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Motivation and Aims for the Tutorial

Á Ongoing challenges and needs

ï Integration of renewables requires advanced Information and 

Communication Technology (ICT), automation, and control

ï The raising complexity of such Cyber-

Physical Energy Systems (CPES)/

smart grid systems urge for integrated, 

multi-domain based validation methods 

and tools

ïWell-educated researchers and 

engineers in the domain of CPES
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Motivation and Aims for the Tutorial

Á Tutorial introduces and provides

ï Challenges in CPES development and validation

ï The integrated ERIGrid validation approach

ï A holistic validation procedure for 

CPES-based system-level testing

ï Enhanced simulation and 

lab-based testing methods

ï An overview of selected 

validation examples

ï Information about the free 

access to smart grid laboratories
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Outline of the Tutorial

Á Background and motivation

Á Status quo in validation and future needs

Á The ERIGrid vision and approach

Á Holistic validation procedure

Á Simulation and lab-based testing methods

Á Selected validation examples

Á Discussion, feedback, and conclusions
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Societal Challenges

Á Climate change

Á Fossil fuels

ï Political instability of producing countries

ï Increase in demand and volatile prices

Á Economic crisis

Á Demographic and economic development in China, India & South East Asia

ï Increasing impact on quality of water, air, land resources

Á European position in a fast changing world

ï Economic development ïquo vadis?

ï Demographic development (ageing society etc.)

ïWelfare of the society
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International Energy Agency (IEA)

Á IEA Energy Technology Perspectives 2008

ïé ñé a global energy technology revolution is needed éñ

Á IEA World Energy Outlook 2008

ïé ñé The worldôs energy system is at 

a crossroads. Current global trends in 

energy supply and consumption are 

patently unsustainable environmentally, 

economically and socially éò

ïWhat is needed is nothing short of an 

energy revolution éñ
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World Energy-related CO2

Emissions by Scenarios

Sources: OECD/ IEA, World  Energy Outlook, 2011, P. 73

A scenario presented in theIEA 
World Energy Outlook, which sets out 
an energy pathway consistent with 
the goal of limiting the global 
increase in temperature to 2°C by 
limiting concentration of greenhouse 
gases in the atmosphere to around 
450 parts per million of CO2.
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European Policy

Á Changing Europeôs energy system according to climate policy needs

ï Energy efficiency

ï Renewable integration

Á Safe, secure, and affordable energy supply

Á Strengthening the role of cities (high living standards, sustainable 

environment for next generations)

Á Europe`s leadership in energy technology and innovation

Á Horizon 2020

ï Excellence in R&D

ï Industrial leadership

ï Societal challenges Source: G. Öttinger, 10.11.2010
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Europe 2020 Strategy and 

2050 Roadmap

Á Climate change and energy: The ñ20-20-20 targetsò (in 2020)

ï Reduce Green-House-

Gas (GHG) emissions 

by 20%

ï Increase share of 

renewables in EU 

energy consumption 

to 20%

ï Achieve an energy-

efficiency target of 20%

Á Roadmap 2050: -80% GHG reduction

ï -80% GHG Reduction needs Radical Innovations!!!

Source: EC, Low Carbon Economy Roadmap 2050
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Driving Forces for Research in 

Electric Energy Infrastructure

ÁUrbanization

ÁStochastic 

behavior of 

renewables

ÁDistributed 

generation

ÁElectrification 

of mobility

ÁAging 

infrastructure

ÁLiberalization and regulation of markets 

ÁNew business models for energy and mobility

ÁNew industry players in energy business

ÁMarket for primary energy, CO2, nuclear waste, etc.

ÁPower electronics

ÁCommunication and 

automation

ÁElectrical storages

ÁGeneration (PV, wind 

power, etc.)

ÁCondition monitoring

System Technology

Market
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Power Distribution Grids in the Past

Á Typical structure of the electricity system (~1900-2000)

ï Central generation 

infrastructure

ï Unidirectional power flow

ï Hierarchical structure

(Bulk) Generation

Transmission 

Grid

Distribution Grid

Consumer

(Load)

Source: H. Brunner (AIT)

Transmission Grids (e.g., 380 kV, 220 kV, 110 kV)
Medium Voltage Distribution Grids (e.g., 10 kV, 20 kV, 30 kV)
Low Voltage Distribution Grids (e.g., 0,4 kV)
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Integration of Renewable Generation

Á ñNewò structure of the electricity system (from ~2000)

ï Central and distributed 

generation infrastructure

ï Fluctuating distributed

generation (e.g., solar, wind)

ï Bidirectional power flow

ï Hierarchical structure

(Bulk) Generation

Transmission 

Grid

Distribution Grid

Consumer

(Load)

Distributed 

Generation

(Renewables)

Distributed 

Generation

(Renewables)

Source: H. Brunner (AIT)
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Integration of Renewable Generators

Á Example: Denmark

Source: www.ens.dk

1980 2000
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Intelligent Electricity Networks 

ñSmart Gridsò

Á Possible actions?

ï Best solution

ÅBuild a new power grid

ÅThicker lines, storages, etc. 

