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Background and Motivation Ef'lgf'ldé'b

Connecting European
o Smart Grid Infrastructures

= Planning and operation of the energy infrastructure becomes more complex

— Large-scale integration of renewable sources

(Distributed Energy Res./DER - like PV, wind, etc.) Energy

Markets

Privacy

— Controllable loads (battery storages, oo,
electric vehicles, heat pumps, etc.) sumers

Security
Threats

- H »4 T—j s m
How 10 DEsign & VALIDATE
SUCH A SMART GRID?

= Trends and future directions

— Digitalisation of energy infrastructure

— Deeper involvement of consumers
and market interaction

""""""""""

— Sector coupling (linking electricity, gas, and TR no
heat grids) for higher flexibility and resilience
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Needs and Requirements Eri 2.0

2 Connecting European
Smart Grid Infrastructures

= Separated design and validation of individual domains (power, ICT, heat, etc.) not sufficient anymore
= |ntegrated cyber-physical/multi-domain design and validation missing

= Reduction of manual steps necessary to handle complex system configurations

= Reduction of error sources due to Req & Basic | Detaled | Implemen- | oo
: Design Design tation and
manual steps required S = Protatyomg | Rolout
= Improvement of application/software Sofware. + ++ e
quallty reqUIred Lab Experiments ++ +
and Tests
= Faster application development needed Hardware-in-the-
++ ++
due to market behaviour and trends Loop (HIL)
Demonstrations / "t
field tests, pilots

- ... less suitable, o ... suitable with limitations, + ... suitable, ++ ... best choice
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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 wlmplementationw Validation w Deployment >

- ValidatiOn and teSting Use case design and Generated target i . I Deployment to
e . - imulative validation i
specification configurations field components
— Installation and roll out % y = £ 79\ y=5
= Future research needs ( \\ onfigmaion Laboratory validation —

s configurations
pecs. f 3 f 3 P f f
j Field Devi
z=fy) ‘:Y: @05 V| — ield 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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European Research Infrastructures (RI) Ef'lg!"l;défb

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 Science Area

= Only a few cover energy-related topics

Source: European Commission & RICH2020
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Integrated Smart Grid and Energy Systems RI’s Er'lgf'ld'"

Connecting European
o Smart Grid Infrastructures

* Long-term,

* Pan-European cooperation

2024

,A
DERIlab
European Distributed EnuMex \
- GA-ID 5189299 O
~ FP6 NoE (11/2005-10/2011) Er‘lgr'1d20
- 3 Mio EUR funding @ 3 St e
- 12 partner Er.lgr:ld — GA-ID 870620
- Networking of DER labs, Com — H2020 RI IA (04/2020-09/2024)
pre-standardization DER . - GA-ID 654113 - 10 Mio EUR funding
@ ..,,“‘m"’.,":..r"l—’ - H202F) RIIA ( 11/.2015'04/2020) — 20 partner from 13 countries
s ~ 10 Mio EUR funding _ — TNA & VA to Smart Grid, Smart
- GA-ID 228449 — 18 partner from 11 countries Energy Systems and DER labs,
— FP7 RIIA (09/2009-12/2013) — TNAto Smart Grid and DER pre-standardization
— 5 Mio EUR funding labs, pre-standardization

16 partner from 12 countries

TNA to DER labs,
2005 pre-standardization
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Smart Grid Rl “ERIGrid” - Overview Eric

2 Connecting European
® Smart Grid Infrastructures
B oo, Ergrid M
. . . S S G nfamocares ) ‘JL
= Applied research for validation of P 2/
Q ins';allations
— Sustainable power and energy @ SINTEF
systems/smart grid systems [— Bo ,
DNV-GL
OFFIS
C . KEMA Labs 1@ S B
— Distributed Energy Resources (DER) & =T ; DTU
TUDelft g Z Fraunhof?:;
= Tight collaboration of partners & HO
Strathclyde
. . Glasgow EO |Gb
— 11 European countries involved HO o ~—
\ |
H Grenoble }NlP ‘ AUSTRIAN INSTITUTE
— 18 Partners from research and industry o )/ 00 -HO A{!I;i‘;;;°;;°'
— 19 top-class smart grid and DER labs M BO :
BHO go ‘N’
ORMAZABAL
s MRSE Ml””E KAMNE
Inspiring = CRES
tecnalia ) s e
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Smart Grid Rl “ERIGrid” - Approach

