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Background and Motivation Ef'lg!"l;dé'.b

Connecting European
® Smart Grid Infrastructures

= Challenges and drivers

* Climate change * Industrial competitiveness e Urban Transformation
* Deep decarbonisation * Business Innovation * Infrastructure needs
* Energy transition e Digitalisation * Societal changes
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Connecting European
® Smart Grid Infrastructures

Background and Motivation Ef'lg!"l;dé'.b

= Planning and operation of the energy infrastructure becomes more complex
— Large-scale integration of renewable sources (PV, wind, etc.)

— Controllable loads (batteries, electric vehicles, heat pumps, etc.)

= Trends and future directions Energy

Markets PRy

— Digitalisation of power grids

Pro-

— Deeper involvement of consumers and sumers

market interaction

— Linking electricity, gas, and heat grids for
higher flexibility and resilience

= Smart Grid or Cyber-Physical Energy Systems

,,,,,,,

vvvvvv
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European Research Infrastructures (RI) Ef'lg!"l;dé'.b

Connecting European
® Smart Grid Infrastructures

= Provide resources (major scientific equipment) and
services to communities

= Conduct research and foster innovation

= Are strategic investments in scientific and
technological excellence

= Act as knowledge and innovation hubs (collections,
archives or scientific data)

= Essential pillar of the European Research Area (ERA)

= Only a few cover energy-related topics

- Almost no one covers power system/smart grid topics Source: European Commission & RICH2020
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Vision and Research Directions ErIgric:z

e Connecting European
Smart Grid Infrastructures

= Support for the integrated design, implementation, validation, and installation of smart grids and
smart energy systems

— Integrated system design
Specification wlmplementationm Validation w Deployment >

- Va“dation and teSting Use case design and Generated target i . N Deployment to
P . - imulative validation .
specification configurations field components
M
—_ = =5
Installation and roll out % y = £ % y
User defined . — ___  n
[ | Future resea rch needs (S ~ configurations Laboratory validation
pecs.

D — ) .
% z=fy) % @% % Field Devices

— Improved development
and testing services and tools

— Extended and advanced research infrastructures and laboratories

— Well educated researchers and engineers (“multi-domain understanding”)
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Integrated Smart Grid and Energy Systems Rls Er'lgf'ld'"

Connecting European
o Smart Grid Infrastructures

* Long-term,

* Pan-European cooperation

2024
DERIob

- GA-ID 5189299 O

- FP6 NoE (11/2005-10/2011) Er'lgr"ldzo

'le:lngEn

- 3 Mio EUR funding \ D o s
~ 12 partner @ Ef'lgr"ld — GA-ID 870620

,corqp

- Networking of DER labs, i aa--— - H2020 RI 1A (04/2020-09/2024)
pre-standardization . A - 10 Mio EUR funding
DER rl - :4121(}2235;94/2020) - 20 partner from 13 countries
@ —— _ 10 Mio EUR fundi — TNA & VA to Smart Grid , Smart
_ 0 unding Energy Systems and DER labs,
GA-ID 228449 — 18 partner from P
P pre-standardization
- FP7 RI'IA (09/2009-12/2013) 11 countries
. . - ~1700 access days for 250 user
- 5 Mio EUR funding — TNA to Smart Grid and DER
- 16 partner from 12 countries labs, pre-standardization
— TNA to DER labs, — ~1050 access days for 175 user  jegena:
2005 pre-standardization

DER ... Distributed Energy Resource VA ... Virtual Access
- ~800 access days for 100 user RI ... Research Infrastructure NoE ... Network of Excellence

TNA Trans-national Access
© The ERIGrid 2.0 Consortium
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Smart Grid Rl “ERIGrid” - Overview

= Applied research for validation of

— Sustainable power and energy systems/smart
grid systems

— Distributed Energy Resources (DER)
= Tight collaboration of partners
— 11 European countries involved
— 18 Partners from research and industry

— 19 top-class smart grid and DER labs

© The ERIGrid 2.0 Consortium
EU H2020 Programme GA No. 870620
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Smart Grid Rl “ERIGrid” - Approach erl

