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EXECUTIVE SUMMARY 

This report brings together the abstracts of the scientific presentations that will take place during the 
Barcelona Summer School & 2nd INCITE Workshop, which is organised by UPC and will be held in 
Barcelona, Spain, on 26-30 June 2016. 

Scientific abstracts include the contributions from the invited speakers, whose lectures provided 
scientific and complementary skills training for the Early Stage Researchers (ESRs), as well as 
presentations of the progress on the Individual Research Projects (IRPs) by the ESRs. 
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1. INTRODUCTION 

The 1st INCITE Summer School and 2nd Workshop will be held in Barcelona (Spain), 26-30 June 2017. 
The host of the event will be UPC and the venues will be FME and ETSEIB premises within UPC. 

During the Summer School part, training to the INCITE ESRs as well as to other students external to 
INCITE will be focused, scientifically, on the topic of “Smart Energy Systems: Advanced Control and 
Safety Capabilities”. Complementary skills training will consist in a Virtual Labs course and an 
effective communication workshop. 

During the Workshop part, the INCITE ESRs will present their latest research and the status of their 
research projects and recognized experts from academia and industry will present and debate about 
the future of the smart electrical grids. 

 

2. PROGRAM 

The event will have two different parts: the Barcelona Summer School (26-28 June, at FME-UPC) and 
the 2nd INCITE Workshop (29-30 June, ETSEIB-UPC). The former will focus on scientific and 
complementary skills training, while the latter will focus on the research within INCITE and the 
experts’ overview into key INCITE topics. The whole event will be public, with the Summer School 
open to students outside INCITE and the entire event open to the whole community. 

The scientific training provided during the Summer School will be focalized in the topic “Smart Energy 
Systems: Advanced Control and Safety Capabilities”, while the complementary skills training will 
include a course on virtual labs (key topic for the INCITE scientific dissemination activities) and a 
course including training on scientific writing and (external and internal) peer-review process. 

 

Barcelona Summer School (26-28/06/2017) 

FME UPC, Pau Gargalló 14, 08080 Barcelona 

 

Nº Topic Speakers Time 

Monday 26/06/2017 Room A101 

1 Welcome & Introduction 
Fernando 
Bianchi 
(IREC) 

8:30 – 9:00 

2 Virtual Labs Course (1) - Introduction to EjsS 
F. Esquembre 
(U. Murcia) 

9:00 – 10:30 

Coffee break 10:30 – 11:00 

3 
Virtual Labs Course (2) - Modeling and 
Visualisation with EjsS 

F. Esquembre 
(U. Murcia) 

11:00 – 12:30 
(Room PC2) 



675318 

D6.4: Second Workshop Proceedings 

WP6: Dissemination and exploitation of results Version: v1.0 

Author(s): Carlos Ocampo (UPC), Marta Fonrodona 
(IREC) 

Security: PU 

 

Deliverable D6.3 -Project H2020-MSCA-ITN-2015 No. 675318 10 

Lunch 12:30 – 14:00 

4 CS Course 1 “Resources for scientific writing” Alan Lounds 14:00 – 16:00 

Coffee break 16:00 – 16:30 

5 
The Role of Population Games and Evolutionary 
Dynamics in Distributed Control Systems 

Nicanor 
Quijano (U. 
Andes) 

16:30 – 18:00 

End of Day 1 18:00 

 

Nº Topic Speakers Time 

Tuesday 27/06/2017 Room A101 

6 
Understanding natural, accidental and malicious 
threats against secure operation of power 
systems 

Tao Huang 
(P. Torino) 

8:30 – 10:30 

Coffee break 10:30 – 11:00 

7 
Enhancement for the security of power system 
operation 

Tao Huang 
(P. Torino) 

11:00 – 12:30 

Lunch 12:30 – 14:00 

8 
CS Course 2 “The external peer review process, 
including point-by-point replies” 

Mary Ellen 
Kerans 

14:00 – 16:00 

Coffee break 16:00 – 16:30 

9 Fault Diagnosis of Complex Systems 
Vicenç Puig 
(UPC) 

16:30 – 18:00 

End of Day 2 18:00 

 

Nº Topic Speakers Time 

Wednesday 28/06/2017 Room A101 

10 
Distributed Control and Optimization in Smart 
Power Distribution Grids 

Florian 
Dörfler (ETH) 

8:30 – 10:30 

Coffee break 10:30 – 11:00 

11 
Control of Low-Inertia Systems: Naive and 
Foundational Approaches 

Florian 
Dörfler (ETH) 

11:00 – 12:30 

Lunch 12:30 – 14:00 

12 CS Course 3 “The internal peer review process” 
Mary Ellen 
Kerans 

14:00 – 16:00 

Coffee break 16:00 – 16:30 
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13 
Adaptive Parameter Estimation and Control: 
Introduction and Application 

N. Jing 
(KUST) 

16:30 – 18:00 

End of Day 3 18:00 

Welcome reception for keynote and plenary speakers of the Summer School 
and Workshop roundtable 

19:30 

 

The 2nd INCITE Workshop will include scientific presentations followed by a round table where 
experts will discuss the state of the art. The INCITE ESRs will present their progress and latest results 
too. 

 

2nd INCITE Workshop (29-30/06/2017) 

ETSEIB UPC, Av. Diagonal 647, 08080 Barcelona 

 

Nº Topic Speakers Time 

Thursday 29/06/2017 Room Capella 

1 Welcome 
Fernando 
Bianchi (IREC) 

9:00 – 9:30 

2 Grids in transition: the evolution of DSOs 
Miguel Pardo 
(ENDESA) 

9:30 – 10:15 

3 
StoreAge: the flexibility game changer for 
distribution networks 

Nuno Silva 
(EFACEC) 

10:15 – 11:00 

Coffee break 11:00 – 11:30 

4 
Von Neumann meets Le Corbusier: From Game 
Theory to Smart Cities 

Nicanor 
Quijano (U. 
Andes) 

11:30 – 12:15 

5 
Round table (F. Dörfler, N. Silva, N. Quijano, E. 
Bompard, M. Pardo, N. Jing) 

Moderator: F. 
Bianchi (IREC) 

12:15 – 13:00 

Lunch 13:00 – 14:30 

 Room A28.8 

6 ESR Track 1  14:30 – 15:40 

Coffee break 15:40 – 16:00 

7 ESR Track 2  16:00 – 18:00 

End of Day 4 18:00 

8 INCITE Supervisory Board Meeting  18:00 – 19:00 
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Nº Topic Speakers Time 

Friday 30/06/2017 Room A28.8 

9 ESR Track 3  9:00 – 10:30 

Coffee break 10:30 – 11:00 

10 ESR Track 4  11:00 – 12:30 

11 Concluding remarks 
Fernando 
Bianchi (IREC) 

12:30 – 13:00 

End of the meeting 13:00 

Lunch 13:30 

 

3. ABSTRACTS 

In the following pages, the abstracts of the seminars and presentations can be found: 

 

i. Complementary skills training: 

 Virtual Labs Course (F. Esquembre, U. Murcia) 

 Effective Communication workshops (A. Lounds, M.E. Kerans, UPC) 

 

ii. Scientific training “Smart Energy Systems: Advanced Control and Safety capabilities”: 

 The role of population games and evolutionary dynamics in distributed control systems (N. 
Quijano, U. Andes) 

 Understanding natural, accidental and malicious threats against secure operation of power 
systems (T. Huang, Politecnico di Torino) 

 Enhancement for the security of power system operation (T. Huang, Politecnico di Torino) 

 Fault diagnosis of complex systems (V. Puig, UPC) 

 Adaptive parameter estimation and control: introduction and application (J. Na, KUST) 

 Von Neumann meets Le Corbusier: from game theory to smart cities (N. Quijano, U. Andes) 

 

iii. INCITE ESR presentations: 

WP1. Control strategies for distributed power generation 

 IRP1.1 – Partitioning and Non-Centralized Control of Dynamical Energy Grids (W. Ananduta) 

 IRP1.2 – Real-time Market-Based Control for Integration of Flexible Distributed Energy 
Resources  (H. Abdelghany) 
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 IRP1.3 – Unlocking the Flexibility of Micro-grids through Multi-Commodity Energy Systems (S. 
Chakraborty) 

 IRP1.4 – Forecasting electricity prices: the importance of market integration (J. Lago Garcia) 

WP2. Control strategies for energy storage systems 

 IRP2.1 – Energy Flexible and Smart-Grid/Energy Ready Buildings (T. Péan) 

 IRP2.2 – Control and management of energy storage elements in micro-grids (U.R. Nair) 

 IRP2.3 – Robust management and control of smart multi-carrier energy systems (T. Pippia) 

WP3. Control strategies for RES integration 

 IRP3.1 – Stability and Interactions in HVDC Dominated Power Systems (A. Agbemuko) 

 IRP3.2 – A new modelling approach for stabilisation of smart grids (F. Koeth) 

 IRP3.3 – Wind farms control strategy for grid support (S. Siniscalchi Minna) 

WP4. Monitoring tools and secure operation of smart grids 

 IRP4.1 – Scenario Tree Generation for the Optimization Model of an EVs Parking Lot (N. 
Heidari) 

 IRP4.2 – Photovoltaic system modeling for fault detection and isolation (N. Sapountzoglou) 

 IRP4.3 – Optimal Sensor Placement for Distribution System State Estimation (M. Picallo) 

 IRP4.4 – Advanced functionalities for the future smart secondary substation (K. Kotsalos) 
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Virtual Labs Course 

Francisco Esquembre 

Universidad de Murcia 

 

Session 1. Introduction to EjsS 

In this session we first review the basics for creating dynamic content on Web pages and introduce 

EjsS as modelling and authoring tool. 

The session includes a hands-on practice to understand the modelling support of EjsS. Participants 

are welcome to bring their own laptops for the course. (Please, if possible, install in your computer a 

Java 1.8 Virtual Machine.) 

 

Session 2. Modelling and Visualisation with EjsS 

In this session we provide a crash course on modelling and describe in more detail the modelling and 

visualisation support of EjsS. The session includes a practical session inspecting existing examples and 

the possibility to start a new project of interest for the participant. 
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Effective Communication workshops, June 2017 

1) Session on academic writing resources 

Facilitator: Alan Lounds  

 

This session will present a variety of online resources for scientific writing, including writing manuals 

and style guides. Online text corpora will be presented as a means to resolve doubts about the most 

usual forms of expression in general language and in a given discipline. Participants will also learn to 

create their own corpora for their field of research. The structure of introduction sections of 

engineering papers will be discussed and a model for writing them will be presented. 

 

2) Sessions on peer review 

Facilitator: Mary Ellen Kerans  

 

The sessions will cover both ‘external’ and ‘internal’ peer review.  External review is done by the 

journal, coordinated by their ‘handling editors’ and accomplished by ‘referees’ or ‘reviewers’, who 

can be either ‘peers’ of the authors, usually working as volunteers, or specialists (who might even be 

paid). This step is required for acceptance of an article by all reputable academic journals. Internal 

peer review is practiced among co-authors, within highly successful departments, and by members of 

some ‘journal clubs’. 

Session one - 27 June 2017 

An overview of variations in the journal review process: in-house review by editorial teams at large 

journals, alternative practices in smaller journals, and formal peer review. We will discuss how long 

the process takes and successful authors’ management of post-review revision and of writing the 

crucial point-by-point (p×p) letter to the handling editor and referees. 

Session two – 28 June 2017 

A discussion of how to accelerate the writing-to-review cycle so that publication is delayed as little as 

possible. We will cover managing manuscript development, including efficient timing and how to use 

your co-authors; how to approach internal peer review to get a better manuscript for submission; 

and how to use your co-authors during the revision and p×p reply process. 
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The Role of Population Games and Evolutionary Dynamics in Distributed Control Systems 

Nicanor Quijano 

Electrical and Electronics Engineering Department, Universidad de los Andes (Colombia)  

 

This tutorial session presents three main ideas that relate game theory and distributed control 

systems. First, we present the mathematical formalism of the population games, their main 

characteristics and properties, and how they are related to distributed control systems and dynamic 

resource allocation problems. Some optimal and convergence results are presented to illustrate the 

usefulness of this approach into the automatic control design field. Then, we present two 

engineering applications where this methodology can be successfully applied by means of 

simulations. The first application is based on the smart grid concept, specifically on the dispatch 

problem of distributed generators in a microgrid. The second engineering application corresponds to 

the real-time control of drinking water transportation systems. Finally, some open problems and 

future directions of further research are given.  
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Understanding natural, accidental and malicious threats against secure operation of power 

Systems 

Tao Huang 

Department of Energy, Politecnico di Torino (Italy) 

 

This lecture covers general introduction of threats to the power systems, analysis of historical 

blackouts through statistic study, methodologies of evaluation different types of adverse events with 

multiple criteria.   
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Enhancement for the security of power system operation  

Tao Huang 

Department of Energy, Politecnico di Torino (Italy) 

 

This lecture introduces two catalogues of measurements to enhance the security of the power 

system operation, i.e. coordination of different TSOs under emergency situation and investment 

countermeasures. 
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Fault Diagnosis of Complex Systems 

Vicenç Puig 

Automatic Control Department & Institut de Robòtica i Informàtica, Universitat Politècnica de 

Catalunya (Spain) 

 

The reliable and continuous operation of complex systems and infrastructures is achieved including 

fault tolerant mechanisms that involve the deployment of real-time fault diagnosis algorithms. Fault 

diagnosis of complex systems (as for example, UAVs or critical infrastructures) is nowadays a quite 

active research area. This talk will present an introduction to fault diagnosis including the following 

aspects: 

- the structural analysis to assess the level of redundancy existing in the system and the 
weaknesses/risks in case some fault occurs;  

- the problem of sensor placement for fault diagnosis. 
- the design of the fault diagnosis system using model based approaches. 
- the problem of robustness against modelling uncertainties and disturbances. 

