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Preface

Dear Friends of the Laboratory,

We can look back on another successful year of the laboratory and it can
be summarized in the following highlights:

• No less than 9 PhD exams took place during the year. All the new
PhDs have taken up positions in the power industry or in govern-
mental organisations, which verifies that our research and training of
researchers are very well regarded.

• In total 12 Master Projects and 20 Semester Projects were completed
during the year. This clearly indicates that the topics we are working
with are of interest for the students. Several of these projects were
done in direct cooperation with industry partners. The number of
students taking the courses offered by the laboratory has stabilized at
a high level, considerably higher than a couple of years ago.

• All finalists of the ETG Innovation Prize came from our laboratory:
Dr Martin Kurzidem, Dr Monika Ruh, and Dr Ulrich Straumann. The
prize was finally awarded to Dr Straumann.

For us working in the laboratory, it is very stimulating to see the continued
interest in and support of power engineering. The support we receive from
different industry sources and other research funding agencies is verification
that our work is appreciated and well recognized. As can be seen in this
report, researchers of the laboratory have been very active in presenting
their results at conferences and at invited talks and seminars all over the
world. That our lab is recognized worldwide is also reflected in the many
international cooperative projects that take place, e.g. within the EU FP7
program.
A sincere thank is given to all researchers and other personnel working at
our laboratory. Without the dedicated and skillful work of all collaborators
we had not been able to present all the interesting projects and important
achievements from research and teaching in this annual report.
Finally, we take the opportunity to thank all our partners from the power
industry and research institutions for their support and cooperation in nu-
merous research projects. Without the support and input from our partners
it would not be possible to do the research we actually do. We look forward
to yet another year working with you.

G. Andersson C.M. Franck
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1. Organisation

1.1 The Power Systems Laboratory
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Dipl.-Ing. Theodor Borsche (May 2011 –)

MSc ETH Matthias Bucher (December 2011 –)

Dipl.-Ing. Spyros Chatzivasileiadis
Dr. sc. ETH Turhan Demiray
Dipl.-Ing., Dipl.-Wirt.-Ing. Matthias D. Galus
Dipl.-Ing. Marina González Vayá
Dipl.-Ing., M.A. (econ.) Tobias Winfried Haring
Dr. phil. Yang He
Dipl.-Ing. Marcus Hildmann
MSc ETH Emil Iggland
MSc ETH Markus Imhof
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Dr. sc. techn. Thilo Krause
M.Sc. El.Eng. Olli Mäkelä
Dipl.-Ing. Antonios Papaemmanouil (– June 2011)

Dipl.-Ing., M.Sc. Andreas Ulbig
Dipl.-Ing. Maria Vrakopoulou
Dipl.-Ing. Evangelos Vrettos (September 2011 –)

MSc ETH Roger Wiget

External PhD MSc ETH Christof Bucher
Students: MSc ETH Raffael La Fauci

MSc ETH Marc Scherer

Scientific Associate: Prof. em. Dr. Hans Glavitsch

External Lecturers: Dr. Rainer Bacher, Bacher Energie, Baden
Dr. Dieter Reichelt, Axpo, Baden
Dr. sc. ETH Gaudenz Koeppel, ALPIQ, Olten
Dr. sc. ETH Marek Zima, Axpo Holding, Baden
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1.2 The High Voltage Laboratory

Head: Prof. Dr. rer. nat. Christian M. Franck
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Scientific Staff: Dipl.-Ing. Franziska Adamek (– July 2011)

Dipl.-Ing. / BSc. Econ. Peter Ahcin (– July 2011)
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MSc ETH Matthias K. Bucher (June 2011 –)

Dr. sc. ETH Andreas Bitschi (– May 2011)

Dipl.-Eng. Josep M. d’Aniceto (– July 2011)

Dipl. El.-Ing. ETH Thomas Brügger (– June 2011)

MSc Physics Dominik A. Dahl
Dipl. El.-Ing. Myriam Koch (May 2011 –)

Dipl.-Ing. Michael Schüller
Dipl.-Ing. Matthias Schulze (– April 2011)

MSc ETH Philipp Simka (– February 2011)

Dr. sc. ETH Ulrich Straumann
Dipl.-Ing./Ing. Michael Strobach (May 2011 –)

MSc ETH Michael Walter

Technical Staff: David Brühlmann, Electronic Technician
Henry Kienast, Mechanician
Claudia Stucki, System Engineer
El.-Ing. FH Hans-Jürg Weber, Senior Technician

Ext. PhD Student: Dipl.-Ing. Markus Bujotzek, ABB Schweiz AG

External Lecturer: Dr. tech. Werner Hofbauer, ABB Schweiz AG

Scientific Associates: Tit.-Prof. em. Dr.sc.techn. Habibo Brechna
Prof. Dr.-techn. em. Klaus Fröhlich
Dr. sc. ETH Nicolas E. Karrer
Dr. rer. nat. Timm H. Teich
Prof. em. Dr. Ing. Walter Zaengl

Academic Guest: PhD Suna Bolat Sert,

Istanbul Teknik Üniversitesi, Turkey



2. Teaching

The lectures and laboratory classes listed in the following section are part of
the standard curriculum of the Department of Information Technology and
Electrical Engineering and are organized and conducted by the staff of the
Power Systems and High Voltage Laboratories. Details of the entire electri-
cal engineering curriculum can be provided upon request (list of compulsory
and elective courses).

2.1 Lectures

Electric Power Systems 6 ECTS points
Elektrische Energiesysteme
Lecturer(s): G. Andersson and Ch. Franck

Abstract: Introduction to theory and technology of electric power systems.
Objective: At the end of this lecture, the student will be able to describe the
structure of electric power systems, name the most important components
and describe what they are needed for, apply models for transformers and
lines, explain the technology of power lines and switchgear, calculate sta-
tionary power flows and other basic parameters in simple power systems.
Contents: Structure of electric power systems, transformer and power line
models, analysis of and power flow calculation in basic systems, symmetri-
cal and unsymmetrical three-phase systems, transient current and voltage
processes, technology and principle of electric power systems.

High Voltage Technology 6 ECTS points
Hochspannungstechnik
Lecturer(s): Ch. Franck and U. Straumann

Abstract: Understanding of the fundamental phenomena and principles con-
nected with the occurrence of extensive electric field strengths. This knowl-
edge is applied to the dimensioning of high-voltage equipment. Methods of
computer-modeling in use today are presented and applied within a work-
shop in the framework of the exercises.
Objective: The students know the fundamental phenomena and principles
connected with the occurrence of extensive electric field strengths. They
comprehend the different mechanisms leading to the failure of insulation
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systems and are able to apply failure criteria on the dimensioning of high
voltage components. They have the ability to identify of weak spots in in-
sulation systems and to name possibilities for improvement. Further they
know the different insulation systems and their dimensioning in practice.

Power System Analysis 6 ECTS points
Modellierung und Analyse elektrischer Netze
Lecturer(s): G. Andersson

The electrical power transmission system, the network control system, re-
quirements for power transmission systems (supply, operation, economics),
network planning and operation management, models of N-port compo-
nents (transmission line, cable, shunt, transformer), data specification per
unit (p.u.), Linear Modelling of networks, Linear und non-linear calculation
(Newton-Raphson), non-linear load flow (specification and solution meth-
ods), three-phase und generalized short-circuit current calculation, further
applications of load flow calculation. Introduction to dynamics and stability
in power systems. Rotor angle and voltage stability. Equal area criterion.
Control of power systems.

Technology of Electric Power System Components 6 ECTS points
Technologie der Komponenten elektrischer Energiesysteme
Lecturer(s): Ch. Franck and other lecturers

Abstract: Basics of the technology of important components in electric power
transmission and distribution systems (primary technology).
Objective: At the end of this course, the students can name the primary
components of electric power systems and explain where and why they are
used. For the most important components, the students can explain the
working principle in detail and calculate and derive key parameters.
Contents: Basic physical and engineering aspects for transmission and dis-
tribution of electric power. Limiting boundary conditions are not only elec-
trical parameters, but also mechanical, thermal, chemical, environmental
and economical aspects. The lecture covers the most important traditional
components, but also new trends and the dimensioning of components with
computer simulations. Parts of the lecture will be held by external experts
in the field and there will be two excursions, one to a utility and one to an
industrial company.
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Energy System Analysis 4 ECTS points
Modellierung und Analyse elektrischer Energiesysteme
Lecturer(s): G. Andersson and other lecturers

The aim of the course is to give an introduction to the methods and tools for
analysing energy consumption, energy conversion, and energy flows. Envi-
ronmental aspects are included as well as economic considerations. Different
sectors of society are treated, such as electric power, buildings, and trans-
portation. Models for energy system plan-ning will also be introduced.

Power System Dynamics and Control 6 ECTS points
Systemdynamik und Leittechnik in der elek. Energieversorgung
Lecturer(s): G. Andersson and M. Zima

Dynamic properties of electrical machines, networks, loads and intercon-
nected sys-tems. Models of power stations and turbines, control of turbines,
load- and frequency control, power exchange between networks, model of the
synchronous machine con-nected with the network, transient model, block
diagram, behaviour of the machine in case of disturbances, transient sta-
bility, equal area criterion, model for small distur-bances, voltage control.
Facts-Devices. SCADA/State Estimation. EMS-Implementations, Protec-
tion, Asset Management, Future Trends in IT for Power Systems.

Optimization of Liberalized Electric Power Systems 6 ECTS points
Optimierung liberalisierter elektrischer Energiesysteme
Lecturer(s): R. Bacher

Understanding both: the legal and physical framework for the efficient reg-
ulation of transmission systems. Understanding the theory of mathematical
optimization models and algorithms for a secure and economic operation of
power systems. Gaining experience with the implementation and computa-
tion of non-linear constrained optimization problems in Matlab.

Power Market I - Portfolio and Risk Management 6 ECTS points
Strommarkt 1 - Portfolio und Risk Management
Lecturer(s): D. Reichelt and G. Koeppel

Knowledge on the worldwide liberalisation of electricity markets, pan-European
power trading and the role of power exchanges. Understand financial prod-
ucts (derivatives) based on power. Management of a portfolio containing
physical production, contracts and derivatives. Evaluate trading and hedg-
ing strategies. Apply methods and tools of risk management.
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Power Market II - Modelling and Strateg. Positioning 6 ECTS
points
Strommarkt 2 - Modellierung und strateg. Positionierung
Lecturer(s): D. Reichelt and G. Koeppel

Part 1: Modelling
Option pricing, Black-Scholes, sensitivity analysis (”greeks”), modelling of
power market prices, binominal trees, advanced modelling (mean reversion),
derivatives on electricity market prices: swaps, caps and floors, swaptions,
spread options, ”exotic” options, hedging of an option portfolio, financial
modelling of power plants, evaluation of power plants, contracts and grids
using future cash-flows an risk, discounted cash flow, real options.
Part 2: Strategic Positioning
Initial position of utilities in a dynamic environment, expected market de-
velopment, SWOT analysis, strategic positioning, strategic options and ex-
amples of selected European utilities, case studies.

International Business Management for Engineers 3 ECTS points
Internationales Businessmanagement für Ingenieure
Lecturer(s): W. Hofbauer

Beside the technical education of engineers knowledge about economic as-
pects of an enterprise becomes more and more important for the personal
career. The goal of the lecture is to give an overview about operational
practices of an enterprise. Guided by a specific case study the connection
between technical requirements and economic results of an enterprise are
demonstrated.

Electrical Engineering II for Mechanical Engineers 3 ECTS points
Elektrotechnik II für Maschinenbauer
Lecturer(s): G. Andersson

Signals and systems in the time and frequency domain, principle of operation
and design of basic analog and digital circuits, analog-digital conversion. Ba-
sic power electronic circuits, design of magnetic components and concept of
force and torque generation, electromechanical energy conversion, principle
of operation and characteristics of stationary and selected rotating electrical
machines.
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2.2 Student Excursions
As part of some lectures also student excursions have been organized and
are listed here (sorted by date):

High Voltage Technology - Gas Insulated Switchgear (GIS)
Alstom Grid
Oberentfelden, Switzerland
March 25, 2011

Power Markets II
Bern and Wallis region
(Nant-de-Drance hydro station and construction site)
Switzerland
May 24-25, 2011

High Voltage Technology - Bushings
ABB Micafil
Zurich, Switzerland
May 27, 2011

Dynamics and Control of Electric Power Systems
Swissgrid
Laufenburg, Switzerland
May 31, 2011

Power Markets I
Alpiq Trading
Olten, Switzerland
November 29, 2011

Power System Analysis
Axpo
Baden, Switzerland
December 7, 2011

Electric Power Systems
Axpo AG, Netze
Thalwil, Switzerland
December 7, 2011
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2.3 Seminars

In addition to the lectures, Bachelor students also have to complete some
practical training, projects and seminars (PPS) during their first two years.
In the third year the students have to carry out a number of several labora-
tory experiments (Fachpraktikum). The following PPS and FP courses are
offered at the EEH.

PPS: Econ. and Techn. Principles of a Sustain. Energy Supply
(Wirtsch. und techn. Aspekte einer nachh. Energieversorgung)

PPS: Introduction to High Voltage Technology
(Einführung in die Hochspannungstechnik)

PPS: Electrotechnology in Everyday Life
(Elektrotechnik im Alltag)

Fachpraktikum HS1: Breakdown Experiments
(Durchschlagverhalten einer Elektrodenanordnung

Fachpraktikum HS2: Current Interruption
(Untersuchung kritischer Vorgänge im kA-Bereich)

Fachpraktikum HS3: High-Temperature Superconductivity
(Hochtemperatur-Supraleiter)

Fachpraktikum HS4: Lightning Impulse Measurements
(Blitzstossspannungen bis 500 kV)
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2.4 Semester Projects

Master students are required to complete two semester projects. The projects
are supervised by a professor of the Department. Most projects are carried
out under the guidance of, and in close contact with, a PhD student of the
supervising professor. The two semester projects must be carried out with
two different professors. Each semester project should take about half of a
student’s time during one semester, i.e., about 250 to 300 hours. The project
includes an oral presentation and a written report, and it is graded.

Nina Boogen
Analyse der Stromeffizienz-Massnahmen in der Schweiz
Supervisors: A. Ulbig, S. von Stockar (SES), G. Andersson

P. Brülisauer, J.-C. Karlen, J. Zhang
Ökonomische und ökologische Analyse von verschiedenen Technologien im
Höchstspannungsnetz und deren Integration in bestehende Übertragungsnetze
Supervisors: M. Imhof, R. Wiget, G. Andersson

Pascal Häfliger
Bau einer Hochspannungs-Durchführung
Supervisors: D. A. Dahl, C. M. Franck

Jolanda Hell
Analysis of an Electrical Consumption Park with Hyprid Production:
Combustion Turbine and Photovoltaic Installation and Battery
Supervisors: J.-C. Vannier (Supélec), C. M. Franck,

Roman Jenni, Jonas Schmutz
Erdfehlerspannungen an Hochspannungs- Freileitungsmasten mit Erdseil
Supervisors: U. Straumann, C. M. Franck

Moon Jo Kang
Probabilistic Modelling of Plug-In Hybrid Electric Vehicles and Electric Ve-
hicle Traffic
Supervisors: M. D. Galus, M. González Vayá, G. Andersson

Marina Katsampani
Impacts of Grid Reinforcements on the Strategic Behaviour of Power
Market Participants
Supervisors: S. Chatzivasileiadis, T. Krause, G. Andersson
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Sonya Konzak
Impact assessment of PHEVs on the Swiss transmission grid under
different charging scenarios
Supervisors: M. González Vayá, G. Andersson

Mijamin Läubli
Bau und Steuerung einer Anlage zur Gasdosierung
Supervisors: D. A. Dahl, C. M. Franck

Michael Leibl
Bestimmung der Kennlinie und der Parameterfunktion eines Lichtbogens
zur Beobachtung von Einflussfaktoren
Supervisors: M. M. Walter, C. M. Franck

Eyup Masyan
Teilentladungsdiagnose für Mittelspannungsschalter
Supervisors: S. Adili, C. M. Franck

Martin Pfeiffer
Load Control Strategies for Electric Water Heaters with Thermal
Stratification
Supervisors: S. Koch, G. Andersson

Ganbayar Puntsagdash
Economic Modeling and Evaluation of Ancillary Service Provision by
Controllable Loads
Supervisors: S. Koch, G. Andersson

Andreas Ritter
Deterministic Sizing of the Frequency Bias Factor of Secondary Control
Supervisors: E. Iggland, M. Scherer, G. Andersson

Andreas Ritter
Aufbau, Inbetriebnahme und Automatisierung einer gepulsten DC Quelle
Supervisors: M. M. Walter, C. M. Franck

Abhishek Rohatgi
Modeling and Simulation of Intraday Spot Price and Renewable
Prediction Error
Supervisors: M. Hildmann, G. Andersson
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Daniel Rothmund
Zeitgenaues Zünden und Löschen einer Funkenstrecke für einen
Teslatransformator
Supervisors: M. M. Walter, C. M. Franck

Diego Sandoval
An optimization approach for N-1 quarantees
Supervisors: M. Vrakopoulou, E. Iggland, G. Andersson

M. Ritz, F. Bosshard, B. Tiosavljevic
Erfassen und Modellieren von Netzwerkdaten, Generatoren und Lasten
des schweizerischen Übertragungsnetzes
Supervisors: A. Fuchs, M. Imhof, G. Andersson

Evi Stoumpi
Determination of TSO Observability Area
Supervisors: E. Iggland, G. Andersson

Stefan Tschannen
Optimization and construction of a fast electromechanical switch for
fault current limiting circuit breakers
Supervisors: J. Aniceto Calero, K. Fröhlich
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2.5 Master Projects

The Master Programme concludes with a Master Project that lasts six
months full time. The project is supervised by a professor of the Department
or by a professor formally associated with the Department. The project in-
cludes an oral presentation and a written report (the Master Thesis), and
it is graded.