Eri

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

Trans-national Access (TA)

-

™™
a N "

(NA2)

'y v

Liaison with &@ Holistic Validation Procedure (NA5)
Initiatives and (iterative process)
Associations
(NA1)
/ Smart Grid Configurations \ [ . _.;ystiem J \ Validated
(Power + ICT system) Va ’T:st:':':rn an Smart Grid System
opimzaton Approacies Configurations
g [ Dissemination — (cyber-physical * Validated
: 3 .
o and i systems based) conhc.ep /
3 (AL e Virtual-based arc |tect'u re -
< (NA2) et e Substantiated ~
e Real-world- comparision

Y : € e Testreport
&z ; - based methods o
E ,,,,, g e Combination of pr : b4
(V5 —c | virtual & real- and innovation

International =N/ ;l 777777777777777 world-based potential

. g A :
Cooperation N J methods (HIL) NIkl 3

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

assement methods

system testing

doi:

Trans-national
Access to
ERIGrid Research
Infrastructure
(NA3, TA1, TA2)

e Industrial user

groups /
vendors

groups

e Project

consortia
(European &
national
projects)

Academic user
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2.0

2 Connecting European
Smart Grid Infrastructures
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Smart Grid Rl “ERIGrid” - Achievements Erigrid:;

e Connecting European
® Smart Grid Infrastructures

‘ N

~ ~

: ey \\ Vil
Energy System Structure Use Cases Test Objlective N \\ \ » ﬂ

Holistic Test Case '

Generic

Test Case division to Sub-tests

Test Specification 1 e Test Specification n
TT : 1 -
Mapping to selected testing platform ) e
’
v .
Experiment Specification Experiment Specification
1.1 . n.1
“ .'5-'
Experimentin Rl a & b Experimentin Rl ¢ »-
] RI b Research Infrastructure ¢ ' ! T
> =™ -
' QL
Coupled research N y
infrastructure - .
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
A d d t t . t h d d t I narrative of context and goals of the test. Characterization, Verification, or Validation.
Va n C e e S I n g I I l e O S a n O O S Object under (Oul) (s) under (Ful)| System under Test | Functions under Test (FuT)
"the component(s) (1..n) that “the referenced specification of a (5uT) Functions relevant to the
are to be qualified by the test” | function realized (operationali Systems, peration of the system S L
by the abject under investigation™ components included under test, including Ful a

* Holistic validation approach for smart grids S— eetiven [

btw. Oul and SuT.
“the relevant domains or sub-domains of test parameters and setup.

. . connectivity.”
* Approach for specifying test cases, test

Formulation of criteria for each Pol based on properties of SuT; encompasses properties of test signals and output
00 A 5 measures.
Spec|f|cat|on5 and experiments e T ey sees
Measures required to quantify each controllable or uncontrollable factors threshold 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 Er'lgr'ldzo

Connecting European
o Smart Grid Infrastructures

\ ’ S

RN,

1.15;32: @ | 3rd party Superwsory
@ oontroller controller .J
_2_51: . ‘@
_____ @ | mter?aADA SCAPA ]
()] & |© -
3. CHIL ; ;wty #e7) A JaNDER Level:
® B AN ED (o) L-0:
_____ [ [ Py
e
4.PsiL |@ nﬁmr. ‘® cor?tEl':ller l -
] - ]
@ e w

(s |@ 3rd party E12 ~| DER'unit l

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

* Virtual Pan-European Smart Grid Rl
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Smart Grid Rl “ERIGrid” - Achievements Eeri f'ld'“