 

Algorithms and methodologies will be illustrated with some real case studies. 
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Adaptive Parameter Estimation and Control: Introduction and Application 

Jing Na 

Faculty of Mechanical & Electrical Engineering, Kunming University of Science & Technology (China) 

 

Adaptive parameter estimation and adaptive control have been developed during the past decades, 

and have been applied to some practical systems to achieve improved control response. In this 

tutorial, we will introduce the basic principle and methodologies of some well-known parameter 

estimation and adaptive control methods, which have been designed based on the gradient and least 

squares algorithms. The error convergence, robustness analysis and open problems are presented. 

Then we will introduce some recently proposed new adaptive parameter estimation methods. 

Finally, several practical examples of these adaptation algorithms in application to the real-time 

estimation of in-car parameters, the control of humanoid robotics and the synthesis of adaptive 

optimal control will be presented.  
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Von Neumann meets Le Corbusier: From Game Theory to Smart Cities 

Nicanor Quijano 

Electrical and Electronics Engineering Department, Universidad de los Andes (Colombia)  

 

Recently, in the control community, there has been an increasing interest in studying large-scale 

distributed systems. Several efforts have been invested in order to develop techniques aiming to 

address the main challenges in this kind of problems, e.g., the amount of information to guarantee 

the proper operation of the system and the costs associated to the required communication 

infrastructure. Moreover, another issue appears when there is a large amount of data and, therefore, 

the measuring and transmission processes, and the computation of the control actions make closed-

loop systems suffer from high computational burden. One way to overcome such problems is to use 

the multi-agent systems framework, which may be cast in game-theoretical terms. This approach 

allows us to model the interaction among several rational decision-makers, where the ideal decisions 

are those that lead to a global and common objective, and are made based on either individual or 

partial information. The key reason for employing game theory to address the underlying type of 

problems is that the solution of games can be obtained by means of distributed methods. In this 

work, we use a special class of dynamic games called population/evolutionary games to describe the 

behavior of decision- makers restricted to the available information from either some or all agents. In 

this talk some of the population/evolutionary games concepts are introduced in order to solve two 

dynamic resource allocation problems in smart cities, i.e., energy and water.  

 

 

 



Partitioning and Non-Centralized Control of Dynamical Energy Grids

ESR: Wicak Ananduta
Advisor: Carlos Ocampo-Martinez

Abstract— This research project aims to develop control so-
lutions for the future electrical energy systems with distributed
generation. Thus, it concerns with system partitioning and non-
centralized Model Predictive Control (MPC) for large-scale
systems. This article provides a brief summary and initial ideas
of the ongoing research.

I. ENERGY GRIDS

Sustainability is a key point in the development of electri-
cal energy system. Some studies have shown that distributed
generation plays an important role to achieve that goal
(see [1] and the references therein). Some advantages of
having distributed generation include more efficient energy
management via peak shaving, better system reliability, min-
imization of power loss due to transmission and distribution,
as well as stabilization of the dropping frequency in electrical
power system [1]. Furthermore, it also allows the penetration
of renewable energy sources, which are more environment
friendly.

The existence of distributed generators not only brings
advantages, but also challenges. One of the main challenges
that is addressed here is the increasing of the complexity
of the system. Unlike conventional electrical systems in
which there exist only a centralized power generation and
a centralized controller, systems with distributed generation
require a more sophisticated control strategy in order to
ensure efficiency and reliability. Not only the number of
the controlled components increases, but also the coupling
between the components needs to be considered. In addition,
renewable sources also bring additional challenges such as
intermittent energy production, which can be solved by
introducing storage elements. However, this solution also
adds complexity of the system.

As the first step to tackle this problem, the concept of
microgrid has been introduced. A microgrid is a group of
interconnected loads and distributed generators that operate
as a single controllable entity [2]. By this definition, it can
be thought that an electrical grid is composed of a number of
interconnected microgrids. A microgrid can operate in two
modes: the connected mode, in which it is connected to the
main grid, and the islanded mode, in which it is not.

II. NON-CENTRALIZED CONTROL IN ENERGY GRIDS

Hierarchical control has been considered as the default
control strategy of power networks. There are three layers
in this hierarchical control: the droop control in the primary
level, voltage and/or frequency regulation in the secondary
level, and power-flow control in the tertiary level. In the
electrical system in which multiple microgrids are connected,

the first layer can be seen as local control problem of each
microgrid. However, the latter two control levels must con-
sider the whole network including the connection between
microgrids.

One of the focuses of this research is on developing the
tertiary level control strategy for electrical grids. Power-
flow control can be seen as an optimization problem whose
objectives can be maximizing the whole system efficiency
and/or minimizing energy production cost. In this problem,
the existence of storage units that have slow dynamics needs
to be taken into account. The introduction of these dynamics
changes the optimal power-flow problem into a dynamical
problem.

The microgrid concept shifts the control structure of
electrical energy systems from centralized control into non-
centralized control. In this paradigm, an electrical grid is
considered as a large-scale system that is composed of many
sub-systems that are microgrids. Each sub-system has a
controller that control its operation.

From the control perspective, non-centralized controllers
have more advantages over the centralized counterparts when
dealing with large-scale systems, such as electrical grids.
Centralized controller may have high computational burden
and may even be intractable. On the other hand, in a
non-centralized control scheme, each sub-system controller
should solve a smaller problem with lower computational
burden. Moreover, this scheme also adds some degree of
scalability and flexibility when there are some changes on
the system.

There are two broad classes of non-centralized control,
namely decentralized and distributed control. The main dif-
ference between them are the existence of communication
between local controllers. In a decentralized control strategy,
local controllers do not communicate with each other while
in a distributed control strategy, there exist information
sharing among them.

Based on the nature of the control problem, Model Pre-
dictive Control (MPC) is suitable to be implemented in the
tertiary level. Furthermore, non-centralized MPC strategies
have also been developed and discussed in the past years
[3]. In this regard, distributed MPC is preferred than the
decentralized one due to the fact that it can provide a better
performance with the cost of extra communication.

One of the challenges that need to be considered when
developing distributed control strategy for such systems is the
existence of disturbances, which may come from the power
loads and/or the power generated by the renewable sources
that depends on the environment. In this regard, there exist



two approaches, namely robust and stochastic approaches.
Even though the former might produce more conservative
solutions, it can provide recursive feasibility that, in turn,
allows to ensure the stability of the closed-loop scheme.

III. PARTITIONING OF ENERGY GRIDS

An important step before designing and applying a non-
centralized control strategy to a large-scale system is system
decomposition or partitioning [4]. In an electrical energy
system, it means splitting the whole network into some inter-
connected microgrids. If this step is done intelligently, the
non-centralized controller may gain benefits. For instance,
the computational load can be divided (almost) evenly, the
coupling between sub-systems is minimal, and/or communi-
cation cost between sub-systems is also reduced.

To this end, an automatic system partitioning method is re-
quired. This topic has been discussed since 1980s and many
algorithms have been developed. Most of the algorithms
are proposed by considering the graph representation of the
system. Furthermore, based on the result of the partition, the
partitioning algorithms can be divided into two classes: the
overlapping and non-overlapping partitioning.

One partitioning algorithm can be different to another
not only because of the expected structure of the partition
but also the partitioning objective that is generally quite
related with the non-centralized control strategy that will be
applied. For instance, the nested epsilon decomposition aims
to partition such that the coupling between sub-systems are
less than a given threshold, epsilon. On the other hand, some
algorithms that are based on solving the standard graph par-
titioning problem aim to minimize the connection between
sub-system and to balance the number of components of the
sub-systems.

In this project, similar to some previous studies, system
partitioning is considered as a modified graph-partitioning
problem. It is different than the standard counterpart in a way
the objective is defined and/or the constraints are imposed to
the optimization problem. Nevertheless, a graph-partitioning
problem is NP-hard and many heuristic algorithms have
been proposed to solve it. There are three broad classes of
graph partitioning algorithms that can be explored, namely
local improvement, global, and multi-level methods.

In electrical energy systems, network partitioning has been
used for many purposes, for instance to develop decentralized
secondary level control, to avoid cascading event during
failures, and to obtain zonal pricing. However, network
partitioning with the aim for constructing microgrids and
developing non-centralized controller for the tertiary level
control is an open problem that will also be one of the
research topics in this project.

A particular interesting subject in this topic is developing
dynamic partitioning algorithms. The term dynamic parti-
tioning refers to the fact that the partition is updated online
in order to adapt with the changes of the system. In the
electrical network, the changes can be the loads and the
production of renewable energy sources that vary over time.
To the best of the knowledge of the authors, dynamic system

partitioning has not been addressed. Therefore, it would also
be interesting to analyze the properties of such algorithms.

IV. CONCLUSION

Two main topics of this research are developing partition-
ing methods and non-centralized MPC for dynamic optimal
power flow problem of electrical grid with distributed gen-
erators. Currently, literature survey on system partitioning
has been done. Furthermore, review on the non-centralized
MPC approaches as well as modeling of power network and
microgrid are on going. In addition, an initial idea called
scheduled partitioning, in which the partition is updated
according to a given schedule, and a suitable distributed MPC
for such partitioning strategy are under investigation. This
strategy is thought to be a bridge between offline partitioning
and dynamic partitioning.
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“Distributed model predictive control: A tutorial review and future
research directions,” Computers & Chemical Engineering, vol. 51, pp.
21–41, 2013.

[4] C. Ocampo-Martı́nez, S. Bovo, and V. Puig, “Partitioning approach
oriented to the decentralised predictive control of large-scale systems,”
Journal of Process Control, vol. 21, no. 5, pp. 775–786, 2011.



  

 

I. INTRODUCTION 

In the smart grid context, where many renewable energy 

sources (RESs) penetrate the grid at distribution level 

causing uncertainty and complexity to the operation of the 

distribution grid, flexible Distributed energy resources 

(DERs) (i.e. distributed storage (DS), demand response (DR) 

and distributed generation (DG)), represent a possible 

solution to enable efficient and reliable utilization of RESs 

[1, 2, 3]. By utilizing flexibility from DERs, better utilization 

of RESs can be achieved. Moreover, large grid expansion 

investments can be reduced or avoided altogether [4, 5]. 

Also, active management of the distribution grid becomes a 

possibility, enabling DSOs to solve problems that can only 

be solved locally [1, 2]. Given this context, the problem of 

supply/demand matching in distribution grids with multiple 

DERs arises as the main challenge. Due to the nature of 

power systems, supply/demand matching must be done in 

real-time (i.e. in the scale of a few seconds). Moreover, the 

supply/demand matching problem is very complex due to the 

fact that DERs at distribution level are usually numerous, 

owned by different parties, and represent different devices. 

The large numbers of DER devices connected to a feeder, for 

example, require a solution technique that is scalable. 

Different owners of DERs usually have different personal 

preferences, and DER devices have different characteristics. 

Moreover, in reality, owners of DERs are self-interested (i.e. 

profit maximizing). Thus, to solve such a problem, a control 

technique is needed that enables distribution of decision 

making, scalability, decentralization, competitiveness and 

privacy protection of different parties. These characteristics 

make market-based control one of the promising techniques 

to solve such a complex, distributed, and large problem [1, 2, 

and 6]. Traditional methods (i.e. top-down control, 

price/incentive based DR) do not support these 

characteristics and are not suitable for large distributed 

problems [1, 2, 5]. One possible approach to the real-time 

supply/demand matching problem in distribution grids with 

DERs is the optimal bidding behaviors of different DER 

representing agents (especially flexible DERs) which aim at 

maximizing their profits and/or minimizing energy costs 

while adhering to the personal preferences of their respective 

owners. Thus, the problem of determining the optimal bid by 

flexible DER agents in a competitive market mechanism for 

pro t maximization/cost minimization. From the prosumer's 

point of view, the opportunity to achieve profit and minimize 

energy cost while maintaining personal preferences 

represents an incentive not only to participate in the active 

 
 

management of the grid, but also to use energy more 

efficiently. Unlike traditional techniques that lack the proper 

incentives. 

II. LITERATURE REVIEW 

In [2, 7] market mechanisms has been proposed to solve the 

problem of supply/demand matching in real-time using 

hierarchical architectures and aggregation of bids, 

Guidelines for device agent design were discussed. However, 

the optimal bidding of agents was not studied, and there is a 

high degree of uncertainty which makes such mechanisms 

unable to guarantee reliable operation without proper design 

of agents [3, 7, and 8]. Other proposed mechanisms rely on 

unrealistic assumptions such as [9, 10].In [3] the problem of 

uncertainty was addressed by using multi time step market 

mechanism with simultaneous bidding similar to [10]. The 

simultaneous optimization of bids in different markets is a 

complex problem and hard for small DER agents to solve in 

real-time. In other literature such as [11], sequential bidding 

is used in multi time step market context (as the optimal 

behavior in one market is determined upon the result of the 

clearing of the previous markets). However, this approach 

gives agents with higher flexibility the ability to game by 

bidding in the early markets to achieve advantages in later 

markets. In [12, 13], iterative markets are used up to real-

time operation, this approach however suffers from long 

clearing time as the problem is solved several times, 

uncertainty as the number of iterations varies from scenario 

to another, and dependence on the initial conditions. 

Similarly, negotiation mechanisms as in [14, 15]. 

