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Welcome to the PSCC’2020
On behalf of the PSCC Executive Board and the Local 
Organizing Committee, I cordially welcome you to the 
21st PSCC. Due to the COVID-19 Outbreak, we had to 
replace the venue of Porto and the Faculty of Engineering 
of Porto University by a collaborative video conference 
web service. PSCC’2020 will therefore take place using 
a virtual platform that allows conference participants 
attending remotely, presenting their papers and joining in 
discussion with attendees.

Despite the ongoing global health crisis, we believe we 
can still have an interesting and fruitful exchange of 
learning and insights on new approaches and techniques 
for modelling, analysing, and controlling power systems. 
The world still faces a critical need to decarbonise the 
use of energy and the goal of bringing the benefits of 
electrification to many more people is becoming more 
and more relevant. The system challenges associated with 
this are therefore considerable and depend on the kinds 
of innovative methods for which PSCC has become a 
leading forum.
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Welcome to the PSCC’2020
On behalf of the PSCC Executive Board and the Local 
Organizing Committee, I cordially welcome you to the 
21st PSCC. Due to the COVID-19 Outbreak, we had to 
replace the venue of Porto and the Faculty of Engineering 
of Porto University by a collaborative video conference 
web service. PSCC’2020 will therefore take place using 
a virtual platform that allows conference participants 
attending remotely, presenting their papers and joining in 
discussion with attendees.

Despite the ongoing global health crisis, we believe we 
can still have an interesting and fruitful exchange of 
learning and insights on new approaches and techniques 
for modelling, analysing, and controlling power systems. 
The world still faces a critical need to decarbonise the 
use of energy and the goal of bringing the benefits of 
electrification to many more people is becoming more 
and more relevant. The system challenges associated with 
this are therefore considerable and depend on the kinds 
of innovative methods for which PSCC has become a 
leading forum.

The Power Systems Computation Conference has become 
through the last decades one of the most outstanding 
events in the power systems field. PSCC addresses 
theoretical developments and computational aspects with 
respect to power system applications from micro-grids 
to mega-grids. There is an emphasis on modelling and 
simulation for understanding a system of components, 
plants, or actors, the interactions between them and their 
collective behavior, and methods to inform decision-
making in power systems. 
Despite the fact of running the conference in a full virtual 
mode, I expect that we may still have a very rich event 
that includes a set of 6 tutorials, the presentation of 220 
papers divided by 42 sessions, one roundtable discussion 
session, two survey papers and one panel session.
I hope therefore you will find this virtual event as 
stimulating and wish you a very successful conference.

João A. Peças Lopes
Chair of the LOC of PSCC’2020
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The Power Systems Computation Conference (PSCC) 
has become one of the most outstanding events in the 
area. With a change of pace from meeting every 3 years 
to every two, PSCC provides a truly international forum 
for the regular exchange of knowledge and experience 
on the latest developments in this area. 

PSCC addresses theoretical developments and 
computational aspects with respect to power system 
applications from micro-grids to mega-grids. There is an 
emphasis on modelling and simulation for understanding 
a system of components, plants, or actors, the 
interactions between them and their collective behaviour, 
and methods to inform decision-making in power 
systems. Contributions might comment on the analytical 
techniques, modelling challenges, and complex software 
engineering issues, or what the analyses say with respect 
to today’s and the future’s power system challenges. 
Thus, papers from utility and manufacturing industry 
engineers are just as welcome as those from academic 
researchers.
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The Power Systems Computation Conference (PSCC) 
has become one of the most outstanding events in the 
area. With a change of pace from meeting every 3 years 
to every two, PSCC provides a truly international forum 
for the regular exchange of knowledge and experience 
on the latest developments in this area. 

PSCC addresses theoretical developments and 
computational aspects with respect to power system 
applications from micro-grids to mega-grids. There is an 
emphasis on modelling and simulation for understanding 
a system of components, plants, or actors, the 
interactions between them and their collective behaviour, 
and methods to inform decision-making in power 
systems. Contributions might comment on the analytical 
techniques, modelling challenges, and complex software 
engineering issues, or what the analyses say with respect 
to today’s and the future’s power system challenges. 
Thus, papers from utility and manufacturing industry 
engineers are just as welcome as those from academic 
researchers.

Due to the COVID-19 Outbreak, the PSCC’2020 
conference will be ENTIRELY VIRTUAL. 
The health and safety of the PSCC 2020 attendees is the 
conference utmost priority. PSCC 2020 will therefore be 
moving to a virtual platform held remotely during the 
same dates as the original conference schedule (June 29 
– July 3, 2020). As there will not be a physical conference 
taking place in Porto this year, all conference participants 
will attend remotely, presenting their papers and joining 
in discussion with attendees wherever they are based 
around the world.

All accepted and presented papers will be published 
in both the conference proceedings and in the journal 
Electric Power Systems Research (EPSR). Each paper 
must be presented by one of its Authors during the 
virtual conference to be included in the proceedings and 
the special issue of EPSR.

Despite the ongoing global health crisis, PSCC believes 
we can still have an interesting and fruitful exchange of 
learning and insights on new approaches and techniques 
for modelling, analyzing, and controlling power systems. 
The world still faces a critical need to decarbonise 
the use of energy and a goal of bringing the benefits 
of electrification to many more people. The system 
challenges associated with this are considerable and 
depend on the kinds of innovative methods for which 
PSCC has become a leading forum.
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MON-
DAY
29 
JUNE

PSCC 2020

XXI POWER SYSTEMS
COMPUTATION
CONFERENCE
29th JUNE — 3rd JULY

8:30 — 9:30

Tutorial Part 1: Divers and 
Challenges for Multi-Energy 
System Analysis

Chair: Keith Bell, Graeme Hawker

AUDITORIUM 01

10

This first part of the tutorial will describe the importance and different uses of multi-

energy analysis, for example in helping to uncover pathways to reduced energy system 

greenhouse gas emissions, or in facilitating new technologies and bridging between 

existing systems in both system design and operation. It will revisit the scope of existing 

modelling in terms of which actors, assets and phenomena are endogenous to a model 

and which are exogenous before moving on to explore the factors influencing the design 

of models such as who is expected to make use of a model, how uncertainties might be 

treated, whether existing models can be linked, how data are sourced and maintained, 

and the documentation of models. Finally, recommendations are made for good practice 

in the design and use of multi-energy system models.
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MONDAY 29 JUNE
9:45 — 10:45

Tutorial Part 2: Integrated 
Energy Network Analysis

Chair: Eduardo Alejandro (Alex) 
Martinez-Cesena

AUDITORIUM 01

11

This part of the tutorial will provide an overview of state-of-the-art approaches used for the 

planning and operation of integrated energy networks (e.g., electricity-heat-gas-hydrogen).

The simulation of integrated networks (an extension of electrical power flow analysis) will 

first be discussed to highlight core drivers for using integrated network models and then to 

assess the capability of the integrated networks to cope with multi-energy supply. The active 

coordination of both multi-energy technologies and integrated networks (an extension of 

electrical optimal power flow analysis) will then be discussed, with particular focus being 

placed on the use of multi-energy decision variables and the use of integrated networks as 

sources of flexibility. Finally, additional modelling considerations to address uncertainties (e.g., 

from renewable energy sources, demand and prices) as well as other vectors and sectors (e.g., 

hydrogen and transports) will be presented.
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MON-
DAY
29 
JUNE

PSCC 2020
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COMPUTATION
CONFERENCE
29th JUNE — 3rd JULY

11:00 — 12:00

Tutorial Part 3: Grid 
Flexibility from Multi-
Energy Systems

Chair: Pierluigi Mancarella

AUDITORIUM 01

12

This part of the tutorial introduces foundational concepts for the characterization, 

modelling, optimisation, and visualisation of the flexibility that could be provided to the 

electricity grid by multi-energy systems (MES), including the role of integrated energy 

networks in enabling or constraining power system flexibility.

Several examples will be presented with illustrative case studies on current and future 

practical applications, including technologies and concepts such as distributed MES 

(DMES); power-to-hydrogen and power-to-gas; integrated electricity-hydrogen virtual 

power plants; power-to-heat and building-to-grid flexibility; virtual energy storage; 

community energy systems; etc.
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MONDAY 29 JUNE
12:45 — 13:45

Tutorial Part 4: Thermo-Fluid 
Dynamic Analysis of DH Networks: 
Models and Applications

Chair: Vittorio Verda, Elisa Guelpa

AUDITORIUM 01

13

District heating (DH) is an efficient technology to provide heat and domestic hot water to 

buildings located in densely populated areas. Smart management of DH network can also 

minimize primary energy consumption and increase the exploitation of waste heat and 

renewable energy sources.

The first goal of this part of the tutorial is to present simulation approaches that can be used 

for effective evaluation of mass flow rate, pressure and temperature distributions within 

the pipelines of DH networks. A powerful modelling approach based on a graph-based 

description of the topology will be in-depth explored, along with techniques that could be 

applied to reduce the computational efforts.

The second goal is to explore relevant applications of DH network simulation models, 

including: a) evaluation of the effects of thermal storage units; b) implementation of demand-

response to obtain thermal load peak shaving; c) minimization of pumping costs; d) manage 

occurrence of malfunctions; and e) maximize the number of buildings that can be connected 

to existing networks.
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MON-
DAY
29 
JUNE

PSCC 2020

XXI POWER SYSTEMS
COMPUTATION
CONFERENCE
29th JUNE — 3rd JULY

14:00 — 15:00

Tutorial Part 5: Modelling, 
Monitoring, and Control of 
Natural Gas System

Chair: Misha Chertkov

AUDITORIUM 01

In this part of the tutorial we address power system engineers and discuss modern 

mathematical, statistical and physical aspects of modeling, monitoring and control of Natural 

Gas Systems (NGS) and their interdependencies and integration with other energy systems.

Specifically, the tutorial will cover the following three topics

• Basic modeling and simulation: relevant spatial and temporal scales, NGS equations, 

networks, transmission and distribution, significance of transients, effects of fluctuations and 

uncertainty.

• NGS Optimization, Control and Monitoring: deterministic and stochastic optimal gas flows, 

computational aspects, monitoring and state estimations in NGS with elements of inference 

and learning.

• Interdependency with other energy systems (power systems and district heating systems): 

energy hubs, integration, approaches and challenges for make it all to work in unison.
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MONDAY 29 JUNE
15:00 — 15:30

Tutorial Part 6: Future 
Research Directions and 
Opportunities

hair: Pierluigi Mancarella, Keith Bell

AUDITORIUM 01
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MON-
DAY
29 
JUNE

PSCC 2020

XXI POWER SYSTEMS
COMPUTATION
CONFERENCE
29th JUNE — 3rd JULY

16:00 — 17:30

Roundtable Discussion: 
Machine Learning for 
Power Systems:  
Present & Future

Chair: Spyros Chatzivasileiadis, Misha Chertkov, Pascal Van 
Hentenryck, Daniel Molzahn, Louis Wehenkel

Mediator: Pascal Van Hentenryck (Georgia Tech)

AUDITORIUM 01

Review of the Field: Louis Wehenkel (U of Liege) – 15 min

Provocateurs (7 min each)

— Antoine Marot (RTE)

— Damien Ernst (U of Liege)

— Eugene Litvinov (ISO NE)

— Jessica Harrison (MISO)

— Spyros Chatzivasileiadis (Technical University of Denmark (DTU))

— Misha Chertkov (University of Arizona)

30 min open discussion
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PSCC 2020

XXI POWER SYSTEMS
COMPUTATION
CONFERENCE
29th JUNE — 3rd JULY

9:00 — 9:30

Opening Session

Chair: Anjan Bose, Chair, PSCC Executive Board

AUDITORIUM 01

TUES-
DAY
30 
JUNE

OPENING OF PSCC2020
Jay Giri, President of PSCC2020
 
OVERVIEW OF TECHNICAL SESSIONS
Christian Rehtanz, Chair, Technical Program Committee
Dan Molzahn, Vice-Chair, Technical Program Committee
 
OVERVIEW OF CONFERENCE LOGISTICS
Joao Pecas Lopes, Chair, Local Organizing Committee
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9:45 — 11:45

Frequency Stability

Chair: Saverio Bolognani

AUDITORIUM 01

TUESDAY 30 JUNE

A | ANALYSIS AND IMPROVEMENT OF CROSS-REGIONAL COOPERATION FOR AUTOMATIC 
FREQUENCY RESTORATION RESERVES

Frequency restoration reserves (FRRs) are currently procured and activated by individual 

transmission system operators (TSOs) in Japan. To enhance the efficiency of the balancing 

process, a balancing market will be established in 2021, with the introduction of cross-

regional cooperation for an automatic FRR (aFRR) being discussed. The cross-regional 

aFRR cooperation will be conducted through the procedures of the imbalance netting and 

aFRR sharing. As for the imbalance netting, two methods - i.e., the ACE netting and aFRR 

demand (aFRR-d) netting - have been used in the US and Europe. This study examines the 

merits and demerits of these netting methods through time-domain simulation using a model 

comprising two Japanese TSOs’ control areas. Although the ACE netting is more effective 

in reducing frequency fluctuations, the reduction effect in aFRR activations is limited. In 

contrast, the aFRR-d netting can reduce aFRR activations more efficiently while the time 

required to restore the frequency can be prolonged. To utilize the merits and compensate 

for the demerits of the above two methods, this paper proposes a combination of these 

methods. The simulation results indicate that the proposed method can reduce the frequency 

fluctuations as effectively as the ACE netting and can reduce the aFRR activations as 

effectively as the aFRR-d netting in comparison with the localized aFRR operation.

— Keita Tokumitsu     
Central Research Institute of Electrical Power Industry
Japan

— Hiroyuki Amano     
Central Research Institute of Electrical Power Industry
Japan

— Kenichi Kawabe     
Tokyo Institute of Technology
Japan

— Toshiya Nanahara     
Tokyo Institute of Technology
Japan
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CONFERENCE
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Frequency Stability

Chair: Saverio Bolognani

AUDITORIUM 01

TUES-
DAY
30 
JUNE

B | MODELING FREQUENCY RESPONSE DYNAMICS IN POWER SYSTEM SCHEDULING

Since wind turbines or photovoltaic (PV) panels are generally connected to the power grid 

by power electronic inverters, the power system inertia is gradually decreasing along with 

the growing share of renewable energy. This jeopardizes the system frequency response 

dynamics so that the corresponding frequency security issue is becoming the bottle-neck 

factor that restricts the development of high renewable energy penetration. Consequently, 

power system scheduling models need to incorporate frequency dynamics. The difficulty lies 

in how to formulate the frequency security constraints from the perspective of hourly load-

generation balance since the frequency dynamics have a shorter time scale (5~30s). Several 

modeling methods have been proposed based on different assumptions and simplifications. 

However, their accuracy is not clear. We first propose a novel method to formulate linear 

frequency security constraints, which considers more details of frequency response dynamics. 

Then, an evaluation methodology is designed to quantify the accuracy of those frequency 

constraints. Using this evaluation method, we compare two typical methods in recent 

literature with the proposed method. The results show the effectiveness and superiority of 

our proposed method.

— Ziyang Zhang     
Tsinghua University
China

— Ershun Du     
Tsinghua University
China

— Guiping Zhu     
Tsinghua University
China

— Ning Zhang     
Tsinghua University
China

— Chongqing Kang     
Tsinghua University
China

— Minhui Qian     
China Electric Power Research Institute
China

— João P. S. Catalão     
FEUP and INESC TEC
Portugal

9:45 — 11:45
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9:45 — 11:45

Frequency Stability

Chair: Saverio Bolognani

AUDITORIUM 01

TUESDAY 30 JUNE

C |  FREQUENCY STABILITY ANALYSIS FOR INVERTER DOMINATED GRIDS  
DURING SYSTEM SPLIT

In the past few years, the electrical power system in Continental Europe has gone through 

a radical change with a subsequent increase in the share of inverter-based generation. The 

increase of inverter-based generation in the power system and the planned disconnection 

of conventional power plants are raising a crucial challenge due to the reduction of power 

system inertia. From past studies, it has been observed that the CE system has shown 

acceptable frequency behavior even with a significant reduction in power system inertia. 

However, in the case of a system split, the resulting power imbalance together with low inertia 

could lead to power system instability. The main focus of this paper is to analyze frequency 

stability during system split situation within an exemplary test system with the help of two 

modeling approaches: firstly, with a load frequency control model and secondly, with a more 

detailed dynamic grid model. An extended load frequency control model has been further 

developed considering load shedding, limited frequency sensitive mode of inverter-based 

generation and contribution of inverters to power system inertia. The results obtained from 

the different modeling approaches are compared. Finally, advantages and limitations from 

both investigation approaches are discussed.

— Arun Kannan     
Fraunhofer IEE
Germany

— Maria Nuschke     
Fraunhofer IEE
Germany

— Bogdan-Petru Dobrin     
Fraunhofer IEE
Germany

— Diana Strauss-Mincu     
Fraunhofer IEE
Germany
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Frequency Stability

Chair: Saverio Bolognani

AUDITORIUM 01

TUES-
DAY
30 
JUNE

D | SIMPLIFIED APPROACH FOR FREQUENCY DYNAMICS ASSESSMENT OF 100% POWER 
ELECTRONICS-BASED SYSTEMS

Frequency behaviour of large power systems based on synchronous generation can be 

assessed using well-known simplified approaches based only the fundamentals of speed 

governing. In these methods, all generating units of a specific area are aggregated in one 

equivalent unit, displaying an average frequency behaviour of that area. Since the overall 

behaviour of the power system is changing with the increase of Power Electronics (PE)-

based sources, the validity of these simplified approaches may be compromised. Based on 

the standard tools for Synchronous Machine (SM)-based systems, this paper proposes an 

equivalent one for the assessment of the frequency dynamics of 100% PE-based systems. In 

order to validate the approach, the 2-area 4-generator system was adopted as a case study. 

For a 100% SM-based and a 100% PE-based system, the frequency behaviour obtained with 

the simplified model was compared with that of the reference version simulated using EMTP-

RV. It has been shown that these behaviours are consistent, presenting a good estimation 

of frequency dynamics indicators, even when the system presents heterogeneous values of 

inertia.

— Guilherme Santos Pereira     
EDF / L2EP
France

— Valentin Costan     
EDF
France

— Antoine Bruyère     
L2EP
France

— Xavier Guillaud     
L2EP
France

9:45 — 11:45
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9:45 — 11:45

Frequency Stability

Chair: Saverio Bolognani

AUDITORIUM 01

TUESDAY 30 JUNE

E | ENHANCED GRID FREQUENCY SUPPORT BY MEANS OF HVDC-BASED LOAD CONTROL

The two major frequency incidents in Continental Europe and UK call for faster frequency 

regulation. Hvdc systems can dynamically adjust the power output to support the frequency 

regulation by means of droop characteristics. Adding derivative terms in the power controller 

enables inertia emulation that improves the system initial response. As drawback, due to 

the fast power transfer variation, the HVDC-connected areas suffer from temporary power 

imbalance and hence frequency deviation. To overcome this limitation, HVDC-based load 

controllers can be implemented at HVDC terminals to shape the consumption of nearby 

voltage-sensitive loads by means of controlled voltage variations, with the goal to minimize 

the frequency deviation in the supporting areas. In multi-terminal systems, the frequency 

support can be optimally shared among terminals depending on the load sensitivity. This 

minimizes the voltage deviation in supporting areas and limits the hvdc reactive power, while 

providing the same frequency damping in the faulty area.

— Marius Langwasser     
Chair of Power Electronics, Kiel University
Germany

— Giovanni De Carne     
Chair of Power Electronics, Kiel University
Germany

— Marco Liserre     
Chair of Power Electronics, Kiel University
Germany

— Matthias Biskoping     
ABB AG, Research Center Ladenburg
Germany
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Frequency Stability

Chair: Saverio Bolognani

AUDITORIUM 01

TUES-
DAY
30 
JUNE

F | METRICS FOR DETERMINING THE FREQUENCY STABILITY LIMITS OF A POWER SYSTEM: 
A GB CASE STUDY

The changing power landscape introduces concerns about frequency management in a 

power system with significant amounts of non-synchronous sources of power. In islanded 

power systems like Great Britain and Ireland, electricity system operators are sometimes 

forced to undertake very expensive redispatch actions, including curtailing large amounts of 

renewable generation to meet statutory frequency stability constraints. Consequently, there 

is an imminent need to understand and quantify the limits that these constraints pose on the 

power system and develop metrics that can be easily integrated into current system planning 

and operational paradigm. This paper analyses three such metrics for quantifying the 

containment limits of a power system at a given operating point. The paper argues that while 

the penetration of non-synchronous dispatch can indeed be used as the basis of a metric 

to define the containment limits of a power system, it does not account for variations in the 

contributions of other containment factors such as inertia. To address the aforementioned 

issue two alternatives are proposed: the first defines the containment limits of a power 

system without direct reference to penetration of non-synchronous power, instead it 

determines a relationship in terms of critical inertia. The second alternative improves upon the 

first and it considers the components of frequency stability constraints, offering an increased 

degree of flexibility in quantifying containment limits, and understanding the influence that 

certain key factors have on frequency containment.

— Marcel Nedd     
University of Strathclyde
United Kingdom

— Waqquas Bukhsh     
University of Strathclyde
United Kingdom

— Callum MacIver     
University of Strathclyde
United Kingdom

— Keith Bell     
University of Strathclyde
United Kingdom

9:45 — 11:45
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A | ACTOR-CRITIC LEARNING FOR OPTIMAL BUILDING ENERGY MANAGEMENT WITH 
PHASE CHANGE MATERIALS

Energy management in buildings using phase change materials (PCM) to improve thermal 

performance is challenging due to the nonlinear thermal capacity of the PCM. To address 

this problem, this paper adopts a model-free actor-critic on-policy reinforcement learning 

method based on deep deterministic policy gradient (DDPG). The proposed approach 

overcomes the major weakness of model-based approaches, such as approximate dynamic 

programming (ADP), which require an explicit thermal model of the building under control. 

This requirement makes a plug-and-play implementation of the energy management 

algorithm in an existing smart meter difficult due to the wide variety of building design and 

construction types. To overcome this difficulty, we use a DDPG algorithm that can learn 

policies in continuous action spaces without access to the full dynamics of the building. We 

demonstrate the competitive performance of DDPG by benchmarking it against an ADP-

based approach with access to the full thermal dynamics of the building.

— Zahra Rahimpour     
University of Sydney
Australia

— Gregor Verbic     
University of Sydney
Australia

— Archie C. Chapman     
University of Sydney
Australia

9:45 — 11:45

Machine Learning: Power System Control  
and Optimization

Chair: Louis Wehenkel

TUESDAY 30 JUNE

AUDITORIUM 02
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Machine Learning: Power System Control  
and Optimization

Chair: Louis Wehenkel

TUES-
DAY
30 
JUNE

9:45 — 11:45

B | DATA-DRIVEN LOW FREQUENCY OSCILLATION MODE IDENTIFICATION AND 
PREVENTIVE CONTROL STRATEGY BASED ON GRADIENT DESCENT

Accurate mode identification and effective preventive control strategy of low frequency 

oscillation (LFO) are vital to improve the small signal stability of power system. This paper 

proposes a novel data-driven method based on Convolutional Neural Network (CNN) to 

identify the low frequency modes. The application of feature selection and feature fusion 

makes the CNN model well adapted to the complexity of large-scale power system. The 

model can predict LFO modes of a power system in operation scenarios with different power 

injections and topologies. By invoking the trained CNN model, a preventive control method 

based on gradient descent is developed to increase the damping of critical modes. Case 

study demonstrates that the proposed method can efficiently identify the oscillation modes 

and the obtained preventive control strategy can effectively prevent the occurrence of LFO.

— Yiwei Fu     
State Key Laboratory of Power Systems, Department of Electrical Engineering, Tsinghua University,  
Beijing 100084, China
China

— Lei Chen     
State Key Laboratory of Power Systems, Department of Electrical Engineering, Tsinghua University,  
Beijing 100084, China
China

— Zhe Yu     
GEIRI North America
United States

— Yishen Wang     
GEIRI North America
United States

— Di Shi     
GEIRI North America
United States

AUDITORIUM 02
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9:45 — 11:45

Machine Learning: Power System Control  
and Optimization

Chair: Louis Wehenkel

TUESDAY 30 JUNE

C | PROBABILISTIC ROBUST SMALL-SIGNAL STABILITY FRAMEWORK USING  
GAUSSIAN PROCESS LEARNING

While most power system small-signal stability assessments rely on the reduced Jacobian, 

which depends nonlinearly on the states, uncertain operating points introduce nontrivial 

hurdles in certifying the systems stability. In this paper, a novel probabilistic robust small-

signal stability (PRS) framework is developed for the power system based on Gaussian 

process (GP) learning. The proposed PRS assessment provides a robust stability certificate 

for a state subspace, such as that specified by the error bounds of the state estimation, with 

a given probability. With such a PRS certificate, all inner points of the concerned subspace 

will be stable with at least the corresponding probability. To this end, behavior of the critical 

eigenvalue of the reduced Jacobian with state points in a state subspace is learned using 

GP. The proposed PRS certificate along with the Subspace-based Search and Confidence-

based Search mechanisms constitute a holistic framework catering to all scenarios. The 

proposed framework is a powerful approach to assess the stability under uncertainty because 

it does not require input uncertainty distributions and other state-specific input-to-output 

approximations. Further, the critical eigenvalue behavior in a state subspace is analyzed using 

an upper bound of the eigenvalue variations and their inferences are discussed in detail. The 

results on three-machine nine-bus WSCC system show that the proposed certificate can find 

the robust stable state subspace with a given probability.

— Parikshit Pareek     
Nanyang Technological University
Singapore

— Hung Nguyen     
Nanyang Technological University
Singapore

AUDITORIUM 02
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TUES-
DAY
30 
JUNE

9:45 — 11:45

D | DATA DRIVEN TRANSFER FUNCTIONS AND TRANSMISSION NETWORK PARAMETERS 
FOR GIC MODELLING

Typical geomagnetically induced current (GIC) modelling assumes the induced quasi-DC 

current at a node in the transmission network is linearly related to the local geoelectric field 

by a pair of network parameters. Given a limited time-series of measured geomagnetic and 

GIC data, an empirical method is presented that results in a statistically significant generalised 

ensemble of parameter estimates with the error in the estimates identified. The method is 

showcased for different transmission networks and geomagnetic storms and, where prior 

modelling exists, shows improved GIC estimation. Furthermore, modelled networks can be 

locally characterised and probed without any further network knowledge. Insights include 

network parameter variation, effective network directionality and response. Merging the 

network parameters and geoelectric field estimation, a transfer function is derived which 

offers an alternative approach to assessing transformer exposure to GICs.

— Michael Heyns     
University of Cape Town / South African National Space Agency
South Africa

— Trevor Gaunt     
University of Cape Town
South Africa

— Stefan Lotz     
South African National Space Agency
South Africa

— Pierre Cilliers     
South African National Space Agency
South Africa

Machine Learning: Power System Control  
and Optimization

Chair: Louis Wehenkel

AUDITORIUM 02
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9:45 — 11:45 TUESDAY 30 JUNE

E | NEURAL NETWORKS FOR POWER FLOW: GRAPH NEURAL SOLVER

Recent trends in power systems and those envisioned for the next few decades push 

Transmission System Operators to develop probabilistic approaches to risk estimation. 

However, current methods to solve AC power flows are too slow to fully attain this objective. 

Thus we propose a novel artificial neural network architecture that achieves a more suitable 

balance between computational speed and accuracy in this context. Improving on our 

previous work on Graph Neural Solver for Power System [1], our architecture is based on 

Graph Neural Networks and allows for fast and parallel computations. It learns to perform 

a power flow computation by directly minimizing the violation of Kirchhoff’s law at each 

bus during training. Unlike previous approaches, our graph neural solver learns by itself and 

does not try to imitate the output of a Newton-Raphson solver. It is robust to variations of 

injections, power grid topology, and line characteristics. We experimentally demonstrate the 

viability of our approach on standard IEEE power grids (case9, case14, case30 and case118) 

both in terms of accuracy and computational time.
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F | MACHINE LEARNING FOR RANKING DAY-AHEAD DECISIONS IN THE CONTEXT OF 
SHORT-TERM OPERATION PLANNING

In operation planning, probabilistic reliability assessment consists in evaluating, for various 

candidate planning decisions, the induced probability of meeting a reliability target and 

the expected operating cost over a certain future time period. In this paper, we propose to 

exploit Monte-Carlo simulation and machine learning to predict operation costs for various 

day-ahead unit commitment and economic dispatch decisions and a range of realisations of 

uncertain loads and renewable generations over the next day. We describe how to generate a 

database, how to apply supervised machine learning to it, and how to use the learnt proxies 

to rank candidate day-ahead decisions in terms of the expected operating cost they induce 

over the next day. We illustrate the approach on the IEEE-RTS96 benchmark where we use 

the DC power-flow approximation and the N-1 criterion to simulate real-time operation and to 

generate generation schedules in the day-ahead operation planning stage.
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A | ADVANCED VOLTAGE CONTROL BASED ON SHORT-TIME AHEAD VOLTAGE 
FLUCTUATION ESTIMATION IN DISTRIBUTION SYSTEM

Distributed energy resources such as photovoltaic generation (PV) have negative impacts on 

the voltage regulation in distribution networks. This paper proposes an advanced predictive 

voltage control scheme based on short-time-ahead voltage fluctuation estimation in a 

distribution system with high PV penetration. In the proposed scheme, the short-term voltage 

fluctuation is predicted based on the past sensor measurements of voltage, and a voltage 

regulator is operated to mitigate the expected voltage violation risk in a distribution system. 

The proposed scheme is an autonomous control scheme requiring only the present secondary 

voltage of the voltage regulator, because there is no need for real-time sensor-measured 

voltage values as in centralized voltage control schemes. The proposed scheme is tested on a 

hardware testbed constructed in Waseda University, and the experimental simulation results 

clearly show that the proposed scheme can prevent voltage violation without significantly 

increasing the number of tap operations and achieve superior voltage-control performance 

compared to that of the centralized scheme.
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B | DISTRIBUTION SYSTEMS PROTECTION CONSIDERING ASPECTS OF COORDINATION 
AND TIME-DEPENDENT RESPONSE FOR RELIABILITY EVALUATION

A detailed representation of the time-dependent characteristics of a protection system 

requires a more complex modelling of two elements that are typically outside of the reliability 

evaluation scope: short circuit current and response given by protection devices. The first 

requires that aspects such as fault type, affected phases, location and fault resistance are 

modelled, while the second depends on a proper representation of protection time-current 

curves. The proposed methodology creates a simulation model where the up and down 

cycle of components is merged with the operation of protection devices and the fault 

characteristics using sequential Monte Carlo Simulation. A comparison between the classical 

approach and a more representative protection modelling highlights the benefits of a time-

dependent representation of the performance of protection systems.
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C | PLANNING OF DISTRIBUTION NETWORKS ISLANDED OPERATION: FROM SIMULATION 
TO LIVE DEMONSTRATION

The integration of distributed Battery Energy Storage Systems (BESS) at the Medium 

Voltage (MV) and Low Voltage (LV) networks increases the distribution grid flexibility to 

deal with high penetration of Renewable Energy Sources (RES). In addition, it also enables 

the deployment of key self-healing functionalities, which allow the islanded operation of 

small sections of the distribution network. However, new planning and real-time operation 

strategies are required to allow the BESS coordinated control, as well as a cost-effective and 

stable operation. This paper presents new tools developed for the planning and real-time 

operation of distribution networks integrating BESS, particularly when operating islanding. 

