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Summary
Since its foundation in the 19th century, the power supply system has grown to one of
the most widespread, complex, yet accurate systems humans have accomplished. This
indispensable system has been challenging the industrial and academic communities
continuously to find solutions for a sustainable (based on growth) and reliable (no
interruptions) power supply that satisfies the needs of its users. Recently, a new
challenge has emerged that is related to the integration of significant levels of
distributed energy resources (DER), including distributed (renewable) sources, local
storage systems and all kind of new high-load appliances.
Next to the operational problems with regard to load and congestion management,
voltage control and short-circuit protection, the required real-time balance between
load and generation can be disturbed by the intermittent and usually uncontrolled
contributions of the renewable energy sources, e.g. PV and wind power generation,
when their number increases significantly. Hence, researchers are challenged to develop
effective solutions that can facilitate the DER increase while preventing those
operational problems and above this can offer opportunities to make use of these DER
units in order to enhance the efficiency and cost-effectiveness of the power supply
system. To reflect the common expectations on the performance of the offered
solutions, the smart grid paradigm has arisen since the last decade.
In general, the smart grid would incorporate the DER population in almost the similar
way as the central power plants that are actively controlled at the transmission level.
This indicates that the increasing DER population which is connected to the present
passive distribution networks should become actively controlled in order to perform the
aspired smart grid operation. Nowadays, the concepts for the development of active
control at the distribution level are evolving within two main categories. Where one
group involves an integrated network and DER management, like the micro-grid
concept, the other group focuses on the development of autonomous DER control
system that facilitates the smart grid performance in coordination with a separated
active network management, like the virtual power plant (VPP) concept.
While implementing these control concepts depends on the level of available DER as
well as the structure and regulations of the electricity markets, it also requires new
market mechanisms that enable the active participation of the DER owners like trade
platforms and market places. It is evident that an electric utility which manages the total
electricity value chain in a traditional monopoly market can implement active control
according to both approaches. However, the change towards competitive markets,
which have led to the unbundling of the electricity value chain in many countries, might
urge these utilities to split the developed DER control system after enactment of
unbundling regulations that separate the power generation from transport. In such
liberalized electricity markets, where the network operators are not allowed to manage
DER conform the unbundling regulations, the VPP concept offers an outcome as it can
be developed by an independent (third) party. In this context, the VPP would aggregate
i
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the DER units and introduce them as a single entity to the electricity market, which
enables the collective trade of their electric contributions and services.
Driven by the opportunity to incentivize the VPP participants with the trade benefits
along with its flexibility to fit in traditional and liberalized electricity markets, the VPP
concept has been selected in this thesis to form the basis for the development of a DER
aggregation system (DERAS) that enables the increase of DER and supports the desired
smart grid performance.
With the development of DERAS to manage a DER population autonomously, this
research aims to facilitate the access of DER into the wholesale electricity market
regardless their size or location, although connected to the distribution network.
Furthermore, a coordinated execution of DERAS along with the active network
management creates opportunities for the development of ‘smart’ grid related services
that can be offered to the system and network operators like the balancing support,
peak shaving, congestion management, voltage control, etc.
To facilitate the development of these opportunities, this thesis embeds artificial neural
networks, fuzzy logic control and multi-agent technology within DERAS operations that
enhance the active control on the nonlinear, dynamic and stochastic contributions of the
aggregated DER population. Moreover, with the help of the Systems Engineering
approach, which identifies DERAS as the system-of-systems, the requirements and
interests of the stakeholders are converted into three systems-of-interests of which
each denotes an operation mode of DERAS. The Trade operation mode facilitates the
trade of the day-ahead and intraday contributions of the aggregated DER in the
wholesale electricity market. In the Balancing mode, DERAS is enabled to perform local
balancing operations, like controlling the micro-grid and to participate in system control
operations. With Network Support mode, services regarding peak shaving, voltage
support and congestion management can be offered to network operators.
The three operation modes of DERAS make use of a novel control chain that consists of a
forecasting neural network that generates the intraday and day-ahead forecasts, a
multi-input single-output fuzzy logic controller that is developed to perform the central
control operations and the software agents that facilitate the distributed control on the
DER population. This thesis elaborates on the simulations that verify the performance
level of the forecasting neural network and the robustness of the fuzzy controller as well
as the experimental tests at the laboratory of the Eindhoven University of Technology
that demonstrate the ability of the agents to manage DER to deliver the expected
contributions.
With the proven ability of DERAS to manage a DER population autonomously, the focus
of this thesis moved forward towards the development of the active network
management to facilitate smart grid functionalities. In this respect, the traditional
network planning and design process has been examined and modified towards an
active planning approach that involves DERAS and modern technologies that enhance
the planning activities.
The developed active network planning approach makes use of forecasts on the DER
contributions that are provided by the forecasting neural network within DERAS to
increase the reliability of the traditional demand forecasts. This is necessary since the
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traditional forecasting methods focus on the peak load demand and give little
considerations to the impact of DER contributions. For the analysis of possible network
bottlenecks a new method is proposed that makes use of genetic algorithms to iterate
the power flow solutions efficiently. Furthermore, the active network planning method
facilitates the development of viable alternatives to the traditional solutions that usually
comprise network reinforcements or expansions. The new alternatives lead to the
design and gradual implementation of active distribution networks that support the
aspired smart grid performance.
In practice, DERAS is established by embedding its algorithms in a central control
computer and connecting the DER population to its agents. The use of multi-agent
technology enables a modular design that comprises Plug-and-Play approach for the
integration of new DER units. In a region where several DERAS systems are established,
the collaboration among their algorithms results in a regional DERAS. Through
coordination between the regional DERAS systems, the network and system support
services become scalable from the regional to the national level.
The modular design of DERAS and its scalability to support distribution and transmission
networks in addition to its flexibility to fit in traditional and liberalized electricity
markets and its ability to create socio-economic incentives to the DER owners, reflect
the prospects of a sound business case.