Farzaneh Abbaspourtorbati
An Activation Pattern for Tertiary Control Reserves in the Swiss Power
System
Supervisors: M. Scherer (swissgrid), A. Ulbig, G. Andersson

Diego Adolf
SmartScript - A Domain-Specific Language for Appliance Control in Smart
Grids
Supervisors: S. Koch, G. Andersson

Matthias K. Bucher
Optimum Integration of Renewable Energy Sources: Network or Storage?
Supervisors: F. Adamek, C. M. Franck

Matthias Bucher
Hydro-Power Planning Optimization
Supervisors: H. Abgottspon, G. Andersson

Raffael Bühler
Modelling and Analysis of Commercial Heat Pump Compressor Motor Drives
Supervisors: F. A. Adamek, K. Fröhlich

Philipp Fortenbacher
Power Flow Modeling and Grid Constraint Handling in Power Grids
with High RES In-Feed, Controllable Loads, and Storage Devices
Supervisors: S. Koch, A. Ulbig, M. González Vayá, G. Andersson

Simeon Hagspiel
Impact of Stochastic Wind Energy on Switzerland’s Power Grid
Supervisors: A. Papaemmanouil, M. Schmid (swissgrid), G. Andersson

Guan Huang
Economical and Environmental Modeling of Overhead Lines and Cables
Supervisors: U. Straumann, C. M. Franck
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Jean-Noël Indergand
Charging Patterns of Plug-In Hybrids: Effects on Electricity Spot Market
Prices and CO2 Emissions
Supervisors: A. Ulbig, M. Galus, G. Andersson

Philip A. Jonas
Predictive Power Dispatch for 100% Renewable Electricity Scenarios using
the Power Nodes Modeling Framework
Supervisors: S. Koch, A. Ulbig, G. Andersson

Michael Kellenberger
Energy Storage with cost optimized energy supply of a single detached
family house
Supervisors: F. A. Adamek, K. Fröhlich

Evdokia Kaffe
Hourly Price Forward Curve Prediction Model on Hourly Bases
Supervisors: M. Hildmann, G. Andersson

Yves Reckinger
Impacts of Electrical Storage on the Power System Economic Operation
Supervisors: S. Chatzivasileiadis, G. Andersson
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3. Completed PhD Theses

Demand Response and Energy Storage for a Cost Opti-
mal Residential Energy Supply with Renewable Gener-
ation

Candidate: Franziska Adamek
Thesis: ETH No. 19784
Date of oral exam: 22 June 2011
Examiner: Prof. Dr. Klaus Fröhlich
Co-examiner(s): Prof. Dr. Lou van der Sluis, Prof. Dr. Christian

Franck

Abstract Renewable energy generation has been increasing for years [1].
Private households contribute to the renewable boom, e.g. with the installa-
tion of roof-mounted photovoltaic plants. Owners are interested in making
the most of their local resources to keep energy costs as low as possible.
Therefore, a household can apply energy storage and the change of load de-
mand [2], also called demand response, or cooperate with other neighbors in
the vicinity by sharing renewable generation and coordinating load demand
to minimize the collective energy costs [3].

The aim of this thesis is to examine the influence of energy storage and
demand response on domestic energy costs in the residential sector. Special
focus is put on the influence of both on the energy supply strategy and
the resulting energy costs. It is also examined whether additional benefits
arise from a combination of demand response and energy storage, and if a
cooperation of a group of houses can actually increase the overall welfare
compared to individual energy supply.

This work considers a single-family house in moderate climate and one in
hot climate as well as a group of houses in moderate climate. Heat exchange
between the interior and the ambient due to temperature differences and
artificial ventilation, and heat gain by solar irradiation cause a tempera-
ture change in the house. Space heating or cooling have to compensate this
change to keep the inner temperature at a comfortable level. A number of
conversion and storage technologies have to provide the necessary power and
energy. The devices are aggregated in a multi-energy hub and coordinated
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so that they best exploit the available renewable resources and variable en-
ergy prices to minimize the household’s energy costs. An energy hub is a
device that models the processing (conversion and storage) of various energy
carriers, both conventional and renewable, to determine the optimal power
supply for a given load demand. The energy hub is extended with demand
response to be suitable for the study at hand. A sensitivity analysis is car-
ried out to determine the impacts of the system parameters. The storage
parameters cycle efficiency and storage capacity, the demand response pa-
rameters maximum shiftable power and maximum shiftable energy, and the
amount of local renewable electricity generation are varied. Also, the cases
without/with energy storage and without/with demand response are exam-
ined to assess their respective impacts and the benefits of a combination
of both. As frame conditions, seven price constellations for gas and elec-
tricity are evaluated. For the group of six houses, a multiple-level approach
(Fig. 3.1) is proposed to model the interdependencies and the cooperation
of the actors. The two cases of coexistence and cooperation are compared
for the group of houses. In the first case, each actor defines its own en-
ergy supply strategy, in the latter case the houses share excess electricity
and information about demand response and energy storage use to increase
common benefits.

Electric grid

+

+

+

Grid Feed Surplus from other hubs Supply of the superimposed level

Level 3 Level 2 Level 1

h#1S3h

S2
h

S1h

#5
h

#4h

+

+

#2h

#3h

+

#6
h

Figure 3.1: Schematic representation of a group of houses using the multiple-
level model approach.
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The results show that in moderate climate electric demand response does
not significantly influence the energy costs. Also, an electrical domestic hot
water tank allows larger for cost savings than an electric storage device.
In hot climate, it is the other way around. Electric demand response is
well suited to reduce costs, as well as an electric storage device. In both
climate zones, the combination of demand response and energy storage is
only beneficial if sufficient renewable excess electricity is available and load
demand is high enough. A cooperation of a number of households is only
beneficial and expedient if the renewable generation sites are concentrated
in few places. As a consequence of the obtained results, single-family houses
in moderate climate are recommended to use excess electricity for thermal
load demand, while houses in hot climate should invest in small electric
storage devices. In a group of houses, energy storage is best installed in
such a way that it supplies a number of houses, while renewable resources
should be exploited individually.

Partnership: ABB, Areva (now Alstom Grid), Siemens, Swiss Federal Office
of Energy

References

[1] dena-Netzstudie II, Endbericht; Integration erneuerbarer Energien in
die deutsche Stromversorgung im Zeitraum 2015-2020 mit Ausblick
auf 2025; November 2010

[2] Gül, T., Stenzel, T.; Variability of Wind Power and Other Renewables
- Management options and strategies; International Energy Agency
(IEA); 2005

[3] Houwing, M., Heijnen, P., Bouwmans, I.; Socio-Technical Complexity
in Energy Infrastructures; IEEE International Conference on Systems,
Man, and Cybernetics; 2006
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Planning heating systems and building renovation with
emissions targets

Candidate: Dipl.-Ing., Dipl. Econ. Peter Ahčin
Thesis: ETH No. 20002
Date of oral exam: 23 September 2011
Examiner: Prof. Dr. Göran Andersson
Co-examiner(s): Prof. Dr. Klaus Fröhlich, Prof. Dr. Daniel Spreng

Abstract Existing approaches to energy system planning normally in-
clude as internal variables only measures on the generation side. The de-
mand side is treated as an external variable. It is either given by predefined
trends or at best as price elastic. The rationale is that only the energy sup-
plying companies plan energy systems. Having little interest in reducing
energy consumption their investments are most often limited to the gener-
ation side. Energy consumers, on the other hand, are not involved in the
planning process, but it is they who decide whether they want to reduce
their energy consumption or not.

However, in some cases it is the same agent that invests on the genera-
tion side and has an interest in reducing. To account for such a setting,
an approach to energy system planning is developed that includes energy
consumption reducing measures in combination with source acquisition and
generation capacity expansion. This approach is developed in two steps.

In the first step the energy system is treated as an investment portfolio that
includes energy source acquisition, generation expansion, energy efficiency
measures and investments on the financial markets. Portfolio theory had
been applied to the generation side of the energy systems numerous times
with the purpose of minimizing the risk related to fuel price volatility. This
works adds investments into energy savings to the portfolio and shows that,
their inclusion allows a much more efficient way to reduce both total energy
costs as well as portfolio risk.

The working of the portfolio model of the energy system is demonstrated
in an example of the community energy utility. Its investment portfolio
includes measures to increase energy efficiency, generation expansion, the
transport sector and the acquisition of local energy sources. Each type of
investment is characterized by the types of energy carriers it requires, its
corresponding carbon emissions and taxes and subsidies that are levied on it.
Investments in financial markets are added in order to provide an alternative
investment to the return seeking investor. The portfolio transaction costs
are modeled as fixed and variable. This allows a more realistic treatment
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of investment decisions with a fixed and a volume dependent investment
component. The problem of identifying the efficient frontier of the portfolio
is consequently defined as a mixed-integer quadratic program.

To address the problem of the long-term energy system planning with emis-
sions targets, a multi-period model is developed in the second step. Here
the energy system is restricted to heating systems and building renovation.
The model includes uncertainties concerning energy price, technological and
carbon tax developments.

In order to tackle the uncertainties the long-term planning problem is de-
scribed a problem of stochastic optimal control. The result is a dynamic
policy that takes into account all foreseeable developments and proposes
measures depending on the actual turn of events. The methodological nov-
elty of the model is the set of linear conditions that allow the ageing of
the equipment to be represented by transitions between states avoiding the
need for additional integer variables. This feature allows more complexity
to be used for the fixed and variable investment costs and if required a non-
linear objective function.With a linear objective function and a sufficiently
low number of states, the problem can be solved as a mixed-integer linear
program.

The working of the long-term planning approach is demonstrated on the case
of the Swiss capital Bern, where heating related emissions represent around
two thirds of all greenhouse gas emissions, which justifies the restriction of
the model to only heating systems and building renovation. The model takes
as inputs the data provided by Energie Wasser Bern concerning building
heating consumption, and the age and type of the heating system used. Its
outputs are the decisions about which buildings should be renovated and
which heating system replaced at what time in the next decades depending
on how energy prices, the carbon tax and heating technologies develop.

The examples show that if the decision-maker can both invest into genera-
tion and profit from energy savings, building renovation is among the first
measures to be undertaken when trying to meet emissions targets. This
result indicates that if properly incentivised, energy supplying companies
in Switzerland might invest into building renovation of their own interest
resulting in an accelerated reduction of greenhouse gas emissions. The ex-
amples also indicate, that the carbon tax should be increased by a factor of
three to four with respect to today’s value if it is to have a direct effect on
decreasing carbon emissions.

Partnership: Swisspower, ABB, Areva (now Alstom Grid), Siemens, Swiss
Federal Office of Energy
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Modelling of High Voltage Hybrid Fault Current Lim-
iters for Design Evaluation

Candidate: Josep M. Aniceto
Thesis: ETH No. 19837
Date of oral exam: 5th July 2011
Examiner: Prof. Dr. Klaus Fröhlich
Co-examiner(s): Prof. Dr. Armin Schnettler

Abstract In order to protect electrical power systems and their users and
to minimize their negative effects, circuit breakers interrupt the unavoid-
able short-circuit currents. However, during the last decades electric power
systems modernize, grow and become progressively more interconnected in-
creasing the number and severity of short-circuit currents; thus arousing
a strong interest on fault current limitation technology for medium and
high voltage. This has yielded in large number of research projects deal-
ing with the development of economically viable new fault current limiting
devices for large-scale production. Diverse solutions are currently available,
but they are considered uneconomical and often come with noteworthy op-
erational inconveniences, such as increased impedance or outage time for
fuse replacements. Further research on fault current limitation for medium
voltage (from 1 kV to 36 kV) and high voltage (above 36 kV) is consequently
an attractive field of investigation.

Therefore, the goals of this work are to develop the necessary simulation
tools for modeling high voltage fault current limiters and to find novel de-
signs of high voltage fault current limiters that are to be evaluated with the
simulation tools.

From all fault current limiting concepts the hybrid architecture shows the
best perspectives for developing into a commercial product. A hybrid fault
current limiting device combines synergetically different arrays of modules
arranged in parallel and series paths, each module fulfils a specific task
during operation. A first path, designed to carry the continuous nominal
current, should generate within a few microseconds a voltage drop of several
hundred volts. The generated voltage drop may result insufficient to directly
commutate the fault current onto a high impedance element which limits
the short-circuit current; but at least enough to commutate the fault current
onto a second path. This second path should finally allow the commutation
onto the high impedance element that finally limits the fault current.

One possible design of a hybrid fault current limiter is based on electro-
magnetically driven opening switches, power semiconductors and a current
limiting wire resistor. On the second path power semiconductors commutate
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the fault current onto the current limiting resistor, but cascading of semi-
conducting elements is necessary for high voltage applications which leads
into economical considerations. However, the power semiconductors can be
replaced by series fast opened switches using electromagnetical drives be-
cause the arc voltage of fast opened switches is higher than the arc voltage
of free burning arcs. The performance of this type of fault current limit-
ing device is governed by the interaction of the fast elongated arcs and the
current limiting resistor. Therefore, a combined simulation model of rapidly
elongated series arcs and a current limiting resistor was built in order to
investigate the functionality of a fault current limiter and to evaluate its
technical feasibility.

Electromagnetical switches were investigated in this work because they are
one of the essential components of hybrid fault current limiters. The design
of electromagnetical drive units of the fast switches, the repulsion coil and
the moving contact, were optimized with the use of finite element simula-
tions. The result of the simulations show that the coil must be preferably
composed of a rectangular matrix of thin wires, thus achieving a high filling
factor and enhancing the electromagnetic coupling between the moving part
and all the layers of the coil. The diameter of the coil should be kept small
because the larger the coil is, the lower the efficiency of the switch is. In
addition, the moving contact should consist of a good conductive, light and
strong material; being aluminium the most suitable material. Laboratory
prototypes have been constructed, which verified the finite element simu-
lation models. Using only about 200 J, the prototype was able to achieve
very high repulsion forces that opened the contacts at very high velocities
(up to 200 m

s ).
Design guidelines for the the current limiting resistors have been elaborated,
which provide optimal length and cross-section of pure nickel resistors for
limiting a fault current below 50 % of its value at different rated voltages,
prospective fault currents and activation times. For example, in order to
limit a 40 kA prospective current at 16 kV and without surpassing 1000◦C,
a 3 mm diameter wire with a length of 93 m is required. The resistor will
reduce 68 % of the prospective value and the current zero will be forwarded
short before 6 ms. To verify the theoretical model single phase experiments
have been performed.

Theoretical and experimental investigations of the behavior of fast elongated
arcs were conducted. The investigations show that, although the opening
velocity still helps to achieve higher arc voltages, for short-circuit currents
above 4 kA the electric field of the arc column is similar for all opening
velocities. That means, the voltage of the system does not influence the arc
voltage; therefore, the major factor is the short-circuit current level. The
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theoretical models have been validated in air at ambient pressure, what is
one of the preferred solutions for hybrid fault current limitation due to its
simplicity. The validation of the fast elongating arc model was performed
under a wide range of velocities (from 9 m

s to 95 m
s ), a wide range of

short-circuit currents (up to 5 kA), different circuit parameters and different
switching devices. Although the prediction of the reignition is not perfectly
fulfilled by the mathematical arc model, the arcing voltage was successfully
reproducible.

Based on the hybrid architecture and using the computer models presented
in this work, three new concepts of hybrid fault current limiters have been
theoretically and experimentally (partially) investigated. The first novel
concept uses the electromagnetic repulsion force of the fault current itself
for opening a series of switches that commutate the current onto a current
limiting resistor. Although this principle offered some minor advantages
(low mass, low inductance and adaptable to many shapes), its construction
does not result feasible because the rise of the fault current itself is not
fast enough and it is too low compared to the current of an electromagnetic
repulsion drive; thus resulting in rather slow opening velocities. The sec-
ond novel concept uses linearly accelerated arcs between graphite rails. The
main advantage of this concept is its simplicity. However, due to a low re-
covery voltage capability and the inability of commutating the fault current
onto a current limiting resistor they are only suitable for medium voltage
applications. The third and last concept uses two different types of PTC
resistors, one polymer resistor for commutating the fault current and an-
other pure nickel resistor that limits the fault current. For the last concept,
no problems have been encountered during the analysis with the computer
simulations, but experimental work is required in order to find the limits of
the polymer resistors as commutation elements.