Joint Research Activities (JRA) } [ Trans-national Access (TA) }

[ Networking Activities (NA) } [

- o
~ N -

Cm Holistic Validation Procedure (NA5)
(iterative process)

/ System N\

Validation and

Liaison with
Initiatives and
Associations
(NA1)

Validated

/ Smart Grid Configurations \

(Power + ICT system) — Smart Grid System .
Optmizaton o 7 Configurations
. . . (e g?DS"gX‘DA) : Network AppI'OGChES o Validated
le, Dissemination ; —r] (cyber-physical
o] and systems based) conhc.ept /
~~ | Communication 1 e Virtual-based architecture =N -
Q NA2 e  Substantiated ~ .
< (NA2) . methods - Trans-national V
S e Real-world- L A ti 2
&J © based methods 0 LGl ERI ‘:';e’:s . h :
S 2 - _ e Improvement & Grid Researc
o ey ) e Combination of . ) Infrastructure
[V o) virtual & real- and innovation (NA3, TA1, TA2)
International &/ ;' ,,,,,,,,,, world-based . (p:z:fi?ig:tle Ul In:iustr;al user
Cooperation N 4 methods (HIL) \ / g

groups /

\\ / vendors

‘ ¢ t e Academic user X
groups

(NA2)

£ $ 8 3

Improved Methods and Tools (JRA2, JRA3) Distributed and Integrated e Project ;
Staff Exchange, Co-simulation / simulator coupling Research Infrastructure (JRA1, JRA4) (Cé)nsortla .
Education Integrated power system and ICT models Installations for u.ropean
%1 Controller & Power HIL e Component characterication and small- national
and Training facts)
(NA4) Laboratory experiments scale system evaluation (Micro Grids) RIRIECES
Cyber-security analysis and ICT-based e System integration and large-scale

assement methods system testing
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Connecting European
Smart Grid Infrastructures
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Smart Grid Rl “ERIGrid” - Achievements ErIaricz,

e Connecting European
® Smart Grid Infrastructures

Energy System Structure Use Cases Test ijective \\ S~ \\ g J
'\“\ b -"“\4;’. .‘:\ ;r ~ - ’ \ \\ “ §

-
Holistic Test Case i Lase refinemepy — S . i .

ults evaluation

[V . C

Test Case division to Sub-tests \% - » Gen eric
-* ! A
Test Specification 1 Test Specification n - refinement
= _— = = 1 Results quantification
Mapping to selected testing platform €

Experiment Specification
1.1

Experiment Specification
n.1 ’ :

Experimentin Rla & b Experimentin Rl ¢

Rl a RI b Research Infrastructure €

Coupled research
infrastructure

Advanced testing methods and tools

Test Objectives Purpose of Investigation (Pol)
Why is the test needed? What do we expect to find out? A short. The test purposes classified in terms of
. . . . narrative of context and goals of the test. Characterization, Verification, or Validation. ‘
* Holist lidat h (HTD) f g
O I S I C Va I a I O n a ro a C O r Object under (Oul) |Fi under (Ful) | System under Test Functions under Test (FuT)
"the component(s) (1..n) that “the referenced specification of a (SuT) Functions relevant to the
. " - 3 o
. are to be qualified by the test™ function realized (op Systems, P of the system L a b
S m a rt r I d S by the object under investigation™ components included under test, including Ful
. and relevant interactions
Domain under Investigation (Dui): in the test case or test| btw. Oul and SuT. “ -
“the relevant domains or sub-domains of test parameters and setup. _
A h f . f ] connectivity.” .
pproach for specifying test cases, test
Formulation of criteria for each Pol based on properties of SuT; encompasses properties of test signals and output
o f‘ t 2 d C t measures.
S p e C I I Ca I O n S a n eX p e rl I I l e n S target metrics variability attributes quality attributes
Measures required to quantify each controllable or uncontrollable factors threshald levels for test result quality as
identified test criteria and the required variability; ref. to Pol. |well as pass/fail criteria.
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Smart Grid Rl “ERIGrid” - Achievements Erigrid:;

2 Connecting European
® Smart Grid Infrastructures
Lsi E1) \""\\
. Simu- i .
ation ©® (@ Snraier AN G
A
_2_51: . ‘ 2 (E4) & ‘@
_____ © [l ke @)
@ X |©
3. CHIL @
® B AN ED (o)
_____ [ [
@] % )
4. PSIL |@ nﬁmr. ‘® cor?tEl':ller l T e LR~ T i S T —— L Uy R
A y "¢
‘ @ ‘ -
© |@ 3rd party €13 ~| DER unit
: M .