iv
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Samenvatting
Sinds de start in de 19de eeuw groeide het elektriciteitssysteem tot één van de meest
uitgebreide, complexe, maar toch accurate systeem de mens heeft ontwikkeld. Dit
onmisbaar systeem heeft de industriële en academische gemeenschappen voortdurend
uitgedaagd om oplossingen te vinden voor een duurzame (gebaseerd op groei) en
betrouwbare (geen onderbrekingen) elektriciteitsvoorziening die voldoet aan de
behoeften van haar gebruikers. Recentelijk, een nieuwe uitdaging heeft zich aangediend
die gerelateerd is aan de integratie van significante hoeveelheden decentrale energie
ressources (DER), waartoe behoren de decentrale (duurzame) opwekkingsinstallaties,
lokale opslagsystemen en alle soorten applicaties met belastingen.
Naast operationele problemen met betrekking tot belasting en congestiemanagement,
spanningshuishouding en kortsluitbeveiliging, kan de vereiste real-time balans tussen
vraag en aanbod van elektriciteit worden verstoord door de intermitterende en
doorgaans ongecontroleerde bijdrage van de duurzame opwekkingsinstallaties zoals
zonnepanelen en windmolens, als hun hoeveelheid significant toeneemt. Daarom
worden onderzoekers uitgedaagd om effectieve oplossingen te ontwikkelen die de groei
van DER faciliteren en de bijkomende operationele problemen voorkomen, en
daarenboven mogelijkheden kunnen bieden om DER in te zetten bij het verbeteren van
de efficiëntie en kosteneffectiviteit van het elektriciteitsvoorzieningssysteem. Om te
reflecteren op de algemene prestatieverwachtingen van de geopperde oplossingen, het
smart grid paradigma is ontstaan sinds het vorig decennium.
In het algemeen zou het smart grid de DER populatie op dezelfde wijze integreren als de
elektriciteitscentrales die op transmissie niveau actief worden bestuurd. Dit houdt in dat
de groeiende DER populatie, die op de nog passieve distributienetten is aangesloten,
actief moet gaan worden bestuurd om de gewenste smart grid functionaliteit te
verkrijgen. Tegenwoordig zijn de concepten voor het ontwikkelen van actieve besturing
op distributieniveau te groeperen binnen twee hoofdcategorieën. Waar de ene groep de
activiteiten van DER en distributienet in één operatie integreert, zoals het concept van
het micro-grid, concentreert de andere groep zich op het ontwikkelen van een
autonoom DER besturingssysteem dat de smart grid uitvoering faciliteert in coördinatie
met een gescheiden actief netwerk management, zoals het concept van de virtuele
power plant (VPP).
Omdat de implementatie van deze besturingsconcepten afhankelijk is van de
beschikbare hoeveelheid DER alsook de structuur en regulering van de
elektriciteitsmarkten, zijn er ook nieuwe marktmechanismen nodig om de actieve
participatie van de DER eigenaren mogelijk te maken zoals handelsplatformen en
marktplaatsen voor elektrische energie. Het is evident dat een elektriciteitsbedrijf dat de
gehele elektriciteitsketen beheert in een traditionele monopoliemarkt de mogelijkheid
heeft om actief management te implementeren volgens beide besturingsconcepten. De
veranderingen richting competitieve markten, welke heeft geleid tot het opsplitsen van
de elektriciteitsketens in vele landen, kan echter deze bedrijven dwingen tot het
scheiden van de ontwikkelde DER besturingssysteem na het inwerking treden van de
v
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regelgeving die de elektriciteitsopwekking en -transport van elkaar scheidt. In dergelijke
geliberaliseerde elektriciteitsmarkten, waar het managen van DER niet is toegestaan aan
netbeheerders, biedt het concept van de VPP een uitkomst omdat dit systeem
ontwikkeld kan worden door een onafhankelijke (derde) partij. In deze context
aggregeert de VPP de DER eenheden en introduceert ze als één entiteit op de
elektriciteitsmarkt, wat collectieve handel van hun elektriciteitscontributies en diensten
mogelijk maakt.
Gedreven door de mogelijkheid om de participanten van de VPP te stimuleren met de
handelsvoordelen samen met haar inpassingsflexibiliteit in traditionele en
geliberaliseerde elektriciteitsmarkten, is het VPP concept geselecteerd in dit proefschrift
om als basis te dienen voor de ontwikkeling van een DER aggregatie systeem (DERAS)
dat zowel de groei van DER als de gewenste smart grid uitvoering faciliteert.
Met het ontwikkelen van DERAS om de DER populatie autonoom te managen, beoogt dit
onderzoek om ongeacht de omvang en locatie van de DER, alhoewel aangesloten op het
distributienet, toegang te verschaffen tot de elektriciteitsmarkten. Bovendien, creëert
coördinatie tussen DERAS en het actief netwerk management kansen voor het
ontwikkelen van ‘smart’ grid gerelateerde services die kunnen worden aangeboden aan
systeem- en netbeheerders, zoals bij balanshandhaving, piekshaving, congestiemanagement en spanningshuishouding, etc.
Om de ontwikkeling van deze mogelijkheden te faciliteren, maakt dit proefschrift
gebruik van artificial neural networks, fuzzy logic control en multi-agent technologie
binnen de DERAS operaties om actieve controle over de non-lineaire, dynamische en
stochastische contributies van de geaggregeerde DER populatie mogelijk te maken.
Bovendien zijn met behulp van de ‘Systems Engineering’ benadering, die DERAS
identificeert als ‘system-of-systems’, de eisen en wensen van de stakeholders vertaald
naar drie ‘systems-of-interests’ die ieder op zich een afzonderlijke operatiemodus van
DERAS vertegenwoordigt. De ‘Trade’ operatiemodus faciliteert de handel van de
geaggregeerde day-ahead en intra-day DER contributies in de globale elektriciteitsmarkt.
In de ‘Balancing’ modus, kan DERAS lokale balansactiviteiten uitvoeren zoals het
managen van een micro-grid en participatie in systeem besturingsoperaties. Met de
‘Network Support’ modus, kunnen diensten op het gebied van piekshaving, congestiemanagement en spanningshuishouding worden aangeboden aan netbeheerders.
De drie operatiemodi van DERAS maken gebruik van een nieuw ontworpen besturingsketen die bestaat uit een voorspellend neural network dat prognoses voor intra-day en
day-ahead genereert, een multi-Input single-output fuzzy logic controller die is
ontwikkeld om de centrale besturingsoperaties uit te voeren en de software agents die
de decentrale controle over de DER populatie faciliteren. Dit proefschrift beschrijft de
simulaties die de nauwkeurigheid van de prognoses door het neural network en de
robuustheid van de fuzzy controller aantonen, alsook de experimentele tests in het
laboratorium van de Technische Universiteit Eindhoven waarmee de geschiktheid van de
software agents om de DER eenheden te managen om de verwachte contributies te
leveren is gedemonstreerd.
Met de bewezen geschiktheid van DERAS om een DER populatie autonoom te managen,
verschuift de focus van dit proefschrift verder naar de ontwikkeling van het actief
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netwerk management om de smart grid functionaliteiten te faciliteren. In dit verband is
het traditionele planning en ontwerp proces doorgelicht en vervolgens gemodificeerd
om een actief netwerk planningsproces te verkrijgen dat zowel DERAS als moderne
technologieën betrekt bij de planningsactiviteiten.
De ontwikkelde actief netwerk planningsbenadering maakt gebruik van prognoses voor
de DER contributies die aangeleverd worden door het voorspellend neural network van
DERAS om de betrouwbaarheid van de traditionele belastingprognoses te verbeteren.
Dit is noodzakelijk omdat de traditionele voorspellingsmethoden zich focussen op de
piek elektriciteitsvraag en geen rekening houden met de impact van de DER contributies.
Voor de analyse van mogelijke knelpunten in het netwerk, wordt een nieuwe methode
voorgesteld die gebruik maakt van genetische algoritmen om op efficiënte wijze naar de
load flow oplossingen te itereren. Daarnaast faciliteert het actief netwerk planningsproces de ontwikkeling van haalbare alternatieven naast de traditionele oplossingen die
in de regel het versterken of uitbreiden van het netwerk inhouden. De nieuwe
alternatieven leiden tot het ontwerpen en geleidelijke implementatie van actieve
distributienetten die de gewenste smart grid uitvoering ondersteunen.
In de praktijk kan DERAS worden gerealiseerd door de inbedding van haar algoritmen in
een centrale besturingscomputer en door de DER populatie te verbinden met haar
agenten. Het gebruik van multi-agent technologie maakt een modulair ontwerp
mogelijk, dat de integratie van nieuwe DER eenheden volgens de ‘Plug-and-Play’
benadering omvat. In een regio waarin meerdere DERAS systemen worden toegepast,
resulteert de samenwerking tussen de algoritmen van deze systemen in een regionaal
DERAS systeem. Door coördinatie tussen de regionale DERAS systemen worden de
ondersteunende netwerk en systeemdiensten schaalbaar van regionaal tot nationaal
niveau.
Het modulaire ontwerp van DERAS en haar schaalbaarheid om distributie- en
transmissienetten te ondersteunen, naast haar flexibiliteit om in traditionele alsook
geliberaliseerde elektriciteitsmarkten te opereren en het vermogen om socioeconomische stimulansen te creëren voor de DER eigenaren, reflecteren de
vooruitzichten van een gezonde business case.
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Chapter 1

Introduction
Many researchers have contributed to the development of the present power system by
addressing future challenges and offering outcome to today’s problems. This research
aims to cope with one of the main challenges that are related to the integration of large
amounts of distributed (renewable) sources and all kind of new high-load appliances
which have consequences for the development of the power system and especially the
distribution system.
This chapter describes the addressed challenge and the main objective of this research
in section 1.1. Then further explanation of the research objectives is given in section 1.2.
Finally the research approach is discussed in section 1.3 while the outline of the thesis is
described in section 1.4.

1.1 The paradoxical development of the power system
Since the first power system was initiated by Thomas A. Edison (1847-1931) and Nikola
Tesla (1856-1943) electrification of our communities has been accelerating. Nowadays,
an enormous widespread and complex power system provides citizens from around the
world indispensable electric energy for the evolution of our societies. Electricity is
evolved towards a basic necessity to provide water, food and energy in most
communities around the globe. According to the International Energy Agency (IEA) the
world energy consumption is doubled in the last three decades whilst the world
electricity consumption is more than tripled [1.1]. In figure 1.1 is the increasing demand
for energy and electricity projected for the years 1973 and 2010.

Figure 1.1:

World total final energy and electricity consumption in 1973 and 2010

The electric energy is usually converted from other energy sources, mostly fossil fuel, in
large central power plants that are often situated in urban areas and then transported
1
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through the transmission network to cities and communities where it is distributed for
consumption through the distribution network. With negligible facilities for electricity
storage in present power system, the power generation at the large power plants should
adapt to the load demand of energy users, see figure 1.2.

Figure 1.2:

Balancing generation and consumption in traditional power system

The balance between power generation and consumption is necessary in order to
provide electric energy in a stable way within predefined quality conditions of voltage
and frequency. To maintain this continuous real-time balancing operation a reserve
capacity of power generation is required, which is mainly delivered by the central power
generation [1.2]. This reserve capacity is employed to restore the balance if the load
increases above the level of generation for the interconnected system as a whole and to
restore the exchange as planned between control areas in total system. On the other
hand, a substantial decline in load demand is matched with proportional reduction of
the generation. In Europe, the associated transmission system operators have the
responsibility for the matching process by coordinating the corresponding activities,
including collecting the schedules and forecasts of load demand and generation from
involved parties [1.3]. Lack or inaccuracy of information on expected load and
generation and market deviances lead to intensive use, with higher costs, of the reserve
capacity in order to compensate the unforeseen changes and as such prevent
imbalances [1.4]. In addition, imbalances can be the result of disturbances that cause
large deviations of load or generation, like failure of large power plants or congestions in
the transmission network. Large imbalances can lead to regional blackouts or escalate to
collapse of the total power supply as discussed in [1.5]-[1.7].
Today, the power system is faced with an emerging challenge that threatens to create
imbalances as well as congestions in the power transport. This new challenge is related
to the application of so called distributed energy resources (DER), see figure 1.3.

1.1 The paradoxical development of the power system

Figure 1.3:

3

Balancing generation and consumption in the emerging power system

With a significant contribution of distributed energy sources replacing central power
generation, the traditional balancing mechanisms are threatened because of the lack of
controllable means and may lead to disturbances of the power supply. In the worst case
imbalances and congestions caused by the behavior of local sources might lead to a
collapse of (parts of) the power system. But besides increasing local energy sources like
distributed electricity generation (DG) other developments are taking place like the
introduction of local storages and loads that become controllable. Paradoxically, these
distributed energy resources including distributed generation, local storage and flexible
loads such as charging of electrical vehicles and other specific controllable appliances,
can also reduce the negative effects and concerns regarding the change over from
conventional energy sources to more sustainable sources.
With the introduction of distributed generation at the end users’ sites the electricity
flows become multidirectional while the distribution network is traditionally established
to transport energy downstream to the end users. The aforementioned problems occur
because DG is mostly not visible to network operators which have been connecting
these newcomers according to the ‘Fit-and-Forget’ strategy [1.8]. This makes the DG
contribution unpredictable which reduces the accuracy of the forecasts for power
demand and thus leading to imbalances between demand and generation and irregular
power flows. Moreover, in most distribution networks the voltage level is regulated by
the auto tap-changer of the high voltage (HV) to medium voltage (MV) transformers
while the underlying transformers usually contain fixed tap-changers. Within predefined
load and generation ratio the tap-changer in the HV/MV transformer will regulate the
voltage level according to the tolerated limits by compensating the voltage drop caused
by power consumption. Since this compensation is limited by the range of regulation of
the tap-changer, large deviations from the designed load and generation ratio may move
the MV and LV levels beyond the tolerated limits.
Therefore, if no measures are taken the contribution of high DG concentrations will
threaten the stability of power supply system leading to, among other things,
congestions, overloads and voltage and frequency deviations exceeding the tolerated
limits.
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To incorporate large numbers of DG and high amounts of new high-load applications
according to business-as-usual reinforcement and expansion of the distribution network
are needed. This approach is known by the ‘Copperplate’ scenario as it focuses on
network expansion and as such more copper. Alternatively, the ‘Smart grid’ scenario
[1.9] comprises the control on DG, storage and flexible loads as well as the electricity
flows in the distribution network in efficient and cost effective manner. This research
proposes a DER control and management system that facilitates these newcomers in the
future power system while taking the technological, regulatory and socio-economic key
implications into account.

1.2 Research objectives
Because of their positive impact on efficiency, sustainability and diversification of the
energy supply, nowadays, the number of DER is increasing rapidly in many regions
around the world. The main objective of this research is to contribute to this
development by supporting the ‘Smart Grid’ operation and enhancing future electricity
markets by using DER as well as to facilitate the growth of DER share in an efficient
and cost effective manner.
Because this objective tends to be very general and can be interpreted in many ways,
further explanation is elucidated in the following paragraphs.