For real-time operation, a short-term emergency operation-planning tool assesses the 

feasibility of islanded operation of a small section of the distribution network. The long-term 

impact of a BESS control strategy for islanded operation is assessed through a Life Cycle 

Analysis (LCA) tool. The results and implementation experience in real distribution network 

are also discussed.
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D | PROBABILISTIC STATE FORECASTING AND OPTIMAL VOLTAGE CONTROL IN 
DISTRIBUTION GRIDS UNDER UNCERTAINTY

Nowadays, the uncertainty in distribution systems rises, notably due to an increasing 

share of solar panels and electric vehicles whose power production and consumption are 

characterized by a high volatility. This poses challenges to distribution system operators 

to ensure stable and secure operation of their grid. Hence, an optimal integration of these 

distributed energy resources in real-time control schemes inevitably relies on appropriate 

forecasts of the near-future system state. This paper investigates the short-term probabilistic 

state prediction of lowvoltage grids for operation purposes. The performance of two quantile 

forecasting algorithms is evaluated for different levels of distributed energy resources 

penetration and availability of measurements. Quantile forecasts are finally integrated into 

the framework of an optimization problem that aims at minimizing the costs associated 

with overvoltages by suitable solar power curtailment. The advantages of quantile forecasts 

considering different imbalance prices are demonstrated.
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E | OVERCOMING THE PRACTICAL CHALLENGES OF APPLYING STEINMETZ CIRCUIT 
DESIGN TO MITIGATE VOLTAGE UNBALANCE USING DISTRIBUTED SOLAR PV

Due to the high penetration of distributed solar photovoltaic (PV) systems, it is expected 

that voltage unbalance will become more severe in distribution systems. In this paper, we 

develop approaches to control the reactive power injections of PV inverters to reduce voltage 

unbalance without affecting their real power injections. Our past work developed a feedback 

controller that leveraged Steinmetz circuit design to compute reactive power injections. 

In this paper, we extend this approach to cope with a number of practical considerations, 

namely, inverter reactive power limits, noisy/erroneous measurements, and delayed inputs in 

the presence of time-varying load and PV generation. Using the IEEE 13-node feeder as an 

illustrative example, we demonstrate the issues that arise when the original controller is used 

in practical scenarios and show that the ehanced controller can effectively mitigate voltage 

unbalance in these scenarios.
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F | NONCONVEX LIFTED UNBALANCED BRANCH FLOW MODEL: DERIVATION, 
IMPLEMENTATION AND EXPERIMENTS

This paper develops a novel nonconvex formulation of the unbalanced power flow equations. 

This formulation extends the lifted nonconvex ‘DistFlow’ a.k.a. balanced branch flow model 

formulation to the unbalanced case. The feasible set is characterized by linear and nonconvex 

quadratic equations in matrix variables. It is shown that this formulation is equivalent 

to previously published rank-constrained semidefinite programming formulations. The 

formulation is implemented and compared numerically with rectangular and polar versions of 

the nonlinear AC unbalanced optimal power flow problem.
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Power System Protection I

Chair: Wolfgang Gawlik

A | AN IMPROVED SETTING METHOD OF THE DISTANCE PROTECTIVE IEDS FOR SERIES-
COMPENSATED TRANSMISSION LINES BASED ON A CASE STUDY APPROACH

An improved setting method of the conventional distance protective IEDs for the series 

compensated transmission lines based on the results of the comprehensive studies regarding 

the impact of a thyristor-controlled series capacitor (TCSC) is proposed in this paper. The 

proposed method considers the equivalent impedance of TCSC to calculate the distance 

protective IED setting values which can prevent the mal-operation. To verify and analyze 

the performance of the proposed method, the HILS(Hardware-In-the-Loop System) was 

constructed using RTDS and an IED. The IEC 61850-based dynamic characteristic tests were 

performed with this HILS.
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B | HYBRID FUZZY EVALUATION ALGORITHM FOR POWER SYSTEM PROTECTION 
SECURITY ASSESSMENT

System Protection Security Assessment is an important task in modern energy grids to 

ensure system security at all. The assessment system is particularly challenged by multivariate 

grid structures caused by volatile renewable infeeds. 

This paper presents an innovative strategy to evaluate the protection relay coordination 

of system-wide power grids. A way to calculate the quality of all protection relays based 

on realistic simulation data and independent of the protection method was sought. The 

hybrid algorithm consists of two major steps. First, a systematic analysis with various fault 

simulations is performed and the measurement results of all relays of all simulations are used 

as database. Subsequently, the use of fuzzy sets allows to express the quality of each relay 

setting regardless of its type. 

Specifically developed for the use of an optimization algorithm, finally, a new protection 

coordination is determined for an adapted version of the IEEE 9 bus grid. The results are 

validated, discussed and the effectiveness of the methodology compared to conventional 

setting rules.
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C | UNIFIED FAULT MATRIX METHOD FOR THE CALCULATION OF SHUNT AND SERIES 
FAULTS IN POWER SYSTEMS WITH COMPLETE DUALITY OF SHUNT AND SERIES FAULT 
MATRICES

In this paper a unified fault matrix method for the calculation of shunt and series faults in 

power systems is presented which exhibits a complete duality between shunt faults (ShF) 

and series faults (SrF). In particular, the duality between line-to-line short circuits and 

interruptions of electric equipment with isolated neutral and the corresponding fault matrices 

is worked out. For all ShF and SrF the same grid equation building algorithm is used. The 

order of the branch equations of the electrical equipment as well as the order of the grid 

equation system are not changed. The voltages of the interruptions and the neutral point 

voltages can easily be calculated. Fault impedances resp. admittances identical to zero (ideal 

short circuits and interruptions) can be used without the emergence of numerical problems 

as in conventional methods.
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D | NEGATIVE SEQUENCE QUANTITIES-BASED PROTECTION UNDER INVERTER-BASED 

RESOURCES — CHALLENGES AND IMPACT OF THE GERMAN GRID CODE

Inverter-based Resources (IBRs), including Wind Turbine Generators (WTGs), exhibit different 

negativesequence fault current characteristics compared to conventional synchronous 

generators (SGs). Depending on the type and control of IBR, their negative-sequence current 

contribution can be substantially lower in amplitude and different in phase. Therefore, 

large-scale integration of IBRs is expected to have a significant impact on negative 

sequence quantities-based protection elements including Instantaneous Negative Sequence 

Overcurrent (50Q), Negative Sequence Time Overcurrent (51Q), Directional Negative 

Sequence Overcurrent (67Q), and faultidentification FID scheme. This paper demonstrates 

misoperation of these functions in a practical multi wind park system. The misoperation 

problems are due to the wind parks with full scale converter (FSC) WTGs operating under 

traditional coupled sequence control (CSC). As illustrated in this paper, such misoperation 

problems can be eliminated effectively by utilizing a decoupled sequence control (DSC) 

scheme in FSC WTGs based on the recent VDE-AR-N 4120 Technical Connection Rules.
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E | SPEEDING UP PHASE COMPARISON LINE PROTECTION BY MEANS OF TDQ-BASED 
CURRENT UNBALANCE ANALYSIS

This paper presents a methodology of fault current unbalance analysis with the objective of 

supplying transmission lines unit protection. The presented solution is based on the phase 

comparison protection principle (PC protection) and uses as input signals the direct axis 

components Id obtained at both line terminals by applying the Park’s transformation (TDQ). 

By doing so, since the Id signals contain current directionality information and present a 

second harmonic component due to the occurrence of fault current unbalance, the protection 

operation time is speeded up by two times, without loss of security and reliability. The 

Alternative Transients Program (ATP) was used to simulate a wide variety of fault scenarios 

on a 230 kV/60 Hz transmission line 200 km long. Based on simulations, the results obtained 

by using the traditional and the proposed PC protection were compared, demonstrating that 

the presented approach is reliable and faster than the classical function.
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F | PROTECTION STRATEGY FOR FAULT DETECTION IN INVERTER-DOMINATED LOW 
VOLTAGE AC MICROGRID

This paper presents a protection strategy based on active power flow direction, current 

magnitude and voltage sags to determine the existence of low impedance faults in 

inverterdominated low voltage AC microgrids. Different fault situations are considered, 

concerning each element of the microgrid (line section, load, node and energy sources). 

Simulation is done in MATLAB/Simulink software. Microgrid was modelled based on 

CIGRE benchmark for network integration of renewable and distributed energy resources, 

considering the low voltage european distribution network characteristics. Inverter-based 

distributed generation units were modelled considering a control scheme composed by 

natural reference frame control and RMS current limiter. The results obtained from simulations 

indicate that the proposed strategy is able to protect the microgrid in any topology 

configuration or mode of operation, for all type of low impedance faults.
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A | EXCITATION CONTROL METHOD BASED ON WIDE-AREA MEASUREMENT SYSTEM FOR 
IMPROVEMENT OF TRANSIENT STABILITY IN POWER SYSTEMS

In this paper, we propose a novel excitation control method for synchronous generators (SGs) 

for improvement of transient stability in power systems. The proposed excitation system 

controls the excitation voltage based on a wide-area measurement system (WAMS). An 

energy function for the power system was adopted as a stability index, and we designed a 

control system to promote a decrease in the energy function after a disturbance. Numerical 

simulations were carried out for a multi-machine power system. The results show that the 

proposed WAMS-based stabilizer (WBS) improves the first swing stability and enhances the 

damping of the subsequent oscillation, whereas the conventional power system stabilizer 

(PSS) does not necessarily improve the first swing stability. It is also noteworthy that the WBS 

has few parameters that need to be tuned, unlike the PSS.
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B | ENHANCED DYNAMIC EQUIVALENT IDENTIFICATION METHOD OF LARGE-SCALE 
POWER SYSTEMS USING MULTIPLE EVENTS

The increasing complexity of the interconnected power system makes high-fidelity dynamic 

simulation models computationally more intensive. To improve computation efficiency, model 

reduction techniques have been investigated to only preserve the dynamics in a limited 

area of interest (study area), while deriving equivalent representation for the external area. 

For this purpose, a measurement-based reduction approach using system identification 

techniques has been previously proposed. In that case, external areas are represented by 

dynamic equivalent loads using transfer function estimation. In this paper, in order to enhance 

the accuracy of the reduced model in preserving dynamics of the study area, multiple 

“grid” events of different types and at different locations are considered for identifying the 

parameters of the equivalent loads. Case studies are carried out in the NPCC 140-bus system. 

Comparison are made between multiple events training and single event training, highlighting 

the advantages of the proposed method in providing a better representation of the grid 

dynamics under different operating conditions.
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C | SEQUENTIAL BAYESIAN PARAMETER ESTIMATION OF STOCHASTIC DYNAMIC LOAD 
MODELS

In this paper we focus on the parameter estimation of dynamic load models with stochastic 

terms—in particular, load models where protection settings are uncertain, such as in 

aggregated air conditioning units. We show how the uncertainty in the aggregated protection 

characteristics can be formulated as a stochastic differential equation with process noise. 

We cast the parameter inversion within a Bayesian parameter estimation framework, and 

we present methods to include process noise. We demonstrate the benefits of considering 

stochasticity in the parameter estimation and the risks of ignoring it.
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D | INFLUENCE OF LOAD DYNAMIC RESPONSE ON THE STABILITY OF MICROGRIDS 
DURING ISLANDING TRANSITION

Microgrids (MGs) are characterized by faster dynamics than conventional grid-connected 

distributions systems. This is in part due to the lack of inertia of inverter-interfaced distributed 

energy resources such as photovoltaic and energy storage systems. In this context, load 

dynamics considerably affects the transient stability performance of MGs, especially if 

disconnected from the main grid. The aim of the paper is to analyze the influence of the load 

composition in the transient stability assessment of a medium voltage MG during islanding 

transition. The MG we analyze consists of a photovoltaic power plant, two battery energy 

storage systems, a synchronous generator and different classes and types of load, which we 

consider representative for the problem of interest. The system is implemented in the EMTP-

RV simulation environment. The importance of appropriate load modelling for the adequate 

analysis of the transient response of an islanding microgrid is also addressed and discussed.
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E | WIDE AREA CONTROLLERS FOR EXCITATION BOOSTERS FOR TRANSIENT STABILITY 
IMPROVEMENT

Excitation boosters (EBs) are one of the most costeffective solutions to improve Fault 

Ride Through (FRT) capability of synchronous generators. However, they may lead to 

undesired behavior in multi-machine systems when governed by controllers that use local 

measurements. EB controllers based on a Wide Area Control System (WACS) have proved to 

be an effective solution to improve the overall transient stability of a multi-machine system. 

This paper compares two WACS-based EBs; one proposed in a previous work and a variant 

controller proposed here. In the comparison of WACS-based EBs, performance, design, 

implementation aspects and impact of communication latency are analyzed and discussed in 

detail.
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F | IMPACT OF VIRTUAL POWER PLANTS ON POWER SYSTEM SHORT-TERM TRANSIENT 
RESPONSE

This paper studies the impact of coordinated and non-coordinated frequency control 

of Virtual Power Plants (VPPs) on power system transients. A realistic modelling of the 

communication system within the VPP is also taken into account. The case study considers 

a modified version of the WSCC 9-bus test system with inclusions of a VPP with distributed 

generations and, discusses the performance of the coordinated frequency controller in the 

VPP. All simulations are performed considering both deterministic and stochastic variations of 

the wind and voltage-dependent loads.
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A | TOWARDS LEVERAGING GRID FLEXIBILITY IN CHANCE-CONSTRAINED POWER SYSTEM 
OPERATION PLANNING

This paper considers the integration of grid flexibility in the chance-constrained power system 

operation planning framework. The particular challenge addressed comes from the discrete 

nature of the respective controls, such as breaker positions defining the topology of the 

network. We consider a template short-term operation planning problem statement, seeking 

to enable N-1 secure operation over a distribution of power injections. We use a scenario-

based approach to determine a planning decision and rely on theoretical results to compute 

an upper bound on the probability of being able to meet the N-1 criterion in operation. We 

also estimate the actual value of this probability through Monte Carlo simulation. Our results 

indicate that both the bound and the actual value consistently decrease when increasing 

the size of the considered scenario set, even if the bound is quite conservative. Moreover, 

we showcase that further from economic efficiency, grid flexibility can lead to gains in 

operational reliability.
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B | CHANCE-CONSTRAINED OPTIMAL CAPACITY DESIGN FOR A RENEWABLE-ONLY 
ISLANDED MICROGRID

Microgrids offer a promising opportunity for achieving greater use of renewable generation. 

In this paper, we consider optimal capacity design for an islanded microgrid supplied by 

a wind turbine, solar panel and battery system. The objective is to reduce plant cost while 

ensuring energy sufficiency, taking into account stochasticity of renewable generation 

and load. An affine control policy is designed to dispatch battery power under uncertain 

renewable in-feed and load. The policy is integrated into a stochastic chance-constrained 

optimization problem, which is solved using a probabilistically robust method. In order to 

address conservativeness inherent in the robust method, we develop two approaches to 

set reshaping that reduce the volume of the robust set, thereby enabling less conservative 

designs.
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C | WATER DISTRIBUTION NETWORKS AS FLEXIBLE LOADS: A CHANCE-CONSTRAINED 
PROGRAMMING APPROACH

There is a greater need for flexibility in the power distribution network (PDN) due to 

increasing levels of renewable energy resources. Here, we consider using the water 

distribution network (WDN) as a flexible load. We formulate a chanceconstrained multiperiod 

optimization problem to schedule water distribution pumps subject to WDN and PDN 

constraints while managing power demand forecast uncertainty. To do that, we develop a 

control policy that adjusts the WDN’s operation when a PDN constraint violation is present. 

Since the resulting problem is nonconvex, we utilize approximation and relaxation techniques 

to transform the problem into a convex program and solve via the scenario approach. 

Through detailed case studies, we verify the performance of the control policy to ensure 

network constraints are satisfied despite uncertainty. We find that we can successfully 

schedule and control the WDN to provide flexibility to the PDN for many realistic water and 

power demand scenarios.
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D | AFFINE POLICIES FOR FLEXIBILITY PROVISION BY NATURAL GAS NETWORKS TO 
POWER SYSTEMS

Using flexibility from the coordination of power and natural gas systems helps with the 

integration of variable renewable energy in power systems. To include this flexibility into 

the operational decision-making problem, we propose a distributionally robust chance-

constrained co-optimization of power and natural gas systems considering flexibility from 

short-term gas storage in pipelines, i.e., linepack. Recourse actions in both systems, based on 

linear decision rules, allow adjustments to the dispatch and operating set-points during real-

time operation when the uncertainty in wind power production is revealed. We convexify the 

non-linear and non-convex power and gas flow equations using DC power flow approximation 

and second-order cone relaxation, respectively. Our coordination approach enables a study of 

the mitigation of short-term uncertainty propagated from the power system to the gas side. 

We analyze the results of the proposed approach on a case study and evaluate the solution 

quality via out-of-sample simulations performed ex-ante.
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E | STOCHASTIC DC OPTIMAL POWER FLOW WITH RESERVE SATURATION

We propose an optimization framework for stochastic optimal power flow with uncertain 

loads and renewable generator capacity. Our model follows previous work in assuming that 

generator outputs respond to load imbalances according to an affine control policy, but 

introduces a model of saturation of generator reserves by assuming that when a generator’s 

target level hits its limit, it abandons the affine policy and produces at that limit. This is a 

particularly interesting feature in models where wind power plants, which have uncertain 

upper generation limits, are scheduled to provide reserves to balance load fluctuations. The 

resulting model is a nonsmooth nonconvex two-stage stochastic program, and we use a 

stochastic approximation method to find stationary solutions to a smooth approximation. 

Computational results on 6-bus and 118-bus test instances demonstrate that by considering 

the effects of saturation, our model can yield solutions with lower expected generation costs 

(at the same target line violation probability level) than those obtained from a model that 

enforces the affine policy to stay within generator limits with high probability.
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F | STOCHASTIC AC OPTIMAL POWER FLOW: A DATA-DRIVEN APPROACH

There is an emerging need for efficient solutions to stochastic AC Optimal Power Flow 

(AC-OPF) to ensure optimal and reliable grid operations in the presence of increasing 

demand and generation uncertainty. This paper presents a highly scalable data-driven 

algorithm for stochastic AC-OPF that has extremely low sample requirement. The novelty 

behind the algorithm’s performance involves an iterative scenario design approach that 

merges information regarding constraint violations in the system with data-driven sparse 

regression. Compared to conventional methods with random scenario sampling, our approach 

is able to provide feasible operating points for realistic systems with much lower sample 

requirements. Furthermore, multiple subtasks in our approach can be easily paralleled and 

based on historical data to enhance its performance and application. We demonstrate the 

computational improvements of our approach through simulations on different test cases in 

the IEEE PES PGLib-OPF benchmark library.
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A | LEARNING TO CONTROL IN POWER SYSTEMS: DESIGN AND ANALYSIS GUIDELINES 
FOR CONCRETE SAFETY PROBLEMS

Rapid progress in machine learning and artificial intelligence (AI) has brought renewed 

attention to its applicability in power systems for modern forms of control that help integrate 

higher levels of renewable generation and address increasing levels of uncertainty and 

variability. In this paper we discuss these new applications and shine light on the most 

relevant new safety risks and considerations that emerge when relying on learning for control 

purposes in electric grid operations. We build on recent taxonomical work in AI safety and 

focus on four concrete safety problems. We draw on two case studies, one in frequency 

regulation and one in distribution system control, to exemplify these problems and show 

mitigating measures. We then provide general guidelines and literature to help people 

working on integrating learning capabilities for control purposes to make safety risks a central 

tenet of design.
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B | EFFICIENT CREATION OF DATASETS FOR DATA-DRIVEN POWER SYSTEM 
APPLICATIONS

Advances in data-driven methods have sparked renewed interest for applications in power 

systems. Creating datasets for successful application of these methods has proven to be 

very challenging, especially when considering power system security. This paper proposes a 

computationally efficient method to create datasets of secure and insecure operating points. 

We propose an infeasibility certificate based on separating hyperplanes that can a-priori 

characterize large parts of the input space as insecure, thus significantly reducing both 

computation time and problem size. Our method can handle an order of magnitude more 

control variables and creates balanced datasets of secure and insecure operating points, 

which is essential for data-driven applications. While we focus on N-1 security and uncertainty, 

our method can extend to dynamic security. For PGLib-OPF networks up to 500 buses and 

up to 125 control variables, we demonstrate drastic reductions in unclassified input space 

volumes and computation time, create balanced datasets, and evaluate an illustrative data-

driven application.
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C | LEARNING TO RUN A POWER NETWORK CHALLENGE FOR TRAINING TOPOLOGY 
CONTROLLERS

For power grid operations, a large body of research focuses on using generation 

redispatching, load shedding or demand side management flexibilities. However, a less costly 

and potentially more flexible option would be grid topology reconfiguration, as already 

partially exploited by Coreso (European RSC) and RTE (French TSO) operations. Beyond 

previous work on branch switching, bus reconfigurations are a broader class of actions and 

could provide some substantial benefits to route electricity and optimize the grid capacity to 

keep it within safety margins. Because of its non-linear and combinatorial nature, no existing 

optimal power flow solver can yet tackle this problem. We here propose a new framework 

to learn topology controllers through imitation and reinforcement learning. We present the 

design and the results of the first “Learning to Run a Power Network” challenge released 

with this framework. We finally develop a method providing performance upper-bounds 

(oracle), which highlights remaining unsolved challenges and suggests future directions of 

improvement.
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D | STATISTICAL CORRECTION SCHEME FOR THE WIND POWER ALLOCATION TO 
TRANSFORMER STATIONS IN THE TRANSMISSION GRID

The expansion of photovoltaics and wind energy shifts the feed-in from the transmission grids 

down to the lower voltage levels of the distribution grids. It is a challenging task to determine 

at which transformer station of the extra-high voltage grid photovoltaic and wind energy 

is fed via the cascade of the different grid levels. In principle, this allocation problem of 

generation to transformer stations can be solved with a power flow calculation if the topology 

and parameters of all grids are known. In reality, however, this knowledge is spread over 

several grid operators and alternative solutions could be promising. We propose a method for 

inversely correcting an initially estimated allocation of wind power generators to transformer 

stations between the transmission and the distribution grid based on correlating the wind 

power feed-in with the vertical power flows measured at the considered transformer stations. 

Our experimental setup involves the allocation optimization of about 29GW of installed wind 

power to 136 transformer stations within the two largest German control zones. By shifting 

a total amount of 12.6GW of allocated wind power between these transformer stations, our 

scheme is able to detect and correct erroneous allocations and to improve the reliability of 

the estimated wind power feed-in per transformer station.

Our experimental setup involves the allocation optimization of about 29GW of installed wind 

power to 136 transformer stations within the two largest German control zones. By shifting 

a total amount of 17GW of allocated wind power between these transformer stations, our 

scheme is able to detect and correct erroneous allocations and to improve the reliability of 

the estimated wind power feed-in per transformer station.
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E | IDENTIFICATION OF HOT WATER END-USE PROCESS OF ELECTRIC WATER HEATERS 
FROM ENERGY MEASUREMENTS

This paper presents an algorithm for the identification of parameters for a stochastic hot 

water end-use process that drives a homogeneous population of thermostatically controlled 

electric water heaters (EWH). Usually, only metered interval consumption data (kWh) is 

collected and the hot water end-use process is unobservable to utility and aggregators. 

However, the availability of EWHs for demand response (DR) is closely coupled with the 

hot water end-use process. In this context, the hot water end-use process is modeled as a 

two-state Markov chain (Use / No use), which causes the thermostatic ON-OFF switching 

process to behave as a Markov renewal process (MRP). A set of first passage-time problems 

is developed to obtain the moments of the transition probability densities of the MRP. These 

problems are addressed by establishing a system of coupled partial differential equations 

characterizing the temperature evolution of the EWH population. A key quantity in the 

methodology for estimating the parameters is the total time an EWH is ON within a period of 

interest. It is referred to as the total busy time. Total busy time in this approach is a random 

variable for which analytical expressions of the moments are developed as a function of the 

metered window length. The latter expressions become the basis of a hot water demand 

model identification algorithm which is validated using agent-based simulations of EWHs.
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F | BASELINE ESTIMATION OF COMMERCIAL BUILDING HVAC FAN POWER USING TENSOR 
COMPLETION

Commercial building heating, ventilation, and air conditioning (HVAC) systems have been 

studied for providing ancillary services to power grids via demand response (DR). One critical 

issue is to estimate the counterfactual baseline power consumption that would have prevailed 

without DR. Baseline methods have been developed based on whole building electric load 

profiles. New methods are necessary to estimate the baseline power consumption of HVAC 

sub-components (e.g., supply and return fans), which have different characteristics compared 

to that of the whole building. Tensor completion can estimate the unobserved entries of 

multi-dimensional tensors describing complex data sets. It exploits high-dimensional data to 

capture granular insights into the problem. This paper proposes to use it for baselining HVAC 

fan power, by utilizing its capability of capturing dominant fan power patterns. The tensor 

completion method is evaluated using HVAC fan power data from several buildings at the 

University of Michigan, and compared with several existing methods. The tensor completion 

method generally outperforms the benchmarks.
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A | PHASOR-BASED FAULT LOCATION CHALLENGES AND SOLUTIONS FOR TRANSMISSION 
LINES EQUIPPED WITH HIGH-SPEED TIME-DOMAIN PROTECTIVE RELAYS

This paper presents a study on the performance of phasor-based fault location methods 

under reduced fault period conditions. Such a scenario can arise in lines equipped with 

high-speed circuit breakers (CBs) and time-domain protective relays, so that the fault can 

be eliminated even before it reaches its steady-state. Considering this context, challenging 

scenarios that may arise during phasor-based fault location procedures are firstly addressed, 

and then statistical approaches for fault location estimation sample processing are 

investigated, evaluating their advantages and limitations. Initially, Alternative Transients 

Program (ATP) fault simulations are carried out to generate realistic fault records, which are 

played back into actual microprocessed relays equipped with both high-speed time-domain 

protection functions and phasor-based fault location algorithms. Finally, by means of tests 

using a Real-Time Digital Simulator (RTDSTM) and an actual Digital Fault Recorder (DFR), 

different procedures to analyze phasor-based fault location data are assessed. The obtained 

results show the statistical processing of fault location estimations can improve existing fault 

location procedures in some cases, but not completely solving the problem if CBs come to be 

faster than those in the present technology.
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B | IMPACT OF INVERTER-BASED GENERATION ON ISLANDING DETECTION SCHEMES IN 
DISTRIBUTION NETWORKS

One of the most frequently used interface protections for Distributed Generators (DGs) is 

the Loss of Mains (LoM) protection. It detects the formation of an island at the connection 

point and disconnects the DG to protect the unit, the system and the personnel. The 

increased penetration of inverter-interfaced DG, in combination with the decommissioning of 

synchronous generators, reduces the system inertia and leads to faster changing and larger 

voltage and frequency deviations. Therefore, modern grid-codes require inverter-based DGs 

to provide support to the grid by modifying their active and reactive power injection based 

on local measurements. However, this leads to complex inverter-grid interactions and modifies 

the islanded system behavior, thus disturbing the operation of LoM protections that rely 

mainly on local voltage and frequency measurements. In this paper, we propose an improved 

analytical formulation for estimating the Non-Detection Zone (NDZ) of LoM protection 

devices in the presence of grid-feeding inverters, as well as novel NDZ approximations for 

grid-supporting and grid-forming inverter-based services. We verify the analytical results with 

detailed dynamic simulations and comment on the impact that the new inverter requirements 

have on the performance of LoM protections.
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C | COMPUTATION OF SENSITIVITY-BASED ISLANDING DETECTION PARAMETERS FOR 
SYNCHRONOUS GENERATORS

Significant penetration levels of distributed energy resources increase the likelihood of 

continued operation of a power system island after an islanding event. It is important 

to employ adequate islanding detection methods to mitigate the adverse effects of 

unintentional islanding and possibly transition to a safe islanded mode of operation. This 

paper focuses on the computational aspects of a class of methods that utilizes a change in 

the sensitivity parameters as an indicator of islanding events. It is shown that the inherent 

properties of the measurement signals cause numerical issues for the computation of 

the sensitivity parameters. The paper also analyses three algorithms for estimation of the 

coefficients that overcome the numerical issues. The performance of the algorithms has been 

demonstrated using synthetically generated measurements. In addition, the data from field 

experiments has been used to further illustrate the practical viability of the algorithms.
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D | FAULT-RIDE-THROUGH STRATEGIES FOR GRID-TIED AND GRID-FORMING SMART-
TRANSFORMERS SUITED FOR ISLANDING AND INTERCONNECTED OPERATION

This paper presents two innovative Fault-Ride- Through (FRT) strategies suited for Smart-

Transformers (ST) supplying hybrid AC/DC distribution grids within a microgrid environment. 