The present work provides verified computing tools, which allow systemat-
ical analysis of hybrid fault current limiting devices. It is concluded that in
the voltage range below ≈ 16 kV it is feasible to construct fault current lim-
iters based on the hybrid architecture. For higher voltage levels novel prin-
ciples are still required. Nevertheless, the computer tools provided within
this work are powerful tools for future investigations of hybrid fault current
limiters.
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On Predictive Control for Coordination in Multi-Carrier
Energy Systems

Candidate: Michèle Arnold, Msc ETH EEIT
Thesis: ETH No. 19693
Date of oral exam: 27 May 2011
Examiner: Prof. Dr. Göran Andersson
Co-examiner(s): Prof. Dr. Claudio Cañizares

Author’s summary Due to the increasing penetration of DG technolo-
gies, such as photovoltaics, wind turbines, µCHP, biomass, etc., energy pro-
duction changes from centralized units to diverse distributed units, located
at lower voltage levels. In addition, installations of renewable energy re-
sources are promoted by receiving a fixed feed-in tariff. These trends provide
new opportunities for consumers, deciding when to consume or produce en-
ergy. For investigating these aspects, the energy hub modeling framework is
used, wherewith multiple energy carriers, DG, energy storage systems and
RES are taken into account. Energy systems are considered to consist of
a number of interconnected energy hubs, which represent the interface be-
tween the consumers and the power supply infrastructures of the different
energy systems.

For the optimal operation of multi-carrier energy systems, a two-level con-
trol scheme is applied, which is divided into day-ahead planning and on-line
dispatch. The on-line procedure adapts the pre-defined generation settings
(determined by the day-ahead planner) to profile changes appearing within
the day. An appropriate on-line control procedure wherewith system dy-
namics and forecast uncertainties can be taken into account is MPC. By
using a predictive approach, fluctuations within energy prices, load profiles
and input profiles from RES can be handled in an appropriate way.

In an ideal situation, the control procedure is implemented in a centralized
way. In large-scale systems, however, the implementation of a centralized
controller may not be possible because of practical and organizational rea-
sons. High data transfer and large optimization problems arise. Applying
distributed control, the overall problem is divided into subproblems which
are solved in a coordinated way. The distributed MPC approach proposed
in this thesis is based on the Optimality Condition Decomposition (OCD)
methodology, which has been extended for applications including dynamics.

Simulations in which the proposed control schemes are applied to intercon-
nected hub systems illustrate the potential of the approaches. It is presented
how operation costs can be reduced by performing the coupled operation
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of multiple energy carriers, by exploiting the impact of prediction and by
benefiting from local storage devices. Further simulations show, that the
approach is also applicable when forecast uncertainties in load profiles and
in infeed profiles of RES arise. Applying the distributed control approach,
a cooperative behavior between control agents results. The controllers con-
verge to the centralized solution or to a solution close to it.
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Validierung des Energy Hub Konzepts mittels einer Fall-
studie in Baden-Dättwil

Candidate: Matthias Berger
Thesis: ETH No. 19707
Date of oral exam: 18 May 2011
Examiner: Prof. Dr. Klaus Fröhlich
Co-examiner(s): Prof. Dr. Johan Driesen

Abstract This thesis is based on the model of the Energy Hub concept [1]
and tries to apply the theories in a case study in Baden-Dättwil. Addition-
ally, from the practical experience the theory was modified and a procedure
for the implementation of the Energy Hub model was developed.

The Energy Hub concept has been created with the purpose to be able
to form the today’s energy systems actively by knowledge of the way in
an optimum future of 30-50 years. An economic, ecological and functional
improvement was aimed. With a Greenfield approach which leaves behind
the burdens of the today’s infrastructure a renewal should entirely become
possible. Different scenarios within the case study for the year 2060 were
compared. The optimum solution was ascertained to identify the necessary
structural changes by going step-wise backward to the present year.

It turned out that the Energy Hub model and the project, with the purpose
of the prediction, are two different things. For the evaluation of an energy
system the model is well suitable and there were some modifications to
win more precision in the model and nearness to the real use. Specifically
the Hub equation with the energy conversion and storage was extended by
an input vector for local produced renewable energy and a source vector
for the net feed-in. The cost calculations were reduced to linear prices and
capital costs are not considered. The whole network calculation was adapted
to the enlarged model of the Hub and, in addition, the concept of Nodes
was introduced. Now Nodes are the connecting elements between Hub and
grid, while the Hub itself represents the investigation area. Within the new
theory energy storage inside the Hub’s area as well as energy con-version in
the network were formally integrated.

The procedure, how the Energy Hub model has to be applied, starts essen-
tially with a choice and demarcation of the Hubs in the overall investigation
area. The defined questions and the availability of measuring data are es-
pecially relevant here. After implementing the Energy Hub model in the
case study Dättwil questions concerning the use of renewable energy, the
influence of the traffic on the energy flows in case of electric vehicles and
about chemical energy source to the substitution of oil and natural gas were
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Figure 3.2: Vorgehen in der Modellierung. Unterteilung des Untersuchungs-
gebietes in die Ebenen GIS, Hubs und Nodes.

answered. An important outcome was that intermittent sources in the in-
vestigation area contribute only to a low portion and make no application
of storages or bigger modifications in the network necessary. The simulation
of traffic and alternative energy sources should help to indicate the possible
need for action.

The modeling with the help of the Energy Hubs turned out in general plau-
sible and clear. However, as it came to the scenarios for a far future, it was
appeared that the model does not follow stringent the project aim, or that
an optimization of the future delivers no stable results based on today’s
knowledge. To guarantee, nevertheless, an assessment and appraisal of the
future, sensitivity analysis of the prices of the energy sources are suggested.
Then with the expert’s assessment about the potential market development
an investment planning can be done.

Partnership: Regionalwerke Baden, ABB, Areva (now Alstom Grid), Siemens,
Swiss Federal Office of Energy
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Abstract The liberalization of the European electrical energy market has
brought changes that are also affecting Swiss hydropower plants. The grow-
ing production of peak energy leads to higher start/stop-cycle frequencies
of their hydrogenerators. The load change dynamics are further increased
by fast start-ups. In consequence the high voltage insulation of the sta-
tor conductor bars is stressed by a higher number of thermal cycles and
faster load changes. This thesis investigates the potentially life-shortening
effects of increased load change dynamics during cyclic operation on modern
mica/epoxy insulation.

The first step is the identification of thermo-mechanical fatigue as the dom-
inant cyclic ageing process. The different thermal expansion of the cop-
per conductors and the mica/epoxy groundwall causes shear stresses at
the copper-insulation interface and tensile stresses inside the insulation vol-
ume. Thus, thermal cycles gradually weaken the bond between conductor
and insulation. Subsequent separations of the insulation from the conductor
produce voids and therefore an increased partial discharge (PD) activity in
the interface.

In a second step, a list of hypothetical parameters of thermo-mechanical
ageing is assembled. It includes the geometry of the stator bar, the number
of thermal cycles, as well as maximum temperatures and heating rates of the
cycles. On the basis of monitoring data of cyclic operated hydrogenerators,
typical values for these parameters are derived.

In order to assess the influence of the individual parameters on the in-
sulation ageing, meaningful diagnostics are needed. Based on theoretical
considerations and the analysis of long-term diagnostic data from hydro-
generators, it is concluded that the measurement of the dissipation factor
(tan δ) tipup is best suited for the integral detection of PD activity in
the conductor/insulation interface. The dissipation factor tipup should be
combined with phase-resolved PD measurement to enhance the diagnosis.

The most important results of the thesis can be summarized as follows:
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• There is no reduction of lifetime in a flawless groundwall insulation
due to the separation of the groundwall from the copper conductors
of stator bars.

• The absence of flaws in the groundwall can be proven by a combi-
nation of tests and diagnostic measurements before and during the
generator’s operation.

• Bars in stator slots are expected to experience less separation than
test bars under laboratory conditions because of the side-pressure in
the slot.

• The investigation of ageing effects in the end-winding due to cyclic
stress isn’t in the scope of this thesis. To what extent cyclic stress
might increase end-winding vibration amplitudes due to a thermo-
mechanically caused loosening of the bracing must therefore be left
for future investigation.

Partnership: swisselectric research, ALSTOM Schweiz AG, BKW FMB En-
ergie AG, HYDRO Exploitation SA, Kraftwerke Oberhasli AG, Von Roll
Holding AG
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Abstract New data and insights are available for progress on the measure-
ment of arc duration in the context of condition-based HVCB maintenance.
Electromagnetic field emissions exist throughout the arc duration in varying
intensity for a broad range of arc currents in SF6. The spectrum appears to
result from transients in the arc, as it extends from a few megahertz well
into the UHF range and remains mostly constant throughout the arc, so
that the environment and measurement technique determine the spectrum.
Hence a near-field sensor can detect the arc presence by providing a clear
signal envelope of the emissions, and can be integrated in encapsulation
to distinguish between arcs from separate breaker poles. Interference can
largely be avoided by measuring in higher frequency bands, and the inten-
sity of arc emissions are sufficient to isolate them from sporadic interference.
These observations provide a sufficient framework for the development of
measurement methods for application to at least single-phase encapsulated
industrial three-phase HVAC circuit breakers.

The present work focuses on the measurement of arc duration in enclosed
breakers. In contrast with isolated pulses of other works, experimental re-
sults of the present work, attest the presence of arc emissions throughout
duration of the arc. They do verify the existence of strong, pulsed broadband
emission bursts at contact separation, but also demonstrate a potential for
strong bursts at other times.

A successful method of measurement for single-phase encapsulated dead-
tank breakers essentially requires assessment of crossover and sensor place-
ment. Each breaker tank behaves as a resonant cavity, and coupling over
the bushings and external bus should greatly attenuate crossover. Although
small, near-field RF sensors could be used, they should integrated inside
the tank. If crossover cannot be eliminated, correlating the RF signal with
the output of acoustic sensors mounted on the tank could provide positive
identification of contact separation.

Partnership: ABB Switzerland
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Coordinated Transmission Expansion Planning of Fu-
ture Interconnected Power System

Candidate: Antonios Papaemmanouil, Dipl.-Ing.
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Author’s summary Electricity is a substantial element in modern soci-
eties and no reduction of power consumption is foreseen in the future. Hence,
in order to achieve the target of sustainable development, it is important
to develop the power systems so that future generations will be able to
cover the need in electric power in a reliable, economical and environmental
friendly way. The first two parts have been already included in the tradi-
tional power systems planning, however in order to consider environmen-
tal aspects and development in an uncertain environment, new approaches
are needed. This dissertation focuses in the long-term transmission system
planning of interconnected power systems under the consideration of energy
policy implementations and their impact on marginal production costs.

The proposed methodology is based on a semi-dynamic heuristic approach,
that solves the social welfare maximization problem for several discrete steps
considering different preferences for energy policy or transmission network
reinforcements. The methodology consists of two parts, one part includes
the multi-criteria analysis and provides short-term information to the deci-
sion maker and the second part includes a cost-benefit analysis that accom-
modates the decision maker with long-term information of economic prof-
itability. This integrated multi-criteria approach allows the identification of
the optimal configuration of the transmission system assuming variations of
marginal production costs, generation mix development and load profiles.
The transmission planning process includes the identification of candidate
transmission plans and the evaluation of identified reinforcements.

Two power system models have been developed based on publicly avail-
able data and a proposed reduction technique for large-scale power systems.
Three are the major indicators of the profitability of a reinforcement that
represent the environmental benefits, the benefits in the congestion and the
benefits to cost ratio. The final output is illustrated in trade-off curves pro-
viding sufficient information to the decision maker.
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Introduction High voltage circuit breakers serve two important func-
tions in the electrical power grid. On the one hand they regulate the power
flow by connecting and disconnecting further network elements and on the
other hand they have to separate faulty components from the grid quickly
and reliably. The requirement for interruption capability of circuit break-
ers is constantly increasing and these days circuit breakers are capable of
switching approximately 20 GVA per interrupting unit. This performance
is reached by SF6 insulated circuit breakers of puffer- or self-blast type.

The requirements to carry the nominal current with low losses in closed po-
sition and to control a high power switching arc are conflictive with respect
to an optimization of the contact system. This challenge is solved by the use
of two different contact systems, each optimized for their respective purpose.
These are the main and the arcing contacts (c.f. Fig. 3.3). For a safe and
reliable operation of the circuit breaker it is necessary, that the switching
arc does not occur on the main contacts. A proper dielectric coordination
of the contact system allows control of arc formation and localization.

Objective and Approach The objective of this thesis was to evaluate
and investigate different mechanisms which disturb the dielectric coordina-
tion of high voltage circuit breakers. Two different approaches were followed:
First, a distortion, caused by the overlap of breakdown probability curves of
single contacts when composing the multi-contact system was analyzed. Sec-
ond, a possible distortion by the occurrence of very fast transient voltages in
the switching chamber was investigated. Due to their different causal nature
the two approaches were called implicit and explicit distortion of dielectric
coordination, respectively.

Implicit distortion was investigated by electrostatic field analysis of contact
arrangements and by the development and construction of an experimental
setup to accurately determine and compare breakdown probabilities of single
and multi contact systems (c.f. Fig. 3.4 left).

Explicit distortion was investigated through the development, implementa-
tion and the experimental validation of an equivalent network model (c.f.
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Figure 3.3: Schematic drawing of a high voltage circuit breaker.

Fig. 3.4 right). Using this model, transient simulations revealed the occur-
rence of certain over-voltages based on the geometrical characteristics of the
circuit breaker.

Results Investigation of the implicit distortion mechanism uncovered an
unexpectedly wide difference in breakdown voltages due to the voltage po-
larity applied. However, not only the breakdown voltage but also the break-
down distribution on arcing and main contacts was significantly influenced
by the voltage polarity. In a contact vs plane electrode arrangement, break-
downs occurred on the main contact with 23% percent probability although
the maximum electric field on the arcing contact was 40% elevated. These
effects could neither be foreseen nor explained through the evaluation of
breakdown probabilities of single contact arrangements. The increase of
main contact breakdown at positive polarity in combined contact systems
could be understood through the application of the volume-time criterion
and the corresponding calculation of the breakdown probabilities of the re-
spective contacts.

In a complete circuit breaker contact system this effect was maintained
however attenuated as the main contact breakdowns happen less frequently
when both contact sides are coordinated.

The transient simulation within single interrupting units revealed an in-
crease in very fast transient voltages dependent on the length, shape and
connection of the inner contacts albeit the effect was not very pronounced.
Although breakdown in SF6 excites traveling wave phenomena, the very
inner structure of the circuit breaker is too short to provoke significant
potential differences between main and arcing contacts. The highest influ-
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Figure 3.4: Experimental setups used: Test vessel for evaluation of break-
down probabilities (left) and network analyzer setup for evalu-
ation of high frequency behavior (right).

ence is achieved by changing load elements attached to the circuit breaker
and not the circuit breaker geometry. Analysis of double interrupting units
showed that a contact system experiences high electrical stress in terms
of frequency and amplitude after the breakdown of the adjacent interrup-
tion unit. This resulted in a strongly increased breakdown probability on
the main contact whereas no significant voltage difference across main and
arcing contacts was detected. This problem can be mitigated through the
application of grading capacitors but their influence depends on the geome-
try and the high frequency characteristics of the specific item used. Through
an analysis of the polarity dependent origin of a breakdown initiating first
electron i.e. breakdown probability calculation using streamer- or volume-
time criterion, the increase of main contact breakdown due to the frequency
of the voltage shape applied, could be explained.

Conclusion Based on these findings, design criteria for future gas-insulated
high voltage circuit breaker contact systems can be extended:

If the maximum electric field at certain electrodes is used as coordination
and breakdown criteria it has to be evaluated through breakdown experi-
ments with the combined contact system. Analysis of single contacts and
extrapolation of these results to combined contact systems does not result
in a correct design. Further, the breakdown probability on the main contact
system can generally be decreased by coordinating both sides of the contact
system.

Partnership: ABB Switzerland
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4. Research Activities

4.1 Power System Dynamics and Control

Optimization and Planning of Hydro-Power Production

Hubert Abgottspon, Supervisor: Göran Andersson

Abstract A significant portion of electric power in Switzerland is pro-
duced by storage hydro power plants, which enable the storage of water
inflows to schedule power production at convenient times, i.e. producing
energy in most attractive economical conditions, i.e. when electricity prices
are high.
The storage capacity is however limited and the evolution of influence fac-
tors such as electricity prices and water inflows not fully known in advance
and volatile. Therefore to take a correct decision about the utilization of
the water in reservoir is not trivial at all.

A traditional way of addressing these uncertainties is to rely on tacit knowl-
edge and/or improve the forecast of the volatile factors (e.g. a Hourly Price
Forward Curve). This is however becoming increasingly more difficult with
the structural market changes (such as introduction of new products - e.g.
power Futures and options or ancillary services), price dynamics (e.g. neg-
ative prices) and changing weather conditions.

Project description The planning of production for storage power plants
is usually done in three time horizons, with the following characteristics:

• The long-term planning covers a time range longer than one year, up
to several years. Its purpose is to give assistance in e.g. investment
planning problems.

• A medium-term planning will produce monthly or weekly reference
sea values of the reservoirs in a hydro power plant portfolio as well
as water values of the water stored in the reservoirs. The time hori-
zon is one year with a monthly or weekly time step. The key idea
here is to incorporate the uncertainty in market prices and water in-
flows in a robust optimization. Solution concepts here are stochastic
programming, especially stochastic dynamic programming (SDP) [1].
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• The short-term planning finally performs a detailed production plan
for the power plant (portfolio). Because of the complexity of such a
plan the time horizon consists only the next day(s) with a time step of
an hour or a quarter of an hour. Solution concepts here are non-linear
optimizations and evolutionary strategies (ES), taken into account
estimations of the future market prices (HPFCs) and boundaries or
water values out of the medium-term optimization.