1.2.1 Enabling smart grid operation in future electricity markets
Obviously, this research builds on the scenario in which investments and reinforcements
and expansions in the power system are mitigated by the ‘Smart grid’ operation. In turn
the ‘Smart grid’ operation requires active control on the DER as well as the electricity
flows in the network. In fact smart grids combine these two control operations by
definition [1.10]. However, in most unbundled electricity markets, like in The
Netherlands, network operators are not allowed to dispatch or operate DG and storages
[1.11]. Because of this legislative regulation, a distinction is made in this thesis between
the system for active control on the distribution network and the DER control system
itself. As will be elaborated in this thesis, this separation has led to the development of
an autonomous DER control system that fits in both unbundled and traditional electricity
markets. The autonomous DER control system provides flexibility to traditional utilities
during the change over towards liberalization and unbundling.
In order to facilitate further increase of DER, this research aims to develop a control
system that is able to control and manage the DER contribution according to the concept
of virtual power plant (VPP). Then, the desired ‘Smart Grid’ operation is enabled through
coordination between the VPP system and the active control system on the distribution
network that is in use by the distribution network operator (DNO), see figure1.4.

1.2 Research objectives
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1.2.2 Introduction of VPPs in the future power system
As most industrialized countries have shifted their energy policies towards
diversification, efficiency and sustainability, the increase of DG share in power
generation is inevitable as well as the introduction of new challenges to the present
passive distribution networks, see figure 1.5.
Energy policies
Diversification
Efficiency
Sustainability

Incentives
Renewable energy
Efficiency measures

Developments
Distributed Generation
Local Storage
Flexible Loads

Increase of DER and Prosumers (= Consumers with DER units)
Active distribution networks
Load and congestion management, Voltage control, Protection, etc.
Figure 1.5:

Development of DER in electricity markets
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Whilst the electricity markets are challenged to incorporate DER in an efficient and cost
effective manner, nowadays, the structure of these markets varies from unbundled with
separation between generation, retail, transmission, distribution and ancillary services
to monopolies where all these activities are bundled [1.12]. In unbundled electricity
markets where network operators are prohibited to operate DER, they can introduce
active control on the distribution network while the VPP system can be provided by a
third party. Contrariwise, monopolies are allowed to operate both DER and grids and as
such to act as a distribution system operator (DSO). However, the developed VPPs in a
region or country are in turn able to be aggregated into a large scale VPP that might be
controlled by the transmission system operator (TSO) as shown in figure 1.6.
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Figure 1.6:

VPP operators alongside network operators

1.2.3 Development of VPP based DER aggregation system
To develop smart grids with the ability to control both magnitude and direction of power
flow, active control on DER as well as control on the distribution network should be
implemented.
With the establishment of VPPs the magnitude of the DER contribution and thus the
power flow to or from the end users (often called prosumers nowadays) can be kept
within predefined limits. To have the ability to redirect the electricity flow also active
control on the distribution network should be implemented. Realization of these two
functionalities facilitates the desired smart grid operation.

1.3 Research approach
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1.2.4 Planning and design of smart grids with VPP based DER aggregation
system
As demonstrated in a survey report on methods and tools for planning of active
distribution networks [1.12], active control frequently fails to be considered as a viable
alternative while it is implemented in some crucial parts of the distribution network,
however, rarely at low voltage level. Because of this, smart grids can be developed
starting with re-engineering the network planning process so that active control is
considered as a viable alternative beside traditional solutions. In addition, network
operators can implement active control in the backbone infrastructure and expand to
areas where the DER share increases significantly [1.13].
Therefore, introducing planning and design of smart grids with VPPs is one of the
aspects of this research.

1.3 Research approach
In previous sections is mentioned that smart grid operation is obtained through active
control on DER combined with active control on the distribution network and that the
focus of this research is on the development of a VPP based DER aggregation system
(DERAS) that is capable to control and manage a cluster of DER and present them as a
single entity to the electricity market and the network operators. This approach is
projected in figure 1.7 which describes the added value of DERAS in relation with the
DER increase and other sustainable developments. The blue arrows emphasize the
contribution of this research and provide a ‘mind map’ of planned activities.

Figure 1.7:

Research approach and mind map

To support the smart grid operation the concept of DERAS is developed to control and
manage the DER contribution. For the development and specification of required
functions of DERAS the systems engineering methodology is followed during the
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research but also used in this thesis to describe DERAS. This is followed by determining
how DERAS should perform based on requirements and interests of the stakeholders.
Once this was accomplished the system is simulated and tested in lab environment.
Consequently, the research approach can be summarized by the following steps:
1
Review of active control in the distribution network (Chapter 2):
The drives and possibilities for the implementation of active control in the
distribution network are investigated. To validate and underpin the choice for
the VPP concept for DER integration, a brief assessment of successful concepts
for smart grid operation is performed.
2
Development of DERAS (Chapters 3 and 4):
The conditions and requirements for the development of the VPP system
(DERAS) are elaborated while considering the objectives of this research as well
as the interests of key stakeholders. Based on those conditions the design of
DERAS is brought forward together with required operation modes.
3
Verification and lab tests (Chapter 5):
The operation modes of DERAS are validated through lab tests while a
forecasting application is developed to predict the contribution of DERAS making
use of Artificial Neural Networks (ANN).
4
Integration of DERAS in power system (Chapters 6 and 7):
To support the smart grid operation, the interaction of DERAS with the electricity
market is evaluated while focusing on the contribution of DERAS to the planning
and design of smart grids.

1.4 Thesis outline
Although the thesis focuses on the development of DERAS, it also covers its introduction
to the electricity market in order to enable smart grids development and operation in
future power systems; which is the main objective of this research. The next outline of
chapters incorporates the approach reaching this objective.
Chapter 2
Towards active control on distributed energy resources
Active control plays a central role in smart grid operation as it offers an alternative to
generation reserves investments and network reinforcements by facilitating the control
on the magnitude and direction of electricity flows and to provide balancing services.
Chapter 2 discusses the implications of DER increase in the passive distribution network
and seeks a common definition for smart grids. It finishes with an assessment of most
common concepts for the implementation of active control in the distribution network
which leads to substantiation of the VPP concept.
Chapter 3
Conditions for development of VPP system
In this chapter the Systems Engineering methodology is employed to bring forward and
clarify the conditions and requirements for the development of a VPP system. This
creates a basis for the definition of different development stages for the VPP system as
well as the design of a VPP based DER aggregation system.
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Chapter 4
Design of VPP based DER Aggregation System (DERAS)
The design, architecture and components of a scalable and modular DER aggregation
system (DERAS) that is based on the VPP concept are elaborated in this chapter. It is also
shown how a multi-agent system (MAS) is employed to create a control system for
DERAS.
Chapter 5
Validation of DERAS operations and services
The ability of the designed DERAS to control the DER contribution is verified through
simulations and tests at the laboratory of the Eindhoven University of Technology
(TU/e). In this chapter the setup and test results are reported for the operation modes
of DERAS as well as the developed forecasting method that makes use of Artificial
Neural Networks.
Chapter 6
Prospects of DERAS in future electricity markets
As DERAS is successfully tested, the options for this system to facilitate future electricity
markets with high penetration levels of DER are evaluated in this chapter. To justify the
introduction of DERAS into the electricity market the potential of its business case is also
considered.
Chapter 7
Planning and design of smart grids with DERAS
Through re-engineering the planning process and taking the effects of DER into account,
active control can be introduced gradually starting by the crucial parts of the distribution
network and where DERAS might become implemented. This chapter elaborates the
planning process for smart grids with DERAS.
Chapter 8
Conclusions, contributions and future work
The conclusions on the feasibility of DERAS with regard to technological, economic and
regulatory aspects in the future power system are summarized in this chapter. In
addition, this chapter includes recommendations for future work with regard to the
development and operation of the VPP based DERAS.
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Chapter 2

Towards active control on distributed energy
resources
Whilst the present power system is designed to deliver electric energy downstream in
one way direction, nowadays, a growing upstream power generation by DG is raising
challenges to network and system operators in order to maintain the required reliability
(stability) and quality of the power supply. These challenges will become more urgent
with the increase of DG and new high-load appliances and at a certain level the passive
distribution network will fail to host more DG or to supply more peak load.
In this chapter the structure of the present power system is first, in section 2.1, briefly
deliberated followed by a reflection of the implications of distributed energy resources
(DER) increase on the distribution network in section 2.2. That leads in section 2.3 to the
paradigm of smart grids which includes active control and methods to incorporate DER
(distributed generation, local storage and flexible loads) in the distribution network. In
section 2.4 the promising concepts and methods to introduce active control in the
distribution network are discussed to finally elaborate the concept of VPP in section 2.5.

2.1 Changing structure of present power system
Traditionally, the power generation is concentrated in large central power plants that
are often situated in the country side. Transmission networks are employed to transport
the generated electricity to the end users that are mostly settled in communities like
cities and villages. Within such communities the electricity is first transformed to lower
voltage levels and then distributed to the end users. Therefore, the present power
system can be divided into three main segments, namely:
Power generation;
Transmission network; and
Distribution network.
Nowadays the increase of connected DG in the power system of most industrialized
countries is a fact and might lead to a new segmentation as illustrated in figure 2.1
which is based on the Dutch situation.
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Segmentation of future power system (Dutch example)

Although the DG can be integrated with the segment of ‘Generation’, in this research DG
will be considered as a different segment because of differences in regulatory
conditions, uncommon economic requirements of owners and many dissimilar technical
characteristics. DG will be coupled to other local resources like storage and flexible
loads, together named distributed energy resources. Hereafter more details are given
with regard to the above illustrated segments.
Power generation
Although the capacity of power plants portfolio is determined by the increasing demand
of the end users, the need for flexibility in the power supply system increases with the
growth of the DG share. Their intermittent contribution is mostly compensated by large
power plants with the ability to react fast enough, mostly with gas or diesel generators.
In other cases reduction or increase of power consumption, known as demand response,
is deployed in order to balance generation and load. In this respect DER can play an
important role. Such a scenario is within reach for example in Germany and Japan where
nuclear power plants will be replaced with a combination of conventional plants and
renewable resources such as solar and wind power plants.
Transmission network
As most power generation is installed at remote areas, the transmission network is
needed to transport electricity to the end users in cities and other communities. To
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avoid losses over the long distances the voltage level is transformed to higher levels,
mostly in Europe 380 kV. Nowadays, countries with lacking resources make use of such
interconnections to secure their power supply. On the other hand, regions with large
natural resources for electric energy might trade their electricity production
internationally.
In most countries, like The Netherlands, the transmission system operator (TSO)
facilitates the global market operations together with the responsibility for the reliability
and quality of power transmission. As active control is necessary to perform these
operations, it has accelerated the development of actively controlled transmission
network.
Distribution network
Under the present passive distribution network operation different configurations for
the grid structure are being applied, known as ring, radial and meshed structures [2.1].
In practice these network structures are mainly radial operated. Because radial operated
networks entail larger impedances these networks tolerate inferior voltage profiles,
have lower transport capacity and create smaller short-circuit currents. Therefore, in
radial operated passive networks DG will cause operational problems faster than in
meshed and ring networks.
The ongoing increase of DG installations and high-load appliances in the distribution
network might motivate network operators to reconsider the topology of distribution
networks. However, these networks are traditionally passively controlled and the
majority of DG and high-load appliances are integrated due to fit-and-forget strategy.
These facts will reduce the ability of the distribution network to cope with high
penetration level of DG as will be explained in the next section.