Advanced testing methods and tools
e Test chain approach
* Coupling approach for smart grid labs

! l_'ﬁ
A SCADA 4

* Virtual Pan-European Smart Grid Rl T
A . aneehidlly
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Smart Grid Rl “ERIGrid” - Achievements Eeri f'ld'“

‘ Connecting European
® Smart Grid Infrastructures

REAL SYSTEM / COMPONENTS SIMULATED SYSTEM / COMPONENTS REAL SYSTEM / COMPONENTS

_ofﬂin_e l:eal'time tsox ... offline s".é'rnp‘_l‘g rate \ ‘.' J
simulation simulation trrx ... real-time sample rate \ >
- LN ‘ ~ ;
lab-link - =
task 1 software power interface PI, || hardware 1 .
tso1 los Zu ‘ Tl [ el » \ -~
EREN 1 %}v’ I |1. 1 ' > § REAL SYSTEM /of@@MPONENTS i SIMULATED SYSTEM /' COMPONENTS‘
] Uo, ug ! < p(Dlui) Vit | |Za ! H . — —
task 2 ‘ ‘ . 4 Power System Analysis \i 4 Communication h : 4 Components 4\
tsoz (offline and tsgre g :t ; 2
r_eal-tlrpe % Power Grid : : Generators, Storages, lg
simulation . g 4 Electrical Signals : Loads, etc. S
task 2 ) interface) software power interface Pl || hardware 2 |8 i E—‘ ~ Power, Voltages T > 3
< o1 ZLn 1 i) N - . : . N
Ll e = B
BN V 1|| - 0 .\ /e 4_".-'5' - - | ! 0
et Uo,uI Uy, || 1) II ’C)lul'.'u Vi Zo : "2 =% e~ : I I : k: |
) 3 N/ ' | ' N
task N ' e WY, : | :
tson (s . p ! K V. E I I Control E -ﬂ.’/
i ' [ Q— —t” ontro : %—_ﬁ) — .
...................................... d . Bt cccccccc e F3- PR LT T ein ™
ot J - v : I Signals |1 = - Pt
g Control System ' | : : SCADA / DMS / HMI 2
] [} [} w
2 . : 2
§ Power Quality, etc. ! I : Control Center §
Advanced testing methods and tools § . 5 || - _ § |
Ng entral Control || — — — | H Be 1 B8 == NG !
= : i i N
. . . w LA :__ [ : w \
* Co-simulation and hardware-in-the-loop 3 ) 1T~ Measurements | |
3 o [l i Messuemerts | HN ;4
. Local Control ' arameters H
based system-level testing g | toatcomo : : g
g ocal Control E E g
o . o & . : &a
FMI-based simulation library N\ VAN VAN Y,
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Smart Grid Rl “ERIGrid” - Achievements Erigrid:;

e Connecting European
® Smart Grid Infrastructures

Free access for user groups to

* Power system,
* Smart grid and

* DER laboratories

© The ERIGrid 2.0 Consortium
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Connecting European
Smart Grid Infrastructures

Smart Energy Systems Rl “ERIGrid 2.0” - Approach ESl : 1055

. CONSORTIUM COORDINATED BY AITMQL
= Extended and applied research based on

ERIGrid topics and achievements for SINTEF VTT
— Smart grid and smart energy systems w
= |
— Digitalization with lab interfacing and OFFIS
data exchange for physical/virtual access 2 ab
. . Strathclyd S
= Tight collaboration of partners e
.I’fu Delft Z Fraunhofer
— 13 European countries involved
RWTH
— 20 Partners from research and industry
— 21 top-class smart grid, energy systems, Q ormazasas . o HEDNO
and DER labs tecnalia J e

FOSS,

— 10 virtual facilities -
\ngE —E‘-—m“? CRES \ % )
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Qoo

2.0

e Connecting European
Smart Grid Infrastructures

Smart Energy Systems Rl “ERIGrid 2.0” - Approach Eril

!