Cooperative mechanisms as in [16, 17, 18] assume that 

agents work together to achieve the global objective. In 

reality, however, agents are usually self- interested, each 

with a personal local objective. Solutions that employ an 

ahead scheduling mechanism such as in [19] do not have 

features of privacy as agents are required to report all 

information to a central scheduler, similar to central 

optimization techniques. The concepts of online optimization 

where also proposed such as in [20] where online 

optimization was used to control the charging of electric 

vehicles. However, with a centralized point of view for 

charging a fleet of EVs. 
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Abstract— In recent years, the European Union has set 

ambitious targets for an energy transition, including an 80% to 

95% reduction in greenhouse gas emissions by 2050. This 

necessitates the need for a large penetration of renewable 

energy systems into the electric grid. However, RES 

technologies are intermittent and variable. This stochastic 

nature of renewables makes them uncontrollable, and 

contingency plans need to be formulated by the Distribution 

System Operator (DSO) for ensuring the stability and reliability 

of distribution systems. For addressing these problems, 

increasing flexibility in the grid has been viewed as a promising 

solution. One option for facilitating Flexibility is to leverage the 

natural interaction that exists between gas and electricity 

networks. The interaction can be investigated under the 

mathematical formalization of Energy Hubs. Energy Hubs 

provide the ability to perform the integrated control and 

optimization of multi-carrier energy systems at multiple 

spatiotemporal scales that provide socioeconomic, operational 

efficiency and environmental benefits. However, the control of 

the disparate energy sources is under the jurisdiction of their 

local controllers. Hence there is a need for co-ordination among 

the various controllers to facilitate the seamless interaction 

between the various controllable assets. For this we propose the 

exploration of distributed optimization and control based 

approaches that is capable of facilitating co-ordination between 

Multi-Agent System while minimizing the communication 

requirements between agents.  

Further, flexibility offering from demand side management 

have been marginal and limited in scope. This we believe is due 

to the use of price signals as the main driver behind demand 

response programs. To address this issue, and derive increased 

flexibility from demand response programs we propose the 

concept of an Ensemble Demand Side Management (EDSM) 

strategy that is based on energy capacities, and coupled with the 

concept of Quality of Service and Direct Load Control.  

I. INTRODUCTION 

In 2011, the European Union (EU) set the long-term goal 
of reducing greenhouse gas emissions by 80% to 95% by 
2050 [1]. Later in 2014, as part of the 2030 framework for 
climate and energy, the EU set the targets of attaining at least 
40% reduction in greenhouse gas emissions as compared to 
1990 levels, and to increase the share of energy efficiency 
and renewable energies to 27% of gross energy consumption. 
These policy changes have resulted in a significant transition 

 
*This project has received funding from the European union's Horizon 

2020 research and innovation programme under Marie Sklodowska- Curie 

grant agreement No 675318 (INCITE). 

Shantanu T. Chakraborty is with Delft University of Technology’s 

Faculty of Technology, Policy and Management (e-mail: 

S.T.Chakraborty@ tudelft.nl).  

Zofia Lukszo, is with Delft University of Technology’s Faculty of 

Technology, Policy and Management (e-mail: Z.Lukszo@tudelft.nl). 

in the EU from energy systems based on fossil fuels to those 
based on sustainable and renewable sources. However, 
renewable energy, such as solar and wind, has the 
characteristic of being intermittent and variable [2]. For 
addressing these issues, increasing flexibility in the grid is 
critical, and it should be considered using a bottom-up 
approach. 

Micro-grids provide an ideal framework for integration 
of distributed energy resources (DERs) into the grid. They 
also provide a high degree of flexibility in terms of 
ownership and operational strategies for the DERs [3]. In 
this sense, micro-grids can leverage from the services that 
are offered by individual prosumers, or from the collective 
action of a society. Micro-grids can further increase their 
flexibility and reliability against uncertainty through the 
mathematical formalization of Energy Hubs that integrate a 
spectrum of energy vectors [4]. Through the concept of 
energy hubs, inefficiencies in one vector can be 
complemented through the integrated control of other energy 
sources in the spectrum. 

The spectrum of energy vectors comprises of 
infrastructures for electricity, natural gas, water and district 
heating and cooling. Energy Hubs seek to uncover the 
intrinsic flexibility from the interaction between multiple 
energy systems by enabling the integrated control and 
optimization of such systems. The integrated operation of 
multi-energy systems at multiple spatiotemporal scales 
enable significant benefits in terms of socioeconomic, 
operational efficiency and environmental considerations.  

However, these resources are planned and operated 
independent of each other with minimal interaction between 
them. This brings us to our research question: How flexibility 
can be used by the DSO to account for variability and 
uncertainty induced in the distribution system due to high 
penetration of renewables and thereby account for stability 
and reliability of the distribution system? 

From the perspective of demand side management, most 
demand response programs are founded on price control. 
This makes it limited in scope, and does not provide 
customers enough flexibility for performing effective 
demand side management. Hence, we also try to address the 
question: To what extent would the concept of an Ensemble 
Demand Side Management algorithm provide demand side 
flexibility? 

The rest of the abstract is organized as follows; Section II 
provides a literature review and identified research gap, 
Section III presents the research proposal and planned 
methods. 

Unlocking the Flexibility of Micro-grids through Multi-Commodity 

Energy Systems 
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II. ENERGY HUB: STATE-OF-THE-ART 

Energy Hubs can be defined as a set inter-connected 
energy systems that comprise of energy generation, 
conversion and storage technologies [5-6]. Increased 
reliability, load flexibility, and system performance were 
identified as the key advantages of energy hubs over 
traditional energy systems [7]. The energy hub formulation 
has been applied to numerous energy management scenarios 
including optimal power flow of multi energy carriers, risk 
management, investment analysis and agent-based control 
for decentralized system [8]. A robust optimization scheme 
has also been examined to account for uncertainty in the 
operation of the energy hub [9].  

While most literature focuses on incremental 
improvements on the internal modeling of the energy hub, 
little work has been done on the co-ordination between the 
distributed agents as pertains to the control and optimization 
of the energy hub. The research in [10] makes an attempt at 
addressing this issue, however the approach is simplistic and 
assumes complete sharing of information which makes the 
solution vulnerable to cyber attacks. Further, there is a dearth 
of literature pertaining to demand-side management and 
optimization under demand uncertainty in the context of a 
multi-commodity energy system. A multi-energy demand 
management system would enable further flexible load 
aggregation at the Load Aggregator, and hence becomes an 
interesting issue to address.  

III. RESEARCH PROPOSAL AND PLANNED METHODS 

A. Distributed Approaches to Multi-Agent System Co-

ordination 

In a multi-energy system, different actors own and 
operate their own energy assets. It is assumed that these 
actors will collaborate with each other and hence most 
problems have been formulated as a centralized problem, 
with a single authority to control and operate the multi-
energy infrastructure. However, this assumption is too 
simplistic and in real world the control is owned an operated 
by different agents. To address this problem, powerful 
decomposition algorithms can be leveraged to strategically 
decouple the solution of multi-energy system optimization 
problem across actors. Distributed strategies enable the 
actors to retain the ability to control their energy assets and 
pursue their business, performance and reliability goals, 
while acknowledging the interdependencies among energy 
subsystems. Once the key coupling constraints have been 
identified, Distributed Optimization strategies can be 
implemented using either Lagrangian formulations such as 
primal-dual-gradient-type or Alternating Direction Method 
of Multipliers. Another important factor in the 
implementation of the distributed strategies, is identifying 
the required minimal information for enabling 
communication, and making it more robust to cyber attacks.   

 

B. Ensemble Demand Side Management    

Current Demand-Side Management approaches are 
driven by price incentives such as Peak-time Rebates, Time 
of Use pricing or Critical Peak Pricing. The fallacy of such 
approaches is that it considers demand and price as a control 
signal described as a boundary line, thereby providing 
minimal flexibility in demand. Further, most demand side 
management schemes do not account for demand 
uncertainty. This uncertainty can pose challenges to Flexible 
Load Aggregators. To address this uncertainty, we propose 
the concept of Energy Bands. Energy Bands is defined as 
one standard deviation in the energy consumption profile as 
compared to previously observed data. These bands are 
assigned by the aggregator to each consumer.    

   

Inside the Energy Bands, based on the quantity of energy 
consumed, we implement three categorical schemes. If the 
energy consumed is more than a threshold value, we 
implement a concept that guarantees a certain level of quality 
for a few user preference services while for the others it 
implements direct load control. To implement such a 
solution, we propose the implementation of a strategy based 
on advanced statistical learning and Mixed Integer Linear 
Programming. At the upper and lower bounds, we implement 
complete direct load control and incentive schemes 
respectively.      
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Forecasting electricity prices: the importance of market integration
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I. INTRODUCTION

As a result of the liberalization of the electricity markets
in the last two decades, the dynamics of electricity trade
have been completely reshaped. In particular, the dynamics
of electricity prices exhibit behavior unseen in other markets,
e.g. sudden and unexpected price peaks or seasonality of
prices at three different levels (daily, weekly and yearly) [1].
As a result of this unique behavior, electricity markets have
become a central point of research in the energy sector and
accurate electricity price forecasting has emerged as one of
the biggest challenges faced by the different market entities.

Due to the above motivations, electricity price forecasting
has been continuously developed and improved for the last
20-30 years, and as a result, the academic literature com-
prises a large variety of distinctive approaches, e.g. see the
literature reviews of [1], [2]. Nevertheless, to the best of our
knowledge, a scientific topic that has been not yet addressed
is the influence of neighboring and connected markets into
the forecast accuracy. In particular, as different areas in the
world, e.g. the European Union [3], are enforcing a larger
level of integration across national electricity markets, it is
sensible to think that neighboring markets might play a role
in the forecasting efficiency.

In our work, we focus on addressing this scientific gap
via two contributions: first, proposing a model that considers
market integration and analyzes several improvements that
can be achieved when features from neighboring connected
markets are taken into account. Second, by proposing a
dual-market forecaster that, by simultaneously predicting the
prices of two connected markets, uses market integration to
further improve the predictive accuracy. As a case study,
we consider the price dynamics of the European Power
Exchange (EPEX) in Belgium (EPEX-Belgium) and use the
features from the connected EPEX-France market.

II. LITERATURE SURVEY

In the last decades, the EU has passed several laws
trying to achieve a single and integrated European electricity
market [4], [3]. At the moment, while a single market is far
from existing, there is evidence suggesting that the level of
integration across the different regional markets has been
increasing over time [5].

While some researchers have evaluated the level of in-
tegration of the European markets [6], [5], [7], and others
have proposed statistical models to evaluate the probability

*This research has received funding from the European Unions Horizon
2020 research and innovation programme under the Marie Skodowska-Curie
grant agreement No 675318 (INCITE).

of spike transmissions across EU markets [8], the literature
regarding market integration to improve forecasting accuracy
is rather scarce. In particular, to the best of our knowledge,
only two other works have taken into account some sort of
market integration, namely [9] and [10].

In the first case, [9] analyzes the effect of using the day-
ahead prices of the Energy Exchange Austria (EXAA) in a
day d to forecast the prices of other European markets in the
same day d. In particular, using the fact that for the EXAA
market the clearing prices are released before the closure of
other European markets, [9] models the price dynamics of
several European markets and considers the EXAA prices of
the same day as part of these models. It is shown that, for
certain European markets, using the available prices from the
EXAA improved the forecasting accuracy of other markets
in a statistically significant manner.

Similarly, [10] considers external price forecasts from
other European markets as exogenous inputs of an artificial
neural network to predict Italian day-ahead prices. Then,
while not providing statistical significance, [10] shows that
using the given forecasts the accuracy of their network could
be improved from a 19.08% to a 18.40% MAPE.

III. MOTIVATION AND CONTRIBUTIONS

While [9] and [10] have provided an initial assessment of
possible forecasting improvements when considering market
integration, there are still several gaps that have to be
addressed. In particular, both works have only considered,
as integration features, the prices in other markets during
the same day that is being predicted; nevertheless, obtaining
such information is limited to particular situations, and thus,
the proposed models and improvements cannot be easily
generalized. More specifically, in the case of [9], the prices
of the same day can be obtained because the EXAA releases
its clearing prices earlier; nevertheless, that is not the case for
other European markets. Similarly, [10] obtained the prices
using some external forecasts; as a result, the improvements
of considering integration depends on the source and accu-
racy of the forecasts used.

To overcome these limitations, we take a different ap-
proach and use past prices from other markets as integration
features. In addition, we also consider, in addition to prices,
the day-ahead forecasts of the grid load and available gen-
eration in connected markets. As this type of information is
widely available for other EU markets, the proposed models
should be easy to generalize to other markets. To perform the
actual forecasting, we propose a modeling framework with
deep neural networks (DNNs) as building blocks. In short,
the main contributions of this research are two:



1) A forecasting model is developed which considers
market integration by taking into account available
features at day d−1 in a neighboring market to improve
the forecast accuracy of day-ahead prices at day d.
Unlike previous works, the information used is widely
available for most markets, making the prediction
model a forecaster that can be generalized to other
regions.

2) A second prediction model that also considers market
integration is proposed. Specifically, by simultaneously
predicting the day-ahead prices of two markets, the
new model is able to model the effects of market
integration even better and to improve the performance
of the first proposed model.

IV. MODELS

A. Single-Market Forecaster

Defining the input of the model as the relevant data X =
[x1, . . . , xn] ∈ Rn available at day d − 1 in the local and
neighboring markets, by n1 and n2 the respective number
of neurons of the first and the second hidden layer, and by
p = [p1, p2, . . . , p24] ∈ R24 the set of 24 day-ahead prices
to be forecasted, the proposed model can be represented by
Figure 1.
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Fig. 1: Deep neural network to forecast day-ahead prices.