The first strategy is suited for ST without a local energy storage, where its Medium Voltage 

(MV) inverter is operated in grid-tied mode. The proposed approach relies on the voltage 

sensitivity of resources connected to the ST fed distribution networks aiming to limit the MV 

inverter current. The second strategy is suited for ST incorporating local energy storage and 

operating its MV inverter in grid-forming mode, thus enabling islanding operation of a MV 

grid section. The proposed FRT strategy aims to regulate ST’s output voltage by calculating 

the maximum voltage drop in the coupling filter in order to control the output current. The 

proposed strategies are evaluated exploiting appropriated simulation models and extensive 

operating conditions.
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E | PROTECTION SYSTEM PLANNING FOR DISTRIBUTION NETWORKS: A PROBABILISTIC 
APPROACH

This paper presents a multi-objective optimization approach to perform the allocation, sizing 

and coordination of control and protective devices in distribution networks with different 

types of distributed generation. Themodel consists of three objective functions that consider 

investment costs, the system’s non-supplied energy, and average interruption duration 

index. We use a probabilistic shortcircuit routine to evaluate the currents values, taking 

into account the uncertainties of renewable power generation and the system’s loading, as 

well as the fault’s parameters randomness. The probabilistic approach allows the correct 

planning of the protection system and enables the user to admit some risk of not coordinated 

operation, aiming to reduce the solutions’ costs. This multi-objective mixed-integer nonlinear 

optimization problem considers the possibility of load transfers from neighboring feeders and 

intentional islanding. In this paper, we use the Non-dominated Sorting Genetic Algorithm to 

solve this optimization problem. The algorithm is tested for a 135-bus feeder.
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F | AN INTEGRATED APPROACH FOR FAILURE MITIGATION & LOCALIZATION IN POWER 
SYSTEMS

The transmission grid is often comprised of several control areas that are connected by 

multiple tie lines in a mesh structure for reliability. It is also well-known that line failures can 

propagate non-locally and redundancy can exacerbate cascading. In this paper, we propose 

an integrated approach to grid reliability that (i) judiciously switches off a small number 

of tie lines so that the control areas are connected in a tree structure; and (ii) leverages a 

unified frequency control paradigm to provide congestion management in real time. Even 

though the proposed topology reduces redundancy, the integration of tree structure at 

regional level and real-time congestion management can provide stronger guarantees on 

failure localization and mitigation. We illustrate our approach on the IEEE 39-bus network and 

evaluate its performance on the IEEE 118-bus, 179-bus, 200-bus and 240-bus networks with 

various network congestion conditions. Simulations show that, compared with the traditional 

approach, our approach not only prevents load shedding in more failure scenarios, but also 

incurs smaller amounts of load loss in scenarios where load shedding is inevitable. Moreover, 

generators under our approach adjust their operations more actively and efficiently in a local 

manner.
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A | COORDINATION OF OPERATIONAL PLANNING AND REAL-TIME OPTIMIZATION IN 
MICROGRIDS

Hierarchical microgrid control levels range from distributed device level controllers that run at 

a high frequency to centralized controllers optimizing market integration that run much less 

frequently. Centralized controllers are often subdivided in operational planning controllers 

that optimize decisions over a time horizon of one or several days, and real-time optimization 

controllers that deal with actions in the current market period. The coordination of these 

levels is of paramount importance. In this paper we propose a value function based approach 

as a way to propagate information from operational planning to real-time optimization. 

We apply this method to an environment where operational planning, using day-ahead 

forecasts, optimizes at a market period resolution the decisions to minimize the total 

energy cost and revenues, the peak consumption and injection related costs, and plans for 

reserve requirements. While realtime optimization copes with the forecast errors and yields 

implementable actions based on real-time measurements. The approach is compared to a 

rule-based controller on three use cases, and its sensitivity to forecast error is assessed.
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B | PROBABILISTIC MULTI-OBJECTIVE MICROGRID PLANNING METHODOLOGY FOR 
OPTIMIZING THE ANCILLARY SERVICES PROVISION

Microgrids have attracted the attention of researchers and stakeholders because of their 

well-known impacts and related benefits. Especially the provision of ancillary services has 

drawn attention. However, traditional planning should be redefined to optimally achieve such 

promising advantages, which leads to a complex decision-making problem that should be 

progressively addressed with a more modern and comprehensive holistic approach. Hence, 

this paper proposes an enhanced version of the probabilistic multi-objective microgrid 

planning methodology (POMMP2) that includes a novel strategy to apply graph partitioning 

and metaheuristic optimization to consider simultaneously the planning of a cluster-based 

topology with the size and location of distributed energy resources under the paradigm of 

a microgrid with capacity for providing ancillary services. POMMP2 is tested in an adapted 

IEEE-37 node system, and NSGAII and AHP are used as optimization and decisionmaking 

algorithms respectively. Results show the benefits of a planning methodology viewed as a 

comprehensive problem and not a set of independent tasks.
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C | NON-INTRUSIVE LOAD MANAGEMENT UNDER FORECAST UNCERTAINTY IN ENERGY 
CONSTRAINED MICROGRIDS

This paper addresses the problem of managing load under energy scarcity in islanded 

microgrids with multiple customers and distributed solar generation and battery storage. We 

explore an understudied, practical approach of scheduling customer-specific load limits that 

does not require direct control of appliances or a market environment. We frame this as a 

stochastic, model-predictive control problem with forecasts of solar resource and electricity 

demand, and develop alternative solutions with two-stage stochastic programming and 

approximate dynamic programming. We test the efficacy of the alternative solutions against 

heuristic and deterministic controllers in an environment simulating the customers’ responses 

to load limits. We show that using forecasts to schedule limits can significantly improve 

power availability and the customers’ benefits from consumption, even without the controller 

having a full model of the customers’ responses.
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D | OPTIMAL BATTERY OPERATION FOR REVENUE MAXIMIZATION OF WIND-STORAGE 
HYBRID POWER PLANT

In order to participate in energy market, variable renewable energy sources need to reduce 

the uncertainty of forecast errors. Inclusion of storage can be a viable option not only to 

minimize the penalties due to forecast uncertainties but also to maximize the revenue 

generation. This paper presents a decision framework for respecting the market constraints 

and maximise the revenues of a wind and storage power plant. Wind power and price 

forecast are used in convex otimisation algorithm for making day ahead decisions on battery 

operation. This day ahead optimisation results feed to an algorithm for operating in the 

balancing market. Several scenarios and case studies have been simulated to assess the value 

of storage for revenue maximization of a wind power plant. The results show that proposed 

algorithms can increase the revenue by more than 10% compared to the operation of wind 

power plant without battery.
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E | BEHIND-THE-METER COMPRESSED AIR ENERGY STORAGE FEASIBILITY AND 
APPLICATIONS

In this paper, the operations model of a behindthe- meter Small Scale Compressed Air 

Energy Storage (SSCAES) facility is developed for an industrial customer with existing wells/

caverns that can be re-purposed for air storage. The operations model seeks to minimize 

the electricity costs of the industrial customer, while determining the energy output and 

the corresponding charging and discharging decisions of the SSCAES system. In order to 

examine the financial viability of a practical behind-the-meter SS-CAES facility, an economic 

analysis is carried out using real data of an industrial customer based in Ontario, Canada. 

Key parameters such as life cycle, CAES capacity and capital cost, and electricity price 

are considered for carrying out a sensitivity analysis, with the results showing that SS-

CAES is economically viable for the current Ontario electricity tariff rate structure. The low 

capital cost of a SS-CAES project with a re-purposed storage cavern, and the high Global 

Adjustment charges levied in Ontario are shown to be a key determining factors for the 

economic feasibility of deployment of SS-CAES in Ontario.
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A | WIDE-AREA OSCILLATION DAMPING IN LOW-INERTIA GRIDS UNDER TIME-VARYING 
COMMUNICATION DELAYS

Wide-Area Control (WAC) can be efficiently used for oscillation damping in power systems. 

However, to implement a WAC, a communication network is required to transmit signals 

between the generation units and the control center. In turn, this makes WAC vulnerable to 

time-varying communication delays that, if not appropriately considered in the control design, 

can destabilize the system. Moreover, with the increasing integration of renewable energy 

resources into the grid, usually interfaced via power electronics, power system dynamics are 

becoming drastically faster and making WAC more vulnerable to communication delays. In 

this paper, we propose a design procedure for a delayrobust wide-area oscillation damping 

controller for low-inertia systems. Its performance is illustrated on the well-known Kundur 

two-area system. The results indicate that the obtained WAC successfully improves the 

oscillation damping while ensuring robustness against time-varying communication delays.
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B | COMPARATIVE STUDY OF DYNAMIC PHASOR AND HARMONIC STATE-SPACE MODELING 
FOR SMALL-SIGNAL STABILITY ANALYSIS

This paper conducts a comparison of two promising frequency-lifted representations used 

in the state-space modeling of power-electronic converters: dynamic phasors and harmonic 

state-space. These methods originate from similar hypotheses and aim to tackle the time-

periodicity problem observed in systems with multiple harmonic components in steady state. 

The paper derives the theoretical foundations of the methods with an emphasis on their 

similarities and differences, and applies them to a two-level voltage-source converter. The 

application demonstrates the effects of different truncation orders of the models infinite 

formulations. Stability analysis tools such as eigenvalues and transfer functions are examined 

and benchmarked against a classical dq-frame small-signal model.
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C | COORDINATED TUNING OF POWER SYSTEM CONTROLLERS USING PARALLEL GENETIC 
ALGORITHMS

This work proposes a computational methodology for coordinated tuning of the power 

system controllers based on Genetic Algorithm which acts maximizing simultaneously two 

objective functions, representing each of them the damping of electromechanical oscillations 

and the improvement of the automatic voltage regulator responses, considering at the same 

time several critical operating conditions. The coordinated tuning procedure was posted as a 

multi-objective optimization problem, through the weighted sum technique. The controllers 

considered into the adjusting scheme correspond to the automatic voltage regulators, power 

system stabilizers and static var compensators to enhance the electromechanical and voltage 

response for a several critical operating conditions considered. The Genetic Algorithm was 

adapted for parallel computing in order to achieve both dynamic responses encompassing 

several critical operating conditions to reduce high computational efforts. Simulation results 

of the parallel implementation were more significant than the sequential version, and the 

proposed approach becomes an interesting alternative tool for operation planning and 

stability studies.
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D | DELAY MARGIN COMPARISONS FOR POWER SYSTEMS WITH CONSTANT AND TIME-
VARYING DELAYS

The paper shows that, for certain classes of power system models, if time-varying delays 

are replaced with their average value, the small-signal stability analysis returns conservative 

results, while showing a lower computational burden. The paper first compares, through 

an exact analytical approach, the delay margin of a second-order electromechanical model 

with inclusion of constant, square-wave, and Gamma distributed delays. Since the analytical 

approach is not viable for realistic power system models, the paper also develops a novel 

general method to calculate the eigenvalues for systems with time-varying stochastic delays 

that cannot be described by an analytical probability distribution function. These kind of 

delays are relevant for the study of wide-area measurement systems (WAMSs). The IEEE 

14-bus system serves to compare the stability margin and the critical damping ratio of a 

constant and two WAMS delay models solved with the proposed numerical method.
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A | BOTTOM-UP MODELING OF RESIDENTIAL BATTERIES AND THEIR EFFECT ON SYSTEM-
LEVEL GENERATION COST

The declining cost of residential battery energy storage (BES) and photovoltaic (PV) 

systems enable customers to significantly reduce their energy dependency from the grid. 

By absorbing excess PV generation, BES systems could reduce impacts associated with the 

‘duck curve’. However, since off-the-shelf (OTS) BES systems are controlled for customer 

benefits, this absorption might be limited at times, resulting in similar duck curve effects. 

This work proposes a bottom-up modelling approach to demonstrate the system-level 

generation cost effects from residential BES systems. Using a modified IEEE 9-bus system 

with real anonymized smart meter data, results show that with the OTS BES control, the 

overall reduction in system net demand due to peak PV generation still occurs which leads 

to baseload generation shutting off, incurring additional costs. Alternatively, the adoption of 

smarter BES controls aimed at mitigating impacts on distribution networks by reducing PV 

exports can bring significant system-level generation cost reductions.
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B | ENHANCED BATTERY CONTROLLER FOR INERTIA SUPPORT IN RESIDENTIAL 
MICROGRID BASED ON ACTIVE DISTURBANCE REJECTION CONTROL

Lack of system inertia is becoming a big concern in modern power systems with a high 

penetration of inverter-interfaced generation. In this paper, we argue that PV-battery 

systems owned by end-users can be used as a source of inertia to improve the frequency 

performance of future grids. To that end, we implement grid-forming control on battery 

converters in a residential microgrid powered by prosumer-owned PV-battery systems 

and a back-up generator. To improve performance, we propose a novel controller based 

on active disturbance rejection control (ADRC). This controller observes and rejects the 

“total disturbance” of the system, thereby increasing the response speed and enhancing 

the stability of the system. In addition, we incorporate an adaptive parameter tuning 

algorithm into the ADRC controller, which automatically calculates and updates the optimal 

control parameters in every sampling period. Simulation results are provided to verify the 

effectiveness and feasibility of the proposed approach.
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C | DISTRIBUTED MPC-BASED FREQUENCY CONTROL FOR MULTI-AREA POWER SYSTEMS 
WITH ENERGY STORAGE
 
This paper proposes a novel distributed model predictive control (DMPC) scheme for 

frequency regulation of multi-area power systems with substantial renewable power sources 

and different types of controllable units including synchronous generators, flexible loads 

and energy storage devices. The frequency regulation task is firstly formulated as a model 

predictive control (MPC) problem, and then is solved by a distributed projection-based 

algorithm via peer-to-peer communication. The objectives of the proposed controller are 

twofold. Firstly, it is to maintain the system frequency and net inter-area power exchanges at 

their nominal values by optimally adjusting the active powers of controllable units. Secondly, 

it is to make the system variables such as the bus frequencies, power output/consumption 

of each controllable unit, ramping rates of generators and stored energy levels of storage 

devices meet their operational constraints. Case studies demonstrate the effectiveness of the 

designed control method.
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D | BATTERY SMOOTHING CONTROL FOR PHOTOVOLTAIC SYSTEM USING SHORT-TERM 
FORECAST WITH TOTAL SKY IMAGES

Smoothing power fluctuation from variable renewable energy (VRE) sources is one of the 

critical issues to increase their interconnection capacity to the power grids. Especially, 

in relatively small balancing areas, such as small islands and remote districts with a small 

tie-line capacity, the frequency control becomes difficult, and grid operators require 

countermeasures for VRE sources to reduce their power fluctuation amplitude. In this paper, 

we deal with a photovoltaic system with a battery energy storage and a camera to meet a 

grid code limiting its maximum power fluctuation. We propose a battery smoothing control 

using short-term forecast of photovoltaic system (PV) power output by deep learning 

techniques with historical PV power output data and total sky images taken by the camera. 

A numerical simulation is conducted for an actual system to verify that the proposed method 

contributes to the reduction of the battery capacity necessary for meeting the grid code.
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E | DISPATCH-AWARE PLANNING OF ENERGY STORAGE SYSTEMS IN ACTIVE 
DISTRIBUTION NETWORK
 
This paper proposes a procedure for the optimal siting and sizing of energy storage systems 

(ESSs) within active distribution networks (ADNs) hosting a large amount of stochastic 

distributed renewable energy resources. The optimization objective is to minimize the 

ADN’s day-ahead computed dispatch error. The allocation of ESS is determined while taking 

advantages from their operational features regarding the ADN’s dispatchability. The proposed 

ESS planning is defined by formulating, and solving, a scenario-based non-linear nonconvex 

optimal power flow (OPF). The OPF problem is converted to a piecewise linearized OPF 

(PWL-OPF). The ESS control strategy is designed to fully exploit the energy capacity of the 

ESS. It is integrated within the PWL-OPF to achieve the ADN’s dispatchability regarding 

all operating scenarios. The Benders decomposition technique is employed to tackle the 

computational complexity of the proposed planning problem. The problem is decomposed 

into two sub-ones: a master problem where the allocation of the ESSs is decided, and several 

subproblems where the dispatchability of ADN with the support of the allocated ESS is 

evaluated through the scenario-based OPF. To validate the proposed method, extensive 

simulations are conducted on a real Swiss grid embedding significant PV generation capacity.
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F | OPTIMAL PROVISION OF CONCURRENT PRIMARY FREQUENCY AND LOCAL VOLTAGE 
CONTROL FROM A BESS CONSIDERING VARIABLE CAPABILITY CURVES: MODELLING AND 
EXPERIMENTAL ASSESSMENT

This paper proposes a control method for battery energy storage systems (BESSs) to provide 

concurrent primary frequency and local voltage regulation services. The actual variable active 

and reactive power capability of the converter, along with the state-of-charge of the BESS, 

are jointly considered by the optimal operating point calculation process within the real-time 

operation. The controller optimizes the provision of grid services, considering the measured 

grid and battery statuses and predicting the battery DC voltage as a function of the current 

trajectory using a three-time-constant model (TTC). A computationally-efficient algorithm 

is proposed to solve the formulated optimal control problem. Experimental tests validate 

the proposed concepts and show the effectiveness of the employed control framework on a 

commercial utility-scale 720 kVA/560 kWh BESS.
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A | FORECASTING CONDITIONAL EXTREME QUANTILES FOR WIND ENERGY 

Probabilistic forecasting of distribution tails (i.e., quantiles below .05 and above .95) is 

challenging for nonparametric approaches since data for extreme events are scarce. A poor 

forecast of extreme quantiles can have a high impact in various power system decision-aid 

problems. An alternative approach more robust to data sparsity is extreme value theory 

(EVT), which uses parametric functions for modelling distribution’s tails. In this work, we 

apply conditional EVT estimators to historical data by directly combining gradient boosting 

trees with a truncated generalized Pareto distribution. The parametric function parameters 

are conditioned by covariates such as wind speed or direction from a numerical weather 

predictions grid. The results for a wind power plant located in Galicia, Spain, show that the 

proposed method outperforms state-of-the-art methods in terms of quantile score.
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B | MARKOV SWITCHING AUTOREGRESSIVE MODELING OF WIND POWER FORECAST 
ERRORS

Forecast errors constitute the main hurdle to integrating variable renewable energies into 

electrical power systems. Errors are inherent to forecasting, although their magnitude varies 

significantly with respect to both the method adopted and the time horizon. Their dynamic 

and stochastic modeling is mandatory for power systems to efficiently balance out these 

errors. A Markov Switching Autoregressive – MS-AR – approach is proposed herein for wind 

power forecast errors. This particular model is able to identify weather regimes according 

to the forecast reliability. Such regimes are controlled by a Markov chain whose state – not 

directly observable – determines the AR model parameters. The statistical features of the 

data artificially generated by this model are very similar to those of the actual forecast 

error. This model is used to solve the optimal management of a storage associated with a 

wind farm. The resolution is performed by means of stochastic dynamic programming while 

comparing the proposed MS-AR approach with several other models. In this illustrative 

problem, a 15% reduction in operating costs is derived from a fine model of forecast errors.
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C | ONLINE FORECAST RECONCILIATION IN WIND POWER PREDICTION

Increasing digitization of the electric power sector allows to further rethink forecasting 

problems that are crucial input to decision-making. Among other modern challenges, 

ensuring coherency of forecasts among various agents and at various aggregation levels has 

recently attracted attention. A number of reconciliation approaches have been proposed, 

from both game-theoretical and statistical points of view. However, most of these approaches 

make unrealistic unbiasedness assumptions and overlook the fact that the underlying 

stochastic processes may be nonstationary. We propose here an alternative approach to 

the forecast reconciliation problem in a constrained regression framework. This relies on a 

multivariate least squares estimator, with equality constraints on the coefficients (denoted 

MLSE). A recursive and adaptive version of that estimator is derived (denoted MRLSE), hence 

allowing to track the optimal reconciliation in a fully data-driven manner. We also prove that 

our methods by design guarantee the coherency property for any out-of-sample forecasts 

(reconciliation by design). We show the effectiveness of our forecasting methods using a 

Danish wind energy dataset with 100 wind farms.
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D | MISSING DATA IN WIND FARM TIME SERIES: PROPERTIES AND EFFECT ON FORECASTS

Missing or corrupt data is common in real-world datasets; this affects the estimation and 

operation of analytical models where completeness is assumed or required. Statistical wind 

power forecasts utilise recent turbine data as model inputs, and must therefore be robust to 

missing data. We find that wind power data is ‘missing not at random’, with missing patterns 

also related to the forecast output. Approaches for dealing with this missing data in training 

and operation are proposed and evaluated through a case study, leading to a suggested 

forecasting methodology in the presence of missing data. In the training set, missing data 

was found to have significant negative impact on performance if simply omitted but this can 

be almost completely mitigated using multiple imputation. Greater increase in forecast errors 

is seen when input data are missing operationally, and retraining forecast models using the 

remaining inputs is found to be preferable to imputation.
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E  | RECALIBRATION OF RECURRENT NEURAL NETWORKS FOR SHORT-TERM WIND 
POWER FORECASTING

This paper is focused on the day-ahead prediction of the onshore wind generation. This 

information is indeed published each day, ahead of the market clearing, by European 

Transmission System Operators (TSOs) to help market actors in their scheduling strategy. 

In that regard, our first objective is to improve the forecast performance by efficiently 

capturing the complex temporal dynamics of the wind power using recurrent neural 

networks. Practically, advanced architectures of Long Short Term Memory (LSTM) networks 

are implemented and compared. Secondly, in order to continuously refine the prediction tool, 

different techniques for recalibrating the model during its practical utilization are analyzed. 

This procedure consists in adjusting the parameters of the neural networks by taking 

advantage of the new information revealed over time, without the (time-consuming) need to 

retrain the model from scratch using the whole available dataset. Finally, the financial savings 

from the improvement of the forecast accuracy are estimated. Outcomes from the Belgian 

case study show that an optimal model recalibration can significantly improve forecast 

reliability, thereby decreasing the balancing costs of the system.
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F | APPLICATION OF MICROSCALE WIND AND DETAILED WIND POWER PLANT DATA IN 
LARGE-SCALE WIND GENERATION SIMULATIONS

With increasing wind installations, there is a need to analyze wind generation variability in 

detail. This paper applies the reanalysis approach for modelling the variability; however, with 

two important additions. Firstly, high-resolution microscale data is combined with mesoscale 

reanalysis time series to model local variability in wind. Secondly, as there are often missing 

technical parameters in large-scale wind power plant datasets, machine learning is used to 

estimate the missing values. It is shown that such detailed modelling leads to more accurate 

simulations than a baseline model when compared to historical data from multiple European 

countries. In addition, applicability of the methodology for analyzing future scenarios with 

changing wind installations is demonstrated.

— Matti Koivisto     
Technical University of Denmark, Department of Wind Energy
Denmark

— Konstantinos Plakas     
Technical University of Denmark, Department of Wind Energy
Denmark

— Ernesto Rodrigo Hurtado Ellmann     
Technical University of Denmark, Department of Wind Energy
Denmark

— Neil Davis     
Technical University of Denmark, Department of Wind Energy
Denmark

— Poul Sørensen     
Technical University of Denmark, Department of Wind Energy
Denmark

9:45 — 11:45

AUDITORIUM 02

87



PSCC 2020

XXI POWER SYSTEMS
COMPUTATION
CONFERENCE
29th JUNE — 3rd JULY

WEDNES-
DAY
01 
JULY

Enhancing Operational Resilience and 
Flexibility of Distribution Systems

Chair: Yunhe Hou

12:00 — 14:00

A  | OPERATIONAL RELIABILITY ASSESSMENT OF PHOTOVOLTAIC INVERTERS 
CONSIDERING VOLTAGE/VAR CONTROL FUNCTION

This paper proposes an operational reliability assess-ment approach of photovoltaic (PV) 

inverters considering a voltage/VAR control (VVC) function. The approach aims to quantify 

the reliability degradation and estimate the lifetime of PV inverters when they are utilized 

for the VVC function. First-ly, an inverter based VVC model considering uncertain profiles 

of PV power generation and loads is developed and it is solved by a stochastic optimization 

method. Then, a long-term reliabil-ity assessment procedure of the inverters utilized in the 

VVC model is proposed. To assess the reliability, a power loss model considering the VVC 

results is developed and a modified lifetime model based on Coffin-Manson model and 

manufacturing in-formation is proposed. The proposed VVC model and inverter reliability 

assessment approach are verified on a 33-bus distri-bution network. The simulation results 

reveal the long-term impacts of additional utilization in the VVC function on opera-tional 

reliability and lifetime of PV inverters.
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B | ASSESSING THE EFFECTS OF DER ON VOLTAGES USING A SMART METER-DRIVEN 
THREE-PHASE LV FEEDER MODEL

The increasing number of residential distributed energy resources (DER) is driving the need 

for distribution companies to routinely assess potential voltage violations due to excessive 

power injections. However, this task can be quite challenging in low voltage (LV) feeders 

due to the limited availability of modelling data. To this end, this work proposes a practical 

approach to assess the effects of DER on voltages by exploiting historical time-series 

measurements from smart meters and head of the feeder. First, the impedances of three-

phase feeders are deter-mined assuming knowledge of feeder topology and service cable 

parameters. Then, the resulting smart meter-driven model is used to compute voltages due to 

potential DER injections. The performance of the proposed methodology is assessed using a 

realistic Australian three-phase LV feeder with 40 single-phase customers. Results show that, 

while there is some error in the calculated impedances, customer voltages are sufficiently 

accurate for DER management purposes.
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C | DERIVING POWER UNCERTAINTY INTERVALS FOR LOW VOLTAGE GRID STATE 
ESTIMATION USING AFFINE ARITHMETIC

Pseudo-measurements are usually applied as substitutes for measurement data to 

obtain observability even in case of sparse measurement configurations. The quality of 

pseudomeasurements strongly affects the accuracy of state estimation results. Generating 

pseudo-measurements is not a straightforward task in particular for customers with highly 

stochastic behavior. This paper proposes a novel approach to obtain verified boundaries 

of pseudo-measurements, which are consistent to currently available measurement 

information. These boundaries allow to verify generated pseudo-measurements, whether 

they are compliant to current system conditions. Additionally, tight boundaries are suitable 

to generate pseudo-measurements on-line regardless of the customer’s structure. The 

proposed algorithm applies Affine Arithmetic - a self-validated numerical model - to the state 

estimation problem and treats pseudo-measurements as main source of uncertainty. The key 

properties of the algorithm are rigorous, iterative, linearizing and large-scale. These properties 

are demonstrated by numerical simulation of two benchmark grid models of different 

complexity. Computational and implementation issues are addressed in detail.
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D | APPLYING OVERLAY NETWORKS TO THE SMART GRID AND ENERGY COLLECTIVES

With the desire from prosumers and energy collectives to trade energy directly with peers, 

engage in dynamic changing contract relationships and decentralized energy markets, 

technologies such as overlay networks can be used to provide the communication layer to 

facilitate routing, dynamic discovery and communication between the peers. In this paper, 

we will show that using the properties in the smart grid, such as the physical location of 

Distributed Energy Resources (DER) and the clustered topology of energy collectives, the 

efficiency of the routing in standard overlay networks can be improved by introducing a 

location-aware heuristic and concepts from complex network theory. The improved routing 

model is tested and verified by comparing a proof of concept with different network models 

and properties from the smart grid and energy collectives, against a standard overlay network 

implementation. The results show that in the context of the smart grid, routing efficiency in 

a decentralized communication layer can be significantly improved and the issues found in 

previous work can be alleviated by using concepts from complex networks.
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E | AN ADVANCED CONTROL STRATEGY FOR DC INTERCONNECTIONS OF DISTRIBUTION 
SYSTEMS CONSIDERING CURATIVE SYSTEM SECURITY

The increasing amount of renewable energy infeed into distribution systems has become a 

challenge for power system operation. Connecting several distribution systems via VSC-based 

DC-interconnections has been identified to be an effective alternative to conventional grid 

expansion to relieve the power systems. This paper introduces an advanced control strategy 

for DC-interconnected distribution systems based on curative system security to increase the 

maximum utilization of existing assets within security limitations. Furthermore, an approach 

to coordinate the setpoint determination of a DC-interconnection between two DSO’s is 

introduced in this work.
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F | RECLOSER PLACEMENT OPTIMIZATION USING THE CROSS-ENTROPY METHOD AND 
REASSESSMENT OF MONTE CARLO SAMPLED STATES

This paper proposes an approach to optimize the location of reclosers in distribution feeders 

aiming to improve system reliability, minimize costs and reduce the occurrence of voltage 

sags. The approach is based on the cross-entropy method and the reassessment of sampled 

states generated using sequential Monte Carlo simulations. Results indicate the effectiveness 

of the approach, the importance of integrating reliability and power quality aspects to the 

analysis, and the computational gains of deploying a reassessment process of Monte Carlo 

sampled states instead of the conventional Monte Carlo simulation algorithm.
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A | ON THE MINIMAL SET OF CONTROLLERS AND SENSORS FOR LINEAR POWER FLOW

We consider a linear power flow model with intervalbounded nodal power injections and 

limited line power flows. We determine the minimal number of power injections to control 

based on a minimal set of measurements, such that the overall system is feasible for all 

assignments of the non-controlled power injections. For the important case where the 

possible measurements are the nodal power injections, we show that the problem can be 

solved efficiently as a mixed-integer linear program (MILP). When also line power flows 

are considered as potential measurements, we derive an iterative, greedy algorithm that 

provides a feasible, but potentially conservative solution. We apply the developed algorithms 

to both a small microgrid and a modified version of the IEEE 118 bus test power system. We 

show that in both cases a sparse solution in terms of the number of required controllers and 

measurements can be obtained. Moreover, the number of required measurements can be 

reduced significantly if line flow measurements are considered additionally to nodal power 

injections.

— Edwin Mora     
Technische Universität Darmstadt
Germany

— Florian Steinke     
Technische Universität Darmstadt
Germany

AUDITORIUM 02

12:00 — 14:00

94



WEDNESDAY 01 JULY

Wide-Area Monitoring and Control

Chair: Ali Abur

B | OPTIMAL METER PLACEMENT IN LOW OBSERVABILITY DISTRIBUTION NETWORKS 
WITH DER

This paper presents a mixed integer linear programming (MILP) approach to deal with the 

volatility associated with loads and distributed energy resources (DER) in low observability 

distribution networks. Distribution networks, characterized by having many buses and few 

meters, have recently faced massive integration of DER, whose injection increases net load 

volatility. To better understand how to act under such increased volatility, the accuracy 

of state estimation (SE) needs to be improved. Our approach improves SE accuracy by 

providing meter placement solutions that take into account uncertainty as expressed by 

multiple load and DER profile scenarios, this way mitigating the impact of net load volatility. 

Solution results are illustrated and discussed for different case studies carried out over a 

radial 9 bus test feeder.
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C | WIDE AREA BACKUP PROTECTION SCHEME FOR DISTANCE RELAYS CONSIDERING THE 
UNCERTAINTY OF NETWORK PROTECTION

Although local protection methods can perform well at speed, in a real network where 

network uncertainties are unavoidable, these methods may result in inaccurate performance. 

Therefore, the use of other methods, such as wide area protection, can lead to more accurate 

results because of using comprehensive information via telecommunication links. In this 

paper, a wide area protection algorithm is presented to cover the mal-operation of relays 

due to the network uncertainties. In this method, an objective function is defined based 

on the performance status of various zones of distance relays, the values of which will be 

different for each line. Depending on the position of each relay on the transmission line, 

weighting factors for objective function are determined based on the optimization algorithm 

and taking into account the possible uncertainties of the power grid. The proposed method 

has been implemented on IEEE 9-bus system and has proved high detection precision and 

performance accuracy.
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D | DESIGN AND EXPERIMENTAL VALIDATION OF AN FPGA-BASED PMU SIMULTANEOUSLY 
COMPLIANT WITH P AND M PERFORMANCE CLASSES

Low-inertia grids are characterized by high shares of harmonic and inter-harmonic 

distortion, produced by the inverters that interface non-conventional generation assets to 

the electrical grid. These interfering tones largely compromise synchrophasor estimation 

and may jeopardize protection and control strategies based on Phasor Measurement Units 

(PMU). Indeed, the IEEE Std. C37.118 does not require resiliency against inter-harmonic 

tones for protection PMUs. In view of increasing synchrophasor technology reliability, the 

paper presents the design and the experimental validation of a PMU that is simultaneously 

compliant with both protection (P) and measurement (M) class of PMU performance defined 

in the IEEE Std. C37.118. The synchrophasor estimator is based on the interpolated DFT and 

iteratively estimates and compensates the effects of the spectral interference produced by 

a generic interfering tone and the negative image of the fundamental tone. The proposed 

hardware architecture is based on a Field Programmable Gate Array (FPGA).