‘ Connecting European
® Smart Grid Infrastructures

3
-

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

- N y s
_ofﬂin_e l:eal'time tsox ... offline sample rate. ‘ ’ \\ \‘\ »
simulation simulation tarx ... real-time sample rate. " " ‘
lab-link - :
task 1 software power interface PI, || hardware 1 7 B e 1
tS,Ol IO'I Zl‘l \ TC'I - i“ '.' . - - ' - ‘ (] [
RN y - Sinu SYSTEM / COMPONENTS ' REAL SYSTEM / COMPONENTS ' 'SIMULATED S¥STEM / COMPONENTSA
] Uo.IT uy, l%’w |1 ?C)lul'fl \V“ Z ! > \{: - E 2 ‘k
task 2 ‘ ‘ Power System Analysis h :'. 4 Communication h : 4 Components
ts.02 (offline and tsrT1 § ; ' : E
real-time =7 | Power Grid ol : Generators, Storages, =
simulation g ; Electrical Signals : Load g
. - ) s el 1 [RRE-CCLCA O gnails | | > oads, etc. s
task 2 | | interface) software power interface Ply || hardware 2 S '] Power, Voltages H S
ts03 i oy Zu ﬁ L - E AN vfﬁ ————— _E > j. R E
RN v i : & "@* i —— o i . &
M Uo,uI U1|| 1” {Dlul'.'n LIl iz,u "2 = ol : I I ' ()
- - 4 A} ] ]
task N ™y I <« '\FZ.' | | E s‘,l
‘ tsrr2 . ) Q— K J E | | | E K P
S,ON Fe ' (]
-' """"""""""""""""""" ‘.":" I I ContrOI ':'""!"";:"1"_"‘1"1'“'-;‘"1 v
A e - ~ : I Signals ! ~
‘ : Control System : | | (" scaDA/DMs /HMI 6 '
. g : I : o
2 ] . 2
I Power Quality, etc. : I bt Control Center g |
. S : : g !
Advanced testing methods and tools Sa . ; || Ho = _ 8
NG entral Control || — — — | H Be 1 B8 == N
s : : ! S
. . . w (] (] w
PY > > i > = 1 T —_ — — — — ! = 1
Co-simulation and hardware-in-the-loop s - T Measuemenss || oim
: 2 Local Control ; Parameters 1 2
based system-level testing E ol conto : : g
3 Local Control ' ' g
S H H S
. . . '.7.. ' ' (%)
FMI-based simulation library N\ VAN VAN Y,
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e Connecting European
® Smart Grid Infrastructures

Smart Grid Rl “ERIGrid” - Achievements Ef'lgf'ldzo

Free access for user groups to

* Power system,
* Smart grid and

* DER laboratories

© The ERIGrid 2.0 Consortium
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Connecting European
o Smart Grid Infrastructures

Smart Grid Rl “ERIGrid” - Achievements Ef'lgf'ld"'

Experiment 1

Reactive Poweer Control (cos®)

—~ SELECT —NANA— LR L -
R= X =

Active Fower Curtaiment o+

[ Reactive Powes - Viokage Droop Controller Activation

: Vs
t%
Remote lab for voltage control experiments
Centelr"’ 2 Substation 1 Attacker
ISR ol s &l & ,
TS U e———— [ ERIGFId Summer School, Athens (GR), June 2
%‘% Distribution Network ~ [RTU 1) ™= == o= e "wm.g

iliir = T T T N Training of researcher and engineers
. |

et C 1. MoOdE | Local

g, 18 © X * Training schools
A sl g

VSS1(p.u.] 0.987
Local

e . A . .. I . * Course/education material
o ) dR A

Local

* Tutorials and webinars

Cyber-resilience tool explaining the impact of cyber attacks

© The ERIGrid 2.0 Consortium
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Smart Grid Rl “ERIGrid” - Achievements Er'lgf"ldzo

Connecting European
as Smart Grid Infrastructures

¥
=) 2

Validation methods and tools

Test case TAG
[ A\ |

— Integrated pan-European Rl

7 | Scenario & Generic Use Test
_ System Configuration | Cases Objective
1 WMFTOTES’P T— _WHYTO TEST?
SuT  Oul ' Dul FuT Ful Pol )

R RSt Saaaann iy \nagaagme

— System-level validation method and test chain concept

— Set of open access/source tools (co-/real-time/HIL simulation)

re (Rl) capability profiles

Holistic Test Case : TC__“ C_[lte"@ = _ T

.« . o sy ~WHAT ? holistic

® Training activities s g o Atapantis
. - . “ @ Refined: Objects, o Ion
— Education material (450 impacted students, 450 workshop L il Puposs Goxte (7]

. e . P’ onfiguration test |

and 290 webinar participants) . | ST refinemen

= Lab access programme © ,

Experiment
inRIl n

73 out of 97 TA user projects supported (~175 persons,
~1,000 lab days)

RIn

Exchange of data and results

= Various reports (~50) and over 160 publications ...