Goals of the project The goal of this project is a prototype software
which assists power producers with an optimal production strategy for typ-
ically Swiss hydro storage power plants (relatively small reservoirs, high
heads, complex structure).
Key aspects of the software is the integration of the market and regulatory
conditions in Switzerland (e.g. handling of ancillary services) as well as the
consideration of uncertain factors (e.g. water inflows, market prices).
With this software it shall be not only possible to plan the energy produc-
tion more profitable and more robust but also to plan it with a minimized
and known risk.

Figure 4.1: Left picture: Screenshot of the short-term optimization soft-
ware tool. Right picture: Profit-to-go function out of the unified
medium- / short-term SDP.

Progress in 2011

• Finishing of a literature survey about hydro power planning.

• Software tool for short-term optimization (Fig. 4.1 left). A simulation
as well as a deterministic and heuristic (ES) optimization can be per-
formed on a hydro pumped storage power plant. Input and output of
data is given in Excel files.

• A modeling approach for an unified short- and medium-term optimiza-
tion of a hydro power plant was proposed. Future power products as
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well as HPFCs can be considered in a natural way. A two-stage mixed-
integer stochastic program with variable time periods is obtained, used
to estimate water values as derivative of the profit-to-go function (see
also Fig. 4.1, right) [2].

• Ancillary services, namely secondary control, was integrated in a SDP
approach. The offering of secondary control is modeled as first-stage
decision whereas the actual production of energy is the recourse action.
A non-linear two-stage mixed-integer stochastic program is obtained
and solved for a yearly time horizon, in order to estimate water values
as well as optimal decisions about offering of secondary control [3].

Partnership: EGL AG, KTI
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MARS – Security of Multi-Area Power Systems

Emil Iggland, Olli Mäkelä, Supervisor: Göran Andersson

Project Outline The project is a collaboration between the Power Sys-
tem Laboratory at the ETH Zürich and the corresponding group from the
EPFL in Lausanne. System security in interconnected electric power sys-
tems is the main topic of research.

Abstract The primary concern of power system planning and operation
is ensuring a secure supply of electric power. The N-1 criterion, which dic-
tates that the system shall be able to withstand the unexpected outage
of any single component, is commonly used for both operation and plan-
ning. Unfortunately, some deficiencies can be seen already in single-area
operation. In multi-area operation, where a single transmission system op-
erator (TSO) is responsible only for a part of the system, the N-1 criterion
does not provide a clearly defined security criterion. Two main paths are
prevalent in the operation of interconnected power systems. These are the
centralized and decentralized approaches. Where-as the former proposes a
globally responsible entity in charge of supervision, the latter is dependent
on coordination and information exchange between the interested parties.
The MARS project is domiciled within the decentralized domain, consider-
ing the requirements which must be fulfilled in order to increase security of
operation while maintaining autonomy of the participants. Strong industry
interest in the problem of multi-area security can be seen in commitments
such as Coreso [1] and TSC [2].

The goal of this project is to propose new way of defining security, taking
into account the desire to fairly share responsibility and costs for maintain-
ing a secure state between the stake-holders. The allocation of cross-border
transmission capacity should not be needlessly reduced in an attempt to
separate the networks from each other, thereby removing the many benefits
given by interconnection.

Project Goals Defining security in multi-area systems is a very challeng-
ing task, aggravated by a need to share responsibility and costs of security
measures among the stake-holders. The MARS-project intends to address
some of the topics associated with this question. Specific targets are the ad-
equacy of current operating practices from a security perspective, reducing
system vulnerability while maintaining trading capacity and methods for
complementing security assessment in multi-area systems.

The project goals can be summarized by the points below:
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• Extensions to the current, single-area, security criteria to account for
deficiencies.

• Definition of a security criteria for multi-area systems, applicable to
single area-systems.

• Allocation of responsibility, and cost, for security between the partic-
ipants in multi-area systems.

The economic provision of control resources is therefore a crucial aspect. In
addition to the system security, the possibility of trading of control reserves
in multi-area systems is considered. Current practices dictate that each area
is responsible for the provision of sufficient reserves to cover its own needs
(secondary and tertiary control reserves), as well as a proportional amount
of the demand of neighboring systems (primary frequency control reserves).
With the integration of power network, generators with a comparative ad-
vantage in the provision of control reserves should be used for this task. In
order to allow inter-system control reserve trading, the principles governing
reserve sizing and allocation must be investigated in more depth.

The project does not strive towards a complete integration of TSOs into a
so-called super-TSO, rather supporting a co-operative approach.

Progress in 2011

• Development of a reduced equivalent model for decentralized power
flows calculations. This methods allows substantial speed up. Initial
results are shown in Fig. 4.2.

• Development of a systematic approach to evaluation the trade-off be-
tween post-contingency corrective actions and preventive redispatch-
ing. The method takes into account the costs of corrective actions, the
occurrence probabilities of the contingencies aswell as the cost for the
initial redispatch.

• Extension and improvement of a simulation and calculation framework
with the expressed intent of reflecting the dynamics and interaction
of multi-area control.

References
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Figure 4.2: Comparison between reduced decentralized solution and the full
solutions
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Power System Performance Enhancement through Volt-
age Source Converter (VSC) Based HVDC in the
ENTSO-E system

Markus Imhof, Supervisor: Göran Andersson

Introduction Historically the interconnections in the transmission sys-
tem was not designed for power trading, but for the exchange of regulating
power. As a result of the deregulation of power markets, particularly in
Europe, the tie-lines are quite often subject to heavy loading caused by
power trading between countries. Deregulation also brings increased varia-
tions in power flows. These developments are the cause of severe challenges
for the transmission system and its operators. Without adding more trans-
port capacity and controllability to the grid could cause the instability of
the transmission system.
This project investigates how HVDC-VSC (High Voltage DC - Voltage
Source Converter) can be used to stabilize and control the High Voltage
AC (HVAC) transmission networks using the three independent control out-
puts active power, reactive power at the rectifier and reactive power at the
inverter.

Project Summary The aim of this project will be to systematically in-
vestigate the possibilities to use VSC-HVDC in meshed networks, such as
the ENTSO-E grid, in order to increase system transmission capacity and
security. In particular it will be studied how VSC-HVDC, placed in Switzer-
land or in other countries, can be used to increase the transmission capacity
through Switzerland. The focus will be laid on these five main topics:

• geographical placement of VSC-HVDC in a meshed grid

• investigate active and reactive power modulation of HVDC-VSC to
dampen inter-area oscillations

• use HVDC-VSC for transient stability control

• use HVDC-VSC for voltage and reactive power control

• use HVDC-VSC for power system restoration

On Going Tasks Most work in the last year was done in developing
suitable models for each project task. A static model was developed, and
has to be investigated further. This will be used for power flow calculations
and will support the dynamic analysis. In parallel, some work was done in
developing a dynamic converter model as well as a linearized HVDC model.
This will be helpful for small signal stability studies as well as for placement
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of VSC-HVDC in AC-networks.
The next steps are to develop and further investigate these models and test
them in benchmark systems.

Project Partners swisselectric research, ABB, Automatic Control Lab-
oratory ifa
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VIKING — Vital Infrastructure, NetworKs, INforma-
tion and Control Systems ManaGement

Maria Vrakopoulou, Supervisor: Göran Andersson

Introduction A well-functioning society relies heavily on the proper op-
eration of the electric power system. Large power outages may be difficult
and time-consuming to restore and may also have devastating economic
and humanitarian consequences. Therefore, in large electric power systems,
an IT infrastructure, referred to as Supervisory Control and Data Acquisi-
tion (SCADA) systems, provides system-wide supervision and control. The
SCADA system measures data through remote devices installed throughout
the grid and gathers the information at a control center through commu-
nication channels. After computer processing, control commands are sent
from the center back to the system. The dependence of the power system
on this infrastructure renders it more susceptible to operational errors but
also to external attacks.

Objectives The VIKING research project is an EU financed Framework
7 Collaborative STREP Project and is part of themes 4, ICT, and 10, Secu-
rity. The VIKING project proposes a novel concept to address the challenges
introduced by the interaction between the IT systems and transmission and
distribution systems. The main objective is to develop, test and evaluate
methodologies for the analysis, design and operation of resilient and secure
industrial control systems for critical infrastructures. In particular, the aim
of this project is to increase the understanding of vulnerabilities of inte-
grated control systems, determine the impact on the electric power trans-
mission and distribution system of possible failures or attacks, and develop
strategies to eliminate or to mitigate these effects.

Within this framework, ETH Zürich, represented by both the Power System
and the Automatic Control Laboratory, conducted research on the develop-
ment of a flexible modeling framework for the cyber-physical system, on the
assessment of the vulnerabilities of the control system and their potential
consequences on the power network operation, and on the development of
mitigation strategies.

Progress In the previous period, the hybrid system modeling, which in-
volved the development of cyber-physical models that capture the interac-
tion between the IT systems and the power networks, was finalized . In [1]
a detailed mathematical description was provided, and two methodologies
were presented in order to simplify the large scale network.Furthermore,
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main research focus was to identify the impact of an attack at the SCADA
system. Specifically in [4], [5] an attempt is made so as to quantify the im-
pact of a cyber attack on the Automatic Generation Control (AGC), which
is one of the few control loops closed over the SCADA system without hu-
man intervention. In both studies an abstracted system, represented by a
two-area dynamical model, was considered. In [4] a verification study based
on reachability tools was performed, whereas in [5] a feedback policy for the
attack input was constructed.

Figure 4.3: Cyber attack on the AGC signal

In this reporting period, the work was concentrated at first, on applying
the generated attack policy to a large scale power network so as to quantify
the robustness of the adopted approach and secondly, on developing miti-
gation strategies. The attack policy was applied to a four generator power
system which exhibits inter-area and intra-area modes. For a more realistic
implementation the same policy was then also applied on the large scale
IEEE 118-bus network. A series of simulation based studies was carried
out and the feasibility of the concept was verified. Concerning the develop-
ment of mitigation strategies a filter based on Fault Detection and Isolation
(FDI) theory so as to detect any abnormal behavior of the AGC signal,
was designed. Specifically, based on measurements of the frequency and the
generating power, it is possible to assess whether an abnormal behavior has
occurred due to a load deviation, or as a consequence of an AGC signal
cyber intrusion. This work is documented in [2],[3] and [6].

Moreover, the research on this two topics raised the need for an extension
of the developed power system models. In this direction, for the needs of
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the mitigation strategies both the non-linear and the linear multi-machine
frequency model of a large scale Two-Area power system were developed.
These models were documented in [3] and [6]. On the other hand, towards
the impact analysis, that is based mainly in low-order systems, a methodol-
ogy to appropriately reduce the large scale network to a simplified one that
maintains the most valuable information that an attacker would need, was
developed. A publication based on these results is currently in preparation.
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LLM — Local Load Management

Stephan Koch, Supervisor: Göran Andersson

Introduction Due to the increasing utilization of intermittent renewable
energy sources, the need for control flexibility in the grid tends to increase,
mostly with respect to the active power balance. As the flexible operation
of conventional power plants is usually quite costly, there is a rising interest
in control methods that take advantage of flexibility potentials on the side
of the load instead of the generation.

The project “Local Load Management” (LLM) is targeted at utilizing demand-
side flexibility in power systems on the time scales of seconds, minutes,
and hours. It is being conducted by a team from ETH Zurich, University
of Applied Sciences North-Western Switzerland (FHNW), Alpiq Netz AG,
and Landis+Gyr. Financial support is provided by swisselectric research.
Preliminary studies were completed in a first project phase in 2006/2007.
Appliance models, control approaches and basic organizational structures
for integrating sophisticated load management methods into power system
control were developed in 2008/2009. The current project phase “LLM –
Verification”, to be concluded in early 2012, serves to increase the degree of
detail of the investigations and to provide a realistic concept for the prac-
tical integration of the developed load management strategies into power
systems and markets.

Progress In the year 2011, further investigations on aggregated control of
thermostatically controlled loads, dispatch of generation and load portfolios
and the economics of ancillary service provision were undertaken:

• A previously developed model for electric water heaters was investi-
gated and elaborated further. A set of rule-based control strategies for
aggregate power of water heater populations was done in [1].

• The previously developed “Power Nodes Modeling Framework” [2] was
extended by optimization-based control strategies that enable flexible
unit portfolios to provide control services to the grid. These include
peak shaving, frequency control, ramping reduction and balancing ser-
vices. A frequency control setup and time simulation is shown in Fig-
ure 4.4. Furthermore, the grid topology of transmission and distribu-
tion systems was integrated into the approach in [3].

• The profitability of delivering power system ancillary services such
as frequency control by flexible portfolios was investigated using the
Power Nodes Modeling Framework. Details can be found in [4] and
[5].
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Figure 4.4: Left: Setup for frequency control provision using power nodes.
Right: Time simulation of battery and generator providing sec-
ondary frequency control together.

Outlook The research project will be concluded in early 2012.
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Distributed Load Management

Theodor Borsche, Supervisor: Prof. Göran Andersson

Introduction It has been shown in previous projects that Load Manage-
ment can be used to shift consumption peaks, to level load prediction errors
or even to offer ancillary services. Adjusting the load to the production (as
opposed to the current paradigm of adjusting production to the load) will
be necessary when solar and wind are major sources of power generation. A
grid, in which consumers and producers of electric power communicate with
each other in order to guarantee a more reliable, highly flexible, automatized
operation, can truly be called a smart grid.

Research in Load Management has so far assumed perfect communication
between the controller and the loads. Limitations imposed by bandwidth
and latency of the communication channels may make adjustments of the
control strategy and design necessary. A second focus of the project is in
understanding the impact of Load Management on the distribution grid -
while it can have adverse effects, when used properly Load Management
may be able to reduce strain on transformers and power lines as well as to
help integrate distributed generation.
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Figure 4.5: Schematic of propsed control structure

Main Challenges We focus on controlling thermal loads such as water-
boilers, air conditioning and heat-pumps. These loads have the advantage
of being controllable automatically without impeding the user experience.
However, each type of load has to adhere to certain constraints in order to
fulfill its primary use for the customer. For example, boilers must always
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provide sufficient amount of hot water and heat-pumps cannot be switched
on and off frequently. As the individual heat-consumption and unit type
are generally unknown, it is important to have good models and realistic
average usage-patterns for each type of load.

If secondary control reserve is to be offered, the controller has to fulfill strict
limits in control error and hard real-time requirements. As a huge number
of loads will be aggregated, the controller also has to have a strong resilience
against disturbances. Even though operating reserves generate substantial
cost each year, the possible profit per load is rather low. Offering operating
reserves using small distributed loads will only be economical if the marginal
cost is negligible.

These considerations lead to the following specifications:

• User comfort shall not be affected, the controlled loads have to be able
to fulfill their primary use at any time, and user interaction should be
kept to a minimum,

• The constraints of each type of load have to be respected, e.g. the
minimum on- and off-times.

• The controller and the communication channel have to be fast enough
to allow for taking part in the secondary control market must be
observed.

• The system should be scalable and the implementation cost per unit
should be minimal.

• The controller has to observe the constraints of the grid, such as line
and transformer loading.

Partnership: Landis+Gyr, EKZ, KTI

References

[1] Callaway, D. S., Hiskens, I. A.; ”Achieving Controllability of Electric
Loads”; Proceedings of the IEEE, 99(1); 2011

[2] Galus, M. D., Koch, S., Andersson, G.; ”Provision of Load Frequency
Control by PHEVs , Controllable Loads , and a Co-Generation Unit”;
IEEE Transactions on Industrial Electronics, vol. 58, no. 10; 2010



50 Research Activities

Smartgrid-Polysun: Design Tool for Local Load
Management

Evangelos Vrettos, Supervisor: Göran Andersson

Introduction The increasing penetration of fluctuating Renewable En-
ergy Sources (RES) in the grid calls for enhanced power system control,
which is traditionally performed by costly conventional generators. In this
respect, there is a continuously rising interest in exploitation of the flex-
ibility at the demand side [1]. This approach is commonly referred to as
Demand Side Management (DSM), Demand Response (DR) or Local Load
Management (LLM). Another means of coping with the increasing RES in-
feeds is the integration of both large and small scale Energy Storage Systems
(ESS) in the grid. The combined introduction of DSM and ESS schemes is
expected to significantly enhance the flexibility of future power systems,
mainly by load shifting, mitigation of load and RES prediction errors as
well as participation in ancillary services markets.

Project Description The aim of this project is the development of a
planning software tool that allows integrated simulation of DSM, EES and
Distributed Generation (DG) schemes at the building level, as well as the
development of novel methodologies for the coordinated control of aggre-
gations of such buildings and the quantification of the additional benefits
for both the consumers and the power system. The project partners are the
Power Systems Laboratory at ETHZ and Vela Solaris AG, whereas con-
tacts might also be established with Minergie, Mivune AG, Landis+Gyr
and Swissgrid. Results from the Local Load Management project, which is
already running at the Power Systems Laboratory, and the existing simu-
lation Software Polysun [2] - by Vela Solaris AG - form the scientific basis
for this project. Financial support is provided by the Swiss Federal Office
of Energy (BFE).

Objectives Flexible thermal loads and small scale ESS are expected to
have a significant contribution to the temporal balance of power production
and consumption in the future electric power systems. Extensive research
on intelligent control of consumer loads has already been conducted [3],[4]
and the first nations have created the corresponding legal framework and
incentive systems for introduction of DSM schemes. So far, however, the
tools for concrete planning of LLM of cooling and heating loads at the end
customer are missing. Similarly, a comprehensive evaluation of the effects
of different LLM and energy storage strategies on the energy consumption
and costs, both on the local and system level, has not been proposed yet.