2.2 Implications of DG increase on distribution network
As discussed in previous section, active control is widely implemented at transmission
level while distribution networks are still passively controlled. Incorporating large
numbers of DG in such passive distribution networks and according to business-as-usual
will result in many network operational challenges [2.2]. The following paragraphs
discuss briefly the challenges with regard to the load and congestion management,
voltage control and short-circuit fault protection in the distribution network.

2.2.1 Load and congestion management
According to the business-as-usual principle, the capacity of distribution grids (Cgrid) is
computed while taking the maximum expected load demand (Lmax) into account, so that:
Lmax

(2.1)

C grid

Introducing the contribution of DG (CDG) in (2.1) will result in the following equation:
L

C DG

C grid

(2.2)
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Because the contribution of DG might grow further than the maximum load, different
combinations of DG contribution and load must be considered before using (2.2) for the
calculation of the required grid capacity. This is simplified by considering the following
two worst case scenarios:
1. High demand and low DG contribution, which can occur at peak hours of windless
(wind power plants), cloudy (solar cells) and warm (CHP) working day.
a. Load demand = maximum
b. DG contribution = minimum
2. Low demand and high DG contribution, which can occur at midday of windy (wind
power plants), sunny (solar cells) of moderate cold (CHP) holiday or weekend day.
a. Load demand = minimum
b. DG contribution = maximum
Considering the above described worst case scenarios (2.2) can be transformed into:

Scenario 1 : Lmax

C DG , min

C grid

Scenario 2 : Lmin

C DG ,max

C grid

(2.3)

These scenarios indicate that more load is tolerated in proportion to the increase of
distributed generation but also that the DG contribution must not exceed the limits
defined by scenario 2. The DG contribution (CDG) is calculated as follow:

C DG

x
n 1

C DG(n)

g (n)

g (x)

(2.4)

x = number of DG categories.
g(n) = simultaneous factor for DG category n; i.e. CHPs, wind power plants, PV
systems, etc.
g(x) = simultaneous factor between DG categories; g(x)=1 in case of one category.
In general g=1 if all DG units are simultaneously delivering their maximum capacity.
In both scenarios exceeding the grid capacity will trip the protection devices leading to
total blackout of energy supply in that area. But as most DG installations are not visible
to network operators and planners, due to fit-and-forget connection strategy, it is a
challenge to calculate accurately the maximum allowable load capacity in distribution
networks with high penetration level of DG.
On the other hand, the network operator can develop procedures to manage
congestions or overloads during the worst case scenarios. In this case congestion and
load management will just limit the number of disconnected customers, but prevents
total blackouts.

2.2.2 Voltage control
In general, raising the voltage level above the tolerated limits causes insulation damage
to equipment and as such unsafe situations for the end users. In addition, when the
voltage level drops below the tolerated limits many connected instruments might get
broken during the straggle to perform the designated operations. Therefore, voltage
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deviations are limited in accordance with international standards like EN 50160 [2.3] in
Europe and the American ANSI C84.1 [2.4].
Voltage deviation can be the result of a disturbance in the power system and then it
lasts shortly, but nowadays with the introduction of DG, their intermittent contribution
affects the voltage level even during normal operation mode of the power system.
Voltage deviations are an important issue in distribution networks because of a lack of
active voltage compensation. As most MV/LV transformers are equipped with fixed tap
changers they only allow manual adjustment in order to compensation voltage
deviations, see figure 2.2.

HV

MV

LV
G
Load

Figure 2.2:

Distribution network with demand and supply at LV level

To control the voltage level it is necessary to calculate the voltage drop at each given
part of the distribution network. By neglecting the imaginary part of the voltage
deviation the magnitude of the voltage deviation can be based on the real part [2.5],
which is calculated according to:

V

I R cos

I X sin

(2.5)

For the given distribution network in figure 2.2 the voltage deviation at either MV or LV
level is dependent on the range of regulation of the tap-changer of the HV/MV
transformer [2.2]. With a fixed set-point for the MV/LV transformers the behavior of the
DG contribution and load will define the voltage level by the end users. In turn the
automatic tap-changer of the HV/MV transformer will struggle to maintain the MV level
within the tolerated limits. Since the MV level is affected by the DG contribution and
load at LV level, it is obvious that the HV/MV transformer will indirectly compensate
their behavior. On the other hand the regulator of the HV/MV transformer is limited
with its range of regulation which might become insufficient in case of large DG
contributions. Therefore, the DG contribution could create large deviations from the
designed ‘load and supply’-ratio and as such, move the MV and LV levels beyond the
tolerated limits.

2.2.3 Short-circuit protection
Traditionally, the short-circuit currents are coming top-down from central generation
while, nowadays, the DG contributions might cause the short-circuit currents to come
from different directions, as demonstrated in figure 2.3.
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Possible flow of short-circuit currents in distribution network with DG

In case of large contributing DG capacity connected to feeder 1, the fault current (IC)
generated by DG will reduce the top-down fault current (IB) below the tripping level of
the overcurrent protection. This will extend the reaction time of the protection system
creating dangerous situations for users and equipment. In the meanwhile the fault
current (ID) might trigger the overcurrent protection of feeder 2 resulting in an
unintended interruption of the power supply to customers. On the other hand an
unintentional island operation may occur in case of continued DG supply. The connected
DG units will switch off only after the voltage level jumps outside the tolerated limits.
Also voltage changes caused by faults elsewhere in the distribution network may trip
protection devices that are conservatively set. On the contrary, a single-phase fault to a
MV feeder which is indirectly earthed may not be detected by the protection of DG in
the LV network. In this case, if the top-down power supply at MV level is switched off
while the DG supply at LV level is sufficient at that moment, this will result in a standalone island and might lead to uncontrolled situations.
Therefore the introduction of DG into the power system raises many uncertainties
regarding the direction and magnitude of the fault currents. Also the diversification of
power resources brings many challenges concerning the prevention of unintentional
stand-alone island operations.

2.3 Paradigm of smart grids
Although the growth of DG share can assist on issues like dependency on conventional
energy sources and environmental concerns, the increase of the intermittent generation
share results in different operational problems with regard to the reliability and quality
of power supply as described in previous section.
In order to incorporate DG concentrations in the power system, market parties are
challenged to find smart solutions that are able to prevent huge expenditures on
network reinforcements and operational costs for balancing. An efficient and costeffective option is to make use of the contributions of DER, which include DG and
flexible load appliances. Next to the economic advantages, the smart solutions are
expected to have positive environmental impact. Thus, the future power system should
include capabilities to create smart solutions with regard to efficiency, reliability,
economics and sustainability. Accordingly, the paradigm of smart grids is arisen in order
to refer to those expectations [2.6].
As smart grids are envisioned to translate the stakeholders’ expectations into actions
that the power system should perform, in order to execute these actions
implementation of active control to facilitate a broad range of functions becomes a
necessity. In this case, active control implies adding ICT infrastructure to the power
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system in order to facilitate automated operations for predefined conditions or facilitate
real-time (remote) control to anticipate on actual needs and requirements. In fact, most
power systems include actively controlled transmission networks combined with passive
distribution networks. The contribution of central power plants is actively controlled in
order to maintain the balance between power supply and demand. Hence, in most
present power systems smart grids are achieved through implementing active control at
the distribution level.
The International Electrotechnical Commission (IEC) defines in Electropedia smart grids
as well as intelligent grids as follows [2.7]:
“An electric power system that utilizes information exchange and control technologies,
distributed computing and associated sensors and actuators, for purposes such as:
– to integrate the behavior and actions of the network users and other stakeholders,
– to efficiently deliver sustainable, economic and secure electricity supplies.”
Although active networks are frequently considered similar to smart grids, the active
network is separately defined by the IEC as [2.8]:
“A network including voltage sources and/or current sources.”
From an analysis of the definition of active distribution networks made by Cigré a shared
global definition is emerged [2.9]:
“Active distribution networks (ADNs) have systems in place to control a combination of
distributed energy resources, defined as generators, loads and storage. Distribution
system operators have the possibility of managing the electricity flows using a flexible
network topology. DERs take some degree of responsibility for system support, which will
depend on a suitable regulatory environment and connection agreement.”
In the strategic deployment document [2.10] of the European SmartGrids Technology
Platform a smart grid is defined as “an electricity network that can intelligently
integrate the actions of all users connected to it - generators, consumers and those that
do both – in order to efficiently deliver sustainable, economic and secure electricity
supplies”. This definition is evolved by the European Commission [2.11] to become more
detailed and complete so that a smart grid can be seen as “an electricity network that
can efficiently integrate the behavior and actions of all users connected to it –
generators, consumers and those that do both – in order to ensure economically
efficient, sustainable power system with low losses and high levels of quality and
security of supply and safety”.
Eventually, the definitions and descriptions of smart grids are still evolving while making
use of results from researches and discussions that are held in many regions and
collectives. The discussion on the definition and abilities of smart grids becomes more
clear after reviewing the literature like those that are given in [2.12], [2.13], [2.14] and
[2.15].
Therefore, in order to reach a common definition, in this research a smart grid is
considered as:
“An electricity system that facilitates real-time control on the magnitude and direction of
electricity in accordance with the expectations of its stakeholders”.
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Previously is concluded that the expectations of stakeholders focus on efficient, reliable,
economic and sustainable alternatives. As the transmission network is already actively
controlled most researches focus on the development of smart grids at distribution
level.