B. Dual Market Forecaster

A possible variant of the single-market model is a fore-
caster that predicts the prices of two markets in a single
model. While this might seem counter-intuitive at first, it
leads to neural networks that are able to generalize better.
The general idea behind forecasting two markets together is
that, as we expect prices in both markets to be interrelated
and have similar dynamics, by forecasting both time series in
a single model we expect the neural network to learn more
accurate relations and generalize better. In particular, it has
been empirically shown that deep networks can learn features
that can, to some extent, generalize across tasks [11].

Regard an electricity markets B and a second electricity
market F that is connected to B. Then, defining the output
of the network by p = [pB1

, . . . , pB24
, pF1

, . . . , pF24
] ∈ R48,

i.e. the set of 48 day-ahead prices from the market B and
the market F , the new model has the same structure as
the simpler-market forecaster with the only difference of an
outputting 48 instead of 24 prices.

V. RESULTS

After training the models with the EPEX-Belgium and
EPEX-France data, a Diebold-Mariano test [12] is performed
to analyze the significance of the obtained improvements. In
particular, the models are tested using a year of out-of-sample
data and the following results are obtained:

1) Using features from the French market significantly
enhances the predictive accuracy of a model forecast-
ing Belgian prices. The results are statistically signifi-
cant and independent on whether Belgian features are
considered or not. In particular, the performance is
enhanced from a 16% to a 13.2% sMAPE.

2) A dual-market forecaster simultaneously predicting
prices in France and Belgium can improve the pre-
dictive accuracy. In particular, by solving two related
tasks, it is able to learn more useful features, generalize
better the price dynamics, and obtain improvements
that are statistically significant. Using the model, the
performance is improved from a 13.2% to a 12.5%
sMAPE.
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I. INTRODUCTION 

The increased penetration of variable renewable energies 
such as wind and solar power creates challenges in the 
control of our energy grids. Demand-side management has 
been identified as a promising set of methods to tackle these 
upcoming issues [1]. These strategies require more flexibility 
in the loads of the demand-side, rather than on the production 
side like it was traditionally designed in power grids.  

Buildings can participate in providing flexibility and 
becoming interactive elements within the grid. The built-in 
mass notably constitutes a potential source for thermal 
storage, which can be used efficiently for load-shifting [2]. In 
this purpose, heat pumps systems seem to offer interesting 
opportunities, if they are controlled in a smart manner. 

Following these observations, the existing literature about 
heat pump controls has been reviewed. Two categories of 
control strategies clearly stood out: rule-based controls 
(RBC), which consist in simple algorithms, and model 
predictive control (MPC), which is based on an optimization 
problem. Both techniques are acting at the supervisory level, 
receiving information from different sensors and sending a 
control input to the local controller of the heat pump, as can 
be observed in Figure 1. 

 

 

Figure 1. General scheme of supervisory control for heat pump systems. 
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II. RULE-BASED CONTROLS 

A. Example of RBC for the reduction of energy cost 

An RBC strategy was designed and tuned [3], and applied 
afterwards to a residential nZEB of Catalonia (Spain)[4]. The 
control strategy consists in analyzing the electricity price data 
of the past days, and defining thresholds for low and high 
price. When these thresholds are passed, a modulation is 
applied to the heating set-point.  

This simple strategy resulted in an efficient shifting of the 
heating loads towards periods of cheaper energy, quantified 
using a flexibility factor [5] . As a consequence of the load 
shifting and the utilization of the building mass as a storage 
means, the energy use globally increases by up to 7%. 
However, since the heat pump is used during periods of 
cheaper price, the energy cost is reduced by up to 20%. The 
impact on thermal comfort was also investigated in details, 
especially in the night zone. It was demonstrated that thermal 
comfort was not jeopardized by the implemented control 
strategy, as can be seen in Figure 2, where the indoor 
temperature curve mostly stays within the comfort limits. 

 

 

Figure 2. Temperature levels in the day and night zones. 

B. General conclusions about RBC 

Rule-based controls possess a higher potential of 
implementation due to their relative simplicity. They overall 
achieve a good performance with regards to their declared 
objective, but a special attention should be drawn to the 
choice of their design parameters (e.g. price thresholds). 
However, RBC do not have the ability to anticipate the 
behavior of the system and optimize its energy management. 

III. MODEL PREDICTIVE CONTROL 

A.  Principle of MPC 

MPC overcomes the limitations of RBC by the use of an 
optimization problem: the behavior of the system (heat pump 
and building) is projected in the future over a certain time 
horizon, and optimized according to a predefined control 
objective (see Figure 3). This control objective can contain 
multiple terms, weighted by appropriate factors. In the review 
of the literature, the following objectives have been observed: 
reducing the energy cost (Economic MPC) or the energy use, 
minimizing discomfort, shaving the demand peak, reducing 
the CO2 emissions, improving the energy flexibility or 
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guaranteeing the robustness of the control. Economic MPC is 
the most widely spread technique. 

 

 

 

Figure 3. MPC principle applied to building climate control with heat pump systems. 

 

B. General conclusions about MPC 

MPC outperforms RBC but requires more efforts in its 
implementation. For instance, obtaining a proper model 
which is sufficiently accurate while simple enough to limit 
the computation burden is a challenging and costly task. Most 
reviewed articles use simplified RC building models, analog 
to electrical networks. Furthermore, a correct prediction of 
the disturbances (such as weather or occupancy) is needed to 
achieve a satisfactory performance of MPC. 

IV. CONCLUSION 

RBC strategies show limitations in their performance; 

they are suboptimal compared to MPC. Their main strength 

resides in their simplicity, and thus the higher probability to 

implement them at larger scale. MPC on the other hand 

represents a powerful tool for energy management and 

flexibility in buildings, but it needs to be designed and 

adjusted with care, which is a costly process. 

Since Economic MPC has already been extensively 

studied, other control objectives will be implemented and 

tested, with a special focus on improving the energy 

flexibility of buildings equipped with heat pumps. The 

principles of such strategies will be tested with simulation 

tools, and validated with experimental data acquired under a 

semi-virtual environment laboratory setup. In particular, the 

energy flexibility provided by a reversible heat pump 

utilized for both heating and cooling under Mediterranean 

climate will be investigated. 
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Abstract— This short abstract of the work Control and
management of energy storage elements in micro-grids as part
of the INCITE project aims to provide an insight into the work
done by the ESR in this area. An overview of the project in
terms of motivation, storage systems and control methods are
presented here. A short summary on the current work and
future goals will also be presented.

I. INTRODUCTION

The paradigm shift of the electric power system from
its reliance on fossil fuels as energy sources to renewable
sources have accelerated in the last couple of decades. The
increasing price of the fossil fuels, the various government
policies, incentives and protocols for capping carbon emis-
sions have contributed to this drive [1][2][3]. The modern
electric network is seeing a major overhaul in that it is shift-
ing from the traditional centralised to distributed generation.
The distributed or delocalised generation through renewable
energy sources(wind, solar) add varying, fluctuating power
into the grid, independent of the demand, which can affect
the grid stability if the supply demand balance is not met.
They also reduce the inertia of the grid due to the absence
of any rotational inertia which is associated with the cen-
tralised generation thereby making the grid more susceptible
to be unstable during events of sudden load change. The
increased drive to incorporate more renewable sources into
the grid therefore demands integration of Energy Storage
Systems(ESS) in the grid. The ESS performs the function
of supply-demand balance by storing energy when it is in
excess and delivering back to the grid when there is a lack
of energy. They can also act as a short term reserve of power
thereby providing inertia and improved grid stability [5][6].

This paper presents an overview of the work done so far
in relation to the research work of ESR2.2 in the INCITE
project. The objective is a stable and efficient integration of
ESS into the electric grids to effectively meet the current
and future energy demands. To that extend this project
intends to put forward some relevant control scheme for ESS
integration, test the proposed scheme in setup comprising of
ESS and study the performance of the proposed schemes.

II. OVERVIEW OF DIFFERENT ENERGY STORAGE
SYSTEMS

The electrical ESS can be categorised based on various
criteria. The most straightforward one is based on the form of
storage. The electrical energy can be stored in the electrical
form itself in some storage devices. These include super-
capacitors where the energy is stored in electrostatic form
and magnetic/current energy in Superconducting magnetic

energy storage (SMES). Another widely used method is in
the form of mechanical energy like Pumped hydro storage
and Compressed air energy systems using potential energy.
Energy is stored in the form of Kinetic energy in flywheels.
Electrochemical form of energy storage is done in batteries
and chemical energy storage is done in fuel cells, metal air
batteries. Storage in thermal energy is also done for example
in cryogenic storage, high temperature storage such as steam
or hot water accumulators [6].

An interesting classification of storage systems which is
relevant in the context of storage in electric grids is based
on applications. The first category comprise of ESS used
for energy management. These are ESS of typically high
power rating between 10-100 MW and high energy storage
capability. These ESS can be deployed for applications like
load levelling and spinning reserves. These ESS typically
stores energy when there is excess and delivers back to the
grid when there is a deficiency. Pumped hydro storage, Com-
pressed air energy systems and electrolyzer-fuel cell system
falls in this category. The ESS in this category are usually
not subjected to sudden change in power demand an do not
have very fast response. They usually meet average demands
and are operated for longer duration. The second category
in this classification are those ESS used for power quality
applications. These include devices which can be subjected to
sudden changes in power demand mainly to mitigate effects
like voltage drop, flicker etc. These devices have very fast
response time (ms) like supercapacitors, flywheels etc. These
devices are usually characterised by higher power density
than energy density with ratings around 1 MW. They can
also be subjected to large number of charge-discharge cycle.
They meet the fluctuations in load demand The final category
comprise of ESS used for bridging power where they are
used to ensure service continuity when switching from one
power to another. These include batteries and also low rating
fuel cell. They have response time range of seconds [6].

An optimal selection of ESS for grid applications include
choosing ESS from each of the above mentioned categories
to meet the long, mid-term, short-term power demand and to
ensure power quality in the grid. Other factors like environ-
mental impact, cost per cycle and self discharge should also
be considered in the selection of storage systems. An inter-
esting selection will be fuel-cell, battery and supercapacitor
based system [6].

III. CONTROL ARCHITECTURE FOR STORAGE SYSTEMS

The Fig.1 shows one of the most widely used control
architecture for ESS and control of microgrids. The hier-



Fig. 1. Control architecture for the ESS

archical control scheme has the system divided into three
levels: the primary, secondary and tertiary. The individuals
levels control different aspects of the microgrid.

The primary level: The lowest level in the control ar-
chitecture is responsible for control of converters acting as
the interface in between ESS and grid. This level manages
the power flow from individual elements into the grid. The
primary control can be categorised into an inner loop and
outer loop. The inner loop contains voltage and current loops
controlling the levels of these parameters and feedbacks for
the same. The classical PI controller, sliding mode controls
or reset controls can be implemented for the same. The outer
loop in the primary level emulates physical behaviours that
make the system more damped and stable. Droop controller
using virtual impedance or gain scheduling are implemented
here. They outer loop acts as reference for the inner loops.

The secondary level: It ensures that the levels (voltage,
frequency etc) in the micro-grid are within the permissible
range. The deviations can be brought about by sudden
load change or due to droop control being implemented
at the primary level. The restoration to nominal values are
achieved here. Sometime Model Predictive Control (MPC)
strategies are also applied at this level. This level also aids
in synchronising the microgrid to the main grid.

The tertiary level The highest level in the control archi-
tecture controls the power flow between the microgrid and
main grid. MPC strategies are usually employed here with
the aim of economical optimisation. This level is usually
characterised by the large sampling time. The set point from
this level acts on the secondary level. This level also receives
grid parameters as input value from the low levels [7].

IV. RESEARCH STATUS

Currently most of the work in relation to this project
concerns literature review, developing basic models and
controls for the system. The study of the different ESS
have been done. An overview of the state of the art in
field of ESS integration in microgrids is being established.

The objective is to define specific goals for the project.
Models for the development of the primary control is being
considered currently. The objective is to model the power
converters taking into consideration both the continuous and
discontinuous modes of operation. A treatment of the power
converter as a hybrid system with sliding mode or reset
control is considered. Familiarisation of the lab facilities and
FPGA for the control is also under-way.

The goal of this project will be to establish an optimal
and efficient control strategy for the integration of the ESS
in microgrids. As such the future work will be directed
towards establishing well defined control at the three levels
of control discussed above. At the primary level the hybrid
system treatment and a robust controller design will be done
and tested. At the secondary level the objective will to use
MPC to minimise the deviation from the nominal grid values
and also degradation of the ESS. To this extent models of
the ESS which are being considered in this work(fuel cell,
batteries and supercapacitors) will be developed considering
degradation factors. The tertiary level is expected to be ded-
icated for optimisation of economical factors like operating
costs and energy flow between the micro-grid and main grid.
It is expected to complete the secondments as part of this
project at University of Bologna and EFACEC, Portugal in
the second year.
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I. INTRODUCTION

Power networks have drastically changed in the recent
years and have become what are now called “Smart Grids”.
One of the changes is related to the generation of power,
which has shifted from a centralized structure to a distributed
one. Nowadays, power is generated in different geographi-
cally dispersed units, that are connected to the main grid.
Many of these sources produce a small amount of power and
satisfy local loads. Among the different kind of distributed
generation (DG) units, micro combined heat and power
(µCHP) plants emerge as a new technology that has been
recently studied [1]. µCHPs are able to produce both heat
and electrical energy locally by combining electricity and
gas networks. One of the benefits of µCHPs is that it is
possible to control, with a certain degree of freedom, the
output power, especially when compared to other DG sources
like wind turbines and photovoltaic panels, whose output
power can be forecasted but not predicted.