— Asja Derviškadić     
Swiss Federal Institute of Technology of Lausanne (EPFL)
Switzerland

—  Mario Paolone     
Swiss Federal Institute of Technology of Lausanne (EPFL)
Switzerland

AUDITORIUM 02

12:00 — 14:00

97



PSCC 2020

XXI POWER SYSTEMS
COMPUTATION
CONFERENCE
29th JUNE — 3rd JULY

WEDNES-
DAY
01 
JULY

Wide-Area Monitoring and Control

Chair: Ali Abur

E | A ROBUST DYNAMIC LINE RATING MONITORING SYSTEM THROUGH STATE ESTIMATION 
AND BAD DATA ANALYSIS

This paper introduces an approach to increase robustness and safety of a weather and 

tension-based dynamic line rating system through the use of state estimation and bad data 

analysis algorithms. Bad data are identified through a procedure based on the evaluation 

of normalized Lagrange multipliers and collinearity tests. Numerical results highlight the 

effectiveness of the state estimation and gross error verification algorithms as well as the 

impact of bad data on dynamic line rating assessments.
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F | PMU-BASED LINEAR STATE ESTIMATION OF LAUSANNE SUBTRANSMISSION NETWORK: 
EXPERIMENTAL VALIDATION

The paper presents the implementation details and the experimental validation of a linear 

state estimator based on synchrophasor measurements in a real subtransmission network. 

The data are provided by 15 phasor measurement units (PMUs) installed in the 125-kV 

grid of the city of Lausanne, Switzerland. The PMU-based monitoring infrastructure, the 

telecommunication and the phasor data concentrator are described in detail. We compare the 

performance of two different state estimation methods, i.e., the linear weighted least squares 

and the least absolute value estimator, with a focus on the influence of the line parameter 

errors on the state estimates. We further analyze the latency contribution associated to each 

step of the measurement chain, in order to validate its appropriateness to serve timecritical 

power system applications.
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A | CONVEX MODEL FOR INDUCTION MOTOR STARTING TRANSIENTS IMBEDDED IN AN 
OPF-BASED OPTIMIZATION PROBLEM

Large horsepower induction motors play a critical role in the operation of industrial facilities. 

In this respect, the distribution network operators dedicate a high priority to the operational 

safety of these motor loads. In this paper, the induction motor starting is modeled analytically 

and in a semi-static fashion. This model is imbedded in a convex distribution system 

restoration problem. In this optimization problem, it is aimed to determine the optimal status 

of static loads and the optimal dispatch of distributed generators such that: a) the induction 

motors can be reaccelerated in a safe way and, b) the total power of static loads that cannot 

be supplied before the motor energization, is minimized. The proposed optimization problem 

is applied in the case of a distribution network under different simulation scenarios. The 

feasibility and accuracy of the obtained results are validated using a) off-line time-domain 

simulations, and b) Power Hardware-In-the-Loop experiments.
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B | OPTIMIZING LINE-VOLTAGE-REGULATORS WITH REGARD TO POWER QUALITY

The rapid expansion of distributed energy resources in the low voltage grid causes voltage 

limit violations, especially in rural areas with little electric load. To solve this issue without 

costly grid reinforcement, one approach is the use of smart devices such as line-voltage-

regulators. However, the majority of these devices carry out stepped voltage adjustments, 

which cause a negative effect on the dynamic voltage characteristic. For this reason, this 

paper deals with a novel line-voltage-regulator and its power quality optimized control. 

The novel setup enables a continuous voltage regulation in a robust way by using variable 

inductors. The control design focuses on mitigating side-effects like harmonic distortion 

emission and increased grid impedance. Finally, a laboratory analysis evaluates the novel line-

voltage regulator in comparison to a stepped one with regard to power quality.
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C | GENERALIZED MULTIPORT REPRESENTATION OF POWER SYSTEMS USING ABCD 
PARAMETERS FOR HARMONIC STABILITY ANALYSIS

This paper introduces a complete modeling framework for harmonic stability assessment 

starting from ABCD parameters. It does so by presenting the theoretical foundations 

for modeling power system components in the ABCD domain, developing adequate 

interconnection methods for the components, as well as determining the ABCD parameters 

from any port in the system. The paper also illustrates how the resulting ABCD component 

models can conveniently be used for a stability analysis of an entire system, consisting of 

both active and passive components.
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D | EVALUATING SHORT CIRCUIT INDICES IN AN INTEGRATED ASSESSMENT OF 
DISTRIBUTION SYSTEM ADEQUACY AND POWER QUALITY

This work presents a probabilistic approach, based on a sequential Monte Carlo simulation 

procedure, to evaluate reliability, power quality and short circuit indices in an integrated 

manner. With respect to previous works, short circuit related indices are included within the 

evaluation approach and their application in setting protective devices and planning device 

stock levels is highlighted. Numerical results for different line configurations are provided 

in order to verify their impact in the occurrence of customer interruptions, voltage signal 

deviations and fault current indicators.
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E | PROBABILISTIC ASSESSMENT OF VOLTAGE QUALITY ON SOLAR-POWERED ELECTRIC 
VEHICLE CHARGING STATION

This paper evaluates the potential benefits the connection of photovoltaic generation 

can bring to a commercial building with electric vehicles charging stations considering 

voltage quality issues. Monte Carlo simulation is applied to model system uncertainties, 

and uncontrolled charging Level 2 is considered. Simulations are performed in the modified 

IEEE 37 node test feeder using OpenDSS software, using real load data and meteorological 

measurements, considering the seasonality effect of photovoltaic generation. Different 

scenarios are analyzed, varying the size of photovoltaic generation and electric vehicles 

connection time. The obtained results show voltage unbalance is not a major issue when 

charging at Level 2. Also, the use of photovoltaic generation can potentially reduce the 

probability of occurrence of undervoltage problems, transformer overload and losses, 

according to the penetration level of photovoltaic generation and daily electric vehicles 

charging demand.
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F | ON THE IMPACT OF DIFFERENT VOLTAGE UNBALANCE METRICS IN DISTRIBUTION 
SYSTEM OPTIMIZATION

With increasing penetrations of single-phase, rooftop solar PV installations, the relative 

variations in perphase loading and associated voltage unbalance are expected to increase. 

High voltage unbalance may increase network losses and lead to failure of three-phase 

equipment such as motor loads. However, solar PV panels are connected to the grid through 

inverters, which can provide reactive power support and may mitigate some of these negative 

effects. In this paper, we utilize a three-phase AC optimal power flow (OPF) formulation to 

minimize voltage unbalance using reactive power from solar PV inverters. When considering 

actions to reduce voltage unbalance, it is important to recognize that various organizations 

such as IEC, NEMA and IEEE provide different and partially inconsistent definitions of voltage 

unbalance in their power quality standards. This paper analyzes the impact of the different 

voltage unbalance metrics using different combinations of voltage unbalance objectives 

and constraints. For our analysis, the optimization scheme is tested on two unbalanced 

low-voltage distribution networks. We observe that minimizing voltage unbalance defined 

by one standard might actually increase voltage unbalance as defined by another standard, 

potentially resulting in equipment damage. We also observe that minimizing voltage 

unbalance does not always lead to lower network losses. However, considerable reduction in 

voltage unbalance with low network losses can be achieved by minimizing the losses while 

simultaneously enforcing limits on multiple definitions of voltage unbalance.
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A | REVIEW ON TSO-DSO COORDINATION MODELS AND SOLUTION TECHNIQUES

The volume of services procured by transmission system operators (TSOs) through 

distribution-connected resources, aka distributed energy resources (DER), has been 

increasing in recent years. Currently, distribution networks are assumed to be fully capable of 

dealing with the resulting power flows. However, this assumption will no longer be valid as the 

volume of DER services become significant. Therefore, distribution system operators (DSOs) 

need to have a more active role to ensure the integrity of the distribution network while 

facilitating DER services. To achieve this, adequate coordination between TSOs and DSOs is 

required. To help stakeholders understand the implications of different coordination models 

so they can be adopted or tailored to their needs, this paper identifies three core TSO-DSO 

coordination models from the many proposed in the literature, discussing the corresponding 

advantages, disadvantages and challenges. Furthermore, a mapping of the proposed solution 

techniques is carried out to identify research trends and gaps.
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B | TSO-DSO COORDINATION TO ACQUIRE SERVICES FROM DISTRIBUTION GRIDS: 
SIMULATIONS, COST BENEFIT ANALYSIS AND REGULATORY CONCLUSIONS FROM THE 
SMARTNET PROJECT

The continuously growing distributed generation and the business potential for demand 

response are gradually enabling significant provision of flexibility and reserve towards 

distribution networks. For this reason, transmission and distribution system operators need 

to coordinate their operation in order to develop efficient market arrangements that can help 

utilize all the resources capable of providing ancillary services. SmartNet project investigated 

the potential interaction schemes between network operators, together with the possible 

new services devoted to the optimal distribution grid management. This paper summarizes 

the main challenges in simulating complex electricity systems and flexibility markets for three 

European countries (Italy, Denmark and Spain) in 2030 scenarios. The simulation results are 

then analyzed using cost-benefit analysis and regulatory conclusions are deduced.
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C | ON THE DEVELOPMENT OF ORGANIZED NODAL LOCAL ENERGY MARKETS AND A 
FRAMEWORK FOR THE TSO-DSO COORDINATION

In this paper we propose a market design for implementing organized nodal electricity 

markets for the distribution grid. Distribution System Operators (DSOs) are expected to 

manage a massive penetration of Distributed Energy Resources (DERs), such as Renewable 

Energy Resources (RES), Electric Vehicles (EVs), Storage and Demand response. A Day 

Ahead Market (DAM) and a Real-Time Market (RTM) is proposed to optimize and clear offers 

and bids submitted by the DERs. A Mixed Integer Programming (MIP) Security Constrained 

Unit Commitment (SCUC) and a Security Constrained Economic Dispatch (SCED) iterates 

with a detailed asymmetric and unbalanced three-phased Distribution Power Flow (DPF) to 

enforce all constraints in the distribution grid. The solution produces Distribution Locational 

Marginal Prices (DLMPs) for all phases at every node of the distribution grid. A general 

framework for the coordination of the DSO with the ISO/TSO markets is also presented 

as an integral part of the proposed multi-level energy market design. The proposed new 

methodology has been applied to an actual large-scale distribution system. Numerous 

simulation scenarios have been executed to prove the validity of the proposed approach. In 

this paper a simple small subset of the actual distribution system is selected to illustrate the 

proposed methodology.
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D | SITING AND SIZING OF ENERGY STORAGE SYSTEMS: TOWARDS A UNIFIED APPROACH 
FOR TRANSMISSION AND DISTRIBUTION SYSTEM OPERATORS FOR RESERVE PROVISION 
AND GRID SUPPORT

This paper presents a method to determine the optimal location, energy capacity, and power 

rating of distributed battery energy storage systems at multiple voltage levels to accomplish 

grid control and reserve provision. We model operational scenarios at a one-hour resolution, 

where deviations of stochastic loads and renewable generation (modeled through scenarios) 

from a day-ahead unit commitment and violations of grid constraints are compensated by 

either dispatchable power plants (conventional reserves) or injections from battery energy 

storage systems. By plugging-in costs of conventional reserves and capital costs of converter 

power ratings and energy storage capacity, the model is able to derive requirements for 

storage deployment that achieve the technical-economical optimum of the problem. The 

method leverages an efficient linearized formulation of the grid constraints of both the HV 

(High Voltage) and MV (Medium Voltage) grids while still retaining fundamental modeling 

aspects of the power system (such as transmission losses, effect of reactive power, OLTC at 

the MV/HV interface, unideal efficiency of battery energy storage systems) and models of 

conventional generator. A proof-of-concept by simulations is provided with the IEEE 9-bus 

system coupled with the CIGRE’ benchmark system for MV grids, realistic costs of power 

reserves, active power rating and energy capacity of batteries, and load and renewable 

generation profile from real measurements.
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E | REACTIVE POWER SUPPORT ADEQUACY AT THE DSO/TSO INTERFACE

The exchange of reactive power at the interface between distribution and transmission 

systems gains significant importance with ongoing relocation of generators to lower voltage 

levels. To keep transmission systems operation secure and stable, distribution systems may 

need to be more flexible when exchanging power at the interface with the overlaying grid. 

A flexibility measure of this interface is proposed by this paper through introduction of 

flexibility coefficients. These coefficients are calculated by comparing DSO capability and 

TSO desirability surfaces. These surfaces describe the distribution system’s capability to 

provide flexible reactive power exchange and the transmission system’s needs to use these 

flexibilities. Since the surfaces can be calculated independently, the newly proposed method 

of flexibility assessment can be applied without substantial exchange of system information 

between DSO and TSO. The proposed concept is illustrated on the Nordic 32 system for a 

case of the connection of two differently behaving distribution systems.
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F | COUPLED TRANSMISSION AND DISTRIBUTION SIMULATIONS TO ASSESS DISTRIBUTED 
GENERATION RESPONSE TO POWER SYSTEM FAULTS

The historical simulation approach of aggregating distributed generation (DG) with load for 

transmission simulations is proving inadequate at capturing these DG dynamics. Presented is 

a methodology that uses interfacing data sets to couple disparate simulations in an iterative 

manner. This methodology was implemented with a Positive Sequence Load Flow (PSLF) 

dynamic model of the Western Interconnection with 9 GW of DG. A transmission fault leading 

to a faultinduced delayed voltage recovery (FIDVR) is analyzed with this iterative coupled 

simulation method, with more than 120 substation voltage profiles extracted, representing 

more than 4 GW of DG, and simulated in OpenDSS to capture the ridethrough dynamics. 

OpenDSS simulations of feeders populated with photovoltaic DG and associated time-

dependent tripping and momentary cessation criteria based on the IEEE 1547 standard are 

performed. Coupled simulation results show significant differences in DG responses, as well as 

overall system responses, between single PSLF and the coupled simulations.
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A | STOCHASTIC MODELING OF TIDAL GENERATION FOR TRANSIENT STABILITY 
ANALYSIS: A CASE STUDY BASED ON THE ALL-ISLAND IRISH TRANSMISSION SYSTEM

The renewable energy currently generated in the Irish system is almost entirely supplied 

by wind power plants. However, in the sea around Ireland there is a significant tidal energy 

potential. This paper provides a comparison of these two renewable energy sources, namely 

wind and tidal, in terms of short-term variability and its impact on the dynamic behavior 

of the system. With this aim, stochastic models of the short-term variability of these two 

energy sources are proposed. Simulation results indicate that tidal generation leads to 

larger frequency variations than those that are caused by wind generation. The paper also 

shows that the inclusion of frequency control in tidal power plants effectively mitigates such 

fluctuations.
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B | OPTIMIZED CONTROL OF VARIABLE SPEED HYDROPOWER FOR PROVISION OF FAST 
FREQUENCY RESERVES

This paper deals with the design of controllers for variable speed hydropower (VSHP) 

plants with the objective of optimize the plants’ performance. The control objectives imply 

enabling fast responses to frequency deviations while keeping the electric and hydraulic 

variables within their constraints. A model predictive controller (MPC) was developed to 

coordinate the turbine controller with the virtual synchronous generator (VSG) control of 

the power electronics converter. The simulation results show that the VSG is able to deliver 

fast power responses by utilizing the rotational energy of the turbine and the generator. The 

MPC controls the guide vane opening of the turbine to regain the nominal turbine rotational 

speed. If this is not possible due to the constraints of the hydraulic system, the MPC adjusts 

the power output of the VSHP by changing the VSG power reference. The proposed control 

system allows the VSHP to provide fast frequency reserves (FFR).
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C | EVALUATING REACTIVE POWER RESERVES SCARCITY DURING THE ENERGY 
TRANSITION TOWARD 100% RENEWABLE SUPPLY

The energy transition toward renewable-dominated electricity supply, which many countries 

committed to achieve in the next decades, will pose major challenges to power systems 

reliable operation. A significant anticipated challenge, yet not tackled quantitatively by 

research works, is that, if countermeasures are not planned, the transmission grid will likely 

face in the years to come extreme situations of lack and/or excess of reactive power. This 

paper first raises awareness on the key issue of reactive power reserves scarcity as one moves 

toward renewabledominated electricity supply and brings quantitative evidence underpinning 

this issue. Then, the paper elaborates a crude first version of a methodology to predict when 

such issue may start to occur. The core of the methodology includes a tailored AC security-

constrained optimal power flow (SCOPF) problem which evaluates the reactive power 

reserves scarcity. The usefulness of the proposed methodology is illustrated on two systems 

of 5 and 60 buses, respectively, considering N-1 contingencies.
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D | A COMBINED HIGH-, MEDIUM-, AND LOW-VOLTAGE TEST SYSTEM FOR STABILITY 
STUDIES WITH DERS

Future scenarios with high penetration of Distributed Energy Resources (DERs) call out for 

detailed network modelling at all voltage levels. The challenges of building a network model 

that is realistic at both the transmission and distribution levels have led to test systems 

that use aggregate medium-voltage (MV) loads. In this paper, we present a methodology 

that uses low-voltage networks with a sensible load allocation to disaggregate MV loads 

that were previously used in combined Transmission-Distribution (TD) network simulations. 

The resulting network accurately captures the interaction of transmission and distribution 

networks, thereby proving useful for new control schemes and stability studies that account 

for the participation of small and large-scale distributed energy resources. This extended 

network model is a convenient tool for research, training, and teaching.
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E | PROBABILISTIC ANALYSIS OF MASKED LOADS WITH AGGREGATED PHOTOVOLTAIC 
PRODUCTION

In this paper we present a probabilistic analysis framework to estimate behind-the-

meter photovoltaic generation in real time. We develop a forward model consisting of 

a spatiotemporal stochastic process that represents the photovoltaic generation and a 

stochastic differential equation with jumps that represents the demand. We employ this 

model to disaggregate the behind-the-meter photovoltaic generation using net load and 

irradiance measurements.
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F | HEDGING POWER MARKET RISK BY INVESTING IN SELF-PRODUCTION FROM 
COMPLEMENTING RENEWABLE SOURCES

The increasing competitiveness of renewable energy and the complementarity between 

water inflows and wind can be used as drivers to provide more security of supply for 

companies that want to invest in these renewable sources. From this perspective, this study 

focuses on the analysis of a large consumer that procures its energy in an electricity market 

involving both bilateral and spot market transactions. Moreover, the consumer can invest 

in a renewable self-production, deciding the new installed capacity and the moment to 

invest. Also, the hydro-wind complementarity is explored to reduce the spot market risk in 

which the consumer is exposed to, because of the intermittent renewable generation profile. 

Therefore, the proposed model is a specialized tool to further explore the complementarity 

between renewable sources in the optic of a large consumer. The effectiveness of the model 

is illustrated using historical data from the Brazilian market.
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A | BALANCIBILITY: EXISTENCE AND UNIQUENESS OF POWER FLOW SOLUTIONS UNDER 
VOLTAGE BALANCE REQUIREMENTS

In distribution systems, power injection variability due to growing penetrations of distributed 

energy resources (DERs) and dispatchable loads can lead to power quality issues such as 

severe voltage unbalance. To ensure safe operation of phase-balance-sensitive components 

such as three-phase motor loads, the amount of voltage unbalance must be maintained 

within specified limits for a range of uncertain loading conditions. This paper builds on 

existing “solvability conditions” that characterize operating regions for which the power 

flow equations are guaranteed to admit a unique high-voltage solution. We extend these 

existing solvability conditions to be applicable to distribution systems and augment them 

with a “balancibility” condition that quantifies an operating region within which a unique, 

adequately balanced power flow solution exists. To build this condition, we consider different 

unbalance definitions and derive closed-form representations through reformulations or 

safe approximations. Using case studies, we evaluate these closedform representations and 

compare the balancibility conditions associated with different unbalance definitions.
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B | CONTROL OF DISTRIBUTION GRIDS WITH STORAGE USING NESTED BENDERS’ 
DECOMPOSITION

The rapid spread of the renewable energy sources (RES) in conjunction with an increase of 

electric vehicles and prosumer technology in distribution systems pushes the distribution 

system operators to actively and economically manage and control the grid. In order to 

treat the unpredictable nature of RES, the operators increasingly resort to battery energy 

storage system (BESS). Coupled with the control functionalities such as optimal power flow 

(OPF), BESS can provide a leverage in grid management. The paper proposes an innovative 

approach to multi-period OPF based on Nested Benders’ Decomposition to properly model 

the multi-period constraints of the energy level of BESS. In our approach we are assessing 

the convergence of the nonlinear and nonconvex AC power flow using NBD. Finally, the 

performance of the methodology in terms of objective function values and computational 

complexity is evaluated through the series of test cases based on various IEEE distribution 

testbeds.
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C | COMPARISON OF LINEAR AND CONIC POWER FLOW FORMULATIONS FOR 
UNBALANCED LOW VOLTAGE NETWORK OPTIMIZATION

The electrification of transport and heating systems brings new challenges for the low voltage 

distribution networks, which in the future might be more prone to congestion. This calls for 

methods to perform optimization and control actions, to ensure their correct operation. Their 

large extension and non-negligible degree of voltage unbalance make low voltage systems 

difficult to analyze. This paper features a comparison of three unbalanced formulations 

for power flow and OPF analyses: the full nonlinear, non-convex AC formulation, a second-

order cone relaxation and a linear approximation. Accuracies and computational efforts are 

evaluated for different problem types, to assess whether the conic and linear formulation are 

suitable to perform low voltage systems calculations.
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D | IMPACT OF P2P TRADING ON DISTRIBUTED GENERATION CURTAILMENT IN 
CONSTRAINED DISTRIBUTION NETWORKS

The increasing uptake of Distributed Energy Resources and advancement in blockchain 

technology has led to the growth in interest in the peer-to-peer (P2P) based energy trading. 

However, there has been a lack of consideration how these trades may affect the network 

operation, in particular in networks that apply Active Network Management using Last-in- 

First-out (LIFO) access rules, such as in the UK. This paper presents a novel application of 

Optimal Power Flow that manages the P2P trading whilst optimising legacy DGs under a LIFO 

access agreement. Analysis show that under such arrangements, and in combination with 

autonomous P2P trading, lower priority DGs are vulnerable to excessive curtailment levels.
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E | POWERMODELSDISTRIBUTION.JL: AN OPEN-SOURCE FRAMEWORK FOR EXPLORING 
DISTRIBUTION POWER FLOW FORMULATIONS

In this work we introduce PowerModelsDistribution, a free, open-source toolkit for distribution 

power network optimization, whose primary focus is establishing a baseline implementation 

of steady-state multi-conductor unbalanced distribution network optimization problems, 

which includes implementations of Power Flow and Optimal Power Flow problem types. 

Currently implemented power flow formulations for these problem types include AC (polar 

and rectangular), a second-order conic relaxation of the Branch Flow Model (BFM) and Bus 

Injection Model (BIM), a semi-definite relaxation of BFM, and several linear approximations, 

such as the simplified unbalanced BFM. The results of AC power flow have been validated 

against OpenDSS, an open-source “electric power distribution system simulator”, using IEEE 

distribution test feeders (13, 34, 123 bus and LVTestCase), all parsed using a built-in OpenDSS 

parser. This includes support for standard distribution system components as well as novel 

resource models such as generic energy storage (multi-period) and photovoltaic systems, 

with the intention to add support for additional components in the future.
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F | EXPERIENCES DEVELOPING LARGE-SCALE SYNTHETIC U.S.-STYLE DISTRIBUTION TEST 
SYSTEMS

This paper describes computational, data management, and other experiences developing 

large-scale, realistic-but-not-real U.S.-style distribution test systems for the Smart-DS project. 

These test systems cover entire metropolitan areas and include everything from low-voltage 

secondaries to sub-transmission for hundreds or thousands of feeders making them as much 

as three orders of magnitude larger than existing single feeder test systems. Lessons learned 

with automation and data handling are shared to aid data set users and synthetic test grid 

creators.
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A | PROBABILISTIC PLANNING OF ELECTRIC VEHICLES CHARGING STATIONS IN AN 
INTEGRATED ELECTRICITY-TRANSPORT SYSTEM

One of the most important aspects of the development of Electric Vehicles (EVs) is the 

optimal sizing and allocation of charging stations. Due to the interactions between the 

electricity and transportation systems, the key features of these systems (such as traffic 

network characteristics, charging demands and power system constraints) should be taken 

into account for the optimal planning. This paper addressed the optimal sizing and allocation 

of the fast-charging stations in a distribution network. The traffic flow of EVs is modeled 

using the User Equilibrium-based Traffic Assignment Model (UETAM). Moreover, a stochastic 

framework is developed based on the Queuing Theory (QT) to model the load levels 

(EVs’ charging demand). The objective function of the problem is to minimize the annual 

investment cost, as well as the energy losses that are optimized through chance-constrained 

programming. The probabilistic aspects of the proposed problem are modeled by using 

the point estimation method and Gram-Charlier expansion. Furthermore, the probabilistic 

dominance criteria are employed in order to compare the uncertain alternatives. Finally, the 

simulation results are provided for both the distribution and traffic systems to illustrate the 

performance of the proposed problem.
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B | GRID-AWARE DISTRIBUTED CONTROL OF ELECTRIC VEHICLE CHARGING STATIONS IN 
ACTIVE DISTRIBUTION GRIDS

The penetration of electric vehicle (EV) charging stations (CSs), along with the progressive 

connection of stochastic distributed generation, is increasing the probability of violating the 

power distribution grid operational constraints and deteriorate the quality of power supply. 

To this end, the paper proposes a real-time control scheme for allocating power set-points 

to EV CSs while accounting for the grid operational requirements. In the proposed problem 

formulation the grid and the power injections are modelled accounting for their unbalanced 

3-phase nature, thus enabling to formulate the problem objective and its constraints adopting 

the sequence decomposition. The EVs’ users need, along with the stochastic nature of other 

uncontrollable injections (e.g. loads and generation from photovoltaic generation units), 

are also taken into account. A distributed control scheme, with a minute-scale control 

horizon, is proposed where local controllers, operating at EV aggregation level, compute 

EV batterysecure power set-points. These controllers send their set-points to a central 

controller operating at the grid aggregation level. The central controller solves a scenario-

based linearised optimal power flow accounting for grid operational and power quality 

constraints. Then, it sends back its solution to the respective local controllers. The obtained 

iterative algorithm is efficiently solved until convergence. We analyse the performance of the 

proposed control scheme via a set of simulation ran on the IEEE-34 feeder. Comparisons with 

two other control algorithms, a grid-unaware local controller and a myopic maximum power 

controller, are included to benchmark the proposed control scheme.
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C | SENSITIVITY ANALYSIS OF ELECTRIC VEHICLE IMPACT ON LOW-VOLTAGE 
DISTRIBUTION GRIDS

The presented work identifies the dominating influencing factors in electric vehicle (EV) 

modelling on lowvoltage distribution grids to establish guidance for reliable impact 

assessments of increasing EV penetration. Seven aspects are distinguished with respect to 

the modelling of the load of EVs that influence the flows and voltages in the grid. For each 

of these aspects sensitivity analyses are carried out by running power flow simulations in a 

Monte-Carlo fashion to account for the stochasticity in the model parameters. The impacts 

are analysed using a variety of metrics including transformer and line loadings. The highest 

sensitivities are observed for the number of vehicles in the grid, the used charger power 

rating and the modelling of driving patterns. The grid configuration as well as locally higher 

EV shares gain significance for line loading assessments. Car modelling and people’s charging 

behaviour play minor roles.
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D | OPTIMUM DAY-AHEAD BIDDING PROFILES OF ELECTRICAL VEHICLE CHARGING 
STATIONS IN FCR MARKETS

This research developed an application for electrical vehicles charging stations (EVCS) to 

estimate the optimum day-ahead bidding profiles in frequency containment reserves (FCR) 

markets and this paper presents the stochastic methodology behind this application. To 

achieve this, first, deterministic models are developed to calculate the maximum FCR that 

could be provided by each charging event (cycle) of an electric vehicle (EV). These models 

are established based on the technical requirements of FCR in the Nordic flexibility market, 

namely the frequency containment reserve for normal operation (FCR-N) and frequency 

containment reserve for disturbances (FCR-D). In the next step, these deterministic models 

will be combined with historical data of charging records in EVCS to calculate the probability 

density functions of the FCR profiles. Finally, the proposed application estimates the optimum 

FCR profiles, which maximise the expected profit of EVCS from participating in the day-

ahead flexibility market, by performing a stochastic optimisation. The performance of the 

proposed application is evaluated by using empirical charging data of public EVCS in Helsinki 

area.
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E | CLASSIFICATION OF ELECTRIC VEHICLE CHARGING TIME SERIES WITH SELECTIVE 
CLUSTERING

We develop a novel iterative clustering method for classifying time series of EV charging 

rates based on their "tail features". Our method first extracts tails from a diversity of charging 

time series that have different lengths, contain missing data, and are distorted by scheduling 

algorithms and measurement noise. The charging tails are then clustered into a small number 

of types whose representatives are then used to improve tail extraction. This process iterates 

until it converges. We apply our method to ACN-Data, a fine-grained EV charging dataset 

recently made publicly available, to illustrate its effectiveness and potential applications.
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F | PRICING EV CHARGING SERVICE WITH DEMAND CHARGE

Pricing electric vehicle (EV) charging services is difficult when the electricity tariff includes 

both time-of-use energy cost and demand charge based on peak power draw. In this paper, 

we propose a pricing scheme that assigns a sessionspecific energy price to each charging 

session at the end of the billing period. The session price precisely captures the costs of 

energy, demand charge, and infrastructure congestion for which that session is responsible in 

that month while optimizing the trade-off between inexpensive time-of-use pricing and peak 

power draw. While our pricing scheme is calculated offline at the end of the billing period, 

we propose an online scheduling algorithm based on model predictive control to determine 

charging rates for each EV in real-time. We provide theoretical justification for our proposal 

and support it with simulations using real data collected from charging facilities at Caltech 

and JPL. Our simulation results suggest that the online algorithm can approximate the offline 

optimal reasonably well, e.g., the cost paid by the operator in the online setting is higher than 

the offline optimal cost by 9.2% and 6.5% at Caltech and JPL respectively. In the case of JPL, 

congestion rents are enough to cover this increase in costs, while at Caltech, this results in a 

negligible average loss of $18 per month.
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A | IMPACT ASSESSMENT OF A MINIMUM THRESHOLD ON CROSS-ZONAL CAPACITY IN A 
FLOW-BASED MARKET