2.4 Development of active DER control concepts
Similar to the transition in other fields, it is expected that the progress of the power
distribution system towards a complete smart grid performance will be preceded by a
hybrid system. The latter combines a declining passive distribution network alongside an
expanding active distribution network that is recently constructed (greenfield) or
modified (brownfield) in order to integrate high penetration levels of DER. To implement
active control in the distribution network and develop smart grids modern researches
have been focusing on three main control concepts, namely:
Micro-grid,
Multi-agent system, and
Virtual Power Plant.
These control concepts are discussed in the following paragraphs.

2.4.1 Micro-grid
The micro-grid is introduced as a small cluster of generators and loads in a certain area
that operates as a single entity and is able to respond to central commands [2.16]. In
normal state the micro-grid is connected to the main grid and in case of disturbances in
the power grid it is able to operate in offline island mode if the available DG capacity is
sufficient. A micro-grid is thus a small scale collective of DER connected to an actively
controlled local network and operates according to predefined algorithms that are
situated in intelligent devices (agents) as discussed in [2.17] and [2.18]. A schematic
representation of a generic micro-grid is depicted in figure 2.4.
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Figure 2.4:

Generic micro-grid

The illustrated micro-grid consists of:
DER (DG, controllable load, storage);
Switching, Metering, Monitoring and Intelligent electronic devices;
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Local network;
ICT connections;
Central Control Unit; and
Software algorithms.
The objective of this micro-grid is to autonomously maintain the balance between
electricity supply and demand, perform peak shaving and in case of sufficient power
generation it is possible to operate as a stand-alone island. Accordingly, micro-grids are
expected to operate autonomously as well as grid-connected and to add value to their
stakeholders in the following fields:
Efficiency: through local balancing between supply and demand while micro-grid is
connected to the distribution network as well as off-grid islanded.
System support: through participation in the primary and secondary control as well
as contributing to peak shaving to avoid congestions.
Cost reductions: through local balancing energy losses are avoided as less
downstream transportation of electric energy is required. In addition network
reinforcements might become unnecessary when the required downstream power is
reduced by the micro-grid operation.
The above mentioned benefits add value to the network operator particularly because
they provide outcomes to operational problems that may occur due to the DG increase.
In the second place, other stakeholders benefit from the socio-economic benefits of
micro-grid as they reduce the operational costs as well as investments for network
reinforcements. Moreover, micro-grids contribute to the security and reliability of
power supply system by mitigating the intermittent behavior of DG.
According to the micro-grids scenario, most DER in the future power system will be
clustered in micro-grids that are situated side-by-side and operate independently with
no coordination between them, see figure 2.5.
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Figure 2.5:
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Because each micro-grid optimizes the energy usage within its designated area
regardless what happens in other micro-grids, the overall coordination and interaction
between the micro-grids might arise a new challenge. Network operators are then
challenged to control the magnitude and direction of electricity flow between the microgrids. Therefore, it is necessary to develop active control and management strategies on
the inter-connections and power exchange between the micro-grids in order to develop
active distribution network and smart grid operation according to the micro-grids
scenario.
However, the main challenge for the development and exploitation of micro-grids comes
from regulatory and economic side as it is not clear how the benefits of a micro-grid are
shared between the stakeholders. Moreover, in most unbundled electricity markets
network operators are prohibited by law to operate energy resources, which might
hinder the micro-grid operation.

2.4.2 Multi-agent system
As discussed in previous subsection most benefits of micro-grids are concentrated inside
the individual local networks while coordination between them would increase their
advantages. Collaborating micro-grids are able to exchange power and prevent losses
that might be the result of power supply from centralized generation. In addition, by
coordinating the contribution of neighboring micro-grids it is possible also to alleviate
overloads or congestions of network sections that are located between the micro-grids
and to contribute to overall balancing. The required control on the interaction between
neighboring micro-grids, such as illustrated in figure 2.6, can be obtained through
enhancing the capabilities of the central control unit (CCU) of each micro-grid in order to
exchange information and commands with the neighboring CCUs.
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Figure 2.6:

Individual control of neighboring micro-grids

For large numbers of micro-grids additional agents might be needed to coordinate
collective actions which might lead to a certain hierarchy between the CCUs. In this case
a multi-agent system (MAS) is created that builds on micro-grids. According to [2.19] a
multi-agent system comprises two or more agents while an agent is defined as:
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“A software or hardware entity situated in some environment and is able to react to
change in its environment (reactivity), be driven by a set of tendencies (pro-activeness),
and be able to interact with other agents (social ability)”.
A multi-agent system is formed by a combination of agents that collaborate to achieve
the overall goal of the system [2.20]. Within the distribution grid a multi-agent system
refers usually to network sections that are able to operate according to predefined
conditions as well as algorithms that are situated in agents. These agents are placed at
strategic locations in the network to control the underlying devices, feeders, generators,
loads and network parts.
A schematic representation of a generic multi-agent system in the distribution network
is depicted in figure 2.7.
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Figure 2.7:

Generic multi-agent system in distribution grid

As shown in figure 2.8 multi-agent systems can build on micro-grids making use of the
control capabilities of CCUs. Likewise other intelligent devices the CCUs are managed by
the MAS-agents that are situated in the upper layers. Therefore, the CCUs are usually
not able to communicate directly with other CCUs or agents in the same layer unless
they are upgraded with agent functions and capabilities. In the latter case, the CCUs are
able to coordinate the energy flow between the micro-grids and perform the required
optimization. Otherwise, the communication and coordination of energy flow between
the micro-grids will take place through agents in the upper layers.
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Multi-agent system based on micro-grids with CCUs

With the ability to manage the energy flow in the distribution network the multi-agent
system will be able to satisfy the expectations of the network operator with regard to
the efficiency by preventing energy losses and mitigating congestions or overloads. In
this way MAS is able to facilitate further growth of DG connected to the distribution
network by increasing the network utilization and providing reliability and stability. The
latter is obtained by participating in the primary and secondary control as well as peak
shaving and congestion management. Therefore, due to predefined algorithms MAS
adds value to its stakeholders in efficiency, cost effectiveness and security of supply.
Likewise the concept of micro-grid, the development en exploitation of MAS is
confronted with regulatory and socio-economic challenges. The split of benefits
between stakeholders is not regulated and network operator is prohibited from
dispatching power generation and storage in most unbundled electricity markets. In The
Netherlands such a separation is stated in article 10 of the electricity law [2.21].
Therefore, as MAS is not able to add value to its stakeholders through energy trade and
participation in wholesale markets, its main focus remains on facilitating the growth of
DG and the improvement of overall efficiency and reliability of the distribution network.

2.4.3 Virtual Power Plant
To develop smart grid operation in an unbundled electricity market, in which the
network operator is prohibited to manage generation and supply, it is possible to
separate the DER control system from that of the local grid. In that case other market
parties are allowed to develop the DER control systems while the network operator can
implement an active control system that manages the distribution network. To this end,
distribution network operators are able to enhance available supervisory control and
data acquisition (SCADA) system or to develop new control systems that are based on
advanced technologies like MAS. In case the DER control and management system is
also based on MAS then it is possible to share and make use of the same ICT
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infrastructure. Above that, such a DER control and management system can be based on
the concept of the virtual power plant (VPP) as introduced in the previous chapter.
The VPP concept has been the focus of many researches in the past couple of decennia.
In [2.22] the contribution of VPPs to a reliable and environmentally oriented energy
supply is investigated while in [2.23] it is introduced to efficiently supervise and manage
distributed generation. In [2.24] and [2.25] the VPP is described by its commercial and
technical functionalities. A commercial VPP facilitates the trade of the contributions of a
portfolio of DER at the wholesale electricity markets while the technical VPP provides
services to support the power system management in balancing operations and voltage
regulation among other things. The benefits of both commercial and technical VPPs are
discussed in [2.26], where a literature review on the definition of the VPP can be found.
In this research a VPP is defined as: “A control and management system that
aggregates DER and represents them as a single entity in the electricity market”, see
figure 2.9.

Figure 2.9:

Aggregation of DER in VPP

The main function of the VPP system is to control the contribution of the aggregated
DER in order to support local balancing and contribute to peak shaving as well as the
primary and secondary control. Moreover, the collated DER contribution can be traded
in the wholesale electricity market similar to conventional power plants [2.25].
In order to aggregate the DER technologies, which might be dispersed over a wide
region and connected to different parts of the distribution network, a sophisticated ICT
infrastructure is needed to facilitate fast communications and huge data transfer. In this
thesis such an ICT infrastructure is based on multi-agent technology and therefore
makes use of agents in addition to the other components that are depicted in figure
2.10.

24

HV

Towards active control on distributed energy resources

MV

LV

G

G

G

G

Smart meter

G

Intelligent device
G

G

Agent

G

CCC Central Control
Computer

G

CCC
(VPP)

G

Generator
Load
Controllable load

G

G
G

G

G

G
G
G

Building with DER
Storage device
ICT connection
Feeder

G

G

G

Figure 2.10:

VPP based on multi-agent technology

Obviously, the ICT infrastructure of the VPP is for the most part similar to that of MAS
and consists of the following components:
DER units (DG, controllable load, storage);
Switching, Metering, Monitoring and Intelligent electronic devices;
Local network;
ICT connections;
Agents;
Central Control Computer (CCC); and
Software algorithms.
The VPP is thus an information and communication system with centralized control over
an aggregation of distributed generation, controllable loads and storage devices. Next to
the centralized operation that is performed by the CCC, the included agents are able to
execute decentralized operations due to predefined algorithms. In contrast to the
automatic operations by the agents, the CCC operations are managed by the VPPoperator. For this purpose control algorithms are situated in the CCC in order to support
decision making by the VPP-operator.
Contrary to the micro-grid or multi-agent system, the VPP system includes operations
that are by definition separated from the local area or the local grid. In the unbundled
electricity market the VPP-operator, in contrast to the network operator, is not
restricted from trading the distributed power generation on behalf of the DER owners.
This fact creates opportunities for the DER owners to participate in the wholesale and
balancing markets in addition to the support of local balancing and other network
ancillary services. Therefore, these new opportunities add more value to DER owners
and other stakeholders in comparison with other DER control systems.

2.5 Conclusions and discussion

25

Similar to the micro-grid and MAS, the VPP facilitates the increase of DG through active
control on their contributions in the power system. In order to actively control the DER
contribution, participation of the network or system operator becomes a possibility
instead of a necessity which is the case for micro-grids and MAS. This enables the VPP
concept to fit in both unbundled electricity markets where network operators are
prohibited from managing generation and supply as well as traditional or developing
electricity markets. Therefore, the VPP concept anticipates recent developments in
electricity markets with regard to the liberalization and unbundling as well as the
increase of DG share [2.26].
However, the initial investments that are needed for the ICT infrastructure may obstruct
the development of VPPs or MAS and micro-grids. On the other hand, when the ICT
infrastructure is developed by the network operator for active distribution network
management, then it is possible to employ most components of it for the development
the VPP systems. In this case the both parties, VPP-operator and distribution network
operator, can profit from the synergy in the ICT infrastructure.