Disturbances are present in power networks and µCHPs
are no exception. The disturbances may arise for many rea-
sons, e.g. modeling issues, forecasts on the loads, couplings,
etc. Robust control actions are therefore needed, that can
guarantee satisfaction of the constraints even in the presence
of disturbances. Furthermore, µCHPs are hybrid systems
[2]; this means that the model description includes both
continuous and discrete variables. It is then necessary to
develop new robust hybrid control strategies that can be used
in the field of power networks.

The structure of power networks has changed due to DG
units and nowadays it is a large-scale system with many
elements involved. The complexity and the size of large-scale
systems makes it impossible to use classical control tools,
like centralized control. Large-scale systems are usually
partitioned into smaller subsystems in order to better handle
their complexity and the amount of computation required
[3]. However, the different elements of the subnetworks of
the partition are not independent between each other since
they are physically coupled. Partitions are usually computed
once and offline, but in some systems like power networks,
it may be necessary to consider dynamic partitioning, since
some variables of the system change in time, e.g. loads and
sources. With traditional power plants, generation profiles
can be considered to have small changes throughout the
day. This is not accurate when considering renewable energy
sources since their output power changes not only throughout
the day, but also from one day to another. Moreover, new

control paradigms now require that also the loads should
be somehow “flexible”, so that they will change throughout
the day instead of remaining constant. One idea is then
to consider a periodic partitioning. A control strategy that
can adapt to different partitions is required to guarantee
performance and stability of the large-scale system.

The chosen control method is Model Predictive Control
(MPC) [4]. MPC is an established, well-known control
approach that has been been applied in many fields, from
control of industrial plants to control of large-scale sys-
tems, e.g. traffic networks, power networks, water networks,
among others. Many different extensions of MPC have been
implemented during the years, in particular in the field of
robust control, for dealing with disturbances, and in the field
of distributed control, for controlling coupled large-scale
systems. These extensions make MPC a valid and suitable
strategy for control of power networks and many works in
the literature consider MPC for this topic [2], [3], [5].

II. ROBUST MPC FOR HYBRID SYSTEMS

As explained before, µCHPs are described using hybrid
systems and are not immune to disturbances. It is thus
necessary to develop control approaches that guarantee sat-
isfaction of constraints at all times. In the MPC literature,
the two main approaches with this property are the min-
max approach and tube-based MPC. However, the min-max
approach is often too conservative and in general leads to a
high computational burden. Tube-based MPC [6] allows to
determine control actions that guarantee the satisfaction of
constraints with a less conservative approach. In the tube-
based MPC framework, both the uncertain state x and the
nominal one z are considered:

x(k + 1) = Ax(k) +Bu(k) + w(k)

z(k + 1) = Az(k) +Bv(k)

where x ∈ X ⊆ Rn, u(k) ∈ U ⊆ Rm is the input , w(k) ∈W
is the disturbance and v(k) is the nominal input, at time k.

The nominal system is controlled through an MPC ap-
proach and the optimal input v(k) is found. The control law
for the uncertain system is u(k) = v(k) +K(x(k) − z(k))
where K ∈ Rm×n is a constant gain matrix such that
A + BK is stable. The control action applied to the real
system has then two elements: one is the optimal MPC input
for the nominal system, the other one is a term proportional
to the error between the real state x and the nominal state z.



States and inputs are subject to constraints, i.e. they have
to belong to certain sets, x ∈ X and u ∈ U. In order
to guarantee robust satisfaction of these constraints, the
nominal state z is subject to tightened constraints. Let Z
be a disturbance invariant set for the uncertain system, i.e.
a set Z such that if x(k + 1) = f(x(k), w(k)), w ∈ W
and x(k) ∈ Z, then x(k + n) ∈ Z, ∀n ≥ 1, n ∈ N,
∀w ∈ W. This means that the robust invariant set satisfies
(A + BK)Z ⊕W ⊆ Z, where ⊕ denotes the Minkowski
set addition. Then, when solving the MPC problem for the
nominal system, the tightened constraints for the inputs and
the states involve the sets Û = U	Z and X̂ = X	Z, where	
denotes Pontryagin difference, therefore z ∈ X̂ and v ∈ Û. If
the tightened constraints are satisfied for the nominal system,
the original constraints are satisfied for the uncertain one.

Tube-based MPC has been developed mainly for linear
systems. In this project, an extension of tube-based MPC to
hybrid systems will be developed, considering as application
robust control of µCHPs. The challenges are given by the
fact that the nominal state and the uncertain state might be in
two different modes of operation. The disturbance invariant
set Z has then to be found independently of the mode of
operation.

III. DISTRIBUTED MPC FOR DYNAMIC PARTITIONING

When a system is partitioned into subsystems, control
actions need to take into account the coupling between
the subsystems, especially for what concerns interconnected
variables [3], i.e. those variables that are shared among two
or more subsystems. However, in most of the distributed
control algorithms available in the literature, partitions do not
change, i.e. they are computed only once and offline. When
we consider a dynamic partition for controlled large-scale
systems, controllers need to adapt to the different partitions.
Consider Fig. 1, in which two possible partitions for a system
are shown. The system is represented by a graph, in which
the different elements are nodes of the graph. In this example,
two nodes change subnetwork. From the controller point
of view, this means that the new node that has joined the
network has to be considered now as “internal” and the
node that left the partition will be considered as “external”.
Moreover, some nodes that were previously coupled with
external nodes, now will be coupled only with internal ones,
and vice versa. The constraints for the controllers in each
partition will then change, because some nodes have changed
partition. Constraints on nodes that have a link with a node in
another partition need special attention, because the shared
variable between the two nodes have to be the same. If these
two nodes are in two different partitions, they are controlled
by two different controllers, and therefore the controllers will
have to come to an agreement on the value of these variables.
These changes may affect the performance and the stability
of the system, due to the sudden change in the equations of
the controlled subnetwork.

New distributed MPC methods will be developed in this
project that must be able to adapt to different dynamic
partitions of the network. The controller must also guarantee

.

Fig. 1. Two possible partitions for a network. Nodes are represented as
green circles and couplings between nodes are represented by links between
the nodes. The nodes that change partition are indicated with a red circle.

stability of the overall system when the partition change
occurs.

IV. CONCLUSIONS

We have presented two topics in the field of control applied
to power networks. The first one is an extension of current
robust MPC methods to hybrid systems, with application
to µCHPs. The second topic deals with control related to
dynamic partitioning of power networks, in which large-scale
systems are split into smaller subnetworks that change over
time.
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I. INTRODUCTION

Since the dawn of the new century, there has been a
call to reduce CO2 emissions (partly responsible for climate
changes) to between 80%-95% of levels detected in 1990 by
the year 2050. Sequel to this, policy makers around the world,
including the European Union (EU) have been putting in place
policies such as 100% reliance on renewable energy sources
(RES) by 2050, to achieve this target. Progressive integration
of RES into the power system from current levels up till 100%
is being planned.

Owing to certain drawbacks of RES, particularly intermit-
tency and geographic sparsity of resources, it is expected
that interconnection of various resources (across geographic
borders and regions) and installation of energy storage to
negate the influence of intermittency and share resources under
a common grid are expected. This instinctively implies very
long distance connections (from the European perspective).
The current HVAC (high voltage AC) system becomes unbear-
able costly, inefficient and degrades system stability beyond
a certain distance. Hence, it has been envisaged that HVDC
(high voltage DC) systems and control will play a huge role in
the success of integration efforts towards a 100% dependence
on RES.

The HVDC system provides much needed flexibility, con-
trollability, and a cheaper economic option (at a minimum
transmission distance and power level). Thus pervasiveness of
HVDC systems and converters are foreseen. Notwithstanding,
power electronic converters are not without their shortcomings
that must be addressed for successful integration and system
interconnection. Of particular importance is system level in-
teractions, transfer of dynamics, and harmonics, between the
AC and DC systems, and within the DC system.

It has been extensively studied that power electronic conver-
sion systems introduce significant harmonic distortion into the
supply system at the consumer level. However, this has been
largely neglected at the transmission level due to considerably
less power electronic interfaces. But with the expected level
of RES integration and the long distances of connections,
power electronic interfaces will be ever more present in the
transmission system, and influence of harmonics can no longer
be neglected. With a bulk DC system being integrated into

This work was financially supported by the European Union’s Horizon 2020
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the AC system, harmonic interaction studies on each side
separately and both sides in a hybrid fashion are required.

Sequel to interaction and stability studies is proposing con-
trol strategies and algorithms to mitigate negative interactions.
Several steps are important to this:

1) Identifying cases of instability and unfavourable interac-
tions.

2) Understanding the root causes of such interactions and
how they are likely to degrade system stability (ensuring
stability is the ultimate goal).

3) Finally, proposing control strategies to mitigate unwanted
interactions.

HVDC systems are not entirely new to the power systems
and at least 100 point-to-point HVDC links have been im-
plemented to date. However, with the expected penetration
of HVDC, point-to-point links are inefficient, unreliable, and
costly on the long run. Hence, multi-terminal HVDC will
be the preferred choice on the longer term, but point-to-
point is usually the first step in investment. To that effect,
the simplest case of a HVDC system — the point-to-point
HVDC link, provides an important first-level understanding
of the problem towards the more complicated multi-terminal
DC (MTDC) grid connected to meshed AC grids, and it is
approach followed in this work.

Future power systems are not expected to be entirely HVDC
dominated as it would be mainly used for long distance
bulk power transfer and enhancing the AC system stability.
Therefore, the HVDC system would still be interconnected to
an HVAC system. Several possible forms of interaction may
play a role:

a) Interactions between the HVDC system (converters and
controls) and the HVAC network.

b) Interactions between the HVDC system, HVAC network,
and synchronous generators (since HVDC investments
will be gradual, rather than a one-off investment).

c) Interactions within the HVDC system (converter and DC
grid).

II. METHODOLOGY AND APPROACH

The current approach is to use analytical methodology in
analysis and identification of interactions (to be validated by a
simulation model). Though tedious, it provides a “handle” on
the possible root causes of interactions and what component(s)
play a role. Further to this, impedance models (could be
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Fig. 1. Representative plot showing interactions between grid and converter
output admittances

interchangeably called admittance) and classical frequency
domain analysis are used as tools to understand the instability
problem [1]–[8]. The entire system is modelled impedance-
wise; that is, the entire AC system is modelled with an
impedance characteristic, same goes for the converter, and the
DC system. For instance, using frequency domain approach,
the impedance of the AC system and the impedance of the
converter controls plotted together on a single plot could show
possible interaction points between the HVDC converter and
the AC system. An example of such is shown in Fig. 1 (the
red circles indicate possible interaction points). Furthermore
to this are the spikes of Ygrid (indicated by the arrows); this
are vulnerable points in the system where components start
resonating (exchanging energy) against each other and oscil-
lations start to occur. Such an oscillation could cause damage
to a nearby generator shaft and several other components in the
system. Resonance cannot be avoided in the system, but we do
want them to occur far away from the natural frequency of the
system where they cannot cause any damage. Improper HVDC
converter control design could create more resonant points or
aggravate existing resonant points. Impedance models have
been successfully used in analysing the stability problem in
wind power plants integrated to the AC grid via HVDC [9],
[10].

The impedance model and frequency domain approach was
chosen for several reasons:

• Provides an intuitive tool for analysis in the s-domain
where frequencies of interactions can be directly ob-
served.

• As followed from above, it is intuitive and easy to derive
conclusions.

• Passive impedances of the system are already in s-domain

and so is the control system. Hence, no transformation
required; thus accuracy is kept within acceptable margins.

One challenge is that the HVDC converter control is typi-
cally a multi-loop control system and it is necessary to carry
out analysis starting with the inner-most loop and working our
way out to the outermost loop. This complicates derivations
and part of this work is towards developing a fairly generic and
tractable methodology for carrying out mathematical deriva-
tions.

Finally, a progressive integration if RES over decades is
expected rather than a huge one-time investment. Therefore,
it would be interesting to analyse and assess the impact
of synchronous generator control (governors and AVRs) and
HVDC converter (and controls) on harmonic stability and any
harmonic interaction between both controls.

III. CONCLUSION

Based on preliminary results obtained from analytic models
and frequency domain analysis, the influence of both the
inner and outer loop (AC/DC sides control respectively) on
harmonic stability, resonances, interactions, and the corre-
sponding frequencies at which they occur were obtained.
Results show a strong interaction between the AC and DC
sides network dynamics, and the control that links both sides.
Analytic models also show how the control system can be
designed, firstly not to contribute to harmonic instability and
how controllers can be redesigned to actively stabilize the
system by damping out resonances when they occur.
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Abstract— The ability to synchronize is one of the most
important properties of a power system. The dynamics are
often studied in simplified models, which resembles the phase
oscillators studied in biological or chemical systems. For these
models, a simple condition for the existence of synchronized
solutions was introduced in [1]. We plan on extending the
simplified modeling approach and investigate how the extended
model influences the synchronization condition.