4.1 Power System Dynamics and Control 51

Energy
Optimizer

Electricity
Market

Load
Aggregator

Blocking-activation 
signals

Price
signals

Power System 
Control

Figure 4.6: Local Optimization and Regional Control of Households with
LLM and ESS schemes.

The project is divided into the following work packages:

• Representation of electric consumption of residential and industrial
buildings by high time resolution profiles (in the minute range) to
capture users’ stochastic behavior.

• Detailed modeling of Thermostatically Controlled Loads (TCL) to
account for the specific device dynamics [5]. Electric water heaters,
heat pumps, air conditioners, refrigerators and bulk cooling devices are
all excellent candidates for DSM due to their stored energy content.

• Extension of current infeed profiles: modeling of PV, small scale wind
turbines, micro-CHP and batteries.

• Optimization of the energy consumption and production strategy of
individual buildings in the presence of variable electricity tariffs (price
control). The expected profits for residential and industrial consumers
will be investigated under realistic scenarios and specific recommen-
dations on the economic feasibility of DSM and ESS schemes will be
made.

• Coordinated operation of aggregations of controllable loads via ex-
ternal blocking and activation signals calculated by centralized or hi-
erarchical control algorithms (direct control). The objective is that
load aggregations follow a reference power while the users’ comfort is
maintained in acceptable levels.
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• Assessment of the additional benefits for the power system provided
by extensive application of DSM and ESS schemes (load shifting, elec-
tricity prices, procurement of secondary control reserves).
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4.2 Power Markets

Realistic Models for Liberalized Power Markets

Marcus Hildmann, Yang He Göran Andersson

Research Overview The liberalization of power markets since the early
1990’s has changed the energy landscape in Europe. Until then, European
markets were mainly monopolies of governmental or municipal companies.
With the introduction of electricity markets, methodologies for price fore-
casting, contract valuation, and risk management need to be developed. In
this project, three groups of models are under development

• statistical market models

• fundamental market models

• renewable energy in-feed

All model groups are used to explain the formation and movements of mar-
kets. In particular, the following aspects of energy prices will be modeled:
Hourly spot prices, long term contract prices and the Hourly Price Forward
Curve (HPFC).

Statistical Market Models Statistical models identify and describe the
statistical properties of electricity prices. The measurable characteristics of
spot prices are: 1.) high jumps, skewness and the resulting non-normal dis-
tribution; 2.) autocorrelation structures between days and hours, 3.) strong
seasonal effects during weeks and over the year, and 4.) the external influ-
ences from weather such as wind, temperature, heating degree day (HDD)
and cooling degree day (CDD) and other external factors such as lake levels.
Long term contracts show 1.) strong correlation to other long term products
with different maturity, such as monthly contracts to quarterly contracts;
2.) autocorrelation on the financial returns of the long term products; 3.)
strong volatility clustering, and 4.) strong correlation to other commodity
markets, such as oil and CO2. These statistical characteristics can be mod-
eled and reproduced in simulations. Some of the statistical characteristics,
such as autocorrelation, can be measured directly. While the others, such
as seasonality, must be observed, using methods such as Kalman-Filter or
regression with auxiliary-variables. In this project the main focuses of the
statistical models is robustness and adaptivity to new data from changing
market structures.
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Fundamental Market Models In addition to the statistical models,
the fundamental models describe and simulate load- and price curves of the
electricity markets. To model the prices, the demand- and the supply curve
models will be developed. The demand curve model explains the demand as
a function of the external influences such as weather, seasonality, economic
growth and other factors. In particular, different models for short and long
term demand have to be developed. Short term models use external inputs
like weather forecast and short term fundamental data. These models are
conditional models, based on past values of the external factors. The long
term models are based on the prediction of norm weather data and economic
growth. The supply curve is based on the merit order curve which depends
on installed capacity, the cost structure, efficiency and the fuel. The intersect
point of demand- and supply curve is the electricity price. The simulations
of the spot prices based on the fundamental model result in a more detailed
description of future spot price movement.

Uncertain Renewable Energy In-feed feed-in tariff (FIT) and other
government support schemes, provided by the ”Erneuerbare-Energien-Gesetz”
(EEG), resulted in a large scale deployment of renewable energy sources
wind and photovoltaic (PV) in Germany. The installed wind capacity at
the end of 2012 will be between 28.8GW and 30.3GW and the installed
PV capacity between 28.4GW and 31.8GW. For wind and PV in-feed, two
different kinds of risk exist. The uncertainty of forecast and supply of the
the high capacity and the FIT have strong effects on the electricity prices.
In the project, models for forecasting and simulating wind and PV in-feed
are under development.

Current Project Activities The current project activities in the sta-
tistical modeling are the combined estimation and perdition of the HPFC,
and the combination of statistical and fundamental models for the HPFC.
The focus of the fundamental modeling is the merit order curve modeling
based on linear and non linear models and the load modeling. The second
focus is renewable energy sources (RES) in-feed. Models for simulating wind
and PV in-feed are under development. Based on those models, the effect
on the merit order curve, financial and supply risk, and the valuation of
investments in renewable energy facilities are analyzed.

Partnership: KTI, swissQuant Group AG Zürich
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BPES — Balancing Power in the European System

Matthias Bucher, Supervisor: Göran Andersson

Introduction It is a well-established fact that the future European power
system will require an increasing amount of balancing power capability, in
form of what today is called secondary and tertiary control reserves, in or-
der to accommodate the increasing amount of fluctuating power producers,
i.e. primarily wind power and photo-voltaic. In a sustainable scenario this
balancing power must be provided by renewable power sources in order to
fulfill the energy policies of EU and other European countries, e.g. Norway
and Switzerland.

There are in principle five possible means to reduce the need for balancing
power or to provide the needed balancing power in a sustainable way:

• Improved forecasts of power production from fluctuating power sources

• Increased controllability of the fluctuating power sources

• Designated storage devices close to the fluctuating power producers,
e.g. Battery Energy Storage Systems

• Hydro power from a storage reservoir, possibly pumped storage

• Demand Side Participation, i.e. load management

The first action is obvious and would lead to that the accuracy in the power
production forecasts are improved, which will reduce the need for balancing
power. The second one of these means would imply that the power plants
are not operating at optimal efficiency and would consequently lead to en-
ergy losses of these power plants, which could be substantial. Local energy
storage would lead to a higher energy output from the power plants but
requires an additional investment. The advantage of items two and three
above is that the balancing power is provided locally and the transmission
system is not utilized to supply the needed balancing power. For the first
three means above one does not provide more balancing power but rather
decreases the need for additional balancing power and storage. In Europe
hydro power is of limited capacity and is located in a few geographical ar-
eas, i.e. basically in Scandinavia and in the Alps, implying that a certain
power transmission capacity be required. This is particularly obvious for the
Scandinavian hydro power, which requires HVDC cables in order to be inte-
grated in the balancing power scheme of the continental system, but this is
also the case for the hydro power in the Alps. Demand Side Participation is
an instrument that hitherto has not been utilized as balancing power to any
larger extent, however the potential available is deemed to be significant
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and various concepts how it should be implemented have been proposed.
It is clear that the need for more balancing power will also introduce ad-
ditional requirements on the transmission system. These requirements are
concerning demands on transmission capabilities but also concerning the
management and control of the transmission grid. Both these aspects must
be addressed in order to obtain a viable and effective solution for handling
balancing power in the European system.

Objectives The overall objectives are to address the problems related to
balancing power in a future European system with a substantial part of
the power generation in form of fluctuating renewable power sources. More
specifically the following aspects will be addressed:

• Estimation of the need of balancing power in different scenarios.

• Assessment of the different methods listed above to provide balancing
power including the limitations imposed by the transmission system
with regard to technical and economic criteria. Environmental issues
will also be considered.

• Development of planning methods and operational strategies for the
future European system incorporating the needs of balancing power.

Partnership: Technical University of Denmark (DTU), Norwegian Univer-
sity of Science and Technology (NTNU)
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MoVeS - Modeling, Verification and control of complex
Systems - From foundations to power network applica-
tions

Tobias Haring, Supervisor: Göran Andersson

Introduction The aim of the MoVeS project is to propose methods for
modelling, analysis and control of complex, large scale systems. We adopt
the framework of stochastic hybrid systems (SHS), which allows one to cap-
ture the interaction between continuous dynamics, discrete dynamics and
probabilistic uncertainty. In the context of power networks, SHS arise nat-
urally: continuous dynamics model the evolution of voltages, frequencies,
etc. discrete dynamics changes in network topology, and probability the un-
certainty about power demand and (with the advent of renewables) power
supply (http://www.movesproject.eu/).
With respect to concrete power network applications, the issues of reserve
power determination, procurement and deployment were chosen. Maintain-
ing frequency and voltage stability is the main purpose of ancillary services
in electric power systems. The liberalization of the electric power industry
in many parts of the world brought institutional and technical differences in
the definition of these services and their rules of governing (see also [2] and
[3]). The future requirement of handling large-scale integration of renewable
energy carriers calls for contributions in this framework. Furthermore de-
mand side participation will become key aspects in the provision of positive
or negative balancing power.

Research Objectives The general research objectives may be divided
in two areas: First, the keen procurement of Ancillary Services. This calls
for contributions in the proper determination of the necessary amount of
reserves (see also [1]) as well as auction design (see also [5] and [4]). Second,
the provision ancillary services will be no longer a matter of bulk generation
units, but (aggregated) demand units (see also [6]) and renewable genera-
tion. With regards to the latter one, efforts have to be put into incentives
schemes for demand units and renewables to participate in frequency control
markets. The economic valuation of participation includes also the design
of the balancing power market (see also [7]).

Current tasks

• The development of an approach of a stochastic optimization frame-
work for reserve power determination in order to handle high wind
power penetration (see Figure 4.7),
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• The implementation of a simulation framework of a descriptive elec-
tricity market and the investigation of different reserve power auction
designs and their interaction with other market areas.
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Figure 4.7: Upper picture: Cost of proposed approach (RRS) compared to bench-
mark (BRS) using quantiles, Middle: Costs of the advanced reserve
scheduling (RRS) compared to benchmark approach (BRS), Bottom:
Day ahead scenario generation based on forecast, used quantiles of
benchmark approach and actual in-feed

Future tasks

• A further in-depth analysis of existing market designs and challenges
by means of data analysis,

• The further development of existing frameworks with respect to large
scale implementation and (fair) ancillary service pricing,

• First approaches to enhance the participation of the demand side and
renewable energy units (with focus on wind power) on the reserve
power market.
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4.3 Future Electric Energy Systems

In the projects of this research area we contribute to the goal of transform-
ing our energy demand towards a sustainable, environmentally friendly and
secure supply. Main drivers of this transformation are the world-wide efforts
to reduce CO2 emission, increase the share of new renewable energy pro-
duction, increase the efficiency of energy use and (at least in Switzerland
and Germany) to phase out nuclear power plants. Our projects cover both,
systems and technology oriented questions, and are in the area of electric ve-
hicles, local load management, optimized use of transmission infrastructure,
planning of the whole European energy infrastructure, and HVDC networks
and breakers.

Integrated Modeling and Analysis of Power and Trans-
portation Systems (ARTEMIS)

Matthias Galus, Supervisor: G. Andersson

Introduction Large scale electric mobility will heavily affect the infras-
tructure and the operation of power systems in the future. This project
combines models for vehicle fleet evolution, for vehicle energy demand and
transportation behavior [1] in order to investigate the impacts of electric
mobility on the electric infrastructure in urban areas and the potential ad-
vantages for the system.

The approach followed in this project provides detailed data on temporal
and spatial vehicular energy demand which is used as input for power system
simulations. The power system model incorporates a predictive, distributed,
hierarchical charging management algorithm in order to avoid the violation
of physical system constraints such as asset loading or voltage bounds. The
algorithms shifts excessive electric vehicle load to low-demand times [2].

Vehicle-to-Grid (V2G) schemes are integrated into the charging control
scheme. The aggregated storage of the vehicles allows balancing of renewable
energy sources, and thus, contributions to stabilization of power systems.
Case studies are performed for the entire electricity distribution system of
Zurich, Switzerland, comprising multiple voltage levels and detailed tempo-
ral and spatial load data.

Progress In 2011, the final phase of the ARTEMIS-project was con-
ducted, new features were added and the integrated model was validated
through several case studies:
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Figure 4.8: Balancing of a wind infeed prediction error through a large fleet
of electric vehicles controlled by an aggregator through a central
MPC-controller.

• The charging management approach was extended to feature a dis-
tributed, hierarchical structure. This ensures that the challenges are
mitigated at all voltage levels of an electricity distribution system [2].

• The agent based charging management algorithm was adapted and
used to perform valley filling and peak shaving. This was achieved
by tuning of parameters which determine the power demand of the
individual agents. Case studies show that the approach is able to shift
much load into valley load hours, i.e. evening and night hours. How-
ever, it was also found that some load cannot be shifted completely
to these hours as temporal charging flexibility is limited by the trans-
portation simulation, its simulated departure times and desired bat-
tery energy levels at departure.

• In order to investigate the impacts of large scale electric mobility
on the low voltage electricity distribution networks in the city of
Zurich, Switzerland, eight representative distribution networks have
been modeled in detail. They are located in the center or in the out-
skirts of the city. The transportation simulation was used to determine
where and when vehicles connect in these networks. The distributed,
hierarchical charging management scheme has been applied in order
to mitigate undesired effects [4].

• Final steps of the integration of the different model parts of the de-
veloped have been concluded. Scenarios for the vehicle fleet have been
defined and simulated. The parametrization of energy consumption
functions for different vehicle types have been finalized and utilized in
the transportation simulation. Case studies for the electricity distri-
bution system of Zurich have been performed and the charging man-
agement approach has been validated [3], [5].

• Case studies of V2G impacts have been performed for scenarios incor-
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porating large scale electric mobility. It was shown that, by using an in-
telligent charging management a large wind infeed prediction error can
be compensated by an electric vehicle fleet without endangering the
network security. The algorithm, which allows for such advanced V2G
service provision, makes use of the distributed, hierarchical charging
control structure and a bi-directional information exchange. The in-
formation is exchanged between controllers on several voltage levels,
electric vehicles, and a central model predictive control based con-
troller, operated by an aggregator. Figure 4.8 and Fig. 4.9 illustrate
results of such a study [6].

• From October - December of 2011, Matthias D. Galus visited the
Institute for Systems and Computer Engineering of Porto (INESC
Porto) at University of Porto, Portugal as an academic guest. The
visit was focused on the development of a comprehensive conceptual
approach for planning and operation of intelligent assets, i.e. electric
vehicles, flexible loads, virtual power plants and micro grids, in future,
sustainable electric energy systems. Information exchange paths and
the content of the particular messages were defined for the different
actors. The advantage of the framework is that it is not only focussed
on one particular area of power systems, such as electric vehicles, but
also looks at other concepts and their possible integration.

(a) PEV demand without V2G service in
the metropolitan area of Zurich.

(b) PEV demand with V2G service in the
metropolitan area of Zurich.

Figure 4.9: Effects of V2G service on the load distribution within the
metropolitan area of Zurich, Switzerland [6].
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THELMA - Technology-centered Electric Mobility As-
sessment

Marina González Vayá, Thilo Krause, Supervisor: Göran Andersson

Introduction The main goal of this project is to perform a holistic sus-
tainability assessment of electric mobility in Switzerland. This can only be
realized by means of an interdisciplinary system analysis that draws on
the expertise of different research institutions. The project’s technology-
centered system analysis comprises the areas of powertrain technologies
(ETHZ-LAV), power system models (ETHZ-PSL), transport simulations
(ETHZ-IVT), energy demand and supply modeling (ETHZ-ESD) and life
cycle analysis (EMPA-LCAM). The project management and coordination
is provided by the Paul Scherrer Institute.

The Power Systems Laboratory focuses on the power systems analysis,
specifically on the impact assessment of electric mobility on distribution
and transmission grids as well as the investigation of Vehicle to Grid (V2G)
schemes.

Progress In the last year, research has mostly focused on the development
of a model of the Swiss power system and on tasks concerning the impacts
of electric mobility on the transmission network and vehicle to grid schemes.
Data on the Swiss transmission network was obtained from Swissgrid. More-
over, information on Swiss power plants concerning their capacity, location
and type was gathered and integrated into an optimal power flow model.

On the other hand, at the transmission level, the locational marginal pric-
ing based assessment tool has been further developed and adapted to be
deployable on the Swiss transmission system model. Within this tool a cen-
tralized smart charging strategy is implemented: vehicles are charged in a
way that minimizes the system costs while avoiding the overloading of lines
and transformers. Also decentralized approaches were analyzed. Thereby
the price profile leading to the best possible outcome was defined, assuming
each vehicle would minimize its charging costs. Two variants were analyzed:
one with system-wide prices another with nodal prices. Compared with un-
controlled charging, both centralized and decentralized strategies reduces
the loading of assets and generation costs [1]. The different load profiles are
shown in Figure 4.10.