The current organization of the internal electricity market in Europe relies on a zonal market 

system: the European power system is divided in bidding zones, electricity trades within a 

bidding zone can occur in an unconstrained manner, while electricity trades between bidding 

zones are limited by cross-zonal capacities. Two approaches can be used to calculate and 

allocate cross-zonal capacity: the coordinated Net Transmission Capacity (NTC) approach 

or the flow-based approach. In Central Western Europe, the flow-based approach is 

implemented for the day-ahead market since 2015. To avoid undue discrimination between 

internal and cross-border power exchanges, a minimum threshold of 70% on the cross-

zonal capacity available for trade will be enforced in a near future. Such a threshold could 

significantly impact the socio-economic welfare and its distribution between the various 

actors. However, no assessment of the impacts of such a threshold has been performed so far, 

in particular because no convincing approach exists to perform such an assessment (e.g. N-1 

security constraints and redispatch neglected). This paper develops such an approach and 

demonstrates its applicability on a case study, in order to assess the impact of a minimum 

threshold on cross-zonal capacity in a flow-based market.
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B | COMPUTING A NODAL POWER EXCHANGE MATRIX BASED ON A NODAL REACTANCE 
MATRIX

This paper provides a method to calculate a full specification of nodal active power 

exchanges in an electrical network based on the reactance between these nodes. The 

objective of this method is that the exchange is approximately inversely proportional with 

the reactance. The nodal power exchanges are further intended to be used in the Full Line 

Decomposition (FLD) methodology that determines the physical causes of the power 

flows in a transmission grid. The method presented in this paper is an alternative to the 

current method applied for nodal power exchanges within FLD. The method has been 

tested for various network models and it has been verified that the method is fast and gives 

consistent results. The authors believe that the FLD method, together with the presented 

power exchange matrix is both an intuitive and fair method of assigning the responsible 

generators and loads, and therewith the responsible bidding zones to the power flow over an 

(overloaded) network element.
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C | ASSESSING THE VALUE OF INCREASING GB INTERCONNECTION

The liberalisation of electricity markets and increasing penetration of renewable generation 

are encouraging trading opportunities to be identified and developed. In Europe, the 

importance of interconnection is well recognised. Interconnections are particularly important 

for islanded nations, like Great Britain, which provides access to generation and demand 

across the national boundaries via sub-sea HVDC cables while providing means to share 

reserves enhancing the security of supply and reducing overall costs. There are plans in 

place to significantly increase the current 5 GW of interconnection capacity between GB and 

neighbouring European countries. The paper investigates the expected impacts that a large 

increase in interconnection capacity could have on key electricity market parameters such 

as marginal prices, carbon emissions and the nature of utilisation of existing and future GB 

interconnections. Several scenarios have been considered to model future uncertainty for the 

years 2020 and 2025.
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D | TOWARDS THE CONSTRUCTION OF A CLASS OF GRID OPERATIONAL FLEXIBILITY 
METRICS

The increased net load uncertainty and variability due to higher levels of renewable energy 

resource integration into grids require the clear understanding and quantification of grid 

operational flexibility (GOF) and associated impacts. However, there is no widely-accepted 

methodology to assess flexibility, guide policy formulation and quantify the value of 

operational flexibility. Recent efforts towards improved flexibility assessment have focused 

on feasible net load ramps, operational margins and robustness bounds. In this paper, we 

propose an approach to GOF assessment focused on the economic impacts related to net 

load variability/uncertainty accommodation. We illustrate the application of the proposed 

approach through representative study cases on a modified version of the IEEE Reliability 

Test System operated under a multi-settlement system. Our results indicate that the market 

outcomes provide a concrete basis for GOF assessment in general, and in particular, the 

impacts due to ramping limitations provide insights into a grid’s ability to accommodate net 

load variability/uncertainty.
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E | USING UTILITY OUTAGE STATISTICS TO QUANTIFY IMPROVEMENTS IN BULK POWER 
SYSTEM RESILIENCE

CRISP is a new high-level statistical approach driven by utility data to quantify resilience 

in electric power transmission networks. We extend CRISP to model energy storage, 

photovoltaics, and generator outages, to account for the spatial spread of cascading outages, 

and to optimize the restoration process. Illustrative results show how CRISP can measure the 

resilience impact of combinations of energy storage and photovoltaics on a power system.
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F | BENCHMARKING THE OPERATIONAL EXPENDITURES OF BRAZILIAN TRANSMISSION 
UTILITIES BY USING DEA MODELS

In Brazil, the transmission assets are remunerated for their availability regardless of the full 

utilization of their capacities. The annual allowed revenue for each transmission utility is 

determined by the Brazilian Electricity Regulatory Agency (ANEEL). ANEEL has been using 

Data Envelopment Analysis (DEA) to define the regulatory operational expenditure (OPEX) 

for each utility, a key element for the annual allowed revenue assessment. Based on the 

ANEEL's DEA model this work proposes improvements in representing the quality of service, 

transmission capacity and transmission network length in the DEA model. Furthermore, 

this paper presents a more robust methodology to evaluate the regulatory operational 

expenditure of transmission utilities by applying several distinct DEA models; then a global 

efficiency score is defined by the geometric mean of the efficiency scores resulting from the 

set of DEA models analyzed. The performance of the proposed approach is illustrated with 

real data of the Brazilian transmission utilities.
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A | THE NEAR-OPTIMAL FEASIBLE SPACE OF A RENEWABLE POWER SYSTEM MODEL

Models for long-term investment planning of the power system typically return a single 

optimal solution per set of cost assumptions. However, typically there are many near-

optimal alternatives that stand out due to other attractive properties like social acceptance. 

Understanding features that persist across many cost-efficient alternatives enhances policy 

advice and acknowledges structural model uncertainties. We apply the modeling-to-

generate-alternatives (MGA) methodology to systematically explore the near-optimal feasible 

space of a completely renewable European electricity system model. While accounting for 

complex spatio-temporal patterns, we allow simultaneous capacity expansion of generation, 

storage and transmission infrastructure subject to linearized multi-period optimal power flow. 

Many similarly costly, but technologically diverse solutions exist. Already a cost deviation of 

0.5% offers a large range of possible investments. However, either offshore or onshore wind 

energy along with some hydrogen storage and transmission network reinforcement appear 

essential to keep costs within 10% of the optimum.
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B | OPTIMAL POWER FLOW IN DISTRIBUTION NETWORKS UNDER STOCHASTIC N − 1 
DISRUPTIONS

It is important to include contingencies in operations and have a post-contingency recovery 

plan for distribution systems, akin to transmission systems. We consider a multiperiod optimal 

power flow (OPF) problem in distribution systems subject to stochastic N ???? 1 contingency 

(disruption) in a distribution line or a distributed energy resource. The disruption is stochastic 

in nature, a type of infrequent event with random magnitude and timing, and that every 

disruption typically has an associated recovery time. We formulate a multi-stage stochastic 

convex program, considering modeling features like linearized AC power flow physics, 

engineering limits and battery devices with efficiencies curves, and develop an efficient 

decomposition algorithm. We demonstrate the computational effectiveness of our algorithm 

over the extensive formulation and show that the stochastic-disruption-aware operating costs 

can be 60% cheaper than the deterministic counterparts.
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C | AN EXACT AND SCALABLE PROBLEM DECOMPOSITION FOR SECURITY-CONSTRAINED 
OPTIMAL POWER FLOW

In this paper, we present decomposition techniques for solving large-scale instances of 

the security-constrained optimal power flow (SCOPF) problem with primary response. 

Specifically, under each contingency state, we require that the nodal demands are met and 

that the synchronized units generating below their limits follow a linear model for primary 

response. The resulting formulation is a mixed-integer linear program since the primary 

response model introduces disjunctions to the SCOPF problem. Unfortunately, exact methods 

relying on traditional Benders’ decomposition do not scale well. As an alternative, we propose 

a decomposition scheme based on the column-and-constraint-generation algorithm where 

we iteratively add disjunctions and cuts. We provide procedures for preprocessing dedicated 

cuts and for numerically determining the postcontingency responses based on the master 

problem solutions. We also discuss heuristics to generate high-quality primal solutions and 

upper bounds for the method. Finally, we demonstrate the efficiency of the proposed method 

on large-scale systems.
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D | PROVING GLOBAL OPTIMALITY OF ACOPF SOLUTIONS

We present our latest contributions in terms of mathematical modeling and algorithm 

development for the global optimization of the ACOPF problem. These contributions allow 

us to close the optimality gap on a number of open instances in the PGLIB and NESTA 

benchmark libraries. This is achieved by combining valid cut generation with semidefinite 

programmingbased bound tightening. The mathematical formulations along with the solution 

algorithms are implemented in the modeling framework Gravity (www.gravityopt.com), an 

open-source platform for reproducible numerical experiments.
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E | TOWARD A SCALABLE ROBUST SECURITY-CONSTRAINED OPTIMAL POWER FLOW 
USING A PROXIMAL PROJECTION BUNDLE METHOD

Robust security-constrained optimal power flow (rSCOPF) aims to find the worst-case 

contingencies of alternating current optimal power flow (ACOPF) in power systems. With 

the rise of GPU architectures on the upcoming supercomputer architectures, optimization 

algorithms that rely on sparse linear algebra and indefinite linear systems are becoming 

increasingly hard to solve efficiently (e.g. interior-point method). To address this we 

revisit a maximin optimization formulation of the rSCOPF and the single-level mixed-

integer semidefinite programming (MISDP) reformulation, which is obtained by taking the 

Lagrangian relaxation of the inner minimization ACOPF problem. In this paper, we focus on 

the development of a proximal projection bundle method (PPBM) for solving continuous 

relaxation node subproblems of the MISDP problem, based primarily on the well-known 

alternating direction method of multipliers. Cutting planes reminiscent of bundle method 

ideas are also applied in coordination with updates of the proximal parameter. The cutting-

plane method can generate a large number of linear inequalities, leading to a large scale 

but decomposable quadratic programming (QP) subproblem that is amenable to GPUs. 

We present the numerical results on the IEEE 30, 57, 118, and 300-bus systems by using our 

PBMM method. We discuss the main computational bottleneck of our method, which is the 

time taken to solve each iteration of a QP subproblem instance of the PPBM, and how GPU 

architectures can accelerate this solution process.
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F | COMPUTATIONAL EXPERIMENT DESIGN FOR OPERATIONS MODEL SIMULATION

Computer simulations that demonstrate the value of novel approaches are crucial to 

developing more flexible and robust power systems operations with high penetrations of 

renewable energy at multiple geographic and temporal scales. However, optimization-based 

simulations that depend on forecast data often face challenges in evaluating performance, 

reproducing results, and testing under realistic simulation scenarios. In this paper, we 

develop scientific computing best-practices for the validation and reproduction of power 

systems operational models. We then employ two case studies to demonstrate the proposed 

validation and reproduction framework.
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G | SEPARATION EVENT-CONSTRAINED OPTIMAL POWER FLOW TO ENHANCE RESILIENCE 
IN LOW-INERTIA POWER SYSTEMS

Weakly interconnected power systems face separation risk during extreme weather events or 

due to cascading failures. These contingencies may become particularly severe in lowinertia 

grids, where the sub-regions resulting after system split need to procure enough resources 

to respond to low (importing areas) and high (exporting areas) frequency conditions. 

This paper introduces a separation event-constrained optimal power flow (SECOPF) with 

considerations of inertia and frequency response resources allocation in each balancing area 

to be capable to withstand, besides the largest generation and load contingencies, also the 

loss of selected interconnectors. The model, cast as mixed integer linear programme, is tested 

on a reduced version of the Australian power system and validated via dynamic simulation. 

The results show how the system’s frequency resilience to extreme events can be effectively 

enhanced for both high- and low-frequency conditions that arise in different areas after an 

interconnector’s trip. This is achieved by co-optimising the interconnector flow magnitudes 

along with the distribution of frequency response resources and inertia levels in each area.
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FUNDAMENTALS OF POWER SYSTEMS MODELLING IN THE PRESENCE OF CONVERTER-
INTERFACED GENERATION

This survey paper discusses the fundamentals of power systems modelling in the presence 

of large amounts of converter-interfaced generation (CIG). By referring to real-life events 

characterised by anomalous dynamics associated to the presence of CIG, the concepts of 

narrow versus broad band signals are first recalled along with the limitation of the meaning 

of apparent power, power factor and reactive power. In this regard, the adequacy of the 

phasor representation of voltages and currents waveforms is thoroughly discussed. Then, 

with respect to the central subject of control of power converters, a revised definition of grid-

following and grid-forming converters is provided along with a thorough discussion of their 

associated controls and a comprehensive classification for both classes of converters. Several 

applications inspired by actual case studies are included in the paper in order to provide 

realistic application examples.
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A | HVDC LOSS FACTORS IN THE NORDIC POWER MARKET

In the Nordic countries (Sweden, Norway, Finland and Denmark), many interconnectors are 

formed by long High- Voltage Direct-Current (HVDC) lines. Every year, the operation of such 

interconnectors costs millions of Euros to Transmission System Operators (TSOs) due to the 

high amount of losses that are not considered while clearing the market. To counteract this 

problem, Nordic TSOs (Svenska kraftn¨at - Sweden, Statnett - Norway, Fingrid - Finland, 

Energinet - Denmark) have proposed to introduce linear HVDC loss factors in the market 

clearing algorithm. The assessment of such a measure requires a detailed model of the 

system under investigation. In this paper we develop and introduce a detailed market model 

of the Nordic countries and we analyze the impact of different loss factor formulations. We 

show that linear loss factors penalize one HVDC line over the other, and this can jeopardize 

revenues of merchant HVDC lines. In this regard, we propose piecewise-linear loss factors: 

a simple to implement but highly effective solution. Moreover, we demonstrate how the 

introduction of only HVDC loss factors is a partial solution, since it disproportionately 

increases the AC losses. Our results show that the inclusion of AC loss factors can eliminate 

this problem.
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B | AN INCENTIVE MECHANISM FOR GENERATION CAPACITY INVESTMENT IN A PRICE-
CAPPED WHOLESALE POWER MARKET

In electricity markets, market rules such as price caps defer proper investment in generation. 

The resulting generation mix is therefore sub-optimal if compared to the one that maximizes 

social welfare. In this paper, an incentive mechanism for a price-capped multi-area energy 

only market is proposed. The market model is posed as a mixed complementarity problem 

using the optimality conditions of all the individual players that participate in the multi-

area electricity market. The resulting equilibrium problem is solved using a decomposition 

approach based on the Alternating Direction Method of Multipliers. The proposed solution 

algorithm takes advantage of the multi-area structure of the problem and outperforms state-

of-the-art practices for solving these types of problems.
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C | HOURLY PRICING AND DAY-AHEAD DISPATCH SETTING IN BRAZIL: THE DESSEM MODEL

Power generation planning and price setting in hydrothermal systems is a complex task, 

usually performed by a chain of optimization models, ranging from long to short-term time 

horizons. In Brazil, the weekly hydrothermal dispatch and spot pricing has been officially 

set since 2002 with two optimization models: NEWAVE and DECOMP. This work briefly 

presents the main features of a third model in this chain (DESSEM) which has been validated 

since 2017 by the Brazilian ISO and the Market Operator to determine the hourly dispatch 

and energy prices starting in 2020/2021. This model considers a very comprehensive set 

of thermal unit commitment constraints, nonconvex security constraints for the electrical 

network and a very detailed operation of the hydro plants. We apply CPLEX solver to the 

resulting MILP problem, with smart ad-hoc iterative procedures to reduce the computational 

burden. Results are presented for the large scale Brazilian system.
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D | A COLUMN-AND-CONSTRAINT GENERATION ALGORITHM TO FIND NASH EQUILIBRIUM 
IN POOL-BASED ELECTRICITY MARKETS

Equilibrium analysis is crucial in electricity market designs, with Nash equilibrium recognized 

as the most powerful one. Its most prominent hindrance, however, is an efficient methodology 

to compute an equilibrium point in large-scale systems. In this work, a Column-and-Constraint 

Generation (CCG) algorithm is proposed to tackle this challenge. More precisely, the master 

problem finds a candidate for Nash equilibrium and the oracle identifies whether this 

candidate point is indeed an equilibrium. A set of numerical experiments was conducted, 

comparing its computational performance with the solution of an Equilibrium Problem with 

Equilibrium Constraint (EPEC). We identify that the proposed algorithm overcomes the 

benchmark in the magnitude of 20 times on average and more than 30 times in the most 

demanding instances. Furthermore, the scalability of the EPEC formulation is challenged 

even for medium-scale instances, whilst the proposed algorithm was able to handle all tested 

instances in a reasonable computational time.
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E | UNLOCKING RESERVES WITH SMART TRANSMISSION SWITCHING

The consideration of a flexible network topology has been previously shown to produce 

significant benefits to power system operation. In this paper, we study the effects of 

considering smart transmission switching actions to unlock flexible generation resources 

from the network. More specifically, we consider a smart network capable of performing 

both preventive and real-time corrective topology changes in response to the occurrence 

of contingencies. The proposed economic dispatch model ensures the co-optimization 

of energy and reserves with pre- and post-contingency transmission switching actions, 

thus producing the optimal policy with transmission flexibility. An exact decomposition 

methodology based on the nested column-and-constraint generation algorithm is devised 

to address the challenging mixed-integer program arising from the proposed formulation. 

Numerical simulations show that the incorporation of corrective transmission switching in 

the optimization process offers significant benefits to system reliability and substantial cost 

savings.
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F | RISK- AND VARIANCE-AWARE ELECTRICITY PRICING

The roll-out of stochastic renewable energy sources (RES) undermines the efficiency of 

power system and market operations. This paper proposes an approach to derive electricity 

prices that internalize RES stochasticity. We leverage a chance-constrained AC Optimal Power 

Flow (CC AC-OPF) model, which is robust against RES uncertainty and is also aware of the 

resulting variability (variance) of the system state variables. Using conic duality theory, we 

derive and analyze energy and balancing reserve prices that internalize the risk of system 

limit violations and the variance of system state variables. We compare the risk and variance-

aware prices on the IEEE 118-node testbed.
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A | TOWARDS PLANNING FOR FLEXIBLE FUTURE GRIDS UNDER HIGH POWER INJECTION 
DIVERSITY

Power injection patterns will become more diverse in the future as more intermittent 

generation, bulk energy storage, and aggregated flexible loads become integrated into the 

grid. De-signing flexible and, in a way, dispatchable grids is an emerging area of research to 

accommodate the increased dispatch diversity from the supply- and demand-sides. This work 

presents an ap-proach that reduces total grid inadequacy for power injection di-versity by 

combining the benefits of (1) reduced inherent grid in-adequacy via grid expansion and (2) 

additional grid flexibility via line switching. Unlike most models that minimize cost under un-

certainty, the proposed approach directly minimizes total grid in-adequacy using the size of 

a scenario-based representation of the power flow infeasible set to find meritorious line and 

switch in-stallation options. Experiments using the 6- and 118-bus test sys-tems show reduced 

total grid inadequacy, especially when both solutions are considered simultaneously. We hope 

that this work can inspire future work on integrating grid flexibility in expan-sion planning.
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B | GRID OPTIMIZATION-BASED OUTAGE MAINTENANCE PLANNING

The increasing integration of renewable energies in the French electricity network leads 

to important changes in its operation, resulting in new grid constraints. Besides, some 

maintenance tasks on the overhead power lines are live-line works, and others require a 

planned outage. Such interruptions may not be feasible with a renewables-driven grid 

operation. As a consequence, current maintenance planning methods might not be relevant 

in the future. In particular, they have to take into account the risk implied by performing 

maintenance when having a high proportion of renewables in the grid. This work presents a 

three-step approach for tackling this issue. First, risk values corresponding to different future 

scenarios are computed, using the (N-1) security assessment. Second, these computed values 

are included in several optimisation approaches in order to find a good schedule. Eventually, a 

third step validates the obtained planning.
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C | CO-OPTIMIZATION OF MULTI-STAGE TRANSMISSION EXPANSION PLANNING AND GRID 
OPERATION

The ongoing transformation of the power system characterized by an increased share of 

renewable energy sources requires additional transmission capacities. Nevertheless, the 

need for new transmission capacities can be reduced by optimizing grid operation. This 

contribution presents a novel approach to the co-optimization of multi-stage transmission 

expansion planning and grid operation within a mixed-integer linear programming 

formulation. The expansion via AC systems and phase shifting transformers (PSTs) is 

combined with the control of PSTs and the determination of congestion management 

interventions such as redispatch of power plants or curtailment of renewable energies. The 

number of potential expansion candidates is reduced by linear programming relaxations. 

Exemplary results based on a synthetic test system containing 120 buses evidence the impact 

of the proposed approach on overall system costs. The proposed co-optimization reduces the 

total costs by 16.5 % when applied instead of the sole expansion via AC technology.
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D | ROBUST NONLINEAR MATHEMATICAL TRANSMISSION EXPANSION PLANNING BASED 
ON GERMAN ELECTRICITY MARKET SIMULATION

Requirements on electrical energy transmission and the work of system operators are 

changing due to the shift from centralized towards decentralized generation. This leads to an 

increased need of transport capacities in grids. In this paper, a robust method is presented 

to solve the resulting transmission expansion planning (TEP) problem using a nonlinear 

mathematical optimization. In terms of TEP optimization successive measures are considered 

in the used mathematical formulation such as grid optimization, grid enhancement and grid 

extension. The mathematical optimization is based on a DC power flow formulation using 

unreduced grid models. The concept of the TEP model design and the implementation 

of different measures are given in detail in the paper. The applicability of the developed 

approach is shown by the application to a model of the German transmission grid based on a 

German electricity market simulation for a yearly simulation calculating an expansion demand 

of 3047 GWkm.
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E | RELAXATIONS AND APPROXIMATIONS OF HVDC GRID TNEP PROBLEM

In recent years, the use of HVdc technology has increased and VSC technology has enabled 

the realization of HVdc grids. This calls for the development of new tools to solve the 

transmission network expansion planning (TNEP) model. A detailed representation of 

the dc grid TNEP problem is highly nonlinear and more complex than the traditional ac 

grid expansion problem due to extra constraints and additional decision variables from 

the converter station model. The present day industrial solvers have difficulties to tackle 

the resultant MINLP problem. Therefore, the linearized ‘DC’ approximation is often used 

in practice, which may not produce sufficiently accurate answers. In this paper, different 

relaxations and approximations of the dc grid TNEP problem are presented. The performance 

of each formulation is evaluated using eight test cases. Although there is no clear formulation 

that shows the best performance, LPAC approximation and SOC relaxations seem to provide 

better alternatives to ‘DC’ approximations. The developed formulations do not guarantee 

feasibility and a second corrective stage is required to obtain feasible solutions.
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F | A GIS-BASED APPROACH FOR HIGH-LEVEL DISTRIBUTION NETWORKS EXPANSION 
PLANNING IN NORMAL AND CONTINGENCY OPERATION CONSIDERING RELIABILITY

This paper presents a novel methodology for the Distribution Networks expansion planning 

based on Geographic Information Systems. The proposed methodology combines Delaunay 

Triangulation with a Mixed-Integer Linear Programming model in a 2-steps approach. 

Secondary substations are grouped in primary substation clusters, considering both normal 

and contingency operation. Topological and electrical constraints have to be fulfilled as well 

as a given level of reliability; the mathematical formulation includes feeder and substation 

constraints. The proposed methodology is expected to be only the first step of the whole 

network expansion planning. Hence, it has to be able to give macro information that planners 

can refine in the following steps of the planning process. A numerical case study on a real 

network illustrates the effectiveness of the proposed approach for the Distribution Network 

expansion planning problem.
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A | INTERPOLATION FOR POWER ELECTRONIC CIRCUIT SIMULATION REVISITED WITH 
MATRIX EXPONENTIAL AND DENSE OUTPUTS

With a high penetration of power electronic equipment, transient simulation for power 

electronic circuit has been a main challenge for performance improvement of the 

electromagnetic transient simulation tools. In this paper, two new solvers for the matrix 

exponential-based simulation method are proposed based on the dense output formula and 

Padé approximation of different orders. The proposed solvers are implemented with the 

optimal combination of numerical integration method and interpolation method. Both solvers 

are Lstable. One has 3rd-order accuracy which is more accurate than existing simulation tools 

in power electronic simulation. The other solver achieves 1st-order accuracy with a lower 

precision numerical integration method than the same-order algorithms and is appealing from 

computation speed perspective. Numerical studies including TCR circuit and two types of 

VSC-HVDC systems are conducted to demonstrate the effectiveness of the proposed solvers.

— Peng Li     
Tianjin University
China

— Zixiang Meng     
Tianjin University
China

— Xiaopeng Fu     
Tianjin University
China

— Hao Yu     
Tianjin University
China

— Chengshan Wang     
Tianjin University
China

AUDITORIUM 01

156



THURSDAY 02 JULY

Electromagnetic Transients on a System

Chair: Jean Mahseredjian

B | FREQUENCY-DEPENDENT EQUIVALENT BASED ON IDEMPOTENT DECOMPOSITION 
AND GROUPING

Accurate representation of Frequency Dependent Equivalent (FDE) has received a great deal 

of intense research in the time-domain transient analysis. Nowadays, a multi-input multi-

output pole residue model is applied for the frequency domain realization. One common 

challenge to this approach is the accurate representation of small eigenvalues which tend to 

be poorly fitted. In some cases, a given FDE may presents a large ratio between eigenvalues 

at the lower frequency range, thus being characterized as a stiff system. 

In this work, we propose an alternative approach to improve the observability of these small 

eigenvalues. First, we use the idempotent decomposition of an FDE which is then grouped 

accordingly the behavior of the associated eigenvalues at the lower frequency range. These 

grouped idempotent are then fitted independently. A discussion of possible passivity 

enforcement in the rational approximation is also presented. A nonuniform line associated 

with a wide river crossing is used to illustrate the application. This configuration was chosen 

due the large ratio between eigenvalues at the lower frequency range.
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C | A VOLTAGE-BASED DETECTION METHOD FOR LIGHTNING DISCHARGES AT 
DISTRIBUTION NETWORKS

Overhead distribution networks, due to its exposed nature, are susceptible to the incidence 

of Lightning Discharges (LD), especially in rural areas. One way commonly employed by 

power utilities to detect this phenomenon is by using lightning detection systems based on 

electromagnetic interference propagation. However, these systems do not normally allow for 

an accurate conclusion if a lightning strike has occurred in a particular feeder. Therefore this 

paper presents a methodology for detecting such disturbances by measuring voltages at the 

substation. The scheme is based on a combination of Park and Wavelet transforms applied to 

these signals. The paper presents a detailed modeling of the IEEE 34 bus test feeder specific 

for lightning discharges studies. The results show that with the signature of the LD within the 

measured signals it is possible to detect the transients associated with. This information can 

be used as a complement of the traditional meteorological based detection systems.
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D | SIMULATION OF ELECTROMAGNETIC TRANSIENTS WITH MODELICA, ACCURACY AND 
PERFORMANCE ASSESSMENT FOR TRANSMISSION LINE MODELS

Electromagnetic Transient (EMT) simulation tools are typically developed using an imperative 

language. It is typically required to code the models using a specific numerical integration 

method and following existing solution algorithms. On the other hand, modern high-level, 

acausal and equation-based programming languages, such as Modelica, allow to formulate 

models that are easy to read, understand and develop by expressing what needs to be 

computed without stating how it should be computed. In this paper, the application of 

Modelica to EMT modeling is demonstrated and the benefits of the language for EMT-type 

simulations is established. This is done by using the declarative language concept for the 

development of two models, namely the Constant Parameter (CP) and the Wide-Band (WB) 

models. Three case studies are presented and used to validate the models and to compare 

accuracy and performance.
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E | PASSIVITY ENFORCEMENT OF WIDEBAND LINE MODEL THROUGH COUPLED 
PERTURBATION OF RESIDUES AND POLES

Ensuring stability in transient simulations of power systems requires that intrinsically 

passive components of the network should be represented with passive models, including 

transmission lines and cables. Existing research on passivity enforcement of the wideband 

line or cable model is based on the perturbation of residues of the state-space model of the 

characteristic admittance, ignoring its poles and its constant term. This paper presents the 

advantages and limitations of including the poles and constant matrix of the characteristic 

admittance in the passivity enforcement method of wideband models.
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F | HIGH PERFORMANCE COMPUTING ENGINES FOR THE FPGA-BASED SIMULATION OF 
THE ULM

This paper presents a design methodology for the FPGA-based simulation of the Universal 

Line Model (ULM). The proposed approach yields a higher computational performance 

compared to alternative implementations reported in the literature. Such performance 

allows the use of the FPGA model in real-time simulation applications or for the acceleration 

of offline EMT programs. A state-space approach is used to perform the time-domain 

simulation of the pole-residue form of the rational fitting of the characteristic admittance 

and propagation functions. The paper also discusses the appropriate scheduling of the 

ULM computations and proper management of the history terms that lead to an optimized 

hardware utilization, low latency response times, and higher computational performances 

using floatingpoint arithmetic.
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A | ASSESSMENT OF GENERATION ADEQUACY BY MODELING A JOINT PROBABILITY 
DISTRIBUTION MODEL

The socio-politically motivated energy transition leads to expansion of renewable energy 

power plants (REPP) and simultaneous shutdowns of conventional power plants. As the 

electric load always needs to be balanced by sufficient generation and the energy production 

by REPP cannot be steered adequate to the demand but depends on weather situations, new 

methods are needed to assess generation adequacy. These results could be used afterwards 

to define measures to ensure reliable energy supply. 