I. SYNCHRONIZATION AND POWER SYSTEMS

A. Modeling and past results

Synchronization in power systems has been extensively
studied in the engineering community. To study the syn-
chronization with respect to the structure of the networks,
simplified models, based on phase oscillators are usually
analyzed. The general coupled oscillator model is given as:

Miθ̈i +Diθ̇i = ωi−∑
j

ai j sin(θi−θ j) i ∈ NG

Diθ̇i = ωi−∑
j

ai j sin(θi−θ j) i ∈ NL
(1)

Here, θ are the rotor angles of the buses in the power sys-
tem, ωi are the mechanical power provided by the generator
or the electrical real power consumed at the loads, ai j =
ViVjIm(Yi j) is the maximum real power transfer between
every two nodes which depends on the nodal voltages Vi
and the susceptance of the power system. The matrix A =
(ai j) corresponds the the adjacency matrix of the weighted
and connected graph of the power system. The Laplacian
matrix L can be calculated from the adjacency matrix as
L = diag(∑ j ai j)i − A. Under the assumption of constant
voltages and neglected reactive power, a synchronization
condition for the model given in (1) can be found in [1]:

∥∥BT L†
ω
∥∥

∞
≤ sin(γ) (2)

With the (pseudo-) inverse Laplacian L† and the (trans-
posed) incidence matrix BT of the graph and the maximum
angular difference γ ∈ [0,π/2[ with

∣∣θi−θ j
∣∣ ≤ γ for all

directly connected nodes i and j. This condition directly
link the structure of the underlying graph, included in the
incidence and Laplacian matrix with the stability of the
system.

Condition (2) states the existence of a locally stable
synchronized solution, which means:

Felix Koeth is with G2Elab, University of Grenoble, 38031 Grenoble,
France felix.koeth@g2elab.grenoble-inp.fr

• synchronized frequencies, all oscillators rotate with the
same frequency ωsync

• phase cohesiveness, the phase differences between all
connected nodes are bounded

B. Reactive power

The model (1) presented in the previous section assumed
constant voltages and neglected reactive power. Especially in
a heavily stressed grid, these assumptions are not valid and
additional voltage variations should be included.

As in a real transmission system, the line resistances are
low and a decoupling can be observed:

• The rotor angle variations are linked to the active power
• The voltage magnitude variations are linked to the

reactive power

To incorporate the voltage variations in the model, the
reactive power flow equation is used in combination with
the equations in (1):

Qi =−∑
j

Ki jViVj cos(θi−θ j) with: Ki j = Im(Yi j) (3)

In the extended model, the nodal voltages are additional
variables of the system. While model (1) is a pure set of
differential equations, modeling the reactive power results
in a differential algebraic equation. Additionally, if we set
Di = 01 for all load nodes, we get an algebraic equation for
the active power:

ωi = Pi = ∑
j

Ki jViVj sin(θi−θ j) (4)

Equations (4) and (3) are the classical power flow equa-
tions studied extensively in the power system community for
steady state solutions without the dynamic behavior studied
with the swing equation (1).

II. ONGOING INVESTIGATIONS

Our investigation tries to answer how the stability of the
power system, described by the models presented before is
related to the graph structure of the underlying electrical
network. Here, multiple approaches to extend the analysis
and synchronization condition are presented.

1This assumption corresponds to constant load modeling for the active
load.



A. Static analysis

Condition (2) can also be studied in the static case, only
considering the static power flow equations. Solving the
power flow equations yields voltage magnitudes and phase
angles in the steady state. If a steady state is exists, condition
(2) should hold. The influence of the reactive power can be
studied in the static case without solving the full, differential
algebraic system. The original publication [1] features some
statistical investigations, solving different settings with dif-
ferent network typologies in random networks or varying the
active and reactive power distribution in selected IEEE test
cases. The statistical studies used a wide range of parameter
sets to prove that the given condition in fact works as a sharp
condition for synchronization. Especially the behavior at or
beyond the limits of the condition (e.g. γ = π/2) are explored
in more detail.

We try to extend this analysis by using methods developed
in the studies of voltage stability. In voltage stability studies,
the power flow equations are usually linearized around an
operating point, resulting in:

(
∆P
∆Q

)
=

(
∂P
∂θ

∂P
∂V

∂Q
∂θ

∂Q
∂V

)
︸ ︷︷ ︸

J

(
∆θ

∆V

)
(5)

The Jacobian J relates changes in the phase angle and
the voltage magnitude to changes in the active and reactive
power. The Laplacian structure is still present in the Jacobian,
for example ∂Pi

∂θ j
equals the network Laplacian scaled by

cos
(

θ 0
i −θ 0

j

)
at the operating point θ 0.

Decoupling the active and reactive power allows for a
sensitivity analysis of the voltages with respect to the reactive
power load levels and distribution. Using the relationship
between the voltage magnitude and the Laplacian, we can
directly link the reactive power to the synchronization con-
dition.

B. Small signal stability

Small signal stability is the study of the power systems
behavior after small disturbances. For small signal stability,
the systems initial state is described by the stable synchro-
nized solution given by condition (2). Linearization of the
right-hand side of the active power flow equation (4) reveals
a clear link between the Laplacian of the network and the
dynamic behavior:

Pi = ∑
j

ai j (θi−θ j) = (Lθ)i (6)

Using this linearization, together with the swing equation
and the reactive power flow let us investigate the behavior of
the full system close to the equilibrium point. A promising
approach is to study the linearized equation in the eigenbasis
of the Laplacian matrix.

C. Transient stability

The synchronization property (2) only guarantees the
existence and stability of a fixed point for the given condi-
tions. The region of attraction of the resulting synchronized
solution is not explored. In general, estimates for the region
of attraction, specially for sparse graphs, do not exist [2],
especially for sparse graphs.

Using computer simulations, we try to establish links
between the basin stability, introduced in [3], the graph
structure of the underlying network and the synchronization
condition (2) using the classical model (1). In a later stage,
the results should be compared with time domain simulations
of the full model including reactive power and voltage
variations, to explore whether the voltage variations have a
measurable effect on the stability and synchronizability of
the power system. We also hope to correlate the findings of
dynamical simulations with the analytical results found in
the analysis of the static case.

III. OUTLOOK

We presented multiple promising research directions
which will be further explored in the near future. The
main focus of all mentioned directions is the impact of
the underlying network topology on the stability of the
system. For that purpose, special attention is given to the
synchronization condition (2) and the spectral properties of
the laplacian and adjacency matrices of the power networks.
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Wind farms control strategy for grid support

Sara Siniscalchi-Minna, Mikel De Prada, Carlos Ocampo-Martinez and Fernando Bianchi

Abstract— This work aims to propose control strategies to
increase the participation of wind power plants in the electrical
grid support. In order to provide ancillary services, wind farms
must be able to deliver some either active or reactive power for
frequency and voltage support. Unlike conventional sources, the
power delivered to the grid by a wind farm depends on a highly
variable resource. To provide an effective grid support, suitable
control strategies should be designed such that the wind farm
is capable of dealing with this variable resource.

I. INTRODUCTION

Nowdays, the renewable energy systems (RES) are par-
ticipating actively in the electricity production. As a con-
sequence, some Transmission System Operators (TSO) are
requiring RES to contribute in the grid stability as done
by conventional power plants. In particular, the wind power
plants (WPPs) can provide ancillary services controlling the
amount of both active and reactive power generated by each
wind turbine inside the wind farm. However, such powers are
variable and strictly dependent on the coupling among the
turbines caused by the wake effect. This phenomenon is due
to the interaction between the wind rotor and the incoming
free-stream wind speed that perturbs the outflow field, thus
the wind speed faced by downstream turbines [1].

Imbalance between power generation and demand cause
frequency fluctuations in the electrical grid. The WPPs can
help balancing with two main approaches: releasing kinetic
energy or delivering some extra power to the grid. The first
approach is mainly used to provide the first response aimed
to stop the initial frequency drop. In this case, the kinetic
energy is stored in the rotating shafts by slowing down
the turbines. After a frequency event, such kinetic energy
is released in a time period less than 10 s to increase the
generator torque such that the rotor decelerates to produce
more power than the power set-point, contributing to the iner-
tial frequency response. Different strategies to inject kinetic
energy have been proposed. For instance, the authors in [2]
use a scheduling of the generated power by each turbine
like set-point for the speed controller in order to reduce
the losses of kinetic energy during the normal operation
mode. In [3], the stored kinetic energy is maximized by
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Fig. 1. Power-wind speed characteristics for each wind turbines.

reducing the power generated by some wind turbines without
reducing the total power. Another operation strategy is the
de-loading operation, which aims mainly to contribute in
the primary frequency control seeking to limit the fall and
stabilizing the frequency. When the wind conditions and
the power demanded by the TSO permit, wind farms work
below their maximum power production capacity. In this
circumstance, the difference between the available and the
generated powers results in a power reserve as shown in
Figure 1. This reserve capacity can be used to increase the
generation in order to help in primary frequency control
when it is needed.

The main objective of this work is to develop some control
strategy to maximize the power reserve. Here the complex
problem of modeling the wake effect can be solved with
some linear models as the Jensen’s model [4].

II. CONTROL STRATEGIES

Two de-loading control strategies are proposed considering
a centralized controller that guarantees the tracking of an
established power set-point (given by TSO) and requires each
turbine to contribute maximizing the total power reserve that
can be delivered for frequency support.

The first strategy proposes a model predictive control
(MPC) in order to describe a centralized wind farm con-
troller. MPC has been successfully applied in wind farm con-
trol to address different objectives, such as minimizing the
mechanical loads [5], or coordinating energy storage system
and wind farms [6]. In particular, in [7] MPC has been used
to control the temporally power contributions of a particular
wind turbine to help in frequency control. In the present
work, an MPC strategy is proposed assuming that the wind
turbine model is well approximated by a first order system.
The MPC scheme ( illustrated in Figure 2) uses the informa-
tion about the generated Pg,i and available Pav,i powers in each
turbine and solves a multi-objective optimization problem
in order to coordinate the best power contribution for each
turbine Pr,i. With the goal of considering the higher priority



of tracking problem than the power reserve maximization
problem, the optimizations are sequentially solved with the
lexicographic minimizers method as proposed in [8], which
ensures a given prioritization of the control objectives.

The second control strategy proposes a heuristic dis-
tribution of the required power among the turbines. This
approach is inspired in the formulation proposed in [9] for
the energy capture maximization. In the proposed scheme,
a PI controller ensures the tracking of the power set-point
imposed in the point of common coupling by the TSO. The
contribution of each wind turbine is determined according
to the main wind direction aiming to minimize the wake
effect and maximizing the available power (and thus the
power reserve). The main idea is that the last turbines (in
the wind speed direction) contribute with the maximum
power and the first one (facing the free-stream wind speed)
with the minimum power. This configuration minimizes the
wake effect and increases the power reserve available for the
provision of ancillary services.

III. FUTURE WORKS

The above control strategies have been tested only for
three turbines but WPPs hold tens of turbines. In this case,
the above centralized controllers require information for each
turbine increasing the complexity and the computational
bourders. Therefore, distributed control strategies divide the
wind farm in groups of turbines such that each wind turbine
is only allowed to communicate with the neighbouring
turbines. Thus, in case of a cluster outage, the wind farm
could keep working while reduce the negative effects over
the grid. In [5], a distributed controller is developed in order
to change the power set-points of the turbines dynamically in
response to the local wind conditions. Moreover, the authors
in [6] provide a distributed MPC to optimize the active power
and minimize the loads using the fast gradient method via
dual decomposition to increase the convergence rate. The
previous contributions specifically provide distributed control
strategies with the goal of minimizing the loads. The purpose
of this work is to organize the WPP in sub-systems which
should solve optimization problems in order to guarantee
the power tracking and the frequency support. The way
to determine the sub-systems shall consider the physical
connections due to the wake effect not only generated by
the turbines in the same system but also by the nearest
turbines. Moreover, such partition of the WPP must consider
the electrical connections among the turbines in order to
reduce the electrical losses; thus, an additional step of the
present work is to compute the active and reactive power
flows to evalueate such losses.

Fig. 2. MPC control scheme.

Another objective of this work is to provide ancillary
services not only helping in frequency support but also
guaranteeing a participation after grid faults or weak power
network. Improving the results proposed in literature, in
which several control strategies have been proposed for
voltage and reactive power control able to improve the
response of wind turbines after a grid fault [10].

The control algorithms are developed in MATLAB R©, the
MPC simulations have been run using YALMIP [11] and
CPLEX under MATLAB R©. SIMPOWERSYSTEMS and POW-
ERFACTORY will be used to test the simulations. The use
of SIMWINDFARM to model the wake interactions among
wind turbine is also foreseen. The turbines correspond to the
5 MW benchmark introduced in [12]. For the simulations,
wind turbines are described by a nonlinear two-mass model
including also the pitch actuator and a power control as
proposed in [13].
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Abstract—This abstracts deals with a procedure able to build 
the scenario tree associated with a parking lot equipped with 
several bidirectional charging stations for electric vehicles (EVs). 
The scenario tree is conceived to be implemented in multistage 
stochastic optimization models for day-ahead energy management 
systems of microgrids or power distribution networks. Specific 
operating rules relevant to the initial energy available in the cars 
entering the parking lot are represented, as well as the other 
typical constraints (such as maximum number of available 
charging stations, size of the EVs batteries, and power ratings of 
charging stations). Moreover the model also represents the 
coupling of the operation of the parking lot with the power 
production of a photovoltaic unit. The tree generation procedure 
at first generates a number of equiprobable scenarios by using 
day-ahead forecasts and the probability distributions that 
characterize the expected deviations with respect to the forecasts. 
Then similar scenarios are groped on the basis of the chosen 
criteria and of the number of stages. A procedure is finally applied 
in order to guarantee the existence of feasible solutions. 