Moreover, a probabilistic traffic model reflecting vehicle’s stochastic behav-
ior has been developed. The smart charging tool has consequently been
adapted to include the stochasticity of driving patterns [2].
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Figure 4.10: Load profiles under different charging strategies

Concerning vehicle to grid schemes, a Monte Carlo simulation tool has been
developed to determine the capacity available for secondary frequency con-
trol taking into account the stochastic nature of vehicle behavior and of the
secondary frequency control signal.
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IRENE-40 - Infrastructure Roadmap for Energy Net-
works in Europe

Spyros Chatzivasileiadis, Andreas Ulbig, Thilo Krause

Project Abstract The IRENE-40 project motivation originates in the
context of an ageing electrical power system infrastructure and decreasing
security margins in the European electricity transmission systems. Action
impacting the future of the European electricity supply system in the com-
ing 40 years is needed today as investment decisions are being made now
that will open or close future pathways to a sustainable, secure and cost
efficient system of the future.

2011 has been a crucial year for the IRENE-40 project. We moved from the
“investigation” to the “solution” phase, i.e. previously developed models
have been adopted to reflect recent technological and economic develop-
ments in the European power system. In particular contributions have been
made to assess the static and dynamic performance of FACTS devices and
HVDC lines and their influence on both: power system security and market
efficiency. The idea was to obtain an understanding of the influence of dif-
ferent technologies on system behavior. In the analysis we also included an
evaluation of market power, i.e. the possibility to limit strategic behavior
of market participants by network reinforcements. In terms of investment
alternatives different technologies have been evaluated, such as the building
or reinforcement of “conventional” AC transmission lines or the installation
of FACTS devices (Thyristor-Controlled-Series-Compensators) or HVDC
lines. Work has also been devoted to the formulation of a security con-
strained optimal power flow problem including FACTS devices and HVDC
lines.

Complementary research has been targeted at an approach to model inter-
connected national energy systems using the concept of energy hubs. Each
country is modeled as an energy hub, characterized by the national gen-
eration infrastructures for heat and electricity, the demand for heat and
electricity as well as properties detailing mobility demand. Countries are
interconnected via electricity and gas networks, i.e. it is possible to import
or export electricity and/or gas. The different constituents (generation, de-
mand, transmission infrastructures) form an optimization problem, where a
numerical solution approach is combined with particle swarm optimization.
Such a model is capable of capturing the interdependencies of different en-
ergy carriers (gas, electricity, heat) and allows for an integrated analysis of
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investments in generation and transmission assets.

Results of the research have been presented at major conferences (see refer-
ences in the following sections). Further publications have been submitted
to upcoming conferences in 2012. The results of the research carried out
at the Power Systems Laboratory as well as an outlook for the year 2012
are presented in the sections below. We gratefully acknowledge the fruit-
ful cooperation with our partners (see the list below) and look forward to
continuing the work also in the coming years.

Partnership: AREVA, TU Delft, Energy Centre of the Netherlands, Impe-
rial College, National Technical University Athens, RWTH Aachen, ABB,
Siemens
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Work Package — Control Strategies and Network Rein-
forcements for Increased Security in Future Power Sys-
tems

Spyros Chatzivasileiadis, Supervisor: Göran Andersson

Introduction A fundamental change in terms of operation and planning
of the European interconnected power system took place over the last one or
two decades. The transmission grid no longer serves only as a tool for mutual
assistance in case of emergencies but has become a complex ”platform” for
shifting growing power volumes all across the continent [1]. Market devel-
opments result in higher cross-border and long-distance energy exchanges.
Other cross-continental power flows result from the fast and successful de-
velopment of intermittent energy generation with limited predictability, e.g.
wind power. In addition, due to environmental and legislative reasons, the
development of the transmission system is increasingly affected by stricter
constraints and limitations in terms of licensing and construction proce-
dures. These developments, which lead the system to be operated closer to
its limits, were not taken into account in the original design. Disturbances
might occur more often in the future and, given the ever increasing impor-
tance of electricity, their consequences will be more severe [2].

Objectives The project addresses power system security by identifying
the necessary infrastructure solutions for maintaining both steady-state and
dynamic security. The focus is mostly on new AC and HVDC lines.

Based on the valuation framework proposed in [3], a new formulation for a
Security-Constrained Optimal Power Flow (SC-OPF) has been developed
[4]. The formulation is based on the ‘current injection’ method, and it can
incorporate the effect of line outages on HVDC line flows. Through the
SC-OPF, post-contingency control actions of the HVDC lines can be deter-
mined in order to maintain N-1 security. Thus, the “Cost of Security”, as
defined in [3], can be more accurately identified. Extensive simulations have
been carried out using a simplified pan-European network and different gen-
eration scenarios for the year 2050. The effect of new lines on security was
quantified. Applying the SC-OPF on multi-area systems, with HVDC lines
installed in some of the areas, will be the object of future work.

In terms of dynamic security, a method based on slow coherency and par-
ticipation factors was developed in order to identify the weak connections.
Future work will include time-domain simulations in order to examine the
dynamic response of the system before and after the line reinforcements.
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Within the framework of IRENE-40, investment strategies for individual
stakeholders should also be identified. The focus will be on merchant trans-
mission investments. Aim is to identify the optimal decision path of a po-
tential investor regarding line placement and line capacity. Future work
includes simulations with an OPF tool and machine learning techniques in
a multi-agent environment.
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Work Package: Control-based Expansion and Opera-
tional Flexibility in Power Systems

Andreas Ulbig, Supervisor: Göran Andersson

Introduction The research within the framework of the IRENE project
focuses on enabling knowledge, in particular the knowledge of new model-
ing, control, management and assessment schemes for power systems. This
would allow system operators to better exploit the capabilities of the exist-
ing and yet-to-be-built power system infrastructure, specifically the trans-
mission grid, for managing the interaction of traditional power system unit
types, e.g. conventional, fully dispatchable generation, bulk hydro storage
and non-controllable loads, with new power system unit types, e.g. variable
renewable energy sources (RES) generation (wind turbines, PV), non-hydro
storage units and controllable load units (Fig. 1). The goal is to improve
RES Integration and grid congestion management.
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Figure 4.11: Power System with high RES shares and controllable loads.

Main Research Objective The main research objective is to derive con-
trol, modeling and assessment frameworks that allow the exploitation of yet
untapped sources for providing operational flexibility, e.g. via ancillary ser-
vices, in power system operation. Such untapped sources are constituted by,
for example, wind turbine and PV units, thermal electric load units in the
residential and industrial sector and the distributed electric storage capacity
of plug-in (hybrid) electric vehicle fleets. This is illustrated in Fig. 2.

Such units normally exhibit a completely uncontrolled power in-feed or out-
feed behavior, e.g. fluctuating power in-feed from wind turbines or PV units
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as a function of available wind force or solar insolation and fluctuating
power demand of thermal units as a function of end-user requirements. Such
processes are highly time-variant having a varying degree of predictability
and real-time observability, e.g. highly accurate for load demand and less
accurate for wind and PV power. If the above described power in-feed and
out-feed processes as well as distributed storage capacities could be made - at
least - partially controllable, significant amounts of control reserve capacities
could be aggregated for various ancillary service needs in power system
operation such as frequency and voltage control. This would in turn lead to
an improved integration of fluctuating RES in-feed into power systems and
existing electricity power markets.

• On the theoretical side, an assessment framework of operational flex-
ibility for power systems is developed. This framework shall assess
the additional operational flexibility, derived from increased control-
lability and observability of non-, or only partially, controllable and
observable power generation and demand processes, and its benefits
for power system operation.

• On the practical side, control methods for the exploitation of increased
controllability over power generation, demand and storage units with
time-variant availability for ancillary service provision are developed.
A fast Model Predictive Control (MPC) scheme has been derived that
can aggregate and allocate control reserve capacity in real-time from
distributed electricity storage of PHEV fleets with time-variant avail-
ability [3]. This ancillary service manager scheme will be extended
to also allocate control reserve capacity from generalized generation,
storage and load units with and without time-varying availability.

Another task is to derive control and management methods for the ef-
fective integration of non-conventional storage units, e.g. Compressed
Air Energy Storage (CAES) [7], and generation units with inherent
storage, e.g. Concentrating Solar Power (CSP).

Further Research Objectives Additional research objectives are being
pursued as a complementation of the main research objective:

• Variable electricity tariffs: Assessing the role that such tariffs can have
for inducing demand response of electric loads on the end-consumer
level. Variable tariffs give a strong economic incentive to an end-
consumer to adjust household or office load demand accordingly, while
observing technical and user convenience constraints [4]. If properly
designed, such tariffs can reduce peak electricity demand [1]. On-going
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research work is concerned with assessing the effects that variable tar-
iffs have on the level of individual household/office consumption and
on the level of aggregated regional/national load demand curves [6].

• Power Nodes modeling framework: This recently introduced frame-
work ([2], [5]) can be used for modeling deterministic and stochastic
power generation, storage and demand processes and their interaction.
This allows studies of various power system properties, i.e. storage and
control reserve needs, RES integration performance, flexibility and re-
liability. Further development of the theoretical foundation of Power
Nodes, i.e. its relationship to existing energy modeling frameworks
such as the well-known Energy Hub concept [8], and its practical ap-
plication, i.e. the modeling of more complex unit types (hydro storage
lakes and cascades) and their interactions (power system unit pooling
and the assessment of pooling group properties), are pursued.
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Figure 4.12: Sources of Flexibility in Power Systems Operation.

Current Project Activities

• Assessing the role of operational flexibility in power system operation
and its benefits for power system operation.

• Role of variable electricity tariff schemes for inducing demand re-
sponse.

References

[1] F. Oldewurtel, A. Ulbig, A. Parisio, G. Andersson and M. Morari,
Reducing Peak Electricity Demand in Building Climate Control using



4.3 Future Electric Energy Systems 73

Real-Time Pricing and Model Predictive Control, 49th IEEE Con-
ference on Decision and Control, Atlanta, Georgia, USA, December
2010.

[2] K. Heussen, S. Koch, A. Ulbig and G. Andersson, Energy Storage
in Power System Operation: The Power Nodes Modeling Framework,
IEEE PES Conference on Innovative Smart Grid Technologies (ISGT)
Europe, Gothenburg, Sweden, October 2010.

[3] A. Ulbig, M.D. Galus, S. Chatzivasileiadis and G. Andersson, General
Frequency Control with Aggregated Control Reserve Capacity from
Time-Varying Sources: The Case of PHEVs, 2010 IREP Symposium,
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Vision of Future Energy Networks

Thilo Krause

Project Abstract The VoFEN project was started in 2002 with the un-
derlying assumption to take today’s transmission and generation technolo-
gies and design an optimum system ”from scratch” without considering the
current power system structure. The idea was to investigate how a fictitious
optimum system would look like and then backcast the main findings onto
the current energy infrastructure. In a subsequent step, bridging systems
could be designed in order to move from today’s structure towards optimal
future structures.

In terms of electricity networks a standard set of tools exists allowing for
the assessment questions of topology optimization, operational strategies,
investment options, reliability etc. One objective of the VoFEN project was
to extend the capabilities of this ”classic”’ modeling framework to multi-
energy infrastructures. Generally, the proposed framework can be seen as
modeling example for an open-access, interconnected system. By an open
system, we mean a system that interacts with its environment, for example,
by exchanging matter, energy, or information. By an interconnected system,
we mean a system that consists of interacting subsystems. The framework
as a whole mostly relies on steady-state models, i.e. the internal dynamics
of the different networks and network components are neglected.

In previous years the so-called ”energy hub” was developed and identified as
major modeling and analysis tool. An energy hub is an integrated system of
units that allows the conversion, conditioning and storage of multiple energy
carriers. It represents an interface between different energy infrastructures
and/or loads. Energy hubs consume power at their input ports connected to
e.g. electricity and natural gas infrastructures, and provide certain required
energy services such as electricity, heating, cooling, compressed air, etc. at
the output ports. Within the hub, energy is converted and conditioned us-
ing e.g. combined heat and power technology, transformers, power-electronic
devices, compressors, heat exchangers, and other equipment. Existing facil-
ities that can be considered as energy hubs are for example industrial plants
(steel works, paper mills), big buildings (airports, hospitals, shopping malls),
rural and urban districts, and island energy systems (trains, ships, aircrafts).

Due to the generic formulation of the energy hub approach, it was possible
to apply and/or extent the concept to a broad spectrum of topics related to
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questions of production, delivery and consumption in multi-carrier energy
systems. Several applications were presented related to risk management
and investment strategies, agent-based control of energy hubs, reliability
and markets assessments as well as a framework for the modeling of Plug-In
Hybrid Electric Vehicles. Furthermore, two case studies has been concluded
focussing on infrastructure investment questions in the City of Bern and
Baden-Dättwil.

Considering the stronger integration of different energy carriers driven by
the use of co- and trigeneration technologies, the energy hub approach to-
gether with its specific extensions provides a comprehensive modeling basis.
Major benefits of the framework derive from its generality, scalability and
modularity. It is expected that the energy hub approach can be adopted
also to upcoming challenges in order to contribute to the various modeling
and analysis tasks related to future energy systems.

The VoFEN project was formally closed in 2011. The finished research works
are described in the chapter on completed PhD theses in this report, giving
an overview of the concluded work packages by Franziska Adamek, Peter
Ahcin, Michèle Arnold and Matthias Berger. We gratefully acknowledge the
support from our sponsors (see the list below) and look forward to contin-
uing the fruitful cooperation in succeeding projects.

A comprehensive overview of the research work can be found in [1].

Partnership: ABB, Areva, Siemens, Bundesamt für Energie, Regionalw-
erke AG Baden, Energiekommission der Stadt Baden, Swisspower, Energie
Wasser Bern
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HVDC Networks

G. Andersson, C. Franck

In recent years there has been an increased interest in High Voltage Direct
Current (HVDC) networks due to a number of reasons. Many existing bulk
transmission systems have reached their capability limits and a significant
increase of the transmission capacities is foreseen. There are several reasons
calling for this upgrade, where the most significant are the expected increase
in new renewable energy sources that are located far away from the load cen-
ters and an expected overall increase in consumption of electric energy. Fur-
thermore, the fluctuating nature of many renewable energy sources require
higher transmission capacities to provide the regulating power from other
power plants. Another driving force is the latest developments in HVDC
technology such as higher power ratings of semiconductor devices and the
introductions of Voltage Source Converters (VSC) for power transmission,
which are deemed to make HVDC network viable option for future trans-
mission systems.

Even if the general conception is old there are numerous technical issues
that need to be solved or further elaborated before actual planning, design,
and implementation of an actual HVDC network can commence. The aim
of this research project is to address some of the most salient questions
in order to establish a more solid basis of knowledge and results on which
system planners, manufacturers, regulators, and others can base their future
decisions and planning activities.

The primary aim of the project is to contribute to the question: ”Under
which conditions is a true HVDC network of advantage and what would
be the preferred scheme?” In this proposed first phase, the overall system
aspects will be studied both from (A) the power system and (B) the compo-
nent point-of-view. The project is addressing only pre-competitive research
topics.

Within the project, the following points will be addressed:

• Develop methods and tools to study the interaction, joint planning,
and joint operation of AC and HVDC networks. Control strategies
in different modes will be investigated. Studies of benchmark systems
will also be made.

• Develop methods and tools to study the transient behavior of the
system under different fault conditions. Network topologies with and
without circuit breaker will be investigated.
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• Study and formulate common rules for the operation of converter ter-
minals (”grid code”) and specify the technical requirements on the
main components of the HVDC network.

Currently, two subprojects are worked on:

• Interaction between AC and HVDC system

• Specification of main components

Partnership: ABB, SIEMENS, Swiss Federal Office of Energy

Interaction between HVAC and HVDC system

Roger Wiget, Supervisor: Göran Andersson

Project Summary The project will focus on three different topics with
overlaping areas. The basis for a new network is the power flow in a combined
HVAC and HVDC network. The HVDC network could be constructed as
an offshore grid with only few connections to AC grid or as a ”Supergrid”,
which means an overlay network as a superior layer to the existing HVAC
network, like proposed in the ”Friends of the Supergrid (FOSG)” project [1].
Furthermore the power flow and the whole network have to be controlled in
steady state and under emergency conditions to ensure a stable and secure 

  Supergrid Phase 1 

  
 

14 
  December2010 

 

 

Figure 8: 2050 Supergrid 

 

The new Policy and Regulatory Framework for the Supergrid 
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Figure 4.13: Proposed Supergrid for Europe in 2050
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operation. In a final step the economic aspects of the network has to be
considered as well.

The main topics for investigation

• Optimal topology or configuration of HVDC

• Economic considerations and investigations

• Optimal Power Flow (OPF) of combined HVAC and HVDC networks

• Control strategies of HVDC network in steady state both in normal
and emergency state

The above topics have already been researched for traditional point-to-point
HVDC systems, but HVDC networks will introduce new degree of freedom
and possibilities.

References

[1] Friends of the Supergrid; ”Position paper on the EC Communication
for a European Infrastructure Package”; December 2010;
www.friendsofthesupergrid.eu

Specification of Main Components

Matthias Bucher, Supervisor: Christian M. Franck

Project Goal An important question for the design of the equipment
is the development of currents and voltages in case of faults as these are
often the dimensioning criteria for the equipment (insulation coordination,
TRV, mechanical strength,...). The goal of this project is thus to investigate
transient currents and voltages and to derive requirement specifications for
the main components in different network topologies. DC circuit breakers
will be most probably needed for a reliable network operation, but they
will have to be much faster than what is available today. The requirement
specifications of the circuit breaker have to be determined, on the other
hand, the capabilities of the available breakers may influence the choice of
network topology.