2.5 Conclusions and discussion
The concept of micro-grid offers an outcome for local networks and small communities
in which the network operator is allowed to dispatch and manage distributed resources.
In such situations the network operator can expand the control and management
system to finally develop a multi-agent system that facilitates the DG integration in the
distribution grid. However, both concepts fail to fit in unbundled electricity markets in
which the network operators are not allowed to operate and dispatch distributed
generation and storage, and even making use of the controllable (flexible) loads might
be in conflict with the laws. In this case, the concept of the virtual power plant offers an
outcome as it enables the control and management of DER while separated from
network operations. Moreover, this concept might add more value to its stakeholders,
especially financial benefits to DER owners, as it facilitates the trade of DER
contributions. These financial benefits might create the desired incentives to electricity
users to invest in DER which reinforces the sustainable development as stated in section
1.2.
However, to insure the increase of DG share the selected DER control concept should
create added value to all stakeholders in the energy market. The following assessment
of active DER control concepts involves relevant aspects in the field of technology and
socio-economics as well as considers the major developments in the electricity markets
and related regulations.
Technology
Aspects that add value to the efficiency, reliability and sustainability of the power
supply:
Local balancing: achieving a balance between power supply and demand in the local
network in order to be able to operate in zero-exchange mode for a certain period of
time.

26

Towards active control on distributed energy resources
Peak power reduction in supply system: contribution to the smoothing of the power
demand delivered from centralized power plants to an acceptable level in the whole
supply system.
System balancing: contribution to the primary and secondary control in the system.
Peak loading reduction in the network: smoothing the power demand in combination
with the power delivered by DG to an acceptable level for the distribution network.
Load & congestion management: managing the magnitude and direction of the
energy flows in order to prevent overloads or congestions at certain parts and
sections in the distribution grid.
Energy losses saving: preventing energy losses caused by the transportation and
transformation of electric energy.
Facilitate the increase of DG: grid integration of larger share of the intermittent DG
contribution without operational problems.

Socio-economic
Aspects that give incentives to stakeholders in electricity markets such as DER owners,
network operators, regulators and other participants:
Participation in wholesale market: trade of DER contribution in the day-ahead and
intraday markets in order to increase the benefits to DER owners.
Participation in balancing market: trade of DER contribution in the balancing market
that is mostly organized by the TSO.
Diversification of energy sources: which implies less dependency on certain fuels as is
mostly the case with conventional energy.
Differentiation of energy tariffs: facilitate the implementation of time-based tariffs in
order to create incentives for efficient energy usage and peak shaving operations.
Markets and Regulations
Aspects that add value to the integration in present and future electricity markets:
Fitting in conventional and developing electricity markets: in which power generation
and supply is delivered by large energy companies and monopolies.
Fitting in liberalized and unbundled electricity markets: in such electricity markets
unbundling of generation, retail, transmission, distribution and ancillary services are
very common
Robustness for regulatory changes: due to the increased dependency on electric
energy and societal requirements more demands and regulations are expected with
regard to security and quality of power supply.
Visibility of DER: gives incentives to shift from ‘fit-and-forget’-strategy towards
managing the DER contribution as part of the power supply system.
Considering the above mentioned explanations, an initial evaluation of the added value
of each feature of the main DER control concepts is given in table 2.1.
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Features of main active DER control concepts

Feature

Micro-grid Multi-agent
Virtual
System
Power Plant

Technology
Local balancing
Peak power reduction in supply system
System Balancing
Peak loading reduction in the network
Load & congestion management
Energy losses saving
Facilitate the increase of DG

+
+
+
+

+
+
+
+
+
+
+

+
+
+
+
+
+
+

+
+

+
+

+
+
+
+

+

+

+

-

-

+

+

+

+
+

Socio-economic
Participation in wholesale market
Participation in balancing market
Diversification of energy sources
Differentiation of energy tariffs

Market and Regulatory
Fitting in conventional and developing
electricity market
Fitting in liberalized and unbundled electricity
market
Robustness for regulatory changes
Visibility of DER
+
able to add value (for DER owners)
unable to add value (for DER owners)

From the technological perspective the micro-grid loses from MAS and VPP as this
concept is unable to support operations at system level. As mentioned in section 2.4.1
the focus of a micro-grid is within a local network. For the remaining aspects the microgrid scores similar to MAS. In contrast to the VPP the MAS is unable to create financial
benefits to DER owners through participation in the wholesale and balancing market. In
case of MAS or micro-grid it is not clear or regulated how the DER owners will be
compensated for delivered contributions and through which party: network operator,
power supplier or retailer. In case of a VPP, its operator will take responsibility for these
issues. Moreover the VPP fits in liberalized electricity markets where the network
operators are prohibited from managing DER as discussed in section 2.4.3.
Based on the above described evaluation and for the reasons that are stated in previous
sections the concept of virtual power plant is selected to form the basis for the
development of DER aggregation, in this thesis.
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Chapter 3

Conditions for development of VPP system
The major conditions and requirements for the development of a VPP system are
considered in this chapter. Accordingly, the feasibility to develop a VPP can be reflected.
First the boundary conditions and developments that are essential to create the
environment and opportunities for VPPs are investigated. This is followed by surveying
the requirements and interests of the VPP stakeholders with the help of systems
engineering methodology. To finally identify the specifications of the ICT control system
as well as the development stages of such a VPP system.

3.1 Boundary conditions and developments
Concerns about the availability of fossil fuels and their environmental impact in the past
couple of decades have led many countries to shift their energy policies towards
diversification of energy resources, increase of efficiency and more sustainable energy
use. Duly, distributed (renewable) energy sources are introduced to most power systems
around the world while further expansion of these newcomers depends on the
persistence of policy makers. As shown in figure 3.1, decision makers are able to
interfere in the energy markets through top-down regulations and create incentives
through policies to enable further development of sustainable technologies and
encourage energy consumers to become prosumers.

Energy policies
- Diversification
- Efficiency
- Sustainability

Figure 3.1:

Incentives
- Renewable energy
subsidies
- Efficiency measures

R&D
- Emerging technologies
- Renewable technologies
- Electrification

Energy sector
- Reliability of supply
- Efficiency of production
and consumption
- Exploitation of renewables

Prosumers
beside other
producers

Impact of new energy policy

In addition, figure 3.1 demonstrates roughly the relationship between three important
pillars of the sustainable development for the energy markets, namely: energy policies,
socio-economics and technological development.
In many countries such developments have resulted in the growth of the share of
distributed generation (DG) and renewable energy as well as the number of prosumers.
While the DG increase is mostly dispersed at the prosumers sites, large scale power
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plants that make use of renewable energy (wind, solar, hydro, thermal) have been
developed also and still emerging in many countries around the world. These sustainable
power plants are responsible for the majority of nowadays renewable electricity
generation. Hence, the need for a VPP based control and management system for
distributed energy resources is generally determined by the development and
functioning of the different electricity markets. The next paragraphs elaborate on the
relevant market developments that deliver the boundary conditions for the
establishment of VPPs.

3.1.1 Increase of DG
The projections of the world total primary energy consumption by the U.S. Energy
Information Administration (EIA) from 2011 indicate that the growth of energy
consumption will be determined by the Non-OECD countries [3.1], see left graph of
figure 3.2. The depicted future demand on energy resources in the non-OECD countries
is the result of further electrification and industrialization as well as economic growth.
On the other hand these countries will also consume more hydroelectricity and other
renewable energy than the OECD countries as shown in the right graph of figure 3.2.

Figure 3.2:

2011 EIA forecast of world energy consumption (Quadrillion Btu = 1,055x1018 Joule)

Due to efficiency measures, focus on sustainability and the foreseen economic growth in
the OECD countries, the increase of energy consumption in the next decades will
mitigate in comparison with the non-OECD countries. For example, the consumption of
primary energy as well as electricity in the 27 countries of the European Union (EU-27)
have increased slightly since the beginning of this century with evident decrease in
2008-2009 because of the economic recession [3.2], see figure 3.3.

3.1 Boundary conditions and developments

Figure 3.3:
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Consumption of primary energy and electricity in EU-27 (Eurostat)

The above figure exposes the substantial space for further electrification of activities in
EU-27, such as the electrification of transportation as well as heating, ventilation and air
conditioning (HVAC).
Despite the fact that the economic recession in 2008-2009 has caused a dip in the
electricity consumption within the EU-27, see left graph of figure 3.4, renewable
electricity continued increasingly to replace conventional electricity. In addition, the
increase of renewable share of electricity consumption in EU-27 is pushing the
renewable share of energy consumption as shown in the left graph of figure 3.4.

Figure 3.4:

Electricity consumption and share of renewables in EU-27 (Eurostat)

The projected increase of renewable electricity consumption indicates a shift from
centralized and conventional power generation towards decentralization and finally the
increase of DG share in the power system.
Considering ‘Europe 2020 targets’ [3.3] and the adapted energy policies, the expected
increase of renewable electricity share will lead to high penetration level of DG in many
distribution networks within the EU. Therefore, in such power supply systems the VPP
concept can be introduced in order to control the intermittent contributions of DG and
prevent operational problems as well as to take advantage of opportunities offered.
Next to DG, VPP can be employed to control other distributed energy resources (DER)
like flexible loads and storage systems.
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3.1.2 Structure and regulations of electricity markets
Next to the increase of DG share, the structure and regulations of the electricity market
stipulate important boundary conditions for the development of VPPs. In traditional
electricity markets vertically integrated utilities governed the development of the
electricity supply system including the introduction of VPPs or other new technologies.
These monopolies covered the whole energy value chain that consists of supply,
transport, distribution and retail in local markets leaving little space for third parties to
penetrate these markets.
Nowadays, the extent of liberalization and unbundling of electricity markets around the
world varies from consolidated markets with monopolies to unbundled competitive
markets in which different companies are legalized to operate in separated segments of
the energy value chain. Despite the transitional status in many cases, most electricity
markets can be categorized according to one of the following markets structures, see
also figure 3.5.
Monopoly: these markets are dominated by mostly state owned public utilities that
cover the complete energy supply chain.
Single Buyer: in such markets the power suppliers compete to sell their energy to
the transmission system operator (TSO), acting then as market or system operator.
Customers buy the electricity from companies that combine electricity distribution
and retail, the distribution network operators (DNOs) and retailers.
Wholesale: the power suppliers compete to sell their energy to electricity companies
that combine electricity distribution and retail. The TSO remains as a natural
monopoly that is obliged and regulated to guarantee open, tariff-regulated and
nondiscriminatory access to the transmission network by generators, retailers and
customers [3.4].
Retail Competition: the power suppliers compete to sell their energy to retailers
which in turn compete to sell electricity to customers. TSO and DNO are regulated
natural monopolies that should guarantee open, tariff-regulated and
nondiscriminatory access to the transmission and distribution networks by
generators, retailers and customers.
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Development of electricity market structure