Keywords—charging stations, distributed energy resources , 
electric vehicles, energy management systems, microgrid, stochastic 
programming, vehicle-to-grid services  

I.  INTRODUCTION 

This abstracts describes the tree generation procedure 
implemented for an optimization model of an industrial 
microgrid that includes both distributed generation (in particular 
photovoltaic units) and a parking lot equipped with several 
charging stations for electric vehicles (EVs) with vehicle to grid 
(V2G) technology. We make reference to the linear 
programming model presented in [1], although the procedure 
can be adapted to be used for different stochastic models for the 
optimal operation of EVs parking lots in microgrids (e.g. those 
presented in [2] and [3]) and in power distribution systems (e.g. 
[4] and [5]).  

A peculiar characteristic of the linear programming model 
presented in [1] is the representation of specific operating rules 
relevant to the initial energy available in the cars entering the 
parking lot. Whilst in [1] a two-stage stochastic programming 
model has been adopted, we aim at extending the model to the 
multistage case. For such a purpose a scenario tree is needed that 
defines each scenario as a root-leaf path through all the stages 
by representing the conditional probabilities with links between 
nodes, each corresponding to a set of values of stochastic 
parameters with a specific history up to that node.  

The structure of the abstract is the following. Section II 
reviews the stochastic optimization model presented in [1]. 
Section III describes the scenario generation procedure. Section 
IV concludes the abstract. 

II. THE OPTIMIZATION MODEL OF A MICROGRID WITH AN EVS 

PARKING LOT 

We assume that the dispatching center of the industrial site 
described has the capability of controlling the power exchange 
of the EVs parking lot with vehicle to grid (V2G) technology as 
well as the output of a dedicated battery energy storage (BES). 
Thus, Put and μut are the decision variables in the optimal 
integrated operation problem, where Put is the power exchange 
of storage unit u (BES or V2G parking lot) at time t (P is positive 
if provided to the grid), whilst μut is the utilization coefficient 
(between 0 and 1) of the energy initially stored in the electric 
vehicles that arrive at time t in the parking lot.  

Variables Etω
+  / Etω

–  (energy sold to/purchased from the utility 
grid), Eutω

S  (energy stored in the parking lot or in the BES unit), 
and Cutω (cost associated with the charging and discharging of 
the storage units through the microgrid) consequently depend on 
the values of the decision variables.  

We consider a short-term optimization horizon, typically 24 
hours, so the forecast of the stochastic variables could be 
considered accurate enough in order to reduce the number of 
scenarios and the daily cycle of the industrial site operation is 
taken into account adequately in the energy storage 
optimization. 

The optimization problem of the dispatching center is 
represented by the following stochastic programming model. 

The objective function minimizes the total energy 
procurement cost of the industrial site: 

 Minimize       ∑ πωω Cω (1) 

with 

 Cω ∑ ρt
T(Etω

– – rEtω
+ )+∑ (Cutω+cu

+μutωEutω
S+ )ut  (2) 

where ρt
T is the time-of-use tariff for purchasing from the grid in 

period t, cu
+ is the retrieval cost of the initial energy of the 

vehicles, and Eutω
S+  is the increase of the energy stored in the 

parking lot due to electric vehicles arrivals. 



The power output constraints are 

 ∑ Putωdtu = Etω
+ – Etω

– ,∀t,∀ω (3) 

 Putω  ≤  Putω ≤  Putω,∀u∈{BES, V2G},∀t,∀ω  (4) 

where Putω / Putω are the maximum power for 
charging/discharging the storage units, and dt is the duration of 
period t. 

The fact that the output powers of inflexible loads and 
renewable resources such as photovoltaic (PV) units cannot be 
dispatched is also taken into account. 

The energy storage constraints are 

 	Eutω
S = (1– δu)Eu(t–1)ω

S –(Putω+Lutω)dt+Eutω
S+ –Eutω

S-  (5) 

 0	≤ Eutω
S ≤  Eutω

S
,∀u∈{BES, V2G},∀t,∀ω (6) 

 Eutω
V2G= (1– δu)Eu(t–1)ω

V2G –(Putω+lutω)dt+μutωEutω
S+ +∑ 1–

μujω Eu(j,t)ω
V2G –Eutω

S- ≥0 ∀u∈{V2G},∀t,∀ω  (7) 

 lutω ≥ 
(1– ηu

r )Putω

(ηu
s – 1)Putω

,∀u∈{BES, V2G},∀t,∀ω (8) 

 Cutω
S  ≥ 

cu
r Putωdt

–cu
s Putωdt

,∀u∈{BES, V2G},∀t,∀ω (9) 

where lutω are the charging/discharging power loss in storage 

units, Eutω
S– is the decrease of the energy stored in the parking lot 

due to electric vehicles departures, and δu is the self-
discharging rate of storage unit u. 

At the end of each time period t, the energy stored by each 
unit is calculated by (5) and it is limited by the maximum storage 
capability as ensured by (6), taking into account the losses in the 
charging and discharging processes calculated by (8).  

In the case of V2Gs, both Eutω
S+  and Eutω

S– are non-negative; 
whilst for BES systems they are set to zero. When PEVs arrive 
in the parking lot, their energy adds on the available total energy 
of the V2G parking lot. However, the dispatching center decides 
on the utilization amount of these resources by using factor μutω  

that is included in constrain (7) where Eu(j,t)ω
V2G  is the initial energy 

the PEVs that arrive in period j and leave in time period t (j=0 
indicates the PEVs already parked at the beginning of the 
optimization horizon), whilst Eutω

V2G is a nonnegative auxiliary 
variable. This concept allows the representation of the battery-
to-battery charging strategy inside a V2G system. The cost of 
this kind of retrieval is included in (2) taking into account a 
specific price (i.e., cu

+). This additional cost is assigned to the 
arriving time of the PEVs, but the energy can be retrieved during 
the associated parking time. 

The operational costs of storage systems are defined in (9). 
The minimization of the objective function guarantees the 
minimization of both lutω and Cutω

S , which are nonnegative due 

to (8) and (9), respectively. This technique and the use of a single 
decision variable Putω for both input (storage) and output 
(retrieval) powers of storage units keep of the model linear 
without the introduction of binary variables. 

III. SCENARIO BASED TREE GENERATION PROCEDURE  

In order to build the tree, at first a number of equiprobable 
scenarios is generated on the basis of the constraints, day-ahead 
forecasts and the probability distributions that characterize the 
expected deviations with respect to the forecasts for the 
photovoltaic units [6].  

In regard to the V2G services, the scenarios for storage 
capacity and variations in the total energy levels are generated. 
A large enough population of EVs are generated according to 
chosen statistical distributions. Each i-th EV is characterized by: 

time of entrance it
 ; initial charge 0

iE ; time of stay is .  For each 

scenario ω, an additional parameter is generated, namely the 
total number Ntot,ω of EVs entering in the parking lot in the entire 
considered period (e.g., 24 hours). Out of the generated 
population of EVs, the first Ntot EVs are processed in order to 
provide the calculation of the following variables, for each time 

t and scenario ω: set of EVs incoming at t ( tS 
 ),time of 

departures i i it t s   , set of EVs leaving at t ( tS 
 ),EV 

energy stored at departure ( iE ), increase of the energy stored 

in the parking lot due to arrivals 
 0

t

S
ut i

i S

E E , decrease of 

the energy stored in the parking lot due to departures 



t

S
ut i

i S

E E decrease of the energy stored in the parking 

lot due to the initial charge leaving at t 0 0

t

S
ut i

i S

E E









  . 

The energy stored at departure iE of the i-th EV is set to 

one per unit if the time of stay is is long enough to get a full 

recharge, otherwise is set to ratio between is and the time 

needed for a full recharge. 

After the generation of all the scenarios, at each stage, 
similar scenarios are grouped by the definition of specific 
criteria (that refer to the number of parked cars as well as other 
load requests and the power production by the photovoltaic 
unit). The tree generation is completed by a procedure that 
defines the values of all the stochastic parameters at each node 
by averaging the corresponding values of the grouped scenarios 
and by forcing the constraints in order to guarantee the existence 
of feasible solutions of the optimization problem.   

IV. CONCLUSIONS 

The procedure is conceived in order to build the scenario tree 
generation for the optimal operation of a parking lot with 



bidirectional charging stations and with the availability of a 
dedicated storage system and photovoltaic unit. The use of the 
optimization model is expected to reduce the procurement costs 
and the size of the required dedicated storage system needed for 
the operation of the parking lot. The representation of a 
multistage problem appears a useful development of the model.  
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Photovoltaic system modeling for fault detection and isolation

Nikolaos Sapountzoglou, ESR 4.2 and Bertrand Raison

Abstract— This document outlines the necessary steps
to build a model of a grid-connected photovoltaic (PV)
system which will be later used in fault detection and
isolation techniques. For this purpose the software package
of MATLAB/Simulink is used throughout the whole project.
The document is divided into five sections. The first Section
highlights the importance of modeling in PV systems and gives
a brief overview of the existing modeling methods of power
electronics devices. The second Section analyses the processes
followed to build a complete model of a PV array, focusing on
the equivalent circuit and the characteristic equation of a PV
cell. In the third Section emphasis is given on the model of the
dc-dc boost converter and the maximum power point tracker
(MPPT). An attempt to present some preliminary results is
made in the fourth Section. The document concludes with a
brief overview of the next steps to follow in order to complete
the model and start the application of fault detection and
isolation techniques.

Index Terms— PV cells, PV modeling, converter modeling

I. INTRODUCTION

Modeling of a PV system is of paramount importance
since it enables the monitoring of its electrical behavior
under various conditions. The occurrence of a wide spectrum
of faults can seriously affect the system’s performance,
decreasing the amplitude and the quality of the output power.
Faults in a PV system are classified by the components where
they appear, in two major categories: a) faults in the PV array
and b) component faults in the power electronic devices. In
this document emphasis is given on the modeling of the PV
array and the power electronics devices.

The PV array is connected to the grid through a dc-
dc boost converter and an inverter. Among the various
approaches that can be used to model a power electronics
converter [1], the averaged model and the exact model were
selected for this project. As a first step in designing and
testing the model of the system, the averaged model was
used for both the converter and the inverter. The exact model
of the dc-dc boost converter has already been developed
and validated while further work is needed to develop the
inverter’s exact model and complete the system’s modeling
and simulation.
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II. MODELING OF A PV ARRAY

Modeling a PV array is a challenging and complicated
task. There are three basic steps in order to design a model
of a PV array: 1) extraction of the basic parameters from the
equations describing the equivalent circuit of a PV cell, using
only the available data from the manufacturer’s datasheet
[2]–[4], 2) usage of the known parameters to solve the
transcendental current-voltage characteristic equation [2]–[4]
and 3) synthesis of several elements in series and in parallel
to construct the PV array.

A. Bishop’s model

Although the one-diode model is used in a plethora of
research projects, it does not take into consideration the
avalanche effect of the diode [5]. But studying a PV cell
under a fault, demands monitoring of the cell’s activity in
the first (I), second (II) and fourth (IV) quadrant of the I-V
characteristic curve as shown in Fig. 1a. That is achieved
by using Bishop’s model, the equivalent circuit of which is
presented in Fig. 1b.

(a) I-V characteristic curve (b) Equivalent circuit

Fig. 1: Bishop’s model [5]

The Bishop’s model is an upgraded version of the one-
diode model. A non-linear multiplication factor is added
in series with the shunt resistance in order to take into
consideration the avalanche breakdown. The mathematical
equation describing the model is given in (1).

I =Iph − I0 ·
[
exp

(
V + Rs · I

Vt

)
− 1

]
− V + Rs · I

Rsh
·

[
1 + k ·

(
1 − V + Rs · I

Vb

)−n
]

(1)

Eight parameters can be distinguished from (1). Those
parameters are: the photo current Iph, the diode reverse
saturation current Io, the diode’s thermal voltage Vt, the
series resistance Rs, the shunt resistance Rsh, the Bishop’s
coefficients k (∼ 0.1) and n (3.4 − 4) and the breakdown
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voltage Vb. Since (1) is a transcendental equation, a nu-
merical solution is obligatory. In this project, the Newton-
Raphson algorithm was used to solve the equation, although
the Lambert-W function could be an alternative solution [6],
[7].

B. PV array

The creation of a PV array is achieved through the
connection, either in series or in parallel, of several PV cells.
Usually 36 or 72 cells are connected in series to form a
module. Several modules can be then connected in series to
form a string. Finally, strings are connected in parallel to
complete the creation of the PV array.

To ensure the protection of the PV array, bypass and
blocking diodes are used to protect the array against inverse
polarization and the flow of inverse currents respectively.
Finally, the PV array is connected to the grid through a dc-dc
boost converter and an inverter.

III. MODELING OF CONVERTERS

The use of averaged models consists in trading a little
of the systems accuracy off for decreased simulation time.
That is achieved by omitting high-frequency variations due to
power switches [1]. In the case of the boost dc-dc converter,
further simplification of the model can be applied by using
the reduced-order averaged model which keeps only the low-
frequency dynamics and thus considers as instantaneous the
time dynamics of the fast variables [1]. The boost converter
is controlled with the aid of the MPPT.

The most popular MMPT technique and the one used in
this project is the perturb and observe algorithm (P&O).
However, the occurrence of different faults can affect the
performance of the MPPT and can lead to considerable
losses if instead of the real maximum power point, a local
maximum is tracked.

IV. RESULTS

In this section some of the obtained results are presented.
The simulation was executed for standard test conditions
(Irradiance at 1000W/m2 and cell Temperature at 25oC);
the eight parameters were: Isc = 4.8 A, Io = 10−8 A,
Rs = 0.005 Ω, Rp = 9 Ω, Vt = 0.0313 V, k = 0.1, n = 3
and Vb = −30 V. For this simulation the PV array consisted
of 1 string with 4 modules composed by 72 cells each.