Approach Analytic calculations in simplified models are performed for
the deeper understanding of transient processes. Simulations in PSCAD
are used for the fully detailed models and for the validation of the ana-
lytic/numerical calculations. The approach is based on a stepwise increase
of the level of detail of the line and converter models used in the simulations.
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Figure 4.14: Pole-to-ground fault in a 1-terminal HVDC system

Activities 2011 After a literature survey on transients in HVDC grids,
analytic calculations and first simulations using simple models with 1 and
2 terminals have been performed. Analytic expressions for the development
of short-circuit currents and voltages during pole-to-pole faults and pole-to-
ground faults have been derived for the 1-terminal model, as proposed in
[1]. Moreover, the propagation of voltage surges in a bipolar point-to-point
HVDC link have been studied taking into account the travelling wave theory
according to [2] and the capacitive coupling of the poles as described in [3].

Outlook 2012 The line/cable model with distributed, frequency indepen-
dent parameters has to be extended to a multimodal, frequency dependent
model. In the next step, the 2-terminal model will be upgraded to a Multi-
Terminal HVDC network. The fundamental dimensioning criteria for the
components in terms of overcurrents and voltages will be studied.

References
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TeKaF: Temperature-based Transmission Capacity Uti-
lization of Overhead Line Networks

Michael Strobach, Supervisor: Christian M. Franck

Introduction and Background Challenging goals of the climate and
energy policy of governments and deregulated electricity markets involve a
growth of distributed renewable electrical energy generation and an increas-
ing electrical energy transfer, thereby asking for more transmission capacity
and optimal load utilization.

As restrictions and public acceptance practically prevent utilities from build-
ing new overhead lines (OHLs) a capacity up-grading of existing lines be-
comes an important option.

Approach The transmission capacity of Europe’s OHLs is commonly de-
termined by limitations on the conductor temperature, characterized by the
ampacity. Historically, system operators base their ampacity calculations on
conservative and fixed values in terms of weather, ambient and conductor
conditions [1], leading to static thermal line ratings.

Since static thermal ratings apply adverse worst-case weather conditions,
transmission capacities of OHLs are often limited artificially. Breaking up
these conservative default values immediately enables an increase of the
transmission capacity on existing OHLs.

Implementing Dynamic Thermal Rating may be regarded as one of the few
possibilities to increase transmission capacity of existing transmission net-
works [2]. Because dynamic thermal rating uses real-time weather, ambient
and/or conductor data, the OHLs may be operated closer to their thermal
limits, where the associated temperature gradients can reach noticeable val-
ues.

Activities 2011

• Literature study and simulations on existing calculation methods and
thermal models determining the temperature distribution of OHLs

• Planing of the laboratory test-setup (figure 4.15) and field-test envi-
ronment

Outlook 2012

• Assembly and commissioning of the laboratory test-setup; parametric
studies on the conductor temperature distribution

• Commissioning and data evaluation of the field-test environment
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Figure 4.15: Schematic view of the laboratory test-setup including the high-
current source and the OHL tension system.

• Steady-state and transient 2D/3D-simulations based on relevant weather,
ambient and conductor parameters

Partnership: swisselectric research, Axpo AG, Pfisterer Sefag AG, swissgrid
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Switching arc in passive resonance circuits of HVDC
circuit breakers

Michael Walter, Supervisor: Christian M. Franck

Abstract Meshed multi- terminal HVDC networks cannot be operated
without circuit breakers, as the de-energizing of the whole network is not
acceptable for a fault on a single line. However, yet no technical and eco-
nomical acceptable solution exists to break large HVDC fault currents suffi-
ciently fast. In this project we aim to optimize HVDC arc chambers for fast
interruption of large DC currents by the principle of passive resonance and
to derive design criteria for future HVDC circuit breakers. The challenge in
DC interruption lies in the absence of a current zero crossing as only at small
currents the switching arc can be extinguished efficiently. Passive resonance
requires a parallel LC- commutation path and certain arcing conditions. In a
measurement study we aim to understand how physical arc chamber param-
eters such as blowing pressure, nozzle shape and arc length affect the ability
of the breaker to create current zero crossings. Todays black- box models, as
for example by Schwarz [1], describe the arc by an energy balance equation
and characteristic parameter functions such as power loss and time delay.
The experimental determination of these function is very challenging with
existing test equipment based on LC- oscillation circuits. A flexible buck
converter type current source was built to simplify the evaluation of arc
parameters by applying a more complex shape of test current.

Figure 4.16: Flexible current source
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DC source A buck converter type interleaved controllable 3kV , 3kA cur-
rent source was built as a prototype for proof of concept, that the ability
for flexible current shaping allows more precise evaluation of the characteri-
zing arc parameter functions. The source shown in Figure 4.16 consists of
three parallel modules allowing synchronous or interleaved operation. Dif-
ferent operation schemes are optimized for either large current gradients or
precise stationary DC currents.

A configuration file containing discrete points of the desired current wave-
form is generated in Matlab and downloaded to a real time controller. Dur-
ing the experiment the output current of each source module is measured by
a shunt on high voltage potential and optically transmitted to the controller.
Error detection and generation of the desired waveform is handled by a fast
microprocessor and by hardware comparators. A DSP performs the control
of PWM cycles and triggers the power IGBTs optically. Special issues in the
source design process concerned IGBT switching losses, the achievable cur-
rent gradient vs control stability, accuracy in optical transmission and full
experiment automatization including charging, control, discharging, data
logging and security equipment.

Outlook 2012 Systematic arc measurements with the new current source
will be performed and compared with results gained from experiments with
LC circuits. Furthermore, an HVDC arc chamber is under construction that
allows to study axially blown arcs with single and double nozzle arrange-
ments.

Partnership: ABB Switzerland - Corporate Research
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4.4 Gaseous Insulation

This area of research is a multi-disciplinary field where we study the devel-
opment of and conditions for electrical breakdowns in gases. Projects topics
cover the wide range from studying the influence of x-rays on discharges,
the insulation of dc voltages, to experimental and theoretical approaches to
find a gas-mixture able to replace sulfur-hexafluoride.

PXIPD - Pulsed X-Ray Induced Partial Discharge Mea-
surements For Detection Of Small Insulation Voids:
Measurements, Application and Theory

Sedat Adili, Supervisor: Christian M. Franck

Introduction and Background Using the conventional partial discharge
(PD) measurement technique it is difficult to detect small voids in solid in-
sulators due to the large statistical time lag. The use of pulsed x-ray irradi-
ation is a practical method to detect small defects at lower electrical stress
so that potentially harmful effects of high voltage testing can be minimized.
It is a method to artificially trigger partial discharges in an insulation void
without any statistical time lag.

Goal of the Project The goal of this project is the set up of a computa-
tional model that explains how PD in voids are triggered and influenced by
ionizing radiation and their dependence on the dose. The model should be
confirmed by accompanying experiments and make a prediction of phase-
resolved PD patterns with pulsed x-ray initiation.

Self Produced Samples and the Measurement Procedure Epoxy
samples of rod-rod geometry with a single spherical void of known diameter
were produced (see Fig. 4.17 left side). The diameter range of the spherical
voids was from 0.1 mmm to 2.5 mm. A measurement procedure was defined
that included both conventional and pulsed x-ray PD measurements (PX-
IPD). The aim of these measurements was mainly:

• to compare the inception field of a PXIPD and a conventional PD
measurement of a void

• to study the effects of a first PD inception by x-ray on a latter natural
PD inception and vice versa, by comparing the natural PRPD patterns
and other PD parameters of a void with the PRPD patterns when x-
rays are used
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Figure 4.17: Image of the rod electrodes (left) with the 1 mm spherical void
between and (right) the schematical PXIPD setup

Minimum x-ray dose for successful PD inception The minimum x-
ray dose needed to produce at least one start electron must be provided at
the position of the void for a successful PXIPD inception. This minimum
x-ray dose was determined experimentally and estimated theoretically.

Outlook The next step of the project is the time resolved measurement
of X-ray induced partial discharges [1], [2]. These measurements will allow
a study of the discharge mechanism and the effect of the short X-ray pulse
on the PD initiation and its development.

Partnership: ABB Switzerland - Corporate Research
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DC Insulation

Michael Schüller, Ueli Straumann, Supervisor: Christian M. Franck

Introduction Gas insulated equipment is quite common for different high
voltage AC applications in these days. Gas insulated substations (GIS) is
a well-known application. Also gas insulated lines (GIL) become more im-
portant. A big advantage is that the equipment can be installed very space
saving compared to air insulated equipment. That is especially interesting
for substations in densely populated areas where land use must be mini-
mized. Gas insulated equipment operating with AC is well known today.

As DC transmission has advantages in transmitting large amounts of power
over long distances, DC gas insulated applications will be required in the
future. However, the area of DC gas insulation is not well established and
there is not much operational experience existing today. The main problem
with respect to insulation seems to be identified today, which is charge accu-
mulation on the surface of the spacer [1]. These trapped charges can cause
a reduction of dielectric strength and can lead to breakdown, especially at
polarity reversals and overvoltages.

Activities 2011 In 2011 a suitable probe for surface charge measurements
was constructed and tested. Even more extensive was the design of a fully
automated and encapsulated experimental test setup. Central point of the
constructed setup is a 3-axis robotic system to handle test samples and

Figure 4.18: View in the test chamber of the automatic test setup.
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the capacitive probe for systematic surface charge measurements. With this
setup measurements of spacer charging with up to ±600 kV will be possible.

Outlook 2012 In 2012 systematic measurement series will start to clar-
ify the influence of the gas phase on the spacer surface charging after the
influence of the spacer material and humidity was already worked out by
Lutz [2] and will be used as input parameters for the simulations. Possible
sources of charges and the way of charge transport to the spacer surface for
the gas phase shall be identified and quantified in these experiments and
the accompanying simulations.
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SParX - Swarm Parameter Experiment

Dominik A. Dahl, Supervisor: Christian M. Franck

Abstract Discharge properties of electron attaching gas mixtures are in-
vestigated in SParX. This experiment implements the classical Pulsed Townsend
Method using recent techniques and technology. It is a semi-automated
setup which provides an integrated environment for batch processing gas
mixtures.

The fundamental question is the dependency between molecular properties
and macroscopic discharge parameters of electron attaching gas mixtures.
We provide a theoretical basis for systematically optimizing gas mixtures
for dielectric insulation in high voltage equipment. SParX results are ap-
plicable for specifying and designing gas mixtures with more favourable
environmental conditions than SF6.

SParX setup The homogeneous electric field of Rogowki profile elec-
trodes is applied to a gas sample. By a laser pulse of 1.5 ns FWHM the
swarm of initial electrons is released from a thin film photocathode. The
electrons drift through the gas, attach to molecules or ionize. A model of
the macroscopic interaction between electrons and molecules is fit to ob-
served electron and ion currents for obtaining the swarm parameters.

After installing the laser and signal acquisition system a sequence of bench-
mark measurements have been performed in N2-CO2-SF6. Examples of mea-
sured waveforms are shown in figures 4.19 and 4.20. It was demonstrated
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Figure 4.20: Electron drift currents in 3 regimes: Avalanche (blue), attach-
ment (red) and in critical field (black).

that the signal bandwidth is good enough for directly observing the accel-
eration of an electron swarm to drift velocity.

A two step algorithm was developed for obtaining electron swarm param-
eters from electron drift currents; this algorithm currently runs in a batch
process after measurements.

Activities 2012 Further improvements of signal circuit and data process-
ing are scheduled. Measurement and analysis procedures will be merged into
one single real time operating system. SParX results will be compared to
swarm parameters obtained from a Boltzmann solver. Any tests using SF6

mixtures will be repeated using another well known attaching gas.

The goal is to provide a robust and validated experiment which generates
well accepted results.
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Breakdown behaviour of electronegative gases other
than sulphur hexafluoride

Myriam Koch, Supervisor: Christian M. Franck

Abstract In our daily life electrical energy is all-around. To ensure the
security of electrical supply our network consists of a grid of different voltage
levels connected by switchgear. Nowadays, many gas insulated switchgear
are operated with sulphur hexafluoride (SF6).

For realibity purposes it is necessary to know the breakdown mechanism
of SF6. In highly non-uniform configurations this was already investigated
in the 1980th [1], [2]. In the last years further experiments about discharge
inception, streamer and leader propagation and breakdown mechanism in
weakly non-uniform fields were made [3].

Weakly non-uniform configurations are closer to technical relevant arrange-
ments. In gas insulated switchgear the electrical field is nearly homogeneous.
But small particles left by installation or damages of the conducting ma-
terial will provoke a high local field enhancement with a breakdown level
below the breakdown level of the nearly homogeneous electrical field. With
a model the influence of those small protrusions can be calculated. This sim-
plifies the forecast of security distances needed in gas insulated switchgear
and will improve the construction of gas insulated devices.

Project Goal SF6 is an excellent insulation gas for high voltage technol-
ogy. But it is also known as greenhouse gas. Therefore the emission of the
gas, i.e. the use, is to be reduced and a replacement has to be found.

The aim of this project will be to verify the model for partial discharge and
breakdown in weakly non-uniform configurations with field distortion by
small protrusions. Furthermore, the applicability on other electronegative
gases than SF6 will be tested and an extension of the model of breakdown
behaviour to technical rough surfaces will be considered.

Outlook 2012

• Improvement of the test circuit and automatisation.

• Measurements in SF6.

• First measurements with gas (mixture) alternative to SF6.
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Ion Currents and Fields from Hybrid AC/DC Overhead
Lines

Ueli Straumann, Supervisor: Christian M. Franck

Introduction Like elsewhere in Europe, today’s need for transmission
capacity in the north-south direction is continuously growing with the in-
crease of installed wind power. As it is difficult to obtain new rights-of-way
for transporting the electric power over long distances, the demand for new
options to maximize the power capacity of the existing corridors is evident.
This is why utilities are thinking about replacing one circuit of existing
double-circuit 400 kV-AC-lines by ±500 kV-HVDC-circuits, thereby form-
ing hybrid lines.

As practically no operational experience with hybrid AC/DC-line overhead
lines exists exist today, questions concerning the environmental compatibil-
ity of such lines, as well as questions concerning technical problems due to
the coupling between the AC- and DC-circuits arise.

The corona-based mutual influence between AC and DC lines involves

• Capacitive coupling (electric fields), resulting in displacement currents
from AC to DC and in a change of the surface gradients on the con-
ductors, at least in the case where corona is absent.

• The ion current originating from DC pole corona is collected partly
by the AC phases; thus a DC-current is evoked in the AC circuit.

This AC currents in the DC circuit, as well as the DC currents in the AC
circuit lead to (converter) transformer saturation (with transposing the of
the AC or DC lines as one possible mitigation option).

The investigation of interactions between the AC- and DC-circuits regarding
space charges and the superimposed AC- and DC-fields of the hybrid line
was started last year, in a first step on pure HVDC lines.

Results The problem of calculating ion-currents and fields for HVDC lines
is well known in literature (see [1] for example). In the results presented
here, the numerical calculation of the ion flow fields fields of DC-lines was
reproduced by means of a finite-element-method software. The novelty is
the time-dependence of the simulation, needed for the case of hybrid lines.

As a validation case of the simulation, a ±400 kV line was chosen [2], as
for this case, measurement results are present in literature [3]. An example
of the resulting ion current onto and the electric field on ground under the
line are depicted in figure 4.21.
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Figure 4.21: Ion current onto (left) and electric field on ground (right) under
the line in case of rain [2].