To evaluate the generation adequacy a joint probability distribution model is proposed. It 

models the dependencies of weather characteristics, the electrical load and unavailabilities 

of conventional power plants using pair-copula constructions. The model is, then, applied to 

determine the probability of generation imbalance. The implementation is shown for Germany 

in the scenario year 2030.
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B | ACCELERATING SYSTEM ADEQUACY ASSESSMENT USING THE MULTILEVEL MONTE 
CARLO APPROACH

Accurately and efficiently estimating system performance under uncertainty is paramount 

in power system planning and operation. Monte Carlo simulation is often used for this 

purpose, but convergence may be slow, especially when detailed models are used. Previously 

published methods to speed up computations may severely constrain model complexity, 

limiting their real-world effectiveness. This paper uses the recently proposed Multilevel Monte 

Carlo (MLMC) framework, which combines outputs from a hierarchy of simulators to boost 

computational efficiency without sacrificing accuracy. It explains which requirements the 

MLMC framework imposes on the model hierarchy, and how these naturally occur in power 

system adequacy assessment problems. Two adequacy assessment examples are studied in 

detail: a composite system and a system with heterogeneous storage units. An intuitive speed 

metric is introduced for easy comparison of simulation setups. Depending on the problem 

and metric of interest, large speedups can be obtained.
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C | INVESTIGATION ON THE SUITABILITY OF EQUIVALENT MODELS OF SUBTRANSMISSION 
LEVEL FOR SECURITY ANALYSES AT TRANSMISSION LEVEL

This paper deals with methodical investigations about the suitability and needed demand 

of equivalent models of the subtransmission level for security analyses in the transmission 

network. Based on available public data the investigations are carried out in a detailed and 

cross-voltage network model of the German transmission system with underlaying realistic 

distribution grids. The examined equivalents are built with the Extended Ward approach. As 

the results show, the (n-1) system state of the transmission grid is accurately achievable by 

the equivalents even for different grid structures and power flow cases. A created equivalent 

can also be adapted to all (n-0) power flow cases in the distribution grid reducing the 

number of needed equivalents. Moreover, for representing (n-1) distribution line outages with 

potential impact on the transmission system a low two-digit number of equivalents is needed.
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D | DYNAMIC SECURITY REGIONS IN POWER SYSTEMS WITH ACTIVE OVEREXCITATION 
LIMITERS

This paper analyzes the impact of active overexcitation limiters (OELs) on the dynamic 

security assessment of power systems, with focus on transient stability. The analysis is 

concentrated on dynamic security regions evaluation, considering different OELs types, 

including the takeover and summed ones. Initially, the importance of the OEL modelling 

is exemplified in a study carried out on the Brazilian Interconnected Power System, where 

the OEL activation results in a significant transfer capability limitation. After that, the work 

explores the development of dynamic security regions in the IEEE New England system, 

showing how these regions can be distorted depending on the OELs representation.
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E | VOLTAGE STABILITY BASED PLACEMENT OF DISTRIBUTED GENERATION AGAINST 
EXTREME EVENTS

This paper is concerned about improving the resilience of power grids against extreme events 

which may lead to the line and generator outages and subsequent voltage stability problems 

and blackouts. The reported study investigates ways of eliminating or substantially reducing 

the chances of having such voltage stability problems during expected extreme events, by 

strategically placing a few distributed generators in the system. The problem is addressed 

in two stages, where a reasonably inclusive list of credible contingencies are individually 

considered first. A minimum number of distributed generators are selected and placed in 

order to maintain voltage stability under each considered contingency. In the second stage, 

the number of generators is minimized by the strategic selection of locations to reach a 

solution that ensures voltage stability under all considered contingencies in the system. 

Effectiveness and computational performance of the developed strategy are illustrated by 

simulating several outage scenarios using the IEEE 118-bus system.
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F | ELECTRICAL GRID RESILIENCE FRAMEWORK WITH UNCERTAINTY

Resilience in our electrical grid is imperative to the well being of society after events such as 

natural disasters or cyber attacks. To justify the development of resilience improvements in 

the grid, metrics are needed to quantify the improvement and cost benefit. These resilience 

metrics need to consider the inherent uncertainty in the grid, which arise from elements 

such as variable load and generation. This paper presents a method to include uncertainty 

in the proposed resilience framework. The resilience framework is demonstrated on a 2,000-

bus synthetic grid with a transient contingency simulated as a hurricane type event with 

numerous line outages. Varying amounts of distributed energy resources (DERs) at 0%, 

10%, 20%, and 50% of load amount are included in the system and assessed for their system 

resilience impact and cost-benefit with and without uncertainty evaluated using Monte Carlo 

simulation.
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A | MINIMUM-TIME SECURE ROLLOUT OF SOFTWARE UPDATES FOR CONTROLLABLE 
POWER LOADS

Generating minimum-time and secure software update schedules for controllable power 

loads in low-voltage distribution grids is a problem of increasing importance because of 

accelerating integration of renewable energy resources. In this paper, we call such a problem 

the software update rollout problem and present a mathematical framework for its modeling 

and solution. First, it is shown that this problem can be understood as a multi-resource bin 

packing problem. Then several approximate and exact solution schemes are discussed, the 

former using greedy approximate algorithms and the later using integer linear programming 

(ILP). These schemes are then evaluated on benchmark networks of realistic size (CIGRE-

LV, TPC 83-bus distribution system). Experimental results show that both greedy and ILP 

approaches perform well for real-time purposes. In particular, the greedy approach can 

attain high-quality approximate solutions almost instantly while the ILP approach can not 

only provide solutions with certifiable optimality gaps but also include extra constraints (e.g., 

precedence) as needed.
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B | COMPLEMENTARITY REFORMULATIONS FOR FALSE DATA INJECTION ATTACKS ON 
PMU-ONLY STATE ESTIMATION

The accuracy and integrity of state estimators are perniciously influenced by false data 

injection attacks (FDIAs) trying to manipulate the values of a subset of measurements 

without being detected by the underlying bad data processing scheme. In the framework 

of vulnerability analysis, we examine FDIAs against a PMU linear state estimator based on 

Cartesian formulation in the presence of zero injection buses, under the assumption that the 

attacker would most likely try to corrupt as few measurements as possible. Exact and relaxed 

complementarity reformulations to cardinality minimization are proposed in order to compute 

minimal sets of measurements whose values need to be maliciously modified for successful 

FDIAs. The performance of the proposed approaches is demonstrated with experimental 

evaluations over IEEE benchmark systems.
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C | FULLY DISTRIBUTED PEER-TO-PEER OPTIMAL VOLTAGE CONTROL WITH MINIMAL 
MODEL REQUIREMENTS

This paper addresses the problem of voltage regulation in a power distribution grid using 

the reactive power injections of grid-connected power inverters. We first discuss how purely 

local voltage control schemes cannot regulate the voltages within a desired range under 

all circumstances and may even yield detrimental control decisions. Communication and, 

through that, coordination are therefore needed. On the other hand, short-range peer-to-

peer communication and knowledge of electric distances between neighbouring controllers 

are sufficient for this task. We implement such a peer-to-peer controller and test it on a 400 

V distribution feeder with asynchronous communication channels, confirming its viability 

on real-life systems. Finally, we analyze the scalability of this approach with respect to the 

number of agents on the feeder that participate in the voltage regulation task.
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D | PRIVACY-PRESERVING OBFUSCATION FOR DISTRIBUTED POWER SYSTEMS

This paper considers the problem of releasing privacy-preserving load data of a decentralized 

operated power system. The paper focuses on data used to solve Optimal Power Flow (OPF) 

problems and proposes a distributed algorithm that complies with the notion of Differential 

Privacy, a strong privacy framework used to bound the risk of re-identification. The problem 

is challenging since the application of traditional differential privacy mechanisms to the load 

data fundamentally changes the nature of the underlying optimization problem and often 

leads to severe feasibility issues. The proposed differentially private distributed algorithm 

is based on the Alternating Direction Method of Multipliers (ADMM) and guarantees that 

the released privacy-preserving data retains high fidelity and satisfies the AC power 

flow constraints. Experimental results on a variety of OPF benchmarks demonstrate the 

effectiveness of the approach.
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E | A3D: ATTENTION-BASED AUTO-ENCODER ANOMALY DETECTOR FOR FALSE DATA 
INJECTION ATTACKS

With the influx of more advanced and more connected computing and control devices, 

the electric power grid has continuously evolved to rely on communication networks for 

efficient operation and control. A challenge with these new technologies is that they may 

introduce new and unforeseen avenues of access, making the grid more susceptible to cyber 

attacks. False Data Injection Attacks (FDIA) are a particular type of attack that aims to 

cause disruptions in the operation of the power grid by affecting the feedback mechanism 

to control the grid. This is carried out by modifying the measurements which enable a state 

estimator to approximate the state of the system. These attacks are designed in such a way 

that they preserve the system equations on which the state estimator operates; therefore, 

they cannot be detected by a simple residualbased detection mechanism. In this paper, we 

propose monotonic attention based auto-encoders, an unsupervised learning technique 

to detect FDIAs. The auto-encoder is trained under normal operating conditions, and we 

hypothesize that it will produce outputs which are close to the true system values at normal 

operation even if the measurements are modified by an adversary. Based on this hypothesis, 

that high reconstruction error occurs for the attacked conditions, the intrusion detection is 

performed by a threshold mechanism using Precision-Recall curve. We validate the efficacy 

of our proposed attention-based auto-encoder anomaly detector (A3D) over other variants 

of autoencoders such as ANN and RNN based auto-encoders, and a few supervised learning 

techniques, by performing FDIAs on a IEEE 14 bus system.
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F | ENERGY RESOURCE CONTROL VIA PRIVACY PRESERVING DATA

Although the frequent monitoring of smart meters enables granular control over energy 

resources, it also increases the risk of leakage of private information such as income, home 

occupancy, and power consumption behavior that can be inferred from the data by an 

adversary. We propose a method of releasing modified smart meter data so specific private 

attributes are obscured while the utility of the data for use in an energy resource controller is 

preserved. The method privatizes data by injecting noise conditioned on the private attribute 

through a linear filter learned via a minimax optimization. The optimization contains the loss 

function of a classifier for the private attribute, which we maximize, and the energy resource 

controller’s objective formulated as a canonical form optimization, which we minimize. We 

perform our experiment on an aggregated dataset of household consumption with solar 

generation and another from the Commission for Energy Regulation (CER) that contains 

household smart meter data with sensitive attributes such as income and home occupancy. 

We demonstrate on the CER data that our method is able to reduce the ability of an 

adversary to classify a binary income label to that of random guessing while maintaining an 

objective value for an energy storage controller within 10% of optimal.
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A | A ROBUST OPTIMIZATION APPROACH FOR PROTECTING POWER SYSTEMS AGAINST 
CASCADING BLACKOUTS

Due to uncertainties and the complicated intrinsic dynamics of power systems, it is difficult 

to predict the cascading failure paths once the cascades occur. This makes it challenging to 

achieve the effective power system protection against cascading blackouts. By incorporating 

uncertainties and stochastic factors of the cascades, a Markov chain model is developed 

in this paper to predict the cascading failure paths of power systems. The transition matrix 

of Markov chain is dependent on the probability of branch outage caused by overloads or 

stochastic factors. Moreover, a robust optimization formulation is proposed to prevent the 

cascading blackouts by optimal load shedding and generation control for multiple cascading 

failure paths with relatively high probabilities. Since each state on the cascading failure paths 

can be described by one convex set, the proposed robust optimization problem is equivalent 

to the best approximation problem in Euclidean space. Thus, an efficient numerical solver 

based on Dykstra’s algorithm is employed to deal with the robust optimization problem. In 

theory, we provide a lower bound for the probability of preventing the cascading blackouts 

of power systems. Finally, the proposed approach for power system protection is verified by a 

case study of IEEE 118 bus system.
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B |  ROBUST TRANSMISSION EXPANSION PLANNING WITH UNCERTAIN GENERATIONS 
AND LOADS USING FULL PROBABILISTIC INFORMATION

Recent advances in Transmission Network Expansion Planning (TNEP) have demonstrated 

that two-stage adaptive robust optimization (ARO) renders the expansion planning problem 

tractable for real systems and, at the same time, constitutes a relevant approach to deal 

with uncertain demand and generation capacity in the TNEP problem. However, the use of 

cardinality and polyhedral uncertainty sets does not consider the correlation of uncertain 

parameters and makes the interpretation of final results difficult from a probabilistic view-

point. The recent use of level II structural-reliability and decomposition techniques allows the 

incorporation of ellipsoidal uncertainty sets, which permits the use of expected values and 

the variance-covariance matrix of uncertain parameters (First-Order Second-Moment, FOSM). 

However, it also constitutes an approximation. This paper presents an iterative method 

which, using FOSM and appropriately modifying the reliability index associated with the 

desired objective function quantile, transforms the model into a level III structural-reliability 

method that allows the consideration of the complete probabilistic structure of the uncertain 

parameters. Numerical results from a realistic case study are presented and discussed.
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C | ON POLYNOMIAL REAL-TIME CONTROL POLICIES IN STOCHASTIC AC OPTIMAL POWER 
FLOW

In traditional power system operations real-time control policies are based on simple control 

policies such as automatic generation control and/or local voltage control. Although these 

simple policies have worked well in the past, the increased variability associated with higher 

penetrations of renewable energy strengthens the case for more general approaches. In this 

paper we analyze the design of real-time control policies through the lens of stochastic AC-

OPF. Using a chance-constrained approach in combination with a reformulation based on 

polynomial chaos expansion, we show that the solution corresponds to a general polynomial 

control policy. By restricting this general policy, we are able to recover the traditional (affine) 

control policies as a special case. This allows to quantify the value of implementing non-

affine policies, and to analyze their impact on the system behavior, as demonstrated in the 

numerical example.
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D |  EFFICIENT POLYNOMIAL CHAOS EXPANSION FOR UNCERTAINTY QUANTIFICATION IN 
POWER SYSTEMS

Growing uncertainty from renewable energy integration and distributed energy resources 

motivate the need for advanced tools to quantify the effect of uncertainty and assess the 

risks it poses to secure system operation. Polynomial chaos expansion (PCE) has been 

recently proposed as a tool for uncertainty quantification in power systems. The method 

produces highly accurate results, but has proved to be computationally challenging to scale 

to large systems. We propose a modified algorithm based on PCE with significantly improved 

computational efficiency that retains the desired high level of accuracy of the standard PCE. 

Our method uses computational enhancements by exploiting the sparsity structure and 

algebraic properties of the power flow equations. We show the scalability of the method on 

the 1354 pegase test system, assess the quality of the uncertainty quantification in terms of 

accuracy and robustness, and demonstrate an example application to solving the chance 

constrained optimal power flow problem.
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E | ALGORITHMS FOR MITIGATING THE EFFECT OF UNCERTAIN GEOMAGNETIC 
DISTURBANCES IN ELECTRIC GRIDS

Geomagnetic disturbances (GMDs), a result of space weather, pose a severe risk to electric 

grids. When GMDs occur, they can cause geomagnetically-induced currents (GICs), which 

saturate transformers, induce hot-spot heating, and increase reactive power losses in the 

transmission grid. Furthermore, uncertainty in the magnitude and orientation of the geo-

electric field, and insufficient historical data make the problem of mitigating the effects 

of uncertain GMDs challenging. In this paper, we propose a novel distributionally robust 

optimization (DRO) approach that models uncertain GMDs and mitigates the effects of GICs 

on electric grids. This is achieved via a set of mitigation actions (e.g., line switching, locating 

blocking devices, generator re-dispatch and load shedding), prior to the GMD event, such 

that the worst-case expectation of the system cost is minimized. To this end, we develop a 

column-and-constraint generation algorithm that solves a sequence of mixed-integer second-

order conic programs to handle the underlying convex support set of the uncertain GMDs. 

Also, we present a monolithic exact reformulation of our DRO model when the underlying 

support set can be approximated by a polytope with three extreme points. Numerical 

experiments on ‘epri-21’ system show the efficacy of the proposed algorithms and the exact 

reformulation of our DRO model.
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F |  BAYESIAN HIERARCHICAL METHODS FOR MODELING ELECTRICAL GRID COMPONENT 
FAILURES

This paper presents a probabilistic modeling framework for component failures in electric 

power grids. Failure probabilities for grid components are often estimated using parametric 

models informed by past observations of failure. This work formulates a Bayesian hierarchical 

framework designed to integrate data and domain expertise to understand the failure 

properties of a regional power system, where variability in the expected performance of 

individual components gives rise to failure processes that are heterogeneous and uncertain. 

We use Bayesian methods to fit failure models to failure data generated in simulation. We test 

our algorithm by evaluating differences between the data-generating model, our Bayesian 

hierarchical model, and maximum likelihood parameter estimates. We evaluate how well 

each model can approximate the failure properties of individual components, and of the 

system overall. Finally, we define an upgrade policy for achieving targeted reductions in risk 

exposure, and compare the magnitude of upgrades recommended by each model.

— Laurel Dunn     
University of California, Berkeley
United States

— Ioanna Kavvada     
University of California, Berkeley
United States

— Mathilde Badoual     
University of California, Berkeley
United States

— Scott Moura     
University of California, Berkeley
United States

15:00 — 17:00

AUDITORIUM 02

179



PSCC 2020

XXI POWER SYSTEMS
COMPUTATION
CONFERENCE
29th JUNE — 3rd JULY

THURS-
DAY
02 
JULY

Survey Paper: Big Data Analytics for Future 
Electricity Grids

Chair: Mladen Kezunovic, Pierre Pinson

17:15 — 18:30

BIG DATA ANALYTICS FOR FUTURE ELECTRICITY GRIDS

This paper provides a survey of big data analytics applications and associated 

implementation issues. The emphasis is placed on applications that are novel and have 

demonstrated value to the industry, as illustrated using field data and practical applications. 

The paper reflects on the lessons learned from initial implementations, as well as ideas that 

are yet to be explored. The various data science trends treated in the literature are outlined, 

while experiences from applying them in the electricity grid setting are emphasized to pave 

the way for future applications. The paper ends with opportunities and challenges, as well as 

implementation goals and strategies for achieving impactful outcomes.
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A | EXPERIMENTAL VALIDATION OF FEEDBACK OPTIMIZATION IN POWER DISTRIBUTION 
GRIDS

We consider the problem of controlling the voltage of a distribution feeder using the reactive 

power capabilities of inverters. On a real distribution grid, we compare the local Volt/VAr 

droop control recommended in recent grid codes, a centralized dispatch based on optimal 

power flow (OPF) programming, and a feedback optimization (FO) controller that we 

propose. The local droop control yields suboptimal regulation, as predicted analytically. The 

OPF-based dispatch strategy requires an accurate grid model and measurement of all loads 

on the feeder in order to achieve proper voltage regulation. However, in the experiment, 

the OPF-based strategy violates voltage constraints due to inevitable model mismatch and 

uncertainties. Our proposed FO controller, on the other hand, satisfies the constraints and 

does not require load measurements or any grid state estimation. The only needed model 

knowledge is the sensitivity of the voltages with respect to reactive power, which can be 

obtained from data. As we show, an approximation of these sensitivities is also sufficient, 

which makes the approach essentially model-free, easy to tune, compatible with the current 

sensing and control infrastructure, and remarkably robust to measurement noise.We expect 

these properties to be fundamental features of FO for power systems and not specific to 

Volt/VAr regulation or to distribution grids.
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B | APPLICATION OF DEMAND RESPONSE TO IMPROVE VOLTAGE REGULATION WITH HIGH 
DG PENETRATION

The ability of a consumer friendly demand response based voltage control (DR-VC) program 

to improve the voltage regulation in a low voltage distribution network (LVDN) with high 

penetration of DG is investigated. The use of active and reactive power management to 

regulate the nodal voltage in a distribution network with simple incremental reduction 

algorithm, in conjunction with DR, is proposed as a solution for over voltage and 

undervoltage issues in the LVDN. The algorithm micromanages the load and generation in 

the network enabling the operator to utilize grid resources economically and efficiently while 

maintaining fairness between consumers with minimum inconvenience. The algorithm is 

tested on a representative 74-load radial urban distribution network (Dublin, Ireland) using 

consumer load and DG generation profiles. The system is modelled and analysed using COM 

interface between OpenDSS and MATLAB. The DR is modelled through a mixed integer linear 

programming (MILP), implemented in CVX, such that consumer inconvenience is prioritized. 

The DR-VC algorithm is capable of regulating load and generation within normal operation 

limits during undervoltage and overvoltage scenarios.
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C | A METHOD FOR ENSURING A LOAD AGGREGATOR’S POWER DEVIATIONS ARE SAFE 
FOR DISTRIBUTION NETWORKS

This paper proposes a method for constraining the control actions of third-party aggregators 

to ensure safe operation of the distribution network. We design a safety constraint that 

limits the size of the deviations in power that an aggregator can cause across a network. The 

constraint’s upper limit is the size of the minimum-sized vector of deviations that is unsafe 

for the network, which is computed by solving a set of optimization problems. We propose 

two versions of the safety constraint, based on the 2-norm and 1-norm, and find neither is 

guaranteed to be less conservative than the other. We also derive conditions under which an 

optimization problem can be eliminated from the set of problems that are necessary to solve. 

We apply these conditions in a case study and reduce the number of problems by 89% for the 

test network and 67% for the test network with capacitor banks connected.
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D | FLEXIBILITY FROM NETWORKS OF DATA CENTERS: A MARKET CLEARING 
FORMULATION WITH VIRTUAL LINKS

Data centers owned and operated by large companies have a high power consumption 

that is expected to increase in the future. However, the ability to shift computing loads 

geographically and in time can provide flexibility to the power grid. We introduce the concept 

of virtual links to capture spacetime load flexibility provided by geographically-distributed 

data centers in market clearing procedures. We show that the virtual link abstraction fits well 

into existing market clearing frameworks and can help analyze and establish market design 

properties. This is demonstrated using illustrative case studies.
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E | DATA-DRIVEN LEARNING AND LOAD ENSEMBLE CONTROL

Demand response (DR) programs aim to engage distributed small-scale flexible loads, such as 

thermostatically controllable loads (TCLs), to provide various grid support services. Linearly 

Solvable Markov Decision Process (LS-MDP), a variant of the traditional MDP, is used to model 

aggregated TCLs. Then, a model-free reinforcement learning technique called Z-learning is 

applied to learn the value function and derive the optimal policy for the DR aggregator to 

control TCLs. The learning process is robust against uncertainty that arises from estimating 

the passive dynamics of the aggregated TCLs. The efficiency of this data-driven learning 

is demonstrated through simulations on Heating, Cooling & Ventilation (HVAC) units in a 

testbed neighborhood of residential houses.
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F | ANALYSIS OF SYNCHRONIZATION IN LOAD ENSEMBLES

While coordinated control of a large population of electric loads can provide important 

services to the electric grid, situations have been observed where control of load ensembles 

may lead to highly nonlinear behavior such as synchronization, sustained oscillations and 

bifurcations. Synchronization of TCLs is undesirable since it can lead to increased short-

cycling of TCLs, sudden changes in power demand and network voltage issues. In this paper, 

we investigate the synchronizing tendency of thermostatically controlled loads (TCLs) under 

control strategies where updates are broadcast periodically for coordinating TCLs. We study 

the problem using a hybrid dynamical systems framework to model both the continuous and 

discrete dynamics of load ensembles. Analysis of eigenmodes of the underlying discretetime 

system provide insights into synchronizing tendencies and rate of convergence to the 

synchronized state. Simulations are provided to illustrate the theory.
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A | HYDROTHERMAL SCHEDULING IN THE CONTINUOUS-TIME FRAMEWORK

Continuous-time optimization models have successfully been used to capture the impact 

of ramping limitations in power systems. In this paper, the continuous-time framework is 

adapted to model flexible hydropower resources interacting with slow-ramping thermal 

generators to minimize the hydrothermal system cost of operation. To accurately represent 

the nonlinear hydropower production function with forbidden production zones, binary 

variables must be used when linearizing the discharge variables and the continuity constraints 

on individual hydropower units must be relaxed. To demonstrate the performance of the 

proposed continuous-time hydrothermal model, a small-scale case study of a hydropower 

area connected to a thermal area through a controllable high-voltage direct current (HVDC) 

cable is presented. Results show how the flexibility of the hydropower can reduce the 

need for ramping by thermal units triggered by intermittent renewable power generation. 

A reduction of 34% of the structural imbalances in the system is achieved by using the 

continuous-time model.
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B | GLOBAL SOLUTION OF ECONOMIC DISPATCH WITH VALVE POINT EFFECTS AND 
TRANSMISSION CONSTRAINTS

Gas units are becoming an increasingly important component of modern power system 

operations, due to the flexibility that they offer in a regime of large-scale renewable energy 

integration. The valve point effect refers to the loss of efficiency when operating a turbine 

off a valve point, that is just after the previous valve opens. The valve point effect for gas 

power plants is a primary attribute of their operation, however its representation raises 

computational challenges, due to the non-convex and non-smooth model that is required 

for representing the fuel cost. In this work, a new heuristic based on successive piecewise 

approximations of the cost function is described. This heuristic consists in two steps: first, the 

optimization is run over the whole feasible set and a lower bound for the optimal objective 

is obtained, then the feasible solutions collected in the previous step are enhanced through 

local searches. The approach is tested on several IEEE bus systems that have been extended 

with generators obeying a valve point effect.

— Loïc Van Hoorebeeck     
UCLouvain
Belgium

— P.-A. Absil     
UCLouvain
Belgium

— Anthony Papavasiliou     
UCLouvain
Belgium

AUDITORIUM 02

188



THURSDAY 02 JULY

Multi-Period Optimization

Chair: Jalal Kazempour

C | AN IMPROVED ALGORITHM FOR SINGLE-UNIT COMMITMENT WITH RAMPING LIMITS

The single-unit commitment problem (1UC) is the problem of finding a cost optimal schedule 

for a single generator given a time series of electricity prices subject to generation limits, 

minimum up- and downtime and ramping limits. In this paper we present two efficient 

dynamic programming algorithms. For each time step we keep track of a set of functions that 

represent the cost of optimal schedules until that time step. We show that we can combine a 

subset of these functions by only considering their minimum. We can construct this minimum 

either implicitly or explicitly.

Experiments show both methods scale linear in the amount of time steps and result in a 

significant speedup compared to the state-of-the-art for piece-wise linear as well as quadratic 

generation cost. Therefore using these methods could lead to significant improvements for 

solving large scale unit commitment problems with Lagrangian relaxation or related methods 

that use 1UC as subproblem.
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D | UNIT-COMMITMENT VIA LOGARITHMIC AGGREGATED CONVEX COMBINATION IN 
MULTI-UNIT HYDRO PLANTS

We present a new strategy to solve the Hydro Unit Commitment (HUC) in plants with many 

generating units (GUs), where the nonlinear Hydro Production Function (HPF) is linearized 

via Logarithmic Aggregated Convex Combination (LACC). Although the LACC is an efficient 

technique, the solution procedure via Mixed-Integer Linear Programming (MILP) solver 

in plants with several GUs is still a challenging task. Thus, this paper proposes a solution 

strategy that is divided into two steps. In the first step, the identical GUs are aggregated 

into an equivalent one, and the resulting MILP is resolved for obtaining the starting values of 

the gross head (GH). In the second step, the GH is used to determine the optimal dispatch 

considering the individualized HPF for each UG. The performance of the proposed strategy is 

analyzed in a Brazilian hydro plant composed of 50 GUs of two different types.
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E | STOCHASTIC MULTI-PERIOD OPTIMAL DISPATCH OF ENERGY STORAGE IN 
UNBALANCED DISTRIBUTION FEEDERS

This paper presents a convex, multi-period, ACfeasible Optimal Power Flow (OPF) framework 

that robustly dispatches flexible demand-side resources in unbalanced distribution feeders 

against uncertainty in very-short timesacle solar Photo-Voltaic (PV) forecasts. This is valuable 

for power systems with significant behind-the-meter solar PV generation as their operation 

is affected by uncertainty from forecasts of demand and solar PV generation. The aim of 

this work is then to ensure the feasibility and reliability of distribution system operation 

under high solar PV penetration.We develop and present a novel, robust OPF formulation 

that accounts for both the nonlinear power flow constraints and the uncertainty in forecasts. 

This is achieved by linearizing an optimal trajectory and using first-order methods to 

systematically tighten voltage bounds. Case studies on a realistic distribution feeder shows 

the effectiveness of a receding-horizon implementation.
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F | A REAL-TIME OPTIMIZATION WITH WARM-START OF MULTIPERIOD AC OPTIMAL 
POWER FLOWS

We present a real-time optimization strategy based on warm-start for solving a moving 

horizon of multiperiod AC optimal power flow (ACOPF) problems. In each horizon, ACOPFs 

are temporally interlinked via generator ramp constraints, and we assume that each horizon 

needs to be solved every few seconds or minutes. We introduce two approximate tracking 

schemes that closely follow a solution path consisting of strongly regular points. We present 

theoretical results bounding the tracking error by the square of the parameter changes 

between time periods. Experimental results for networks of sizes up to 9K buses show a fast 

computation time while maintaining a good solution quality, thus making our approach well 

suited for real-time circumstances.
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A | OPTIMAL POWER AND GAS FLOW FOR LARGE-SCALE TRANSMISSION SYSTEMS

The integrated modeling of power and gas systems gains importance as a result of 

increasing interdependencies due to bidirectional coupling in renewable energy systems 

through power-to-gas and gas-fired power plants. The optimal power and gas flow problem 

(OPGF) aiming to minimize system dispatch costs is mostly applied to small test systems. 

However, to investigate system-wide effects of sector coupling, large-scale transmission 

grids must be considered. Due to nonlinearities especially in the pressure loss equation, a 

nonlinear optimization problem results. This paper aims to demonstrate that successive linear 

programming, in contrast to other discussed approaches, is suitable for solving large-scale 

and multi-period OPGF-problems. The presented approach shows high solution quality 

despite short computing time even for large-scale systems such as the German power and 

gas transmission grid.
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B | SIMULATING SERVICES FROM CROSS-DOMAIN COMPONENTS IN INTEGRATED ENERGY 
SYSTEMS

Integration of thermal and electrical systems offers potential for exchanging system services. 

Studies of integrated energy systems typically represent the system quasi-statically, and 

use implicit control schemes, e.g. through optimisation formulations. However, properly 

characterising services offered between these systems and their cross-domain impact, 

requires both modelling these systems at time-scales congruent with operation, and explicitly 

modelling their control flow. By modelling both domain- and control systems explicitly, we 

show how a cosimulation tool-chain allows examining the impact of flexibility provision in one 

domain on another, as well as evaluating cross-domain control strategies. We further examine 

the impact time resolution has on the perceived benefit of cross-domain service provision, 

specifically whether quasi-static studies lead to systematic over- or under-estimation of the 

benefits from crossdomain integration.
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C | AN ADVERSARIAL MODEL FOR ATTACK VECTOR VULNERABILITY ANALYSIS ON 
POWER AND GAS DELIVERY OPERATIONS

Power systems often rely on natural gas pipeline networks to supply fuel for gas-fired 

generation. Market inefficiencies and a lack of formal coordination between the wholesale 

power and gas delivery infrastructures may magnify the broader impact of a cyber-attack 

on a natural gas pipeline. In this study we present a model that can be used to quantify the 

impact of cyber-attacks on electricity and gas delivery operations. We model activation of 

cyber-attack vectors that attempt to gain access to pipeline gas compressor controls using a 

continuoustime Markov chain over a state space based on the gas operator Industrial Control 

System firewall zone partition. Our approach evaluates the operating states and decision-

making in the networks using physically realistic and operationally representative models. We 

summarize these models, the sequence of analyses used to quantify the impacts of a cyber-

incident, and propose a Monte Carlo simulation approach to quantify the resulting effect on 

the reliability of the bulk power system by the increase in operational cost. The methodology 

is applied to a case study of interacting power, gas, and cyber test networks.
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D | N-K INTERDICTION MODELING FOR NATURAL GAS NETWORKS

Although electricity transmission systems are typically very robust, the impacts that arise 

when they are disrupted motivate methods for analyzing outage risk. For example, N-k 

interdiction models were developed to characterize disruptions by identifying the sets of k 

power system components whose failure results in “worst case” outages. While such models 

have advanced considerably, they generally neglect how failures outside the power system 

can cause large-scale outages. Specifically, failures in natural gas pipeline networks that 

provide fuel for gas-fired generators can affect the function of the power grid. In this study, 

we extend N-k interdiction modeling to gas pipeline networks. We use recently developed 

convex relaxations for natural gas flow equations to yield tractable formulations for 

identifying sets of k components whose failure can cause curtailment of natural gas delivery. 

