applied to commercial projects.

* Dry-run tests are ongoing to validate the relevance of the requirements and prepare interaction studies. First, in a
single-vendor setup; then, in a multi-vendor environment with no electrical connection.

* Interface documentation is the cornerstone of successful integration!

* More challenges in RT, e.g. setting step requires a trade-off between the RT simulator (RTS) capability, the C&P
system capability & the desired accuracy. Software in the loop (SIL) is not mature for RTS tool-independence.

The requirements defined in D1.1 have proven to be relevant for tool-independency
and multi-vendor use. Only few improvements are expected for the sake of clarity

» Inter
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HVDC grid design studies: three packages

B
» T
> B

,,,,,

Steady-state

1

LF & Contingency analysis

Dynamic studies

Transient studies

Udc Udc Vdc
r\ Transient overvoltage?
) ~ Overshoot? \7\ _ Limitations?
Sl o S Lo S BN AVA T2 o
X 1 Response time? DX
0.95 Continuous operating range 0.95 Continuous operating range 0.95 Continuous operating range
' ' Dynamic operating range ' Dynamic operating range
Transient operating range
t t t t t
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HVDC grid design studies: overall methodology

1. Define equipment capabilities: typically, continuous operating ranges.

2. Define design criterion: typically, N-1rule

* The system must remain within its operational security limits (OSL=continuous operating range)
following predefined contingencies.

3. Define relevant scenarios: N situation & contingencies.

* N situations must cover all possible initial operating conditions (power flow & voltage profiles)
* Contingencies may be ordinary (single outage) or extraordinary (double outage with common cause)
* Permanent or temporary (fault within FRT), on the AC or DC side.

4. Set modelling assumptions aligned with the study purpose & phenomena of interest

5. Conduct DC load-flow calculations (final state) & dynamic simulations (trajectory)

» Inter
OPERA interopera.eu

Enabling multi-vendor HVDC grids




HVDC grid design studies: using EMTP
Applying the proposed methodology to the InterOPERA 3T base case

1. DCload flow & contingency analysis example: defining N situations

e e =

Enabling multi-vendor HVDC grids

| 2GW, 4025 kV Pdc, Vdc |
i —v Cable #2 #31= S —— 1.06 |- --- Continuous range
T =] _ ~T i -|-—-- N-1securerange |-~ -~~~
| de VA
I AC/DC NW \ Pdc, Vdc AC/DC NE | 1.04 |-|—e—Nz1a - NW - SW path
: | | =Y -+ Nza- NW - NE path
|2 GW, Ve J Dese.c | %— 1.02 | |—e—Ns5a - NW - SW path
|
i " 414 ! = Ns5a - NW - NE path
= | = 1
: AC/DC SW Operational Scenario 1 - OC 1a|! e e S
e e T . YU o8l
o 99
I__________________________________________';
| 2GW, Vdc Pdc, Vd |
I | 0.96
| ——" | Cable #2 #31= = L
| - ™ Pdc, Vd ~ : 094 '
! dc, Vdc |
| AC/DCNW 1\ AC/DCNE | @Ng\@\\\ %%(, 6%\\\\6&, 6\‘\\ N\~
: | . o) C 52 (S
| .2 GW, 512.5 kV / | o“ v 070
| T / DCSS-C ! .
! ~ 44 | Device
Inter I =— _ i
OPERA i AC/DC SW Operational Scenario 5 - OC Sai 'nteropera-eu



HVDC grid design studies: using EMTP
Applying the proposed methodology to the InterOPERA 3T base case

2. DCload flow & contingency analysis example: final state following outages

Healthy pole
(positive)

Outage NW
Affected pole
(negative)

Surviving
stations

»Inter
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Terminal voltage

841.56 MW SOOCWS0045Y 0,020 MW Y toneutral
490.02 kV [ 2o, 4035 — 503.04 kv " !

Vn=518 kY — Cable #2 H#3|— —— \/n—-0.36 KV<— Neutral voltage
omMw L= oy = 44502 MW 1 toground
7KV AC/DC Nw 20274 V1 AC/DC NE -514.86 KV

500-37-kV. |
-899.1 MW DCs.c

512.72 kV
— 1" _
V2 60 KV _i 44 516.33 kV
~447.08 MW —| 5 cw 50855

-517.24 kV AC/DC SW

GGG_1Na_outNW;
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HVDC grid design studies: using EMTP
Applying the proposed methodology to the InterOPERA 3T base case

3. Contingency analysis example: dynamic response following a converter unit

200 N 1000 - 2.0
83011 Blocking NE ‘\/\M" 151
500 1

800-
i 1.0
> 750- / W . \ 1 GW outage

§ <

v . T X  0.51
~ Transient phenomena = —
@ 700 = - |
% O —500- g
5 650+ 2 E 05
E 5 3

600 ~1000 : ~1.0-

Power sharing of the
550 - il _15]
—1500 - SUFVIVIng stations
500 &= —-2.0
2.00 2.05 2.10 2.15 2.20 2.25 2.00 2.05 2.10 2.15 2.20 2.25 2.00 2.05 2.10 2.15 2.20 2.25
Time (s} Time {s) Time (s}

nte
é\ OF!ERII Affected (negative) pole. Final state aligns with LF study outcomes interopera.eu
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InterOPERA HVDC grid design studies

For the 3T base case InterOPERA demonstrator
3 configurations and 12 N situations

GGW v v v v x x v x v x v v E. 1.02
WWG x x x x v v v x v x v v ;if’ 1
©
3 0.98
O
EMTP has allowed to investigate: oo
0.94

* DCLF 136 scenarios (pole & bipole outages)
* 136 blocking cases + 120 AC faults on the grid side

Configuration | 2 | ab| 22 2b | 32| 30| 4al 4b] sa| sb| 6a| Gb] 96
NS 02 0 s —

2 GW, 4925 kV

% Cable #2

AC/DC NW \

Pdc, Vdc

, |
-2 GW, Vdc /
~ 44

|-

DCSS-C

= —

AC/DC NE

22 DC fault events at DC PoC, DCSS busbar and along DC cable (528 scenarios)
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L |
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®x 23
% Op* x 2b
x Ba
Ox Q] » 3
73( B x4
% % % GCa
I—% ﬁ * 5b
'\I‘ 4-_& x ba
‘|‘I x 6b
‘. 0 OUtNW
‘ o PoutOSn
-1 -0.5 0 0.5 1 + NoutOSn
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Takeaways & next steps

Functional requirements for HVDC grids and subsystems define necessary capabilities to implement
the proposed operational, control and protection principle while maximising interoperability by design.

Detailed technical specifications instantiate those requirements within a specific project.

Different system wide-studies, at the design and integration stage, must still be conducted:
* HVDC grid design studies have supported the definition of the InterOPERA demo specifications,
which have been drafted based on generic models. No vendor models have been delivered yet.

* Interaction studies will be conducted in Phase 2 with vendor models to validate that final system
performance aligns comply with the technical requirements and aligns preliminary results.

To conduct those studies, appropriate models and simulation platform are required.

InterOPERA will also provide guidance on suitable procurement strategies for MT MV HVDC systems.

» Inter
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