ÅHowever, that is beyond price

ï Smart solutions required

ÅICT, advanced automation 

and control

ÅMonitoring and advanced

measurement systems, etc.
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Intelligent Electricity Networks 

ñSmart Gridsò

Á Vision

Source: European Technology Platform Smart Grids
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Intelligent Electricity Networks 

ñSmart Gridsò

Á Smart grid activities/developments at different levels

ï Transmission system 

(Trans-European demand/supply matching)

ÅSuper grids (offshore wind farms in northern Europe ïhydro 

storages in the Alps ïlarge scale solar/PV systems in southern 

Europe/Africa)

ï Medium Voltage (MV) / Low Voltage (LV) distribution system

ÅSmart grids (active distribution grids, integration of distributed 

generators and storage systems)

ï Local energy community/system 

(e.g., for buildings or small areas; low voltage systems) 

ÅMicro grids (islanded, grid-connected)
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Intelligent Electricity Networks 

ñSmart Gridsò

Á Integration of (critical) infrastructure systems: electrical + ICT/automation

Source : NIST
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Intelligent Electricity Networks 

ñSmart Gridsò

Á Technology areas
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Example Voltage Control

Á Voltage drop along (distribution) lines and distributed generation

U

l

R+jX R+jX R+jX R+jXI

Voltage band
(power quality)

Loads

U

l

R+jX R+jX R+jX R+jXI

Voltage band 
(power quality)

Loads

~

Distributed 
GenerationSource: H. Brunner (AIT)
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Example Voltage Control

Á What can be influenced?

ï On-load Tap Changer 

(OLTC)  (1,2) 

ï Generators (3, 4) 

ï Adjustable transformers 

(low  voltage) (5) 

ï Demand Side Management 

(DSM) (6) 

Source: F. Kupzog (AIT)
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Example Voltage Control

Á Voltage band management through changes in generation and consumption

Z=R+jX

2
1

PL,QL, ±DPDSM

PG

QG
Q Comp

QC

On-load Tap 

Changer (OLTC)

~

212 /))()(( UQQQXPPPRUU KLGDSMLG °-°Ö+D°-Ö+º

Active Power Reactive Power

Voltage level R/X ratio Voltage level influenced by

Transmission Grid (>110kV) RLine << XLine Reactive Power

MV Distribution Grid (5 - 60 kV) RLine < XLine Active and Reactive Power

LV Distribution Grid (0,4 kV) RLine > XLine Active Power
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Example Voltage Control

Á Voltage band management through 

changes in generation and consumption

U

l

Voltage band 
(power qualtiy)

U PL

PG

t t

t

R+jX R+jX R+jX R+jXI

Loads

~

Distributed Generation
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Example Voltage Control

Á Voltage band management through changes in generation and consumption

Source: RSE

Voltage

V max

V min
Distance from transformer

Voltage

V max

V min
Distance from transformer

P/Q control 
of Distributed 
Generator (DG)

Voltage

V max

V min
Distance from transformer

Control
OLTC+

P/Q control 
of Distributed 
Generator (DG)
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Status Quo in Validation and Future Needs

SMC 2018 Tutorial

Concepts, Methods, and Tools for   

Validating Cyber-Physical Energy Systems
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Cyber-Physical Energy System

Á Planning and operation of the energy infrastructure becomes more complex

ï Large-scale integration of renewable sources (PV, wind, etc.)

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

Á Trends and future directions 

ï Digitalisation of 

power grids

ï Deeper involvement 

of consumers and 

market interaction

ï Linking electricity, 

gas, and heat grids

for higher flexibility 

and resilience
Ą Integrated Cyber-Physical Energy System (CPES) or smart grid

IC
T 

an
d
 

A
u
to

m
at

io
n

Building
(residential/
commercial)

CHP

Industry

Heat 
network

Gas network

Power grid

Supply network

ICT infrastructure

Energy 

Markets

Pro-

sumers

Security 

Threats 

Privacy
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Cyber-Physical Energy System

Á Key elements of future integrated smart grids for mastering the increasing 

requirements and system complexity are

ï Power electronics

ï Advanced communication, 

automation^, and control 

systems

ï Smart algorithms

ï Monitoring and data analytics

System Technology

Market
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Status Quo in Design and Validation

Á In the past individual domains of power and communication systems have 

been often designed and validated separately

Á Available methods and approaches are

Req. & Basic

Design Phase

Detailed Design 

Phase

Implementation

& Prototyping

Deployment / 

Roll Out

Software 

Simulation
+ ++ O -

Lab Experiments

and Tests
- - ++ +

Hardware-in-the-Loop 

(HIL)
- - ++ ++

Demonstrations / field 

tests / pilots
- - - ++

Legend:

-é less suitable,   o é suitable with limitations,   + é suitable,   ++ é best choice
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Status Quo in Design and Validation

Á Promising validation approaches

ï Co-simulation: coupling of domain-specific simulators 

(example: dynamic charging of electric vehicles)
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Status Quo in Design and Validation

Á Promising validation approaches

ï Hardware-in-the-Loop (HIL) experiments

ÅController-HIL (CHIL) 

(example: remote control 

of inverter-based DER)
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