We then present a novel cutting-plane algorithm to solve these problems. Finally, we use 

test instances to analyze the performance of the approach in conjunction with simulations of 

outage effects on electrical power grids.
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E | COORDINATION OF ELECTRICITY, HEAT, AND NATURAL GAS SYSTEMS ACCOUNTING 
FOR NETWORK FLEXIBILITY

Existing energy networks can foster the integration of uncertain and variable renewable 

energy sources by providing additional operational flexibility. In this direction, we propose 

a combined power, heat, and natural gas dispatch model to reveal the maximum potential 

“network flexibility”, corresponding to the ability of natural gas and district heating pipelines 

to store energy. To account for both energy transport and linepack in the pipelines in a 

computational efficient manner, we explore convex quadratic relaxations of the nonconvex 

flow dynamics of gas and heat. The resulting model is a mixed-integer secondorder cone 

program. An ex-post analysis ensures feasibility of the heat dispatch, while keeping the 

relaxation of the gas flow model sufficiently tight. The revealed flexibility is quantified in 

terms of system cost compared to a dispatch model neglecting the ability of natural gas and 

district heating networks to store energy.
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F | OPTIMIZATION OF MULTI-ENERGY VIRTUAL POWER PLANTS FOR PROVIDING 
MULTIPLE MARKET AND LOCAL NETWORK SERVICES

When operated independently, distributed energy resources (DER) cannot readily participate 

in electricity markets or contribute toward network stability and security. These issues can 

be addressed by aggregated control of DER within a virtual power plant (VPP) framework. 

This work presents a scenario-based optimization approach to operating a multi-energy 

VPP under uncertainty. This enables optimized participation in multiple energy and ancillary 

service markets, while alleviating local network constraints and providing reactive power 

support. The case study deploys an electricity-hydrogen VPP demonstrating the efficacy of 

the proposed framework. The results highlight the tight interaction between local network 

support and system-level market participation, and how provision of local voltage and 

reactive power services can enhance the VPP’s flexibility to maximize its market revenues. 

This is particularly relevant in the context of distribution system operation and emerging DER 

marketplaces that are constrained by local network limits.
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A | CURRENT LIMITING ALGORITHMS AND TRANSIENT STABILITY ANALYSIS OF GRID-
FORMING VSCS

This paper consists first in comparing the well-known virtual impedance and current 

saturation algorithms in case of a three-phase short circuit. During the fault, the virtual 

impedance has an indirect action on the AC current since it depends mainly on the AC 

voltage controllers dynamics, whereas, the current saturation algorithm has a direct action 

on the AC current. Thus, a first study consists in comparing the dynamic behavior of the AC 

current for both methods separately. Once the fault is cleared, the grid-forming converter 

should be able to resynchronize to the main grid. In this paper, the impact of each current 

limiting algorithm on the transient stability is highlighted. Based on this comparative 

approach between the virtual impedance and the current saturation algorithms, a hybrid 

current limiting control is proposed to benefit the advantages of each algorithm in terms of 

current limitation and transient stability. To show the effectiveness of the proposed control, 

time-domain simulations and experimental test cases have been performed.
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B | INDEPENDENT CHANNEL DESIGN APPROACH FOR STABILITY ANALYSIS OF GRID-
CONNECTED CONVERTERS

The independent channel design approach proposes that the stability of a multiple-input 

multiple output system can be studied through the analysis of single-input single-output 

(SISO) systems. In the case of the GCC studied in this paper, two SISO systems are defined as 

positive and negative sequence channels, PSC and NSC, respectively. Further simplifications 

for the SISO systems are proposed so that the simplified PSC and NSC are decoupled. The 

advantage of studying decoupled SISO systems is that the identified instabilities can be 

given a physical interpretation. For example, it is found that instabilities related to ac-grid 

resonances are due to the fact that the GCC acts as a negative conductance in the PSC. 

Instability is less likely to occur in the NSC since resonances take place at a higher resonance 

frequency where the GCC acts as a positive conductance. It is also argued that the proposed 

simplification is able to reproduce fairly close instabilities related to ac-grid resonances, while 

for instabilities of other nature, complete expressions need to be used.
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C | CHATTERING-FREE MODELLING AND SIMULATION OF POWER SYSTEMS WITH 
INCLUSION OF FILIPPOV THEORY

This paper proposes a general-purpose formulation of an anti-windup proportional and 

integral (PI) controller based on Filippov theory and discusses the performance of the 

proposed PI model for the dynamic analysis of power systems. The proposed model 

accurately captures non-smooth dynamics according to the IEEE standard 421.5-2016 and 

effectively removes trajectory deadlock and chattering. The validation of the model is 

performed considering an automatic voltage regulator and a static synchronous compensator 

in a single-machine infinite-bus system and the WSCC 9-bus system, respectively.
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D | REDUCED-ORDER MODELING OF INVERTER-BASED GENERATION USING HYBRID 
SINGULAR PERTURBATION

This paper contributes to the field of inverter modelling for large-scale simulations by 

introducing a novel Model- Order Reduction (MOR) method based on singular perturbation. 

Motivated by the timescale separation between the fast and slow dynamics in an inverter-

based power system, the proposed nonlinear MOR concept extends on the existing zero- and 

firstorder reduction methods by combining the low computational burden of the former 

approach with the higher accuracy of the latter one. As a result, such hybrid MOR technique 

preserves the slow system dynamics of the full-order model, while simultaneously capturing 

the impact of the removed fast states on slow variables. Moreover, we introduce several 

improvements to the existing first-order MOR in order to make it tractable and more efficient 

when applied to a realistic full-order inverter model. The novel hybrid approach is applied 

to both grid-forming and gridfollowing inverter control schemes, and compared against 

existing reduction methods from the literature. The results showcase a better time-domain 

performance of the hybrid method during transients, while having a negligible increase in 

computational requirements compared to the traditional zero-order approach.

— Ivo Caduff     
Lawrence Berkeley National Laboratory
Switzerland

— Uros Markovic     
ETH Zürich
Switzerland

— Ciaran Roberts     
Lawrence Berkeley National Laboratory
United States

— Gabriela Hug     
ETH Zürich
Switzerland

— Evangelos Vrettos     
Lawrence Berkeley National Laboratory
United States

AUDITORIUM 01

202



FRIDAY 03 JULY

Voltage Stability and Control 

Chair: Costas Vournas

A | VOLTAGE STABILITY ASSESSMENT ACCOUNTING FOR CURRENT-LIMITED CONVERTERS

This paper investigates how current-limited converters influence system stability. An 

improved approach for assessing voltage stability is introduced, which determines the 

maximum deliverable power to a load by accounting for changes in the Th´evenin voltages. 

The new approach is able to detect voltage instability well before the traditional approach 

based on Th´evenin impedance matching. A new stability boundary is discovered that 

describes the aperiodic small signal stability boundary for current-limited converters. The 

improved approach was modified to account for current-limited converters. The detection of 

voltage and rotor angle instability during current limitation were demonstrated on a seven 

bus system, where test cases were performed. The test cases showed that voltage instability 

can lead to aperiodic small signal instability, when the converter has reached its current limit 

and loss of synchronism in the unstable region during current-limitation causes the system 

voltages to collapse.
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B | VOLTAGE STABILITY SUPPORT OFFERED BY ACTIVE DISTRIBUTION NETWORKS

This paper investigates distributed control schemes with which an Active Distribution 

Network can help to increase the voltage stability loadability limit of a bulk power system. 

Ac-tive distribution networks with converter connected renewable energy units can improve 

network operation through their con-trol and regulation resources. In this paper the aim is to 

enhance power system voltage stability through distributed controls, re-specting at the same 

time the operational limits of the distribution grid. Case studies of a radial power system, as 

well as of a real power system snapshot are included.
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C | POWER FACTOR IMPROVEMENT BY ACTIVE DISTRIBUTION NETWORKS DURING 
VOLTAGE EMERGENCY SITUATIONS

As more Distributed Generation Units (DGUs) are integrated into medium–voltage grids, 

the interaction between transmission and distribution networks plays a higher role in power 

system security. The contribution of the so-called Active Distribution Networks (ADNs) to 

system stability is expected to become more and more significant. This paper focuses on 

longterm voltage stability issues and shows that, contrary to what might be expected, a mere 

reactive power injection by DGUs has detrimental effects on system stability and might bring 

along counterproductive effects that precipitate voltage instability and collapse. Hence, an 

alternative control scheme for power factor improvement by ADNs during voltage emergency 

situations is proposed. The power factor is measured at the point of common coupling 

between transmission and distribution networks. The controller enhances system stability 

and eliminates the identified counterproductive effects. The conclusions are derived from 

timedomain simulations of a very simple, but concept-friendly, 5-bus system.
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D |  CONTROL OF PERVASIVE DOMESTIC-SCALE INVERTERS FOR MINIMIZING TOTAL 
FEEDER POWER

This paper proposes a method for studying the potential benefits of reactive power control 

by domestic-scale inverters, considering network losses, inverter losses, and loadvoltage 

sensitivity. The model is developed as a mixed-integer quadratically constrained quadratic 

program (MI-QCQP), using a linearization of the unbalanced distribution load flow equations. 

Networks both with and without on-load tap changers are studied, with the test cases 

covering both European and North American-style circuits. The use of domestic inverter 

control is shown to increase benefits compared to conventional tap control by 20%, 

reducing the total feeder power draw by as much as 0.5% of the feeder load. In contrast, the 

minimization of either load or losses in isolation is shown to increase the amount of power 

that a feeder draws in five of the seven circuits. To reduce the communications overhead of 

the approach, a control scheme is proposed that specifies the reactive power of all inverters 

on each phase identically; this approach is shown to realise up to 98% of the potential 

benefits of inverter reactive power control.
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A | NETWORK-AWARE CO-OPTIMISATION OF RESIDENTIAL DER IN ENERGY AND FCAS 
MARKETS

With the increasing uptake of distributed energy resources (DER), such as rooftop PV and 

batteries, a significant amount of electricity is generated at a smaller scale. Consequently, 

the large-scale generators, responsible for frequency response, are having less share in our 

electricity markets. This makes it challenging to provide the grid with the required frequency 

response. To overcome this challenge, we introduce a network-aware co-optimisation 

approach that enables consumers to co-optimise their DER in energy and frequency markets. 

Our approach is based on the alternating direction method of multipliers where consumers 

and the grid negotiate on a receding horizon framework to obtain consensus solutions which 

satisfy the grid constraints under all operating conditions. Our experiments on 69 and 141 bus 

networks show a significant improvement over a case where decisions are not co-optimised. 

We also show how, compared to the majority of the literature, we can avoid network 

violations.
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B |  STABILIZING PEER-TO-PEER ENERGY TRADING IN PROSUMER COALITION THROUGH 
COMPUTATIONAL EFFICIENT PRICING

Load balancing issues in distribution networks have emerged alongside the large-scale 

deployment of distributed renewable generation sources. In light of this challenge, peer-

to-peer (P2P) energy trading constitutes a promising approach for delivering secure and 

economic supply-demand balance when faced with variable load and intermittent renewable 

generation through matching energy demand and supply locally. However, state-of-the-art 

mechanisms for governing P2P energy trading either fail to suitably incentivize prosumers 

to participate in P2P trading or suffer severely from the curse of dimensionality with their 

computational complexity increase exponentially with the number of prosumers. In this paper, 

a P2P energy trading mechanism based on cooperative game theory is proposed to establish 

a grand energy coalition of prosumers and a computationally efficient pricing algorithm is 

developed to suitably incentivize prosumers for their sustainable participation in the grand 

coalition. The performance of the proposed algorithm is demonstrated by comparing it to 

state-of-the-art mechanisms through numerous case studies in a real-world scenario. The 

superior computational performance of the proposed algorithm is also validated.
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C | MITIGATING THE IMPACT OF DISTRIBUTED PV IN A LOW-VOLTAGE GRID USING 
ELECTRICITY TARIFFS

A high share of distributed photovoltaic (PV) generation in low-voltage networks may lead to 

over-voltage, and line/transformer overloading. To mitigate these issues, we investigate how 

advanced electricity tariffs could ensure safe grid operation while enabling building owners 

to recover their investment in a PV and storage system. We show that dynamic volumetric 

electricity prices trigger economic opportunities for large investments in PV and battery 

capacity but lead to more stress on the grid while capacity and block rate tariffs mitigate 

over-voltage and decrease line loading issues. However, block rate tariffs significantly 

decrease the optimal PV installation size.
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D |  MARKET PARAMETERS DEPENDENT INDICES FOR COMPETITION EVALUATION IN 
ELECTRICITY MARKET

Typical market share indices are rarely suitable for market power measurement in electricity 

markets since they do not take into account major market features. This leads to the necessity 

of developing new or modification of existing instruments. In this paper, we study and assess 

outcomes of typical market share indices, and variations of Residual Supply Index (RSI). We 

propose a new market parameters dependent index (PDI) and a corresponding methodology, 

which as well relies on residual demand, demand elasticity, and incorporates a threshold value 

of price rise. We implement statistical methods on market data to derive values of indices and 

the relation between RSI and PDI. Then we formulate the conditions when the indices provide 

appropriate results and give them justification.

— Marina Dolmatova     
Association “NP Market Council”
Russian Federation

— Dmitry Kozlovskiy     
Association “NP Market Council”
Russian Federation

— Olga Khrustaleva     
Association “NP Market Council”
Russian Federation

— Tatiana Sultanova     
Association “NP Market Council”
Russian Federation

— Alexander Vasin     
Lomonosov Moscow State University
Russian Federation

AUDITORIUM 01

210



FRIDAY 03 JULY

Economics, Energy Markets, and Regulation II

Chair: Anastasios Bakirtzis

E | EXPLORING THE EFFECTS OF LOCAL ENERGY MARKETS ON ELECTRICITY RETAILERS 
AND CUSTOMERS

Local energy markets (LEM) have recently attracted great interest as they enable effective 

coordination of small-scale distributed energy resources (DER) at the customer side, and 

avoidance of distribution network reinforcements. However, the introduction of LEM has also 

significant implications on the strategic interactions between the customers and incumbent 

electricity retailers. This paper explores for the first time these interactions by proposing 

a novel multi-period bi-level optimization model, which captures the pricing decisions of a 

strategic retailer in the upper level (UL) and the response of both independent customers and 

the LEM (both including flexible consumers, micro-generators and energy storages) in the 

lower level (LL). Since the LL problem representing the LEM is non-convex, a new analytical 

approach is employed for solving the developed bi-level problem. The examined case studies 

demonstrate that the introduction of an LEM reduces the customers’ energy dependency 

on the retailer and limits the retailer’s strategic potential of exploiting the customers 

through large differentials between buy and sell prices. As a result, the profit of the retailer 

is significantly reduced while the customers, primarily the LEM participants and to a lower 

extent non-participating customers, achieve significant economic benefits.
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A |  INCORPORATION OF ACTIVE POWER ANCILLARY SERVICES INTO VSC-HVDC 
CONNECTED ENERGY SOURCES

This paper investigates the interaction between frequency containment services (FCS) 

and power oscillation damping (POD) ancillary services installed in a Voltage Source 

Converter High Voltage DC (VSC-HVDC) line. In VSC-HVDC systems, ancillary services can 

be installed to maintain appropriate levels of power system stability. Both FCS and POD 

controllers are typically installed in the active power control loop separately. The modulation 

signals generated by these two ancillary services both affect the active power injected by 

the converter. When operating a VSC with FCS and POD ancillary services the resultant 

combination of the modulation signals in the active power loop may result in reduced 

performance. The results in this study show that performance of controllers reduces when 

both ancillary services are activated, particularly in low-inertia systems. Modifications to 

the control structures of both controllers that improve their performance under various 

disturbances are proposed.
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B | IMPACT OF PLL DYNAMICS ON THE SMALL-SIGNAL STABILITY OF THE MMC USING 
DYNAMIC PHASOR MODELING IN THE ABC FRAME

This paper presents a small-signal dynamic phasor model of the modular multilevel converter 

including phase-locked loop (PLL) dynamics. A simple PLL model including a low-pass filter 

at its input and accounting for the harmonic content of the voltage at the point of common 

coupling is developed to assess the impact of the PLL on small-signal stability. Nonlinear 

models of the converter, its controllers and the PLL are separately developed and linearized. 

The linearized models are combined using the component connection method to obtain the 

overall system matrices. The developed model is verified against a nonlinear averaged model 

in MATLAB/Simulink, and dynamic phasor models including different harmonic content are 

compared in terms of their accuracy. Eigenvalue analysis is carried out to study the impact of 

the PLL and its filter cutoff frequency on the small-signal stability of the converter.
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C |  ON CONTROL AND BALANCING OF RIGID BIPOLAR MMC-HVDC LINKS ENABLING 
SUBSYSTEM-INDEPENDENT POWER TRANSFER

High voltage direct current transmission schemes equipped with modular multilevel 

converter technology are considered in several realized and planned bulk power transmission 

projects. Especially in the case of dc cable links with high system lengths, the rigid bipolar 

configuration presents a suitable compromise between power rating, cost-efficiency and 

converter redundancy. Caused by the absence of a metallic return path, system degrees 

of freedom are reduced in contrast to the bipolar configuration with dedicated metallic 

return. Therefore, the dc currents in positive and negative bipolar subsystem are not 

independent. This leads to new challenges and motivates the development of advanced 

control and balancing concepts for rigid bipolar schemes. This paper focuses on balanced 

and unbalanced ac grid operating conditions with subsystem-independent active power set 

points in an ac split-busbar scenario, which has not yet been covered in literature. In order to 

validate the presented methodology, case studies are performed in electromagnetic transient 

software.
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D | STUDY OF RESONANCE ISSUES BETWEEN DFIG-BASED OFFSHORE WIND FARM AND 
HVDC TRANSMISSION

Wide-frequency range of resonances can occur in HVDC-connected DFIG-based offshore 

wind farm (OWF), thus induce large harmonic distortion or endanger system stability. 

Previous studies usually treat OWF as a single-machine system without considering the 

switching states of individual wind turbines and collecting cables, or ignore the converter 

responses to wind speed variation and generation control order. In this paper, such factors are 

included in the modelling of OWF. Their impacts on resonance frequency, amplification level 

and the occurrence of negative damping are analyzed applying the resonance mode analysis 

method. Harmonic stability and power quality issues are demonstrated for the frequency 

range from several Hz to a few kHz. Simulations in MATLAB/Simulink validate the analytical 

results. Additionally, resonance damping strategies are discussed regarding the identified 

resonances in widely spread frequencies.
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E |  EFFECT OF VOLTAGE SOURCE CONVERTERS WITH ELECTROCHEMICAL STORAGE 
SYSTEMS ON DYNAMICS OF REDUCED-INERTIA BULK POWER GRIDS

High voltage direct current transmission schemes equipped with modular multilevel 

converter technology are considered in several realized and planned bulk power transmission 

projects. Especially in the case of dc cable links with high system lengths, the rigid bipolar 

configuration presents a suitable compromise between power rating, cost-efficiency and 

converter redundancy. Caused by the absence of a metallic return path, system degrees 

of freedom are reduced in contrast to the bipolar configuration with dedicated metallic 

return. Therefore, the dc currents in positive and negative bipolar subsystem are not 

independent. This leads to new challenges and motivates the development of advanced 

control and balancing concepts for rigid bipolar schemes. This paper focuses on balanced 

and unbalanced ac grid operating conditions with subsystem-independent active power set 

points in an ac split-busbar scenario, which has not yet been covered in literature. In order to 

validate the presented methodology, case studies are performed in electromagnetic transient 

software.
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F | CLASSIFICATION AND DYNAMIC ASSESSMENT OF DROOP-BASED GRID-FORMING 
CONTROL SCHEMES: APPLICATION IN HVDC SYSTEMS

This paper introduces a novel classification for droop-based control strategies towards 

emerging interest of utilizing grid-forming control schemes in high voltage direct current 

(HVDC) systems. Classical droop control for grid-forming operation does not conventionally 

depend on a phase-locked loop (PLL). It is shown that by including a PLL in droop control, 

it is possible to define two other droop-based control variants with different capabilities and 

functionalities. To highlight the differences in performance of each control scheme, the active 

power response of the power converter is evaluated in case of variation in grid short circuit 

ratio (SCR) as well as the PLL response time by considering an ideal DC bus. Accuracy in 

active power regulation, frequency support capability and virtual inertia emulation are the 

functionalities that have been addressed for the proposed three different control schemes. In 

a next step, the introduced droop-based grid-forming schemes are assessed by considering 

the dynamics of both AC and DC side of the power converter at one terminal of an HVDC link. 

Finally, based on the simulation results, a summary of features for all introduced grid-forming 

control schemes is presented.
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E |  EFFECT OF VOLTAGE SOURCE CONVERTERS WITH ELECTROCHEMICAL STORAGE 
SYSTEMS ON DYNAMICS OF REDUCED-INERTIA BULK POWER GRIDS

High voltage direct current transmission schemes equipped with modular multilevel 

converter technology are considered in several realized and planned bulk power transmission 

projects. Especially in the case of dc cable links with high system lengths, the rigid bipolar 

configuration presents a suitable compromise between power rating, cost-efficiency and 

converter redundancy. Caused by the absence of a metallic return path, system degrees 

of freedom are reduced in contrast to the bipolar configuration with dedicated metallic 

return. Therefore, the dc currents in positive and negative bipolar subsystem are not 

independent. This leads to new challenges and motivates the development of advanced 

control and balancing concepts for rigid bipolar schemes. This paper focuses on balanced 

and unbalanced ac grid operating conditions with subsystem-independent active power set 

points in an ac split-busbar scenario, which has not yet been covered in literature. In order to 

validate the presented methodology, case studies are performed in electromagnetic transient 

software.
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F | CLASSIFICATION AND DYNAMIC ASSESSMENT OF DROOP-BASED GRID-FORMING 
CONTROL SCHEMES: APPLICATION IN HVDC SYSTEMS

This paper introduces a novel classification for droop-based control strategies towards 

emerging interest of utilizing grid-forming control schemes in high voltage direct current 

(HVDC) systems. Classical droop control for grid-forming operation does not conventionally 

depend on a phase-locked loop (PLL). It is shown that by including a PLL in droop control, 

it is possible to define two other droop-based control variants with different capabilities and 

functionalities. To highlight the differences in performance of each control scheme, the active 

power response of the power converter is evaluated in case of variation in grid short circuit 

ratio (SCR) as well as the PLL response time by considering an ideal DC bus. Accuracy in 

active power regulation, frequency support capability and virtual inertia emulation are the 

functionalities that have been addressed for the proposed three different control schemes. In 

a next step, the introduced droop-based grid-forming schemes are assessed by considering 

the dynamics of both AC and DC side of the power converter at one terminal of an HVDC link. 

Finally, based on the simulation results, a summary of features for all introduced grid-forming 

control schemes is presented.
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A |  MODELING LOAD FORECAST UNCERTAINTY USING GENERATIVE ADVERSARIAL 
NETWORKS

The integration of distributed energy resources (DER) increase the uncertainty of the load. 

Probabilistic load forecasting (PLF) is able to model these uncertainties in the form of 

quantile, interval, or density. However, the uncertainties are usually given individually for every 

single period which fails to capture the temporal variations across periods. Therefore, this 

paper proposes a generative adversarial network (GAN)-based scenario generation approach 

to model both the uncertainties and the variations of the load. Specifically, point forecasting 

is first conducted and the corresponding residuals are calculated. On this basis, a conditional 

GAN model is designed and trained. Then, the well-trained GAN model generates residual 

scenarios that are conditional on the day type, temperatures, and historical loads. Finally, 

the effectiveness of the uncertainty modeling by the generated scenarios is evaluated from 

different perspectives. Case studies on open datasets verify the effectiveness and superiority 

of the proposed method.
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B | A DEEP LEARNING METHOD FOR FORECASTING RESIDUAL MARKET CURVES

Forecasts of residual demand curves (RDCs) are valuable information for price-maker market 

agents since it enables an assessment of their bidding strategy in the marketclearing price. 

This paper describes the application of deep learning techniques, namely long short-term 

memory (LSTM) network that combines past RDCs and exogenous variables (e.g., renewable 

energy forecasts). The main contribution is to build up on the idea of transforming the 

temporal sequence of RDCs into a sequence of images, avoiding any feature reduction and 

exploiting the capability of LSTM in handling image data. The proposed method was tested 

with data from the Iberian dayahead electricity market and outperformed machine learning 

models with an improvement of above 35% in both root mean square error and Fr`echet 

distance.
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C | HIERARCHICAL DEMAND FORECASTING BENCHMARK FOR THE DISTRIBUTION GRID

We present a comparative study of different probabilistic forecasting techniques on the 

task of predicting the electrical load of secondary substations and cabinets located in a 

low voltage distribution grid, as well as their aggregated power profile. The methods are 

evaluated using standard KPIs for deterministic and probabilistic forecasts. We also compare 

the ability of different hierarchical techniques in improving the bottom level forecasters’ 

performances. Both the raw and cleaned datasets, including meteorological data, are made 

publicly available to provide a standard benchmark for evaluating forecasting algorithms for 

demand-side management applications.
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D | MULTIPLE HOUSEHOLDS VERY SHORT-TERM LOAD FORECASTING USING BAYESIAN 
NETWORKS

Load forecasting is essential for different activities on power systems, and there is extensive 

research on approaches for forecasting in different time horizons, from next-hour to decades. 

However, because of higher uncertainty and variability compared to aggregated or medium 

and high voltage, the forecasting of the individual household load is a current challenge. 

This paper presents a load forecasting for multiple households using Bayesian networks. 

Our model, which is multivariate, uses past consumption, temperature, socioeconomic and 

electricity usage aspects to forecast the next instant household load value. It was tested using 

real data from the Irish smart meter project and its performance was compared with other 

forecasting methods. Results have shown that the proposed approach provides consistent 

single forecast model for hundreds of households with different consumption patterns, 

showing a generalisation capability in an efficient manner.
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A | IDENTIFICATION OF CRITICAL CLUSTERS IN INVERTER-BASED MICROGRIDS

In this paper, we investigate the stability properties of inverter-based microgrids by 

establishing the possible presence of the so-called critical clusters - groups of inverters with 

their control settings being close to the stability boundary. For this, we consider the spectrum 

of the weighted admittance matrix of the network and show that its distinct eigenvalues 

correspond to inverter clusters, whose structure can be revealed by the corresponding 

eigenvector. We show that the maximum eigenvalue of the weighted admittance matrix 

corresponds to the cluster, closest to stability boundary. We also establish, that there exists 

a boundary on the value of this eigenvalue, that corresponds to the stability of the overall 

system. Thus, we make it possible to certify the stability of the system and find the groups of 

inverters which control settings are closest to the stability boundary.
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B | IMPACT OF WIND TURBINE GENERATOR TECHNOLOGIES AND FREQUENCY CONTROLS 
ON THE STABLE OPERATION OF MEDIUM VOLTAGE ISLANDED MICROGRIDS

In islanded microgrids, wind turbine generators have a significant impact on the power 

balance requiring a stability-supporting behavior. Therefore, the impact of technological 

char-acteristics and frequency control approaches of wind turbine gen-erators needs to be 

identified. In this paper, the impact of wind turbine generator technologies and frequency 

controls in existing medium voltage islanded microgrids is evaluated. Different tech-nologies 

and frequency-dependent active power adjustment con-trol approaches are analyzed 

regarding the impact on a stable is-landed microgrid operation. Based on the conducted 

investiga-tions, the impact of the technology of wind turbine generators on the stable 

operation of islanded microgrids differs only margin-ally. The utilization of a virtual inertia 

concept without deadband hysteresis in medium voltage islanded microgrids positively af-

fects the stable operation. Moreover, in case of multiple units, the diversity of technology and 

frequency control parameterization leads to a more stable islanded microgrid operation.