Outlook Finishing the simulation of the ion flow fields for hybrid line con-
figurations and publication of the resulting fields, ion currents and coupling
between the AC- and DC-circuits.
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5. Publications

5.1 Journal Papers

G. Andersson, M.D. Ilic, V. Madani and D. Novosel
Network Systems Engineering for Meeting the Energy and Environmental
Dream
IEEE Proceedings 99 (1), pp. 7-14 (January 2011)

E. Caro, A. J. Conejo, R. Mı́nguez, M. Zima and G. Andersson
Multiple Bad Data Identification Considering Measurement Dependencies
IEEE Transactions On Power Systems, Vol. 26 (4), pp. 1953-1961. (Nov. 2011)

C. M. Franck
HVDC Circuit Breakers: A Review Identifying Future Research Needs
IEEE Transactions on Power Delivery, 26 (22), pp. 998-1007 (Apr. 2011)

M. D. Galus, S. Koch and G. Andersson
Provision of Load Frequency Control by PHEVs, Controllable Loads, and a
Cogeneration Unit
IEEE Transactions On Industrial Electronics, 58 (10) (Oct 2011)

F. Kienzle, P. Ahcin and G. Andersson
Valuing Investments in Multi-Energy Conversion, Storage, and Demand-
Side Management Systems under Uncertainty
IEEE Transactions on Sustainable Energy, 2 (2), pp. 194-202 (Apr. 2011)

T. Krause, G. Andersson, K. Fröhlich and A. Vaccaro
Multiple-Energy Carriers: Modeling of Production, Delivery, and Consump-
tion
IEEE Proceedings, 99 (1), pp. 15-27 (Jan. 2011)

U. Straumann
Mechanism of the tonal emission from AC high voltage overhead
transmission lines
Journal of Physics D: Applied Physics 44 075501 (Feb. 2011)
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U. Straumann
Simulation of the space charge near coronating conductors of AC overhead
transmission lines
Journal of Physics D: Applied Physics 44 075502 (Feb. 2011)

M. Zima-Bockarjova, M. Zima and G. Andersson
Analysis of the State Estimation Performance in Transient Conditions
IEEE Transactions On Power Systems, 26 (4), pp. 1866-1874 (Nov. 2011)
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P. Ahcin, M. Güttinger
The Potential of Demand Side Management and Vehicle-to-Grid for the
City of Bern, Switzerland
10th EEEIC Conference Rome, 8-11 May, 2011, Rome, Italy

P. Ahcin, M. Sikic
Long-term planning of heating systems and building renovation in a city
10th EEEIC Conference Rome, 8-11 May, 2011, Rome, Italy

M. Arnold and G. Andersson
Model Predictive Control of Energy Storage including Uncertain Forecasts
17th Power Systems Computation Conference, August 2011, Stockholm,
Sweden

M. Bucher, S. Koch and G. Andersson
A Dynamic Household Appliance Stock Model for Load Management Intro-
duction Strategies
European Energy Markets (EEM) 2011, May 2011, Zagreb, Croatia

S. Chatzivasileiadis, M. Bucher, M. Arnold, T. Krause and G. Andersson
Incentives for Optimal Integration of Fluctuating Power Generation
17th Power Systems Computation Conference, August 2011, Stockholm,
Sweden

S. Chatzivasileiadis, T. Krause and G. Andersson
Flexible AC Transmission Systems (FACTS) and Power System Security -
A Valuation Framework
IEEE PES General Meeting, August 2011, Detroit, USA

S. Chatzivasileiadis, M. D. Galus, Y. Reckinger and G. Andersson
Q-learning for Optimal Deployment Strategies of Frequency Controllers us-
ing the Aggregated Storage of PHEV fleets
IEEE Powertech Conference, 2011, Trondheim, Norway

M. D. Galus and G. Andersson
Balancing Renewable Energy Source with Vehicle to Grid Services from a
Large Fleet of Plug-In Hybrid Electric Vehicles controlled in a Metropolitan
Area Distribution Network
Cigré Symposium, September 2011, Bologna, Italy
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S. Koch, M. D. Galus, S. Chatzivasileiadis and G. Andersson
Emergency Control Concepts for Future Power Systems
18th IFAC World Congress, September 2011, Milan, Italy

S. Koch, J. L. Mathieu and D. S. Callaway
Modeling and Control of Aggregated Heterogeneous Thermostatically Con-
trolled Loads for Ancillary Services
17th Power Systems Computation Conference, August 2011, Stockholm,
Sweden

M. D. Galus, R. A. Waraich and G. Andersson
Predictive, distributed, hierarchical charging control of PHEVs in the distri-
bution system of a large urban area incorporating a multi agent transporta-
tion simulation
17th Power Systems Computation Conference, August 2011, Stockholm,
Sweden

M. González Vayá, T. Krause, R.A. Waraich and G. Andersson
Locational Marginal Pricing Based Impact Assessment of Plug-in Hybrid
Electric Vehicles on Transmission Networks
Cigré Symposium, September 2011, Bologna, Italy

M. González Vayá and G. Andersson
Locational Marginal Pricing based Smart Charging of Plug-In Hybrid Vehi-
cle Fleets
Smart Energy Strategies Conference 2011, September 2011., Zurich, Switzer-
land

M. Hildmann, A. Ulbig and G. Andersson
Electricity Grid In-feed from Renewable Sources: A Risk for Pumped-Storage
Hydro Plants?
European Energy Markets (EEM) 2011, May 2011., Zagreb, Croatia

M. Hildmann, F. Herzog, D. Stokic, J. Cornel and G. Andersson
Robust Calculation and Parameter Estimation of the Hourly Price Forward
Curve
17th Power Systems Computation Conference, August 2011, Stockholm,
Sweden

T. Krause, F. Kienzle, Y. Liu and G. Andersson
Modeling Interconnected National Energy Systems Using an Energy Hub
Approach
IEEE Powertech Conference, June 2011, Trondheim, Norway
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F. Oldewurtel, A. Ulbig, M. Morari and G. Andersson
Building Control and Storage Management with Dynamic Tariffs for Shap-
ing Demand Response
IEEE PES Conference on Innovative Smart Grid Technologies (ISGT) Eu-
rope, December 2011, Manchester, UK

A. Papaemmanouil, L. Bertling, L. A. Tuan and G. Andersson
Improved cost-benefit analysis for reliable long-term transmission planning
IEEE Powertech Conference, June 2011, Trondheim, Norway

A. Papaemmanouil and G. Andersson
On the reduction of large power system models for power market simulations
17th Power Systems Computation Conference, August 2011, Stockholm,
Sweden

F. De Samaniego Steta, A. Ulbig, S. Koch and G. Andersson
A model-based optimal operation strategy for compressed air energy storage
(CAES) plants
17th Power Systems Computation Conference, August 2011, Stockholm,
Sweden

A. Ulbig, M. Arnold, S. Chatzivasileiadis and G. Andersson
Framework for Multiple Time-Scale Cascaded MPC Application in Power
Systems
18th IFAC World Congress, 28 August - 2 September 2011, Milan, Italy

M. Vrakopoulou and G. Andersson
An Adaptive Load Shedding Technique for Controlled Islanding
17th Power Systems Computation Conference, August 2011, Stockholm,
Sweden

L. A. Wehinger, G. Hug, M. D. Galus and G. Andersson
Assessing the Effect of Storage Devices and a PHEV Cluster on German
Spot Prices by Using Model Predictive and Profit Maximizing Agents
17th Power Systems Computation Conference, August 2011, Stockholm,
Sweden
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5.3 Technology Oriented Conference Papers

S. Adili, C. M. Franck
Pulsed X-ray Induced Partial Discharge:Phase and Time-Resolved Measure-
ments
IEEE-CEIDP 2011, 16 - 19 October 2011, Cancun, Mexico

D. Dahl, C. M. Franck
Sampling the low-energy range of EEDF
GEC Salt Lake City, 14 - 19 November 2011, Salt Lake City, USA

C. M. Franck, S. Adili, S. Bolat, H. Fuhrmann
Pulsed X-Ray Induced Partial Discharge Measurements (PXIPD)
HighVolt Colloquium, May 2011, Dresden, Germany

U. Straumann, C. M. Franck
Finite element simulation of ion currents from coronating HVDC overhead
lines
ISH Hannover, 22 - 25 August 2011, Hannover, Germany

U. Straumann, C. M. Franck
Discussion of Converting a Double-Circuit AC Overhead Line to an AC/DC
Hybrid Line with Regard to Audible Noise
Cigre International Symposium: The Electric Power System of the Future,
13 - 15 September 2011, Bologna, Italy

M. Strobach, U. Straumann, C. M. Franck
Smart Energy Transmission: Dynamic Thermal Rating
Smart Energy Strategies SES 2011, 21 - 23 September 2011, Zurich, Switzer-
land

M. M. Walter, C. M. Franck
Influence of arc chamber parameters on passive resonance circuit of HVDC
circuit breakers
Cigre International Symposium: The Electric Power System of the Future,
13 - 15 September 2011, Bologna, Italy
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G. Andersson
Intelligente Energienetze der Zukunft
ETH Alumni, March 08, 2011

G. Andersson
Aktuelle Entwicklungen, Trends und neue Technologien
Innovationsforum EVU, Zürich, Switzerland, April 04, 2011

G. Andersson
Power System Reinforcements - The Hardanger Case in Norway
ESC Seminar, ETH Zürich, Switzerland, May 11, 2011

G. Andersson
A Power System Modeling Framework for Future Power Systems
University of Lund, Sweden, May 18, 2011

Samuel Schläfli
Schalter für das Supergrid
Connect, ETH Alumni, Vol 25, May 2011

G. Andersson
A Power System Modeling Framework for Future Energy Systems
Technical University of Denmark, June 15, 2011

G. Andersson
Warum brauchen wir mehr Regeleenergie? Möglichkeiten der Speicherung
ETG Dreiländertagung, Pfäffikon SZ, Switzerland, June 16, 2011

S. Chatzivasileiadis
The Global Grid
University of Liège, Seminar, Belgium, June 24, 2011

K. Fröhlich
Elektrische Energieübertragung auf Hochspannungsebene
AGORA European Power, Fachtagung, Basel, Switzerland, June 30, 2011
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M. González Vayá
Locational Marginal Pricing Based Optimal Dispatch of Plug-In Hybrid Ve-
hicle Fleets
French Association of Energy Economics Student Chapter Workshop, France,
July 7, 2011

G. Andersson
Effizienz, erneuerbare Energien, Elektrifizierung - Technik und Infrastruktur
zur erfolgreichen Umsetzung in der Praxis
ETH Energiegespräch 2011, Switzerland, September 09, 2011

K. Fröhlich
The Electric Power System of the Future
Cigré 2011 Bologna Symposium, Italy, September 13 - 15, 2011

G. Andersson
A Power System Modeling Framework for Future Power Systems
University of Liège, George Montefiore Workshop, Belgium, September 16,
2011

G. Andersson
The Electric Power System of the Future Challenges and Possibilities
ABB Consultants Seminar, Baden, Switzerland, September 30, 2011

G. Andersson
A Power System Modeling Framework for Future Power Systems
ABB Corporate Research, Baden-Dättwil, Switzerland, October 25, 2011

S. Koch
Betriebsstrategien für virtuelle Kraftwerke aus dynamisch geführten Lasten,
Quellen und Speichern
Sitzung der Innovationsgruppe Metering, energie-cluster.ch, Switzerland,
October 25, 2011

C. M. Franck
Ingenieursausbildung für die Energietechnik an der ETH
swissTnet, plenary assembly section 81 ”Transmission & Distribution”, Oc-
tober 28, 2011

S. Koch
Systemaspekte verteilter Energiespeicher und steuerbarer Lasten im elek-
trischen Netz Informationsveranstaltung Energiespeichersysteme
Industrielle Werke Basel, Switzerland, October 31, 2011
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G. Andersson
Das elektrische Energieversorgungssystem der Zukunft - Herausforderungen
und Möglichkeiten
ETH Technische Gesellschaft Zürich, Switzerland, November 07, 2011

S. Koch
Optimierungsverfahren für den Betrieb virtueller Kraftwerke aus Lasten,
Quellen und Speichern
FKH-/VSE-Fachtagung 2011, Switzerland, November 09, 2011

C. M. Franck
Röntgenpulsgetriggerter Teilentladungseinsatz in Mikrohohlräumen fester Isolier-
stoffe
TU Munich, Germany, November 10, 2011

G. Andersson
A Power System Modeling Framework for Future Power Systems
Offis, University of Oldenburg, Germany, November 14, 2011

G. Andersson
Die Stromversorgung der Zukunft - Technische Herausforderungen
9. St. Galler Energietagung, Switzerland, November 28, 2011

K. Fröhlich
Spannung liegt in der Luft
Pfisterer Fachtagung, Winterbach, Switzerland, December 01, 2011

T. Krause
An Energy Hub Perspective on Smart Grids
IEEE ISGT Manchester 2011, Switzerland, December 07, 2011

G. Andersson
Smart Grids - A Power System Analysis Perspective
European Workshop Smartgrids - Poicy, Regulatory aspects of Smart Grids,
Royal Society, London, UK, December 14, 2011
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7. Awards and Events

7.1 Awards

Göran Andersson
George Montefiore Award for “his numerous important contributions in the
area of electric power engineering”
Montefiore Institute in Liège, Belgium, September 2011

Ueli Straumann
ETG Innovationspreis for his doctoral thesis and research work on “Flüster-
seile - CONOR: Corona Noise Reduction”
ETG/Electrosuisse, Zurich, Switzerland, November 2011

Monika Ruh
ETG Innovationspreis (Trostpreis) for her doctoral thesis “New Concepts
and Algorithms for Fully Transparent Distribution Management Systems”
ETG/Electrosuisse, Zurich, Switzerland, November 2011

Martin Kurzidem
ETG Innovationspreis (Trostpreis) for his doctoral thesis “Analysis of Flow-
based Market Coupling in Oligopolistic Power Markets”
ETG/Electrosuisse, Zurich, Switzerland, November 2011
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7.2 Colloquia
These colloquia deal with topics on current problems in Power Engineering.
The presentations are mostly held by external speakers from academia and
industry. The colloquia are open to everyone. There is a regular newsletter
informing about the topics and inviting to the next presentations. More in-
formation and registration to the newsletter can be found online:
www.eeh.ee.ethz.ch/kolloquium

Aktuelle und zukünftige Herausforderungen in der Bahnstromver-
sorgung der SBB
Dipl-Ing. ETH Martin Aeberhard, SBB Switzerland
May 3rd, 2011

Thermisch-Elektrische Energiespeicher: Ein neues, geografisch un-
abhängiges Konzept für elektrische Energiespeicherung im MWh
bis GWh Bereich
Dr. sc. ETH Lilian Kaufmann, ABB Switzerland Ltd
May 17th, 2011

Integration von elektrischen Fahrzeugen in das Verteilnetz der
Stadt Zürich
Msc. ETH Raffael La Fauci
May 31st, 2011

The Bornholm Power System: A full-scale laboratory for smart
grid research
Prof. Jacob Ostergaard, Technical University of Denmark
October 18th, 2011

Global Perspectives on Integrating Variable Energy Resources in
Grid Operations: Forecasting, Processes and Emerging Applica-
tions
Dr. Lawrence Jones, Alstom Grid USA
November 1st, 2011

Challenges in the design of future grids as interdependent infras-
tructures
Univ.-Prof. Dr.-Ing. Antonello Monti, RWTH Aachen
November 22nd, 2011



7.2 Colloquia 107

Aggregation models and feedback control for demand side flexi-
bility in power systems
Assistant Prof. Duncan Callaway, University California Berkeley
November 29th, 2011

Challenges in delivering a low carbon energy system in the UK
Prof. Dr. Nigel Brandon, Imperial College London
December 6th, 2011
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7.3 Seminars

Linear Relaxations for Transmission System Planning
Josh Taylor, Prof. Dr. Franz Hover, Massachusetts Institute of Technology,
Cambridge, USA
March 18, 2011

The Energy Hub Management System (EHMS)
Prof. Claudio Cañizares, University of Waterloo, Canada
May 27, 2011

Planning Smart Distribution Grids: Distributed Generation, Elec-
tric Vehicles and Quality of Service
Prof. Dr. Gómez, Engineering School of Comillas Pontifical University in
Madrid, Spain
June 27, 2011.

Complementarity Programming Modeling for Electricity Markets
and Power Systems Scheduling
Dr. Andreas G. Vlachos , Regulatory Authority of Energy (RAE), Athens,
Greece
October 27, 2011
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7.4 Other Events

Scientifica 2011
Presentation of some highlights of our researches at this public event, vis-
ited by over 15’000 people
ETH Zurich, August 26-28, 2011

Home Coming Day 2011
Presentation of the High Voltage Laboratory to a large number of visitors
ETH Zurich, August 27, 2011

Studieninformationstage 2011
Talk of C. M. Franck et al. regarding study and career opportunities
ETH Zurich, September 7/8, 2011

Technikwoche Freies Gymnasium Zürich
Presentation of the High Voltage Laboratory
ETH Zurich, October 4th, 2011

Swiss Innovation Forum
Presentation of the Project, ARTEMIS
Novartis Campus Basel, November 3rd, 2011

Technikwoche Gymnasium Interlaken
Presentation of the High Voltage Laboratory
ETH Zurich, November 3rd, 2011

Technikwoche Gymnasium St. Antonius Appenzell
Presentation of the High Voltage Laboratory
ETH Zurich, November 22nd, 2011
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8. Infrastructure

At the institute we have the following main test facilities available for re-
search, teaching and measurements with the following dimensions and char-
acteristics.

• Main high voltage laboratory (see Fig. 8.1): 22 m length, 21 m width,
9.3 m height

• Secondary high voltage laboratory: 21 m length, 11 m width, 10 m
height

• several Faraday cages: 4.5 m length, 4 m width, 2.4 m height

• Impulse testing

– Lightning Impulse: 1500 kV, 80 kJ

– Switching Impulse: 1500 kV, 80 kJ

• AC Testing

– (dry, short time) 800 kV/500 kVA; 50 Hz

– (dry, permanent): 50 kV/500 kVA, 50 Hz

– (SF6-encapuslated, short time): 750 kV/60 kVA, 50 Hz

• DC Testing (dry): 800 kV, 5 mA (permanent)

• Partial discharge up to 800 kV, 50 Hz

• C-tan testing up to: 600 kV, 50 Hz

• Mobile test systems

– Lightning Impulse: 280 kV, 0.5 kJ

– AC Testing: 200 kV, 5 kVA (permanent)

– DC Testing: 280 kV, 10 mA (permanent)
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Figure 8.1: Picture of main high voltage laboratory.



9. Services Offered

Once more the High Voltage Laboratory provided various services for sev-
eral Swiss and European companies or institutions throughout the year. In
2011 we have successfully passed the regular audit.

Accredited calibration laboratory Our calibration laboratory for elec-
trical quantities in the field of high voltage, capacitance and apparent charge
completed numerous orders in the course of the year. The primary tasks
were the calibration of complete impulse, AC and DC high voltage mea-
suring systems under operating conditions in the customers’ laboratories.
In addition PD calibrators, impulse peak voltmeters and C-tan measuring
systems have been calibrated.

Accredited testing laboratory Our laboratory for the testing of elec-
trical properties of components for electric energy supply performed a wide
variety of tests according to international standards as well as following
laboratory-developed test procedures.
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