© The ERIGrid 2.0 Consortium
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Smart Grid Rl “ERIGrid”

Exceptional team work, collaboration and results
Multi-domain education and training essential
Great feedback from lab access users

Open research results contribute to innovation
Lab-based Rls are essential for energy transition

Collaboration on international
basis important and beneficial

European Guide
to Power System
E

Attracting enough
(industrial) lab user groups

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

doi:10.5281/zen0d0.4629798

Lessons Learned

ENABLING A CLEANER DIGITAL
DISTRIBUTION GRID

TA project LCA, dedicated to the validation
of sensors for smart grid applications in real
conditions, horoughly tested the suitability of non-
conventional sensor technology for use within
their medium voltage gas insulated switchgear.

NETWORKED FEEDBACK CONTROL OF DER
FOR REAL-TIME VOLTAGE REGULATION

. GOOD PRACTICE
OF THE

TA project TEAM-VAR2 experimentally analysed
whether networked control approaches, that
use the reactive power capabilities of inverters
in distribution grids, are practically able to solve
these over- and under-voltage problems.

IEEE Smart Grids for Smart Cities Forum 2021

EMIgridss

Connecting European

a Smart Grid Infrastructures

OPTIMAL CONTROL ALGORITHMS FOR
SMART BUILDINGS

The DAMS4IRMA user group tested, validated
and analysed the impacts of different control-
oriented models of the air-to-water heat pump
on the coefficient of performance prediction,
especially for the formulation of optimal control
problem in presence of variable electricity prices,
variable outdoor conditions and variable loads.

TRANSIENT CONTROL IN MICROGRIDS

The team of the TA user project TCMG developed
a new optimisation method for transient control
of networks with a large amount of photovoltaics
(PV). The method makes it possible to control all
inverters for the PV-system simultaneously.

23.03.2021 15
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Smart Energy Systems “ERIGrid 2.0” - Overview Erigrid:;

= Extended and applied research based
on ERIGrid topics and achievements for

— Smart grid and smart energy systems

— Digitalization with lab interfacing and
data exchange for physical/virtual access

= Tight collaboration of partners
— 13 European countries involved
— 20 Partners from research and industry

— 21 top-class smart grid, smart energy
systems, and DER labs

— 8 virtual facilities

doi:

Connecting European
Smart Grid Infrastructures

CONSORTIUM COORDINATED BY 7Bl 1 s

SINTEF vIT
DTU
A
-— |
KEMA Labs OFFIS
—_
Universityof 'Il |Ob
Strathclyde ..
.I’fu Delft Z Fraunhofer
O ormazasat | W HEDNO

FOSS,

‘"l”% KATME =
—E‘-—m“? CRES | Kz )
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Smart Energy Systems “ERIGrid 2.0” - Approach

User and Stakeholder Needs

[ Networking Activities (NA) ]

Liaison with
Initiatives and
Associations
(NA1)

Dissemination,
Communication,
and Cooperation

(NA2)

Staff Exchange,
Education
and Training
(NA3)

Scenario and

Test Case
Creation (NA4)

[ Joint Research Activities (JRA) ]

—

Eri

Virtual Access (VA)

[ Trans-national Access (TA) and ]

/

Market

Liberalization

ERIGrid 2.0 — European Rl for Smart Grids, Smart Energy Systems, and Renewables Research

SUSTAINABLE, Low-CARBON ENERGY PoLicy

2015 Paris Agreement
EC “Clean Energy for All
e EU Vision 2050

Europeans“ package

Digitalization
Residental
Building

Electrification
of Transport

e ——

— Energy Grid

— — — ICT Network

Electric

Power Grid

SSNI

Industry

\

Open Data

Renewables

Prosumers

EU Energy Transition Goal: Creation of a low-carbon, secure, reliable, resilient,
accessible, cost-efficient, and market-based pan-European integrated energy system

o

/

Enhanced
Validation
Methods
(JRA1)

doi:

Improved and

Extended Tools
(JRA2)

Improved and
Extended RI
Services
(JRA3)

Integration and
Demonstration
of Services
(JRA4)

Management of

Access Activities
(NA5)

Trans-national
and Virtual
Access to ERIGrid
2.0 Research
Infrastructure
(NAS, TA1,