[ Networking Activities (NA) ] [ Joint Research Activities (JRA) ]

'./

Trans-national Access (TA) and
Virtual Access (VA)

) :;;ZZCe:,Z:d 4 ERIGrid 2.0 - European RI for Smart Grids, Smart Energy Systems, and Renewables Research h Management of i |
TG SUSTAINABLE, Low-CARBON ENERGY PoLICY Access Activities 1 i
vy Market 2015 Paris Agreement (NA5)
(NA1)
.c Tiberalization EC “Clean Energy for All Europeans” package Open Data
Q e EU Vision 2050 { ‘,
m ’
. . Digitalization N\ = | ————— Renewables
% Dlssemlr'mtu.m, Residental | _l====1 Industry Trans-national -9
~= | Communication, Building 3 and Virtual =
Qo 1 ° (o]
< Eadleoor eiution — : £ Access to ERIGrid > b i
O (NA2) Electrification Electric S o e *
' power Grid - Prosumers 2.0 Research | -
& of Transport | 5 < — -
S | = Ir Infrastructure I~ ) =
= ! ) (NA5, TA1, NS s O
“” d I [ TA2, VA) S
.g Staff Exchange, e g, G g Tm----— = \__/ e Industrial v
S Education — — — ICT Network ——— = user :
E and Training EU Energy Transition Goal: Creation of a low-carbon, secure, reliable, resilient, groups /
a (NA3) accessible, cost-efficient, and market-based pan-European integrated energy system vendors . |
: \ / e Academic !
r .
l;se.rg;oups I —
° rojec
consortia
. Enhanced Improved and Integration and
Scenario and . Improved and P g , (European &
Validation Extended RI Demonstration .
Test Case Methods Extended Tools Services e national
Creation (NA4) (JRA2) projects)

(JRA1)

doi:
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Smart Energy Systems Rl “ERIGrid 2.0” - Achievements Erlgridz.o

e Connecting European
® Smart Grid Infrastructures

= |dentification of relevant scenarios (6) = Each test case got keywords assigned

and test cases (25
(25) = Keywords help to
=  Provision of functional scenarios with . . .
.. — Define characteristics of technical areas
broad domain view

— Select test cases
= HTD used to formulate test cases

Dormain Under

System What is the physical system which is addressed here? E g,'":mwifnu AR TTT Imp:m_mim ssss TEIETE L3 C :Ti”:“fmf B Y :Te:um:lo:mmm — 7T

Description ' ladi 8 EoosclcigotoesfisiiaaRoisibiogasatiisiadioailogiohoafiifs %fl

Q

2 m mi

g Use Case When the solut_ion works in m?minal opera_tion, what funclionalit}l does it provide? What is the ng

% intended function or behaviour of the system subject to testing? 11:30

B - o
o
c
b

Experiment

What do you need to execute the test? [required equipment]
Setup

Relevance Why should this be examined in ERIGrid 2.0?

(v
T2
13
TC4
|l 05
© The ERIGrid 2.0 Consortium
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Smart Energy Systems Rl “ERIGrid 2.0” - Achievements EL 1L M1020

Connecting European
Smart Grid Infrastructures

= Derivation of Test Case Profiles (TPCs) Phenomenon
under test
— Collection of TCs that share similarities e ~N
. — Keyword
— Similarities in the context of application and
testing facility properties = Y Y )
(]
_. O
= Keywords focus on 4 dimensions g - @ @ > g §
] Q < “ws
1. Domain under investigation o OEJ. R g
° | < s | Sa
2. Phenomenon under test L @ S8
>
|_
3. Type of assessment N .
4. Test system Keyword