— Dominik Willenberg     
Institute for High Voltage Technology - RWTH Aachen University
Germany

— Alexander Winkens     
Institute for High Voltage Technology - RWTH Aachen University
Germany

— Philipp Linnartz     
Institute for High Voltage Technology - RWTH Aachen University
Germany

12:45 — 14:45

AUDITORIUM 02

225



PSCC 2020

XXI POWER SYSTEMS
COMPUTATION
CONFERENCE
29th JUNE — 3rd JULY

FRI-
DAY
03 
JULY

Operation and Control of Microgrids

Chair: Johanna Myrzik

12:45 — 14:45

C | AGGREGATION OF COMPONENT-BASED GRID-FEEDING DER AND LOAD MODELS FOR 
SIMULATION OF MICROGRID ISLANDING TRANSIENTS

The reliability of distribution networks can be improved by islanding of part of the network 

when a short-circuit fault occurs. The voltage and frequency stability during transient 

can be evaluated with time-domain simulations using componentbased DER and load 

models. However, simulations with this type of models have a relatively high computational 

burden which constrains periodical stability analysis of microgrids. This paper proposes 

an aggregation methodology which significantly decreases the computation time of 

fault-initiated islanding simulations with component-based models, while maintaining the 

nonlinear dynamics. The methodology is first validated by directly comparing the original and 

equivalent models during large voltage and frequency transients. Secondly, a fault-initiated 

islanding case study of a residential distribution network is performed. For both validations, 

a sensitivity analysis of model parameters and voltage variations is performed. The results 

indicate the methodology preserves the dynamics of DERs and loads, while significantly 

reducing the computational time.
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D | THREE-LEVEL HIERARCHICAL MICROGRID CONTROL — MODEL DEVELOPMENT AND 
LABORATORY IMPLEMENTATION

This paper presents a three-level hierarchical control approach for microgrids in grid-

connected mode. The first level optimizes microgrid operation in the long run, e.g. 15 minutes, 

with the goal of minimizing microgrid’s operating costs. The second level takes part in 

frequency control in grid-connected microgrids. It utilizes a Model Predictive Controller and 

Kalman Filter based on available frequency measurements in the microgrid. The third level is 

the plant level, in which classical controllers are used for tracking optimal set points received 

from upper two control levels. The developed control scheme is applied to the Smart Grid Lab 

(SGLab) at the University of Zagreb Faculty of Electrical Engineering and Computing. The 

findings from this close-to-real-world application are also presented.
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E | CONTROLLER HARDWARE IN THE LOOP TESTING OF MICROGRID SECONDARY 
FREQUENCY CONTROL SCHEMES

This paper describes a controller hardware-in-the loop (C-HIL) approach for testing 

centralized and distributed secondary frequency control schemes of AC microgrids operating 

in islanded mode. We describe the formulation of the secondary frequency control problem 

and the theory behind the centralized and distributed implementations of the control 

schemes. Then, we describe the testbed utilized for C-HIL testing activities. Finally, we 

provide the testing results that compare the performance (in terms of the system response 

time), and resilience (in terms of withstanding the failure of a control device), of both 

schemes.
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A | ISLANDING AND DYNAMIC RECONFIGURATION FOR RESILIENCE ENHANCEMENT OF 
ACTIVE DSTRIBUTION SYSTEMS

Increasingly frequent extreme weather events cause power outages in active distribution 

systems. Islanding and fault reconfiguration are effective approaches to service restoration 

and resilience enhancement. This paper proposes a multi-stage switch strategy based on 

dynamic programming (DP), considering both islanding and fault reconfiguration. First, 

numerous expected fault scenarios are constructed based on meteorological forecast 

and vulnerability analysis of system components, from which typical ones are selected by 

their information entropy. Second, for each typical scenario, a multi-stage switch strategy 

considering both islanding and fault reconfiguration is developed through DP. The objective 

is to make a tradeoff between minimizing total power shortage and minimizing the number 

of switching operations over the whole event’s duration. The constraints comprise power 

flow limits, nodal voltage limits, and distributed generators’ capabilities. Finally, a risk-based 

resilience assessment is performed and the resilience improvement is presented. Tests on the 

IEEE 33-bus distribution system demonstrate the effectiveness of the proposed method.
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B | CONTROLLER HARDWARE IN THE LOOP TESTING OF MICROGRID SECONDARY 
FREQUENCY CONTROL SCHEMES

Increasingly severe weather threats urge system operators to apply a systematic approach 

to cope with emergencies. In this context, a sound estimation of the time needed to recover 

electric service and infrastructure plays an important role for recovery management. The 

paper proposes a quantitative methodology to simulate the service and infrastructure 

recovery process with its uncertainties, highlighting the dependence of the main recovery 

characteristics (e.g. duration, energy not supplied) on several technical and environmental 

aspects (e.g. visibility, road availability). Simulations run on a realistic HV (High Voltage) grid 

show that results are consistent with operator’s experience, and the approach can be used 

to improve the organization and management of the recovery process at planning and actual 

emergency stages.
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C | OPF-BASED UNDER FREQUENCY LOAD SHEDDING PREDICTING THE DYNAMIC 
FREQUENCY TRAJECTORY

The paper describes a centralized Under Frequency Load Shedding (UFLS) method, 

where load shedding decisions are based on the solution of an optimization problem. The 

proposed approach anticipates the evolution of the grid frequency trajectory by means of a 

system dynamic model. Moreover, the method is augmented by the equations derived from 

the Optimal Power Flow (OPF) problem allowing to constrain asymptotic values of node 

voltages and line currents. The proposed OPFbased method differs from traditional UFLS 

methods as it enables the user to compute the minimum amount of load to be shed and, at 

the same time, provides a feasible grid trajectory. The trajectory of the system frequency 

due to the contingency, and the subsequent load shedding, is predicted over the entire 

time horizon by means of a second-order dynamic model. The feasibility and applicability 

of the proposed method are assessed by means of numerical simulations carried out using 

a real-time simulator, where the time-domain full-replica model of the IEEE 39-bus system 

has been implemented. Two contingency scenarios are investigated and the performance 

of the proposed method is compared against the UFLS strategy recommended by the 

European Network of Transmission System Operators (ENTSOE). The metrics used for such a 

comparison are the amount of energy not served, the frequency variation and the violation of 

the grid safety constraints.
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D | ADAPTIVE UNDERFREQUENCY LOAD SHEDDING IN SYSTEMS WITH RENEWABLE 
ENERGY SOURCES AND STORAGE CAPABILITY

This work proposes an adaptive underfrequency load shedding (AUFLS) method suitable for 

power systems with high penetration of renewable energy sources (RES) and energy storage 

systems (ESS). The proposed AUFLS method takes into account the impact of these devices 

in the load shedding execution, considering important characteristics, such as the synthetic 

inertial response and the limited capacity of the ESS. In addition, the proposed approach 

combines into a single process different features of AUFLS methods already presented in the 

technical literature. Different scenarios of a modified version of the IEEE New England system 

is used to evaluate the proposed method and to compare its performance with other load 

shedding techniques. The results show that the proposed AUFLS is able to better estimate 

the generation deficit, resulting in a more precise and robust load shedding scheme.
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E | POWERMODELSRESTORATION.JL: AN OPEN-SOURCE FRAMEWORK FOR EXPLORING 
POWER NETWORK RESTORATION ALGORITHMS

With the escalating frequency of extreme grid disturbances, such as natural disasters, 

comes an increasing need for efficient recovery plans. Algorithms for optimal power 

restoration play an important role in developing such plans, but also give rise to challenging 

mixed-integer nonlinear optimization problems, where tractable solution methods are not 

yet available. To assist in research on such solution methods, this work proposes Power- 

ModelsRestoration, a flexible, open-source software framework for rapidly designing and 

testing power restoration algorithms. PowerModelsRestoration constructs a mathematical 

modeling layer for formalizing core restoration tasks that can be combined to develop 

complex workflows and high performance heuristics. The efficacy of the proposed framework 

is demonstrated by proof-of-concept studies on three established cases from the literature, 

focusing on single-phase positive sequence network models. The results demonstrate that 

PowerModelsRestoration reproduces the established literature, and for the first time provide 

an analysis of restoration with nonlinear power flow models, which have not been previously 

considered.
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A | THE OPTIMAL ADMITTANCE MATRIX PROBLEM IN DC NETWORKS

This paper establishes a general framework for network optimization in DC systems, namely 

the optimal admittance matrix (OAM) problem, which finds the optimal admittance matrix 

that minimizes power loss given the power injection information. The OAM problem offers a 

complementary viewpoint to the optimal power flow which finds the optimal power injections 

given the admittance matrix. A solution algorithm based on successive linear programming is 

designed to solve the OAM problem efficiently. Two numerical rules are discovered from the 

optimal admittance matrix given by the OAM problem, which are of interest to both power 

system theory and practice. The sparsity rule says that the optimal admittance matrix is 

sparse. The proportionality rule says that the optimal nodal self-admittance is nearly directly 

proportional to its power injection in absolute value, i.e., power loss is reduced by those buses 

with heavier generation or load having greater self-admittances. These rules are still valid 

when a moderate stability constraint is adopted. Conversely, the proportionality rule also 

gives an intuitive guide to power injection management. The obtained results reveal how the 

network and power injections coordinate with each other for better system performance.
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B | CLOSING THE LOOP: DYNAMIC STATE ESTIMATION AND FEEDBACK OPTIMIZATION OF 
POWER GRIDS

This paper considers the problem of online feedback optimization to solve the AC Optimal 

Power Flow in real-time in power grids. This consists in continuously driving the controllable 

power injections and loads towards the optimal set-points in timevarying conditions based 

on real-time measurements performed on the grid. However, instead of assuming noise-

free full state measurement like in recently proposed feedback optimization schemes, we 

connect a dynamic State Estimation using available measurements, and study its dynamic 

interaction with the optimization scheme. We certify stability of this interconnection and 

the convergence in expectation of the state estimate and the control inputs towards the 

true state values and optimal set-points respectively. Additionally, we bound the resulting 

stochastic error. Finally, we show the effectiveness of the approach on a test case using high 

resolution consumption data.
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C | SPARSE AND NUMERICALLY STABLE IMPLEMENTATION OF A DISTRIBUTION SYSTEM 
STATE ESTIMATION BASED ON MULTIFRONTAL QR FACTORIZATION

Enhancing situational awareness of distribution networks is a requirement of Smart Grids. 

In order to fulfill this requirement, specialized algorithms have been developed to perform 

Distribution System State Estimation (DSSE). Due to the particularities of such networks, 

those algorithms often rely on simplifications and approximations of the measurement model 

which make difficult to generalize their results. This paper presents a sparse and numerically 

stable implementation of an algorithm for DSSE, which does not require any additional 

assumption from the traditional state estimation formulation. The numerical stability is 

guaranteed by using Multifrontal QR factorization and an optimal ordering technique is 

evaluated to reduce fill-in. Simulation results are carried out with IEEE threephase unbalanced 

test feeders to evaluate the algorithm.
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D | ROBUST EVENT-DRIVEN DYNAMIC SIMULATION USING POWER FLOW

The power grid is a dynamic system encompassing numerous control devices with varying 

degrees of time constants, posing a challenge for dynamic simulators to efficiently step 

through time. We introduce a robust event-driven simulator to mimic dynamic simulation that 

exploits the inherent temporal sparsity by solving for the quasi-steady state of the grid using 

frequency-dependent power flow at each time-step. In this methodology, the effect of fast 

transient control actions is captured within the quasi-steady state while a time-dependent 

outer loop handles slow transients that dynamically change over time. The event-driven 

approach offers a fast simulation framework capable of scaling to large systems by taking 

timesteps based on proceeding events and uses a robust power flow simulator, Simulation 

with Unified Grid Analyses and Renewables (SUGAR), to solve for the quasi-steady state. 

We demonstrate the efficacy of this approach by simulating the effects of different control 

actions including automatic generation control (AGC), automatic voltage (AVR) and over 

excitation limits on large systems.
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E | CERTIFICATION AND PREDICTION OF POST-DISTURBANCE STATES IN DYNAMIC 
SECURITY ASSESSMENT

Dynamic security assessment usually involves the simulation of system dynamics under large 

disturbances. The instant large disturbance occurs, the post-disturbance state of the system 

could deviate significantly from the pre-disturbance one. It is desirable and necessary to 

develop an efficient method to certify the existence of state and predict the approximate 

post-disturbance state because: (1) faster warning can be made in online assessment; and 

(2) the dynamic simulator can be given better initial values to calculate precise solutions, 

which prevents convergence failure brought on by poor initial values. We propose a novel 

approach for efficiently certifying and predicting the post-disturbance states in dynamic 

security assessment. Based on the fixed-point power flow mapping approach applied to 

salient pole generator models, the criterion for determining the existence and uniqueness of 

the post-disturbance solution is derived, and the bounds of post-disturbance solution can be 

rigorously characterized.

— Bai Cui     
National Renewable Energy Laboratory
United States

— Rui Yao     
Argonne National Laboratory
United States

— Feng Qiu     
Argonne National Laboratory
United States

AUDITORIUM 02

238



FRIDAY 03 JULY

Mathematical and Computational Issues in 
Modeling and Simulation

Chair: Antonio Gomez Exposito

F | TIME AND VOLTAGE DOMAIN LOAD MODELS FOR APPLIANCE-LEVEL GRID EDGE 
SIMULATION AND CONTROL

Developments in simulation and distributed control of distributed energy resources require 

increasingly granular characterization and modeling of load behavior. Previous work has 

demonstrated the viability of voltage-based power control of residential appliances to enable 

load flexibility without service interruption. However, conventional static and dynamic load 

models fail to capture the coupled voltage and state dynamics relevant for this type of 

control. 

We develop a new class of dynamic load models for residential appliances. The input-output 

dynamics are learned by varying input voltage, which is enabled by custom hardware capable 

of controlling single-phase AC voltage and collecting high-resolution measurements. We 

estimate model parameters using nonlinear least squares regression and particle swarm 

optimization. The RMSE of power predictions is significantly reduced for loads with coupled 

time and voltage dynamics relative to traditional models. Using these models for voltage-

based power control can help improve the ability of DERs to provide grid services.
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Chair: Zita Vale

17:15 — 18:15

A | COORDINATING STRATEGIC AGGREGATORS IN AN ACTIVE DISTRIBUTION NETWORK 
FOR PROVIDING OPERATIONAL FLEXIBILITY

The support of distributed energy resources (DERs) for providing operational flexibility 

can be beneficial from the transmission system operators’ (TSOs’) viewpoint. Despite all 

opportunities, using DERs within an active distribution network (ADN) for providing flexibility 

brings operational challenges such as lines congestions and excessive voltage deviations 

management. Moreover, there are information asymmetries challenges for coordinating the 

DERs specifically when the strategic aggregators are introduced to manage them. In this 

paper, a local coordinating mechanism is proposed for the strategic aggregators to provide 

the operational flexibility. This paper furthers efforts toward proposing an iterative distributed 

algorithm converging to the Nash equilibrium (NE) of the non-cooperative game incorporated 

in the proposed mechanism. To validate the performance of the proposed mechanism, the 

IEEE 33 nodes radial distribution network is considered for a case study. The efficiency of the 

obtained NE and the proposed iterative distributed algorithm are thoroughly analyzed in the 

case study.
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B | A DISTRIBUTIONALLY ROBUST BIDDING STRATEGY FOR A WIND-STORAGE 
AGGREGATOR

This paper derives distributionally robust optimal bidding strategies for a wind-storage 

aggregator that participates as a price-maker in the day-ahead market, and a deviator in 

the balancing market. The market power is modeled by using a bi-level structure, which is 

finally transformed into a mixed integer linear programming model that can be solved using 

offthe- shelf solvers. The uncertainty in the distribution of wind generation forecast error is 

incorporated using distributionally robust optimization, which optimizes the decisions against 

the expectation over the worst-case distribution of the uncertainty. An autoregressive-

moving-average model is used to learn the historical forecast error, to generate forecast 

error scenarios and then to extract the statistical information of these scenarios to describe 

the potential distributions of the uncertain forecast error. A case study based on one-year 

Nordpool data validates the effectiveness of the proposed model, shows the impacts of 

market power, renewable subsidies and aggregation levels, and compares its performance to 

that of the perfect information case and the case of bidding at day-ahead forecast.
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17:15 — 18:15

C | INCENTIVE-BASED LOAD SHIFTING DYNAMICS AND AGGREGATORS RESPONSE 
PREDICTABILITY

Demand flexibility and its responsiveness under price-based control is a major research field. 

Much attention has been paid to model demand elasticity as synonymous with demand 

flexibility. But demand flexibility comes mostly as load shifting, and load shifting dynamics 

have been neglected when modelling demand response. In this paper, we model load shifting 

dynamics to simulate aggregate responses and analyse their predictability under time-varying 

prices. Our experience with simulation is then used to discuss possible enhancements in 

machine learning capable of predicting aggregate load dynamics.
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D | ENERGY-BASED STOCHASTIC MPC FOR INTEGRATED ELECTRICITY-HYDROGEN VPP IN 
REAL-TIME MARKETS

Virtual Power Plants (VPPs) comprising renewables and hydrogen production through power-

to-gas technologies can help to increase renewable penetration and to improve operational 

flexibility and economic performance. However, the uncertainty inherent to forecasts of 

renewable generation and energy prices renders cost effective operation difficult. The present 

paper approaches the issue by means of receding-horizon stochastic optimization (i.e. by 

stochastic Model Predictive Control (MPC)). Differently from previous works, we do not 

tackle computational tractability with a sampling-based approach, but by mapping quantile 

forecasts of virtual energy profiles to the mode of operation that has the highest probability 

of being optimal. This way, we reduce the computational load and the forecasting burden. 

Furthermore, simulation studies show that the proposed algorithm can attain a significant 

percentage of the revenue of optimal control with perfect forecasts.
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17:15 — 18:15

A | DYNAMIC STATE AND PARAMETER ESTIMATION OF SYNCHRONOUS GENERATOR FROM 
DIGITAL RELAY RECORDS

This paper proposes an approach for the estimation of dynamic states and parameters of a 

synchronous generator from digital protective relay (DPR) records. Digital fault recorder data 

or phasor measurement data based approaches are mostly used for aggregate generator 

models in the literature. The DPR records are usually available for individual generators in 

a plant and hence can be used for individual generator model development. Constrained 

Iterative Unscented Kalman Filter (CIUKF) is used in this paper which combines the benefit 

of iterations and constraints on variables to improve the accuracy of estimation. Adomian 

Decomposition Method (ADM) is used for solving the IEEE model 1.1 synchronous machine 

equations which has a less computational burden and higher accuracy when compared to 

the widely used Modified-Euler (ME) method. The effectiveness of the proposed approach is 

demonstrated using the WECC-3 generator 9 bus system. The simulation data is generated 

from a transient stability program with 1kHz sampling rate for a duration of 3s to resemble 

a DPR record. The CIUKF is tailored to get good convergence and accuracy with short data 

records. It has been observed that the accuracy obtained with the proposed approach is 

good enough to preserve the rotor modes of oscillation.
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B | LEARNING MODEL OF GENERATOR FROM TERMINAL DATA

Assuming that a generator is monitored by the system operator via a PMU device positioned 

at the generator’s terminal bus, we pose and resolve the question of the real-time, data-driven 

and automatic monitoring of the generator’s performance. We establish regimes of optimal 

performance for four complementary techniques ranging from the computationally light (a) 

Vector Auto-Regressive Model, suitable for normal, linear or almost linear regime, via (b) 

Long-Short-Term-Memory and (c) Neural ODE Deep Learning models, appropriate to monitor 

mildly nonlinear regimes, and finally to the (d) physics-informed model. For example, the 

physics-informed model is capable of fast identification of nonlinear transients and providing 

interpretable results, suitable, in particular, for corrective actions. The conclusions are reached 

in the result of validating the models on synthetic data generated in a realistic setting from an 

open-source, state-of-the-art modeling software. Advanced analysis is followed by a summary 

and conclusion suitable for the next step - validation of the hierarchy of the suggested data-

driven schemes in the industry setting.
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C | INTERLEAVING PHYSICS- AND DATA-DRIVEN MODELS FOR POWER SYSTEM 
TRANSIENT DYNAMICS

The paper explores interleaved and coordinated refinement of physics- and data-driven 

models in describing transient phenomena in large-scale power systems. We develop and 

study an integrated analytical and computational data-driven gray box environment needed 

to achieve this aim. Main ingredients include computational differential geometry-based 

model reduction, optimization-based compressed sensing, and a finite approximation of the 

Koopman operator. The proposed two-step procedure (the model reduction by differential 

geometric (information geometry) tools, and data refinement by the compressed sensing and 

Koopman theory based dynamics prediction) is illustrated on the multi-machine benchmark 

example of IEEE 14-bus system with renewable sources, where the results are shown for 

doubly-fed induction generator (DFIG) with local measurements in the connection point. The 

algorithm is directly applicable to identification of other dynamic components (for example, 

dynamic loads).
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D | DATA-DRIVEN OPTIMAL VOLTAGE REGULATION USING INPUT CONVEX NEURAL 
NETWORKS

Fast time-scale voltage regulation is needed to enable high penetration of renewables in 

power distribution networks. A promising approach is to control the reactive power injections 

of inverters to maintain the voltages. However, existing voltage regulation algorithms require 

the exact knowledge of line parameters, which are not known for most distribution systems 

and are difficult to infer. In this work, by utilizing the convexity results of voltage regulation 

problem, we design an input convex neural network to learn the underlying mapping between 

the power injections and the voltage deviations. By using smart meter data, our proposed 

data-driven approach not only accurately fits the system behavior, but also provides a 

tractable and optimal way to find the reactive power injections. Various numerical simulations 

demonstrate the effectiveness of the proposed voltage control scheme.
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Panel: Translating Power Systems Research 
into Practice

Chair: Keith Bell, Daniel Molzahn

18:45 — 20:15

Translating Power Systems Research into Practice ("From the lab into the field")

Panelists: Tom Overbye (Texas A&M University), Andreas Ulbig (Adaptricity), Britta Buchholz 

(ABB), Susana de Graaff (TenneT)

The aim of the session is to share experiences of trying to take research work on software or 

methods for power system analysis or market facilitation into 'real world' use.

Our intentions in the session are to

a) encourage PhD students, researchers, and academics to think how their work might 

progress to practical applications;

b) help both industry people and university people move towards best practice in 

collaborations;

c) share learning from experiences in commercialising ideas.

We are very pleased to have a number of different perspectives on the panel

1. An experienced academic who has successfully taken something ‘out of the lab  

and into the field’;

2. A younger academic who is active in a fairly recent commercial start-up;

3. A TSO person who is interested in innovations coming out of universities and has 

collaborated with them;

4. A person from a large vendor who is interested in innovations coming out of universities.

Each panelist will make an opening five-minute statement. We will then open up for 

discussion for the remainder of the hour-and-a-half session.

Biographies

Dr. Thomas J. Overbye is professor and holder of the Erle Nye ‘59 Chair for Engineering 

Excellence in the Department of Electrical and Computer Engineering at Texas A&M 

University (TAMU). Prior to joining TAMU in 2017 he was a Fox Family Professor at the 

University of Illinois at Urbana-Champaign. He received his BS, MS, and Ph.D. degrees in 

Electrical Engineering from the University of Wisconsin-Madison. Before starting his academic 

career he was employed with Madison Gas and Electric Company. He is the original developer 

of PowerWorld Simulator, a co-founder of PowerWorld Corporation, and an author of a widely 

used Power System Analysis and Design book. He was also the recipient of the Alexander 

Schwarzkopf Prize for Technological Innovation, a University of Wisconsin-Madison College 

of Engineering Distinguished Achievement Award, the IEEE Power and Energy Society 

Outstanding Power Engineering Educator Award, and is a member of the US National 

Academy of Engineering. 
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Dr. Andreas Ulbig is a co-founder and COO of ETH spin-off Adaptricity. He is also the vice 

president of the Swiss Energy Foundation. He received his M.Sc. from Supélec, Paris in 2006 

and his Dipl.-Ing. degree in Engineering Cybernetics from the University of Stuttgart in 2007. 

Previous work positions include the R&D department of RTE, the French transmission grid 

operator, and the International Energy Agency (IEA). During his PhD at the Power Systems 

Lab of ETH Zurich, he was an academic visitor at Caltech, the Pacific Northwest National 

Lab (PNNL) and the University of California, Berkeley.

Dr. Britta Buchholz is Vice President Active Distribution Grids in ABB Power Grids Global 

Market Innovation. Prior to this, she had several global managing roles in business 

development, product management and line management in the area of integrating 

renewable energy into power systems. From 2001 to 2011 she held various positions as 

manager of R&amp;D projects and head of the grid planning department at the regional 

energy supplier MVV Energie Group in Mannheim, Germany. She holds a Doctor´s degree 

in Electrical Engineering with focus on renewable energy from Kassel University, Germany, 

and a Master in Industrial Engineering from Karlsruhe Institute of Technology, Germany. She 

has gained broad international working experience. In CIGRE, she is member of the CIGRE 

Technical Council-World Bank Working Group “AFRICA”. Further, she leads the working 

group “Hybrid systems for off grid power supply”. She chaired the global study committee 

C6 “Distribution systems and dispersed generation” from 2014-2016 and was member of the 

Technical Council. Further, she was convener of the working group on “Asset Management 

for Distribution Networks with High Penetration of Distributed Energy Resources”. From 

2007 to 2013, she lectured at Federal Swiss Institute of Technology (ETH) in Zurich.

Dr. Susana Almeida de Graaff received her Licenciatura (5 years degree), M.Sc and PhD 

degrees in Electrical Engineering from Porto University, Portugal, respectively in 2000, 2006 

and 2010. Her PhD work "Portuguese Transmission Grid Incidents - Risk Assessment” was 

approved with distinction. In 2005, she was awarded with REN prize for her M.Sc. thesis 

in electrical power systems. She was with REN, the Portuguese TSO, since the beginning 

of 2001, with System Operations in the development of activities such as network security 

analysis, online risk assessment and disturbance/blackout analysis. Since November 2010, 

she is with TenneT TSO B.V. in the Netherlands, in International Development within System 

Operations, focusing in innovation, research and development, cooperation and coordination 

among TSOs, developing methodologies for capacity calculation, network security on a 

European level, including R&D projects. In 2018, she received the Hidde Nijland Prize in the 

Netherlands, in recognition for contributions to the development of the electrical power 

system. Since the 1st of July 2020, she is the head of the System Operations Development 

department at TenneT. Dr. Susana Almeida de Graaff is the chair of CIGRE Study Committee 

C2 on System Operations and Control since August 2016, and contributing actively to 

CIGRE SC C2 activities since 2006, as working group member, special reporter and national 

member. In 2013, she was awarded with CIGRE Technical Committee Award.
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12. Closing Session

Chair: Anjan Bose, Chair, PSCC Executive Board

20:15 — 20:45

Invitation to PSCC2022

Joao Peças Lopes, Chair, Local Organizing Committee

 

Closing of PSCC2020

Jay Giri, President of PSCC2020
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minutes, and must be in MP4 format, maximum file 
size 256MB. In addition to the video, authors must 
provide the EPSR paper ID (EPSR-D19-XXXXX) 
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PRE-RECORDED 
Authors who will not present a paper in real time

Must upload a video to https://stageevents.pt/p/
pscc2020/video/. The video should not exceed 15 
minutes, and must be in MP4 format, maximum file 
size 256MB. In addition to the video, authors must 
provide the EPSR paper ID (EPSR-D19-XXXXX) 
associated with their paper.

After uploading the video, a key will be assigned to 
each video and paper. Authors will receive this key via 
email, 10 days before the event.

The Organisation will upload the videos by authors/
speakers who will not be live streaming.

Authors are required to register before 19th June. 

The Conference will take place on Zoom; in this 
sense, it is mandatory the creation of an account on 
this platform before the event. Please make a Zoom 
account if you do not yet have one by visiting 
https://zoom.us/signin. The participants’ names must 
be easily identifiable, either through their Zoom account 
or the event registration data (name and email).

LIVE PRESENTATION (upload until June 19th)

Authors who will present a paper in real time

Must upload a video to https://stageevents.pt/_p/
pscc2020/video/, even if they are doing a live 
presentation. The video should not exceed 15 minutes, 
and must be in MP4 format, maximum file size 256MB. 
In addition to the video, authors must provide the 
EPSR paper ID (EPSR-D19-XXXXX) associated with 
their paper.

After uploading the video, a key will be assigned to 
each video and paper. Authors will receive this key via 
email, 10 days before the event.

The Session Chairs, mainly responsible for keeping 
track of time, can make brief introductions about 
the presentations. The authors/speakers should use 
equipment that ensures good sound and picture 
quality. After the presentation, the Session Chair will 
only turn on the microphones of those who wish to 
ask questions.

Authors are required to register before 19th June.

The Conference will take place on Zoom; in this 
sense, it is mandatory the creation of an account on 
this platform before the event. Please make a Zoom 
account if you do not yet have one by visiting 
https://zoom.us/signin. The participants’ names must 
be easily identifiable, either through their Zoom account 
or the event registration data (name and email).
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LIVE PRESENTATION (during the event)

Authors who will not present a paper in real time

The author/speaker who wishes to present the paper 
without video support should only share the screen 
after being informed by the Organisation that he/she 
is already live. This way, the content will only become 
available when the author/speaker is live streaming.

Participants should mute their microphones and turn 
off their cameras.

When the author or speaker is making his or her 
live presentation, participants cannot interfere. They 
must wait for the end of the presentation to ask their 
questions.

The Conference will take place on Zoom; in this 
sense, it is mandatory the creation of an account on 
this platform before the event. Please make a Zoom 
account if you do not yet have one by visiting 
https://zoom.us/signin. The participants’ names must 
be easily identifiable, either through their Zoom account 
or the event registration data (name and email).
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LIVE PRESENTATION (during the event)

Authors who will not present a paper in real time

The author/speaker who wishes to present the paper 
without video support should only share the screen 
after being informed by the Organisation that he/she 
is already live. This way, the content will only become 
available when the author/speaker is live streaming.

Participants should mute their microphones and turn 
off their cameras.

When the author or speaker is making his or her 
live presentation, participants cannot interfere. They 
must wait for the end of the presentation to ask their 
questions.

The Conference will take place on Zoom; in this 
sense, it is mandatory the creation of an account on 
this platform before the event. Please make a Zoom 
account if you do not yet have one by visiting 
https://zoom.us/signin. The participants’ names must 
be easily identifiable, either through their Zoom account 
or the event registration data (name and email).

LIVE PRESENTATION (upload until June 19th)

Authors who will present a paper in real time

Participants who wish to join the sessions, will get a 
username and a password.

The participants’ microphones will be turned off 
during the sessions.

We recommend participants to turn off the cameras 
during the sessions.

Participants should wait for the end of the session 
to ask their questions. After the presentation, and 
upon request, the Session Chairs will turn on the 
microphones of those who wish to intervene.

The Conference will take place on Zoom; in this 
sense, it is mandatory the creation of an account on 
this platform before the event. Please make a Zoom 
account if you do not yet have one by visiting 
https://zoom.us/signin. The participants’ names must 
be easily identifiable, either through their Zoom account 
or the event registration data (name and e-mail).
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Session Chairs will have a list with the contents of 
each session, whether they are pre-recorded videos or 
live presentations.

Each Session Chair will receive a username and a 
password a week before the event, to have access to 
the Conference.

Each paper or video will be assigned with a key, so 
that Session Chairs can cross-check them.

PSCC Organisation will manage the admission of 
all papers and videos. The Session Chairs, mainly 
responsible for keeping track of time, will oversee 
the sessions, and they can make brief introductions 
about the presentations. Participants should wait for 
the end of the session to ask their questions. After the 
presentation, and upon request, the Session Chairs 
will turn on the microphones of those who wish to 
intervene. Regarding video presentations, it is possible 
to email the questions to the authors – their email 
address will be provided upon request.

The Conference will take place on Zoom; in this 
sense, it is mandatory the creation of an account on 
this platform before the event. Please make a Zoom 
account if you do not yet have one by visiting 
https://zoom.us/signin. The participants’ names must 
be easily identifiable, either through their Zoom account 
or the event registration data (name and email). 
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Session Chairs will have a list with the contents of 
each session, whether they are pre-recorded videos or 
live presentations.

Each Session Chair will receive a username and a 
password a week before the event, to have access to 
the Conference.

Each paper or video will be assigned with a key, so 
that Session Chairs can cross-check them.

PSCC Organisation will manage the admission of 
all papers and videos. The Session Chairs, mainly 
responsible for keeping track of time, will oversee 
the sessions, and they can make brief introductions 
about the presentations. Participants should wait for 
the end of the session to ask their questions. After the 
presentation, and upon request, the Session Chairs 
will turn on the microphones of those who wish to 
intervene. Regarding video presentations, it is possible 
to email the questions to the authors – their email 
address will be provided upon request.

The Conference will take place on Zoom; in this 
sense, it is mandatory the creation of an account on 
this platform before the event. Please make a Zoom 
account if you do not yet have one by visiting 
https://zoom.us/signin. The participants’ names must 
be easily identifiable, either through their Zoom account 
or the event registration data (name and email). 
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