TA2, VA)

e Industrial
user
groups /
vendors

e Academic
user groups

e Project
consortia
(European &
national

rojects)

T

User Innovations

Qoo

2.0
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e Connecting European

Smart Grid Infrastructures
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2.0

Smart Energy Systems “ERIGrid 2.0” - Virtual Services Eﬂgp‘d

@ Connecting European

Frequency Gauge - UK Grid Frequency Gauge - StrathPMU Voltage Phasor Diagram - StrathPMU

° FOC us on Smart Grid MVP intantancous

Instantaneous

Instantaneous

* Simulation-as-

[ Fasta foynd : )
o generalized o account for more complicated patterns in data.
I oy |

inear Regressian. pynb Webeginh = Fie Edt View Rum Kemel Tabs Setings Heip

Larenz.ipynb

* Open data,

[ B + [} B+ X B0 » ® ¢ Mrkdown v Pytnen3 O
. i rotebooks |
S S S Name . . .
—a - e rVI ‘ e ( a a o —— In Depth: Linear Regression

@ W maes Just as naive Bayes (discussed earlier in in Depth: Nalve Bayes Classification) is 2 good starti for classification tasks, linear i are a good starting point for S
« = Ataiipyns regression tasks. Such models are popular because they can be fit very quickly, and are very interpretable. You are probabdy familiar with the simplest form of a linear regression model

‘\ (™ Cppioynb {i.e., fitting a straight line to data) but such madels can be extended 1o model more complicated data behavior.
- Datapymb

! In his section we will STart with & QUCK intuT sgh of bening \ before Sesing how Before MOVING on 10 See aw linear Mmodets can be
o
»

 Launchar ® = Atairipynla ® % Qulput View ®
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0 uniitled2.dio

(Daa$) e
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E :

aQ Pythen 3 Cost Coald Cost? a e z
Raw NBCamvert Format o A7 S i %
DO untitledS.io = i wily wﬁﬁh.‘ ]
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xavanced o - A R 6 p o
. ® col wenaste Juia 110 shylogenetics A e e et o e e
. I r u a a S v ==
e
Console | - — .
Notebaok Metadsta wou ll - WIND Active Power - BATT Active Power - PV Active Power - LOAD Active Power
. CHID Ackve Pomer
A B B & S
ey x ~ Lorenz oy . = Ripyne x
“language_infa": { . B+ X MO » 8 C Mudown v Jlis?] @ + X O 0 » ® C Magown - Pymon3 O B + X T [ » 8 C  Mikdown ~
Frequency
| Julia | python notebook R
me: gy using Rpatasets, Gadfly A goplot(datasiris, aesix=sepal.Len
e Plotgataset " datasets®, "iris), x="se
“pythor - smatplotiit inline
I from ipywidgets depart intersctive, fixed
ipythona®,
_— S e explore the Larenz system of differential
h equations:
P oC-autanumbEring™: false, 3
L Bc-showcode” i 1]
0 B 7 @ Python3ldie toc-shownarkdowntxt" X i
¥
o Let's change {1, fi, p) with ipywidgets and
examine the trajectores
eigen(x) from lorenz import solve_lorenz -
Eigen{Conplex{Float6a}, Conplex{Float w = interactive(solve_lorenz,sigma=( |
543, A royiComplex F loatoat 2}, Array(ca 5
m:u<r|::154§.1); b 2h Arrayd Sepsllength SepalWicth PetalLenath
eigenvalues: interactive (childrens(Floatslider (valu o s “
T6%elencnt Array{Conplex{Flonced), 1}: 020,90, descriptione signa’, maxese.0), Flo
ey Crmeex e S Uider(valver2. 6oResEeERERS.. s a0 e

we— s mees WWW.erigrid2.eu/lab-access
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Connecting European
® Smart Grid Infrastructures
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Conclusions EN id:

! Connecting European
Smart Grid Infrastructures

= |ntegrated analysis and multi-domain, cyber-physical systems based approach needed for mastering
the complexity of smart energy systems

= Methods and tools for system-level testing as well as rapid configuration of
lab-setups required

= Smart grid, smart energy systems, and DER research and development services (incl. physical labs)
are necessary

= Harmonization and standardization necessary (e.g., IEEE P2004 on HIL)
= Multi-domain education and training essential

= Rl/lab-collaboration on international basis very beneficial
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