\. /

Test System / components

doi:



https://www.erigrid2.eu/
https://doi.org/10.5281/zenodo.10114762

Smart Energy Systems Rl “ERIGrid 2.0” - Achievements Er'lg['id;ia

= Enhanced validation methods

— Development of benchmark scenarios/
models for different testing setups

— Developing guidelines for test
reproducibility and representation
of data and uncertainty

— Developing methods for test upscaling
and domain extension

© The ERIGrid 2.0 Consortium
EU H2020 Programme GA No. 870620
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Connecting European
® Smart Grid Infrastructures

Domain Simulation Environment
MathWorks MATLAB/Simulink
pandapower, Modelica, Python ‘

DIgSILENT PowerFactory, Mininet ‘

‘ Electrical Network Electrical
‘ Multi-Energy Networks Electrical, Thermal

Electrical, ICT

‘ ICT-Enhanced Power Systems

Electrical Network Benchmark ICT-enhanced Power System Network Benchmark

PV panels
(23 . emzes o TR S—,
|
1 1
soage Hh—id L.
\ I HEHR =
- S——— el
S I |
= FEI > i i
___________ gt L5 g o =
= LV lines Hti
b i€ I
- =1 ‘ I o= 3 { RL static load
e
Residentialload oo i

Documentation in GitHub

A § benchmark-model-electrical-ict  pub
TS I S iD:E E Ty
@ - f_'“;”{l:j:ﬁ :
BENENS
- o i ne B Yo @0 n
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Smart Energy Systems Rl “ERIGrid 2.0” - Achievements &Sl 2.0

e Connecting European
Smart Grid Infrastructures

. Improved and extended tools Research Infrastructure as a Code (RiasC) Approach

«— Data (Mesh) Central Cloud

— Coupling multiple instances of non “— Orchestration (Star AR
real-time simulators, real-time simulators, 6
HIL components, and lab equipment l
(RiasC approach) JMU#% (a1 "

: K3s
— Demonstrate multi-domain co-simulation il
. . . ] T |
of physical infrastructures at multiple | —[2T]
o 1.5
time scales |
Lab A I;
— Develop and demonstrate methods for
the coupling of real-time simulators with BN
G. Lauss et al., "A Framework for £
CO-Simulation and H”_ Sensitivity Analysis of Real-Time &
Power Hardware-in-the-Loop (PHIL) |~ "0~
.. . . Systems," in IEEE Access, vol. 10, pp.
— Sensitivity analysis of HIL experiments 101305-101318, 2022, doi: gl
10.1109/ACCESS.2022.3206780. s

— Support distributed and remote experiments

doi:
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Smart Energy Systems Rl “ERIGrid 2.0” - Achievements EL 1L M1020

e Connecting European
Smart Grid Infrastructures

= |mproved and extended Rl services
— Improve and extend well-established frameworks for lab coupling and multi-RIl experiments

— Develop a set of extended services for seamless interconnection with various lab facilities/Rls

— Demonstrate the
. . Web Command
application of Interface Interface | | Interface
services with an Layer —
S
abstract prototype ¥ ' ¥ ¥ ¥ ¥ '
) ] Software- Transport || Framework | | Transport || Simulator | | Simulator Time Network
— Implement simulation |, JaNDER || mosaik || wvias | pypower | [ DPsim sync | | Monitoring
specific services along Notwore Notaor
. . . ; Provisionin Containers .
with |ntegrat|on Of Platform Ansible ° Kubernetes Emulation Overlay
. . Layer Linux tc/netem | | Wiregard/kilo
automation services
Infrastructure- | Raspberry Xilinx Intel x86 Local Cloud
Pi Ultrascale MPSoC Server VM VPS RlasC

Layer
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Smart Energy Systems Rl “ERIGrid 2.0” - Achievements &Sl 2.0

e Connecting European
Smart Grid Infrastructures

= Integration and demonstration of Rl services

— Definition of useful integration and demonstration test cases based on the identified functional
scenarios and test cases