While an increasing number of national electricity markets around the world are
reforming from monopoly towards competitive structure, many electricity markets still
include inflexible regulations and other obstacles that hamper the introduction of VPPs.
In centralized electricity markets the development of VPPs depends on the policies of
established monopolies that have been integrating DG according to the ‘Fit-and-Forget’strategy for many years. On the other hand, the strict separation between electricity
generation and transport in some unbundled markets forms a legal impediment for
network operators to dispatch DG and as such to manage VPPs or micro-grids.
Moreover, regulated network operators are legally blocked in competitive markets to
establish retail activities that would create added value to the joined prosumers and
compensate for investments. Such activities are conflicting with the role given to these
natural monopolies as they are supposed to facilitate third parties on a
nondiscriminatory basis. For example, a conflicting situation might arise when a network
operator must prevent congestion in a network section that is connected to an own
operated VPP as well as competitive VPPs and other suppliers.
However, the increase of storage systems and demand side response along with the
increase of DG are urging the electricity markets to adapt and facilitate new types of
control systems. As suggested in figure 3.6, the VPPs as well as other DER aggregation
systems will provide services in the ‘Retail’-segment of competitive markets.
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Therefore, in the new situation the DER aggregators are able to offer energy services
and ancillary services [3.5] like demand side management (DSM) next to the retailers.
However, this development hinges strongly on the transformation of electricity markets
towards a structure with regulations that enable the establishment of DER aggregation
systems such as micro-grids or VPPs. Moreover, in order to develop a VPP the electricity
market should provide the mechanisms and facilitate the VPP-operators to trade the
produced energy and services.
As has become clear from above, the structure and regulation of the electricity market
create important boundary conditions with regard to legislation and positioning of VPPs
alongside the established market parties. Furthermore, new mechanisms in the
electricity markets are needed which facilitate VPP operators and other aggregators to
trade energy and offer ancillary services. Duly, the following section discusses the
electricity trade platforms and other market mechanisms that might facilitate the VPPs
to offer their services.

3.1.3 Electricity market places
In order to create added value to the participants a VPP must be able to benefit from the
aggregated DER contribution through market participation. Therefore, facilitating these
activities in the wholesale electricity market is imposed to the boundary conditions for
the development of VPPs. It is also mandatory to have market places that facilitate VPPs
to be linked to the trade platforms as well as balancing markets.
As mentioned in previous subsection, most electricity markets around the world are
moving towards decentralization and an unbundled energy value chain with emphasis
on competition among the power suppliers as well as retailers. Accordingly, different
wholesale electricity markets are being developed for the trade of electric energy and
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available power. The penetration of DER in these markets makes it necessary to
introduce DER aggregators as well as DER owners as new participants. In figure 3.7 these
emerging participants are highlighted alongside the current actors in wholesale
electricity market.
Supply

Transport

Central
Power Plants

Distribution

Consumption

Retail

Transmission
network

Large Customers
Storage

Distribution
network

Consumers &
Prosumers
Retailers

Distributed Power
Plants

Electricity Flow
Wholesale Electricity Market
Figure 3.7:

DER Aggregators
(Virtual Power Plants)

Current Contracts

Emerging Contracts

Emerging to Wholesale Electricity Market

Emerging participants in wholesale electricity market

In the wholesale electricity market, suppliers, retailers and customers settle the supply
and demand contracts while network operators are responsible for the transmission and
distribution of the traded energy. Obviously, in-house generators will deliver electricity
directly to consumer’s installation reducing the downstream flows through the
transmission and distribution networks. In case the level of electricity generation
exceeds the level of consumption then an upstream power flow will occur. Hence, by
aggregating and controlling the contribution of DER, which include storage and flexible
loads next to DG, the VPP is able to deliver electric energy to retailers and end users as
well as to provide services to support system and network operations. According to [3.5]
and [3.6] the ancillary services include:
Frequency control;
Voltage control;
Spinning reserve;
Standing reserve;
Black start capability;
Network congestion alleviation;
Grid loss compensation;
Emergency control actions.
In most electricity markets around the world traditional power suppliers with central
power plants provide the above mentioned ancillary services at transmission level while
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at the distribution level there is a lack of coordination and facilitators. In order to offer
ancillary services by the VPP, the electricity market structure must comprise a
designated market place that is able to coordinate these operations and services at
distribution level.
So worldwide, a large variety of configurations of the wholesale electricity markets are
established which facilitate electricity trade and ancillary services. However, the large
majority of these markets still have to develop market places for services provided by
DER. Figure 3.8 shows a wholesale electricity market in which energy trading, system
balancing and network support are facilitated.
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Common wholesale electricity market

In the over-the-counter market the virtual power plant operator (VPPO) can trade the
aggregated DER contribution directly with counterparts and mostly without interference
of a third party. However, this bilateral market is typically suitable for long-term forward
contracts in order to guarantee essential revenues and positions with regard to energy
trading. The VPPO can also choose to participate in the exchange market where
contracts are held between participants and the exchange platform. The VPP
contribution can be traded at the exchange market occasionally also in strips or other
form of short-term contracting. Next to exchange and bilateral markets the balancing
market is operated where VPPs can contribute by providing control and reserve power.
This leaves to the wholesale electricity market to develop and organize market places for
the ‘network support services’ by VPPs.
Based on the above, the wholesale electricity market should comprise market places
that facilitate VPPs to trade energy, participate in balancing markets and provide
network support services at both transmission and distribution levels.

3.2 VPP system requirements
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3.2 VPP system requirements
Next to the boundary conditions for the development of a VPP system that are stated in
previous section, it is important to determine the requirements and interests of the
stakeholders. These are investigated in this section with the help of Systems Engineering
methodology.
Therefore, the Systems Engineering methodology is briefly introduced next and then the
possible VPP stakeholders are determined to finally investigate their requirements and
interests regarding the development and operation of a VPP system.

3.2.1 Introduction to Systems Engineering methodology
Systems Engineering (SE) is traditionally known as a sequential process to develop large
and sophisticated systems. The International Council on Systems Engineering (INCOSE)
has defined Systems Engineering in its handbook [3.7] as:
“An interdisciplinary approach and means to enable the realization of successful
systems. It focuses on defining customer needs and required functionality early in the
development cycle, documenting requirements, and then proceeding with design
synthesis and system validation while considering the complete problem. Systems
Engineering considers both the business and the technical needs of all customers with
the goal of providing a quality product that meets the user needs”.
The SE methodology is mostly used to design large and complex systems that should
operate at high accuracy level. The VPP system is such a case because it consists of a
large number of stakeholders and performs complex operations at high accuracy level in
order to contribute to the reliability and sustainability of the power supply system as
well as to deliver the traded services. Therefore, a VPP is considered as a System-ofSystems (SoS) that consists of interacting systems and elements. In accordance with
Context-based SE [3.8] each system within the VPP is called a System-of-Interests (SoI),
see figure 3.9.
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System-of-Interests
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System
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System
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The ISO/IEC 15288:2008 standard [3.9] states that the simplest SoI can be represented in
a two-level hierarchy and may include any combination of systems and elements. While
the SoI represents a group of requirements and interests outlined by the stakeholders, a
system element is defined as “a member of a set of elements that constitutes a system”.
In addition to the architecture of the VPP system, SE outlines a standardized process for
the system development which can be visualized in the so-called “Vee-model”, as shown
in figure 3.10.
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Figure 3.10:

VPP testing & acceptance

Vee-model representing the systems engineering process

The above depicted Vee-model demonstrates that, next to the systematic approach of
design and system development, verification and validation are basic activities within SE.
The name of this model is derived from its ‘V’-shape.
In this research the endeavored VPP system is developed in accordance with the Veemodel starting with the concept and definition of a VPP in previous chapter while in this
chapter the specifications are collected based on the boundary conditions and system
requirements. In the next chapters, the design and engineering of the VPP system are
described followed by the verification and validation of the VPP operation.

3.2.2 Key stakeholders of VPP system
In order to determine the requirements and specifications for the VPP system, its key
stakeholder should be identified. As mentioned before, technical, regulatory and socioeconomic aspects should be considered for a successful development of VPP system.
This task is appointed to VPP operator, which will select the relevant conditions and
requirements as well as be responsible for the development and operation of the VPP
and contracting the VPP customers and DER owners. The key customers or counterparts
of the VPP consist of:
System and network operators: will purchase system and network support and
related ancillary services from the VPP.
Balance responsible party: will purchase ancillary services regarding the system
balancing activities from the VPP.
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Energy retailer, trader or supplier: will purchase the traded electric energy
production and demand of the VPP.
The contracted DER owners are also on top of the stakeholders’ list as the DER units are
the basic elements that form a VPP system. As the elements and components of the VPP
system are provided by manufacturers and ICT providers, these parties are also added to
the stakeholders’ list. Important stakeholders and their association with regard to the
development of a VPP are listed in table 3.1.
Table 3.1:

Key stakeholders and their association for the development of VPP

VPP stakeholder

Association to VPP development

VPP operator

Developer and operator of VPP system

DER owner

Owner of DER unit at the disposal of VPP

Regulator

Provider of rules to participate in energy market

System/network operator

Customer of system/network support and
related ancillary services

Balance responsible party

Buyer of balancing support services

Energy retailer, trader or supplier

Buyer and seller of electric energy

Electricity market place

Facilitator of electric energy and power markets

Component manufacturers

Provider of VPP elements and components

Infrastructure providers

Provider of ICT and other services

Next to the above mentioned key stakeholders, many institutional and financial parties
may influence the development of VPPs. Duly, the VPP operator is assigned to acquire
legal licenses and settle the agreements with these parties.