In Fig. 2 the alteration of the I-V curve under various
shading conditions is presented. In Fig. 3 the ability of the
MPPT to track the MPP is validated for both the averaged
and the exact model of the converter.

V. CONCLUSION

This study is the first step towards the creation of a com-
plete model of a PV system. The Bishop’s model was used
as a basis to design the PV array. For the power electronics
devices the exact model was chosen. After validating that the
averaged model responds accurately to simple faults such
as the shading of certain modules, the exact model of the
boost converter was implemented. Further work needs to be
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done towards designing the exact model of the inverter and
the application of fault detection techniques on the complete
model of the PV system.
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I. INTRODUCTION

The problem of optimal sensor placement for State Esti-
mation (SE) consists in determining how to place a given
number Nmeas of real-time sensors in N possible locations
in order to minimize the resulting expected variance of the
SE error. This is a combinatorial optimization problem with(

N
Nmeas

)
possible solutions, the optimum of which optimum

may be unpractical to obtain as the size of the network
increases, and thus the N locations. For example, there are(
123
5

)
≈ 109 combinations for the allocation of 5 sensors in a

network of 123 buses. Previous work concentrates mainly on
finding good combinations of locations using different greedy
forward selection methods taking the nodes that produce the
maximum decrease in the expected variance of the estimation
error [1], [2], in some cases with a desired probabilistic
performance guarantee [3], and also with a bound on the
distance to the optimal solution for transmission networks and
under certain assumptions [4]. Apart from that, other methods
include evolutionary algorithms to improve the solutions [5],
[6]. There are some approaches that use convex relaxations
to give lower bounds on the optimal location of sensors in
general systems [7], [8], which have been concretely applied
to transmission networks in [9]. Here we have applied these
convex relaxations to a distribution network and extended the
analysis to a general economic budget constraint.

II. TWO-STEP STATE ESTIMATION

As presented in the previous workshop, SE can be separated
in two parts: First, using the pseudo-measurement estimations
or predictions for the loads Spseudo, solve the power-flow offline
to obtain a prior estimate Vprior; then, using this estimate and
the real-time measurements zmeas, a posterior solution Vpost can
be obtained using a linear filter:

Vprior = PowerFlow(Spseudo)

Vpost = Vprior +K(zmeas − CmeasVprior)
(1)

where Cmeas is the matrix mapping state voltages V to
measurements zmeas, and the gain matrix K is obtained by

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under the Marie Skłodowska-Curie grant
agreement No 675318 (INCITE).

minimizing the expected error covariance Σpost = E[(Vpost −
V )∗(Vpost − V )]:

Σpost = Σprior +K(Σmeas + CmeasΣpriorC
∗
meas)K

∗

−KCmeasΣprior − ΣpriorC
∗
measK

∗ (2)

and thus
K = arg minK tr(Σpost)

= ΣpriorC
∗
meas(CmeasΣpriorC

∗
meas + Σmeas)

−1 (3)

where Σprior and Σmeas are the expected error covariance of
the prior estimate Vprior and the real-time measurements zmeas
respectively. The resulting expected error covariance is then:

Σpost = (C∗measΣ
−1
measCmeas + Σ−1prior)

−1 (4)

III. OPTIMAL SENSOR PLACEMENT

Since the noises in the real-time measurements are indepen-
dent, this covariance can be expressed as:
Σpost = (Σ−1prior +

∑
i(CmeasF )∗i,•(CmeasF )i,•(Σ

−1
meas)i,i)

−1

= (Σ−1prior +
∑

i xi(C̃measF )∗i,•(C̃measF )i,•(Σ
−1
meas)i,i)

−1

(5)
where C̃meas = [Id Y

T
1,1 Y

T
1,1A

T ]T is the special case of Cmeas
with all measurements enabled, and x is a vector with elements
indicating if a sensor is available: xi ∈ {0, 1}, xi = 1 if i has
a sensor, 0 otherwise.
Using this expression, the general optimal sensor placement
problem can be formulated as a budget constrained problem:

xopt = arg minx f(Σpost(x))

s.t.
∑

i cixi = cTx ≤ b, xi ∈ {0, 1} ∀i
(6)

where f is a given metric, ci indicates the cost of a sensor
at location i and b the total available budget. If the costs
are unitary, ci = 1 ∀i, and the budget b is an integer, this
corresponds to the cardinality problem of selecting the best b
sensors.

A. Metrics

In the context of optimal design of experiments [10] differ-
ent metrics can be considered, such as:
• A-optimal: fA(x) = tr(Σpost(x)). This corresponds to mini-

mizing the sum of the eigenvalues of Σpost.
• D-optimal: fD(x) = log det(Σpost(x)). This corresponds to

minimizing the product of eigenvalues of Σpost.
• E-optimal: fE(x) = λmax(Σpost(x)). This corresponds to

minimizing the maximum eigenvalue of Σpost.



All are convex, but A and D have analytical expressions for
their gradients, which makes them more suitable for numerical
algorithms.

B. Bounds
The problem in (6) can be intractable for large networks,

but several bounds on the optimal solution can be obtained by
solving a relaxed problem and computing heuristic suboptimal
solutions. Since all metrics f are convex, this problem can be
convexified by relaxing the binary constraints xi ∈ {0, 1} to
continuous ones xi ∈ [0, 1]. Let xconvex denote this solution.
Since it may not be feasible with respect to the original
problem (6), it is a lower bound of the optimal solution xopt.
It is possible to create a feasible solution xfeas out of xconvex
by iteratively selecting the sensor i with highest xconvex,i until
the budget is filled: Let XK denote the set of sensors selected
at iteration K, with X0 = ∅, then until B = ∅:

XK = XK−1 ∪ {arg maxi∈B xconvex,i}
B = {i | ci ≤ b−

∑
j∈XK−1

cj}
(7)

Another feasible solution xgreedy would be a forward greedy
selection algorithm, selecting the best sensor at each iteration
until the budget is filled: Let XK be the set of sensors selected
at iteration K, with X0 = ∅, then until B = ∅:
XK = XK−1 ∪ {arg maxi∈B f(XK−1 ∪ {i})− f(XK−1)}

B = {i | ci ≤ b−
∑

j∈XK−1
cj}

(8)
Since xgreedy and xfeas are feasible with respect to the original
problem (6), they are upper bounds of the optimal solutions,
since they are not necessarily optimal. As a result we have the
final bound:

f(xconvex) ≤ f(xopt) ≤ min(f(xgreedy), f(xfeas)) (9)

IV. RESULTS

We have tested the bounds on the 123-bus test case [11]
using the fA metric. Fig. 1 and Fig. 2 show the trace of
the expected error variance for different numbers of sensors.
Concretely, Fig. 1 shows the values fA(xgreedy) of the greedy
algorithm, as well as the distribution of values fA,rand of 500
random combinations of locations of sensors, in the shaded
area. It can be observed that the greedy algorithm is much
better than the random combinations, which shows that a
simple algorithm can do much better than a random selection.
Fig. 2 shows the lower and upper bounds (9) produced by the
convex relaxation fA(xconvex), the feasible solution fA(xfeas)
and the greedy algorithm fA(xgreedy). It can be observe that
in both cases, the greedy algorithm performs better than the
feasible solution for all number of sensors. Also, the shaded
area of possible optimal solutions narrows as the number of
sensors increases, which means that the simple solutions are
close to the optimal. Similar results can be obtained for other
metrics.
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Advanced functionalities for the future Smart Secondary Substation

Konstantinos Kotsalos and Nuno Silva

Abstract— The continuous growth of multiple Distributed
Energy Resources (DER) along the Low Voltage Distribution
Networks (LVDN) induces multifaceted technical challenges
on the distribution network operation. This work focuses on
proposing novel multi-temporal operation schemes for LVDN
based on advanced control and management functionalities,
accommodated on a secondary substation controller. The main
concern is to take advantage of responsive DERs such as
controllable loads of residential users under demand side
management (DSM) mechanisms, battery storage systems and
microgeneration units to deal with the operation of LVDN. A
day-ahead scheduling aims at proposing control actions that
lead to an efficient grid operating point, respecting technical
constraints, in the direction of minimizing technical and opera-
tional costs. A cyclic complementary control scheme will serve
to cope with uncertainties and deviations occured within the
operation day, to propose corrective control actions.

I. INTRODUCTION

The integration of DERs technologies in distribution net-
works, is progressively facing limits intrinsic to current
power systems, which have a top down structure based on
centrally generated power [1]. Traditionally, the power sys-
tem was designed to solely accept bulk-power delivery from
the transmission network consumers to lower voltages. This
power system design is adequate merely for unidirectional
power flow; the high penetration of decentralized genera-
tion alter the prevailing assumptions in distribution network
planning and operation, since bidirectional power flow may
occurs, posing to some extent technical challenges [2].
Consequently, the traditional power system present concrete
technical limits pertaining the hosting installed capacity of
Distributed Generation (DG) units. Nevertheless, the multi-
layer proliferation of cutting-edge technologies (i.e. substa-
tion & distribution automation, Information and Communica-
tion Technologies -ICT-, Advanced Metering Infrastructures -
AMI-) that is currently taking place, initiates a transitory
regime to the so-called Smart Grid era. The latter, mainly
refers to the use of the flexibility services offered by DERs
for Active Network Management.
Following is discussed the conceptual set forth within the
frame of the research project. Additionally, the methodology
approach and work plans are presented.
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II. CONCEPTUAL ARCHITECTURE

The LV grid is generally comprised of a large scale
dimension networks with a significant number of buses,
i.e. hundreds to thousands of buses where the observability
of its state or even the topology is often unavailable to
the Distribution System Operator [3]. In the last years,
with Smart Grid technologies being adopted, merely on
the frame of ICT and distribution automation of electrical
grids, thus contributing significantly to gradual change of the
landscape on LV grids observability, as well as its control and
management functionalities.
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Fig. 1. Conceptual architecture for the LVDN operation.

Aligned with these concepts, the conceptual architecture
in Fig. 1 aims to propose a top level centralized scheme,
based on a substation centered controller called Distribution
Transformer Controller (DTC).
On the architecture, the Forecast Provider provides forecast
profiles for short term periods (i.e. hourly based up to 24
hours) regarding the consumption of end consumers as well
as the production of the micro-generation. The aggregator
on the proposed architecture stands for a third-party actor to
the grid business, that essentially bundles demand response
from customers at their own expense. Typically, due to the
economics of scale, aggregators engage (i.e. assigning DSM
contracts) industrial and large commercial customers, albeit
some specialize in residential customers [4].
In the frame of consumers smart metering devices provide



load and generation profiles, interfacing them to the Data
Aggregator (i.e. DTC). As it is illustrated on Fig. 1 some
of the end-users are considered to include a Home Energy
Management System (HEMS), which will be substantially
in charge of managing the household smart appliances or
Photovoltaic roof top panel and storage devices. The HEMS
is basically interconnected with the Smart Meter to the
DTC, releasing the capability to accept set-points in order
to participate in Demand Integration Management schemes.
The DTC will be responsible for the aggregation of mea-
surements from the smart meters in order to monitor the
current state of the downstream grid. This configuration
mapped above, intends to incorporate the advanced control
functionalities in order to consistently address the technical
challenges may occurred on the LV operation.

III. METHODOLOGY

In recent work [5], the authors have introduced a taxonomy
of models and optimization methods that are applied to resort
to optimal operation of distribution networks with extensive
integration of DERs, under several objectives. Accordingly,
in the literature there are different alternatives to cope with
the increasing DG integration, but a few alternatives include
the coordination of these different DERs in order to deploy
operational schemes for the LV grid.
This work, focuses on a multi-temporal control scheme
which will lead to control actions for the LV grid operation.
In fig. 2 is given an analysis of the operational scheme along
the time (i.e. a day-ahead and intra-day plans). During the
previous day (N − 1), it is planned to involve tasks that are
associated with the aggregation of flexibility assets from the
available DERs; thus,communicate them to the aggregator
and participate in the market closure procedure.

Operation scheduling 
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2 3
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0

Market Closure

Aggegator s 
procedures 
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Fig. 2. Time frame analysis: Operational scheme for the LV grid.

Following, according to forecast analytics day ahead op-
erations are organized to coordinate the LV grid control ac-
tions, including services provided by the aggregator. Hence,
an initial day-ahead operational plan is set to schedule prop-
erly the control actions (J(N−1)). A complementary module

scheme, will be running for a sequential period (i.e. each
hour) within the operation day N , to cope with uncertainties
and errors provoked namely by forecasts. Therefore, un-
planned events associated with technical constraints that are
detected have to be addressed in a shorter frame of decision
making, closer to the time of delivery. These additional
corrective controls (Jh), target to avert voltage imbalances,
by proposing new control action with the least deviation from
the initial plans, shown in equation 1.

min||J(N−1) − Jh|| (1)

For the overall scheme, there is particular need to rely on
short-term demand and renewable generation forecasting, so
as to define the control actions for the following day and
hours, concerning the day ahead and hourly based scheme
respectively. An important monitoring issue within LV grid
in real field is the observability, despite the availability
of a set of measures with sufficient redundancy possibly
allow to obtain the current state of the grid, by determining
unobservable state variable in real-time [6].

IV. CONCLUSIONS

The focal point of this research project, to propose an
overall control scheme that target to the concerted operation
of the LV grid, managing DER. The LVDN operation will
follow a certain degree of autonomy within Smart Grid
architecture capable to further release and decentralize func-
tionalities that target the planning of LV grid. A multi-
temporal control framework is proposed which will decide
the modulation of the available flexible loads as well as the
controllable assets.
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