Power System Simulator
ICT simulator

— Implementation of inter-
connection methodologies

LV/MV Grid ) ; _'_‘/"_‘\\___
and tools for the simulation, 4{‘“”"7\!— — M0 Gommunicaion)____
. . CT/IPT
co-simulation, HIL, and - 1
. . o au i Dispatch
distributed lab infrastructure smastor~| Mosalke3 [j
—— DER1 [— P _—
o - A 5 communication
— Demonstration of the = ‘}_j““_]l: —(mmm& = g
H . il | DERS | < Setpoints — 7 hetwork
services of the ERIGrid 2.0 o g L
_|ﬂ|— \-/i Siriillje:ttor
extended RI L (omms

ICT simulator

Control simulator
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e Connecting European
® Smart Grid Infrastructures

Smart Energy Systems Rl “ERIGrid 2.0” - Achievements Er'lgr'l;d;.b

= Education on smart grid and smart energy systems as well as related validation approaches

= Development and provision of training and education material

00000DOSC

.
Ul r . d"' HOME ~ABOUTw NEWS LABACCESSw EDUCATION RESOURCES EVENTS CONTACTS ERIGRIDL  Q
1 2.0
: . . 0
o G

Webinars

onnecting European
® Smart Grid Infrastructures

Videos Courses
I Further materials, incl. publications, reports, open data sets and others, are available]
L]
ALL CO- REAL-TIME MODERN POWER SYSTEN
SIMULATION SIMULATION VALIDATION
= WEBINARS . " -~ N

E_ = Remote Testing & EIRIE Platform: On 8 March 207
Virtual

Tacting & FIRIE Dlatform The mehinar focucad d

learning

labs Tools

. : : 1
‘.Co simulation framework mosaik OFFIS

Main features °

= Discrete time and discrete event simulation )

« Accelerated and real time capabilities ﬁ @ g

« Ability to integrate IP-protected components ag fara
AV

= Parallel execution of components

« Scaling of simulations on compute clusters

Open source (LGPL)

b https://gitlab. ik https: i b
La
d | Utility ecosystem Q@MNeT++ ﬁn
« Simulation models nj
mo u es = Interfaces for simulation tools (e.g. pandapower) o
. for p (e.g. Java)

« Wrappers for standard interface (e.g. fmi or OPC UA) ‘
« Visualization and data storage (e.g. HDFS5, Influx+Grafana)

4
w -
WWW e r i g ri d 2 e u / e d u C a t i O n Webinar "Mosaik 3.0 - Open Source Smart Grid Co-simulation Framework"
° ° 204 views - 13.0ct 2021 €56 SPDISLKE 2 SHARE = SAVE -

© The ERIGrid 2.0 Consortium
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Smart Energy Syst

=  Focus on

— Simulation-as-
-a-Service (SaaS)

— Open data,
Data-as-a-Service
(DaaS

— Virtual labs

© The ERIGrid 2.0 Consortium
EU H2020 Programme GA No. 870620

ems “ERIG

Smart Grid MVP

Fie Gt View Run Kemel Tabs Setiogs Help

L B+ XOO» = C Mrkdoun +
[yp—

o . In Depth: Linear Regression
™ s

@ mime

Attai iy

1o

Instantaneous
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Conclusions and Lessons Learned Er| o
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= Alarge-scale rollout of smart grid and energy solutions and technologies can be expected in the future

= New technologies, suitable concepts, methods and approaches are necessary to support system analysis,
evaluation and testing issues of integrated approaches

= Flexible integration of simulation-based methods, hardware-in-the-loop approaches, and lab-based testing
looks promising for overcoming shortcomings

= Development of system-level validation procedures and benchmark criteria is important
= QOpen research results (open access, open data, joint publications) contribute to innovation

= Lab-based Rls are essential for energy transition “’ ‘ ‘
N

= Multi-domain education and training essential

p  Conclusion

= Collaboration on international basis important and beneficial

(IEA ISGAN/SIRFN, EERA SG, IEEE-SA — standardization, etc.) 4\ “’
L

= Great feedback from lab access users
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