3.2.3 Major interests and requirements of key stakeholders
In previous subsection the key stakeholders of a VPP are identified and their roles have
been explained. Their major interests and requirements regarding the development of a
VPP system will be determined in this subsection in order to translate these into system
specifications and operations in the next chapter.
According to energy policy goals, as discussed in section 3, energy users are incentivized
for efficient and sustainable energy use. Whilst energy users purchase VPP services for
economic and environmental reasons, the VPP operator is interested in providing added
value to all the VPP stakeholders as well as increasing the benefits to its customers.
Therefore, from the socio-economical side, an assumption can be made that the VPP
participants are interested in economic benefits and the ‘Return-On-Investments’ (ROI)
while fostering the efficient and sustainable use of energy. On the other hand different
other parties in the electricity market are interested in increasing their added value
services and revenues and as such in purchasing services from the VPP. Accordingly,
system and network operators are interested in ancillary services while retailers,
suppliers and traders are interested in the exchange of energy contracts with the VPP.
The balance responsible parties might want to make use of the VPP contribution in order
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to compensate imbalances while the market place will provide the platform for
contracting exchange of electric power and energy. Moreover, manufacturers and ICT
providers are interested in selling the elements and components of the VPP system as
well as the ICT infrastructure.
Table 3.2:

Major interests and requirements of key stakeholders

VPP stakeholder
VPP operator

1.

2.
3.
4.
DER owner
5.
6.
7.
Regulator
8.
9.
10.
System and network
11.
operator
12.
Balance responsible
13.
party
14.
15.
Energy Retailer, trader 16.
or supplier
17.
18.
Electricity market place 19.
20.
Manufacturers
21.
22.
Service providers
23.
24.
25.
Other VPPs and central 26.
power plants
27.

Interests & requirements
Provision of added value and ‘smart’ services to electricity
markets and system and network operators
Increase of benefits to stakeholders
Commitment of participants to contract conditions
Return on investments
Facilitate power generation and demand by DER units
Efficient and sustainable energy use
Return on investments
Regulation of energy market within governmental policies
Compliance with regulations and directives
Compliance with privacy rules
Reliable power supply to customers
Optimal network use and minimal network investments
Accurate forecasts of supply and demand
Establishment of power balancing contracts
Compliance with contract conditions
Fulfillment of electric energy contracts
Best kWh prices and reasonable profits
Compliance with contract conditions
Facilitating contract exchange in electricity markets
Revenues from exchange services
Delivery of VPP elements and components
Delivery of after sales services
Delivery of communications and other ICT services
Delivery of data collection services
Delivery of after sales services
Exchange of data necessary for coordination and operation
Execution of central commands

The above listed interests and requirements of VPP stakeholders can be grouped into
the following mainstream categories:
1. Socio-economical and commercial: next to requirements on efficient and
sustainable energy use the participants are interested in the ROI as well as profits
gained by participation in trade, balancing and network support markets. Both
participants and network operators can benefit from network support and local
balancing services by the VPP which lead to prevention of excessive expenditures for
network expansions or reinforcements.
2. Reliability of power supply: next to the financial interests and rewards for
participating in the balancing and network support market, especially the primary
and secondary control, the VPP also contributes to the stability of power supply
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system. On the other hand, the requirement of stakeholders to fulfill contract
conditions indicates that the VPP should deliver services at high level of
sophistication and accuracy. For this purpose, forecasting is an important part of the
VPP operation.
3. Compliance to market conditions: this category includes the conditions for market
participation that are mostly expressed in the regulations and contracts between
participants.

3.2.4 Functional requirements on VPP system
In previous subsections the key stakeholders are considered in order to include their
requirements and interests in the VPP operation. As has become clear the VPP creates
value to its stakeholders through trading of electric energy and available power in
respectively the electricity trade and balancing markets. By providing network support
services the VPP creates specific added value to network operators through preventing
excessive expenditures that were needed for network reinforcements or expansions.
Therefore, in order to meet the requirements and interests of key stakeholders the VPP
should be able to perform the following functional requirements:
1. Energy trade: contracting and delivery of VPP contributions based on accurate
forecasts. To exchange contracted electricity, active control on the DER is necessary
to adjust their contributions when needed.
2. Balancing: control on the DER contributions becomes essential in case of local
balancing. Moreover, accurate forecast of the demand is needed in order to balance
with the VPP generation. For participation in primary and secondary control demand
response, fast reacting storage and controllable generating units are employed. Their
contributions are calculated in advance and made available if needed.
3. Network support: to alleviate congestions or overloads the VPP operator makes use
of a database that includes information on network section with capacity limitations.
Duly, the VPP operation is setup to prevent exceeding these limitations.
According to the context-based Systems Engineering [3.8] each of the above described
functional requirements shall be represented in a System-of-Interests (SoI) that belongs
to the VPP. Consequently, these three SoIs form the VPP that is due to Systems
Engineering considered as System-of-Systems as shown in figure 3.11.
VPP system (SoS)
Balancing
system (SoI)
Network
Support
system (SoI)
Trade system
(SoI)

Figure 3.11:

VPP as SoS that consists of SoIs
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3.2.5 Functional requirements on ICT architecture
As the VPP consists of aggregated DER that might be concentrated in certain areas as
well as dispersed over larger region, similarly, the control system should be able to
facilitate centralized as well as decentralized operations. In previous chapter,
subsection 2.4.3, the multi-agent technology is introduced to provide these functions.
One of the advantages of this technology is that each agent is able to perform
decentralized decision making according to predefined algorithms. In this way only
necessary data is transferred to the central control computer (CCC) for centralized
processing. It is even possible to let agents collect, select and store relevant data from
underlying layers as well as forward selected data to the upper layers or CCC. This
results in significant decrease of data transfer through the communication network
among agents and the CCC which will preserve sufficient communication and
computation speed. Central commands from the CCC are also passed through efficiently
by agents to the lower layers. Therefore, a hierarchal architecture that makes use of the
multi-agent technology is most appropriate for efficient VPP operation.
Next to the multi-agent technology, sophisticated software algorithms are required that
organize the operation of the agents and CCC. These algorithms execute the data
selection and other operations either at agent level or in the CCC. The main VPP
functions that are described in subsection 3.2.4 prescribe also the main software
algorithms of the CCC. These algorithms include the forecasting of VPP contribution in
order to participate in electricity market and provide system and network support
services. In [3.10] a generic algorithm that is shown in figure 3.12 is proposed for the
VPP operation of DG units with respect to network operation.
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In this operation algorithm the statistics and historical data form the basis for the
optimization process, while the generation forecasts are based on weather forecasts,
date and time of the day and the contract information regarding the capacity and
commitment of DER units. The VPP is then able to make the delivery schedule and
calculate the costs and price per kWh. Supported by statistics and historical data of bid
prices the VPP operator will bring out bids in the wholesale electricity market. In the
meanwhile, the VPP delivery schedule is verified by the network operator and compared
with the network conditions in order to specify whether specific services are required. In
case the network operator requests certain ancillary network support services to
maintain the required voltage level or prevent congestion, the VPP operator will take
necessary measures by compensating, adjusting, dispatching or regulating the VPP
contribution. The same measures will be taken when the VPP contribution differs from
the forecasts and scheduled delivery.
Next to forecasting an iterative optimization process that makes use of real-time data is
included. In this case, processing and communication speed is vital for the VPP operation
that aims to expand due to the increase of DER. Therefore, to efficiently expand its
services and include more diverse and increased amount of DER units a scalable and
modular ICT infrastructure is necessary.

3.3 Definition of development stages for VPP system
In addition to the boundary conditions and stakeholders’ requirements and interests, it
is important to analyze the VPP system in distinguished development stages in order to
evolve towards a sophisticated operation level.
In the first stage, the focus is on implementation of the control and management system
in order to achieve coordinated operation of the joined DER portfolio. Then, most
probably the energy trade system including forecasting of VPP contribution will be
implemented in order to participate in the day-ahead and intraday markets. The next
stage includes the development of ancillary services to facilitate participation in the
balancing market and offering services to the network operator. At this stage the VPP is
also able to perform local balancing in case of sufficient DER generation to meet the
demand.
Therefore, the following stages are defined for the development of the VPP system:
1. Development of control and management system;
2. Development of energy trade system;
3. Development of system and network support ancillary services.

3.4 Conclusions
The development of a VPP system hinges strongly on the energy policy and the state of
local electricity market in order to facilitate the increase of DER as well as legislation and
positioning the VPP alongside the established market parties.
Appropriate electricity market places are needed to facilitate the VPP in joining the
trade and balancing markets as well as in providing ancillary support services to system
and network operators. These services correspond to the requirements and interests of
the VPP’s stakeholders that were investigated with the help of Systems Engineering
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methodology. Based on the requirements and interests of key stakeholders, the
functional requirements of a VPP system are represented in the following System-ofInterests:
Energy trade system: that participates in the electricity market in order to optimize
the benefits and ROI for VPP participants.
Balancing system: that contributes to primary and secondary control to increase the
system stability and reliability.
Network support system: that alleviates network congestions or possible overloads,
prevents excessive expenditures and increases the network efficiency.
The ICT architecture of a VPP that facilitates the above mentioned system operations
must meet the following functional requirements:
Facilitate centralized as well as decentralized operation with employment of multiagent technology.
Maintain sufficient communication speed (wireless as well as wired) and perform on
a high availability level.
Enable the software algorithms that are embedded in the CCC and agents.
Should have a scalable and modular structure.
Finally the following stages are defined for the development of the VPP system:
1. Development of control and management system: to achieve coordinated operation
of joined DER units.
2. Development of energy trade system: to trade the aggregated energy production
and demand.
3. Development of system and network support ancillary services: to deliver fast
response to participate in balancing markets and to offer services to DNO such as
peak shaving and congestion management.
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Chapter 4

Design of VPP based DER Aggregation System
(DERAS)
Considering the conditions in the previous chapter for the development of the virtual
power plant (VPP) system, this chapter addresses the design of a VPP based aggregation
system that facilitates the control on distributed energy resources.

4.1 Introduction
As mentioned in section 1.3, the acronym DERAS is derived from “DER Aggregation
System” in which DER covers the distributed generation, storage devices and flexible
loads. Hereafter, DERAS is used because ‘virtual power plant’ reflects mainly the
generation part and might cause confusions.
In this chapter the development of DERAS is elaborated based on the surveyed
requirements of the stakeholders of DERAS in the previous chapter. In addition, the
framework for DERAS interfaces with its environment is elucidated. The development of
DERAS as well as the setup of this chapter follows the steps depicted in the Vee-model
representing the systems engineering process in section 3.2.1, as shown in table 4.1.
Table 4.1:

development of DERAS conform Vee-model

Engineering stage
(Vee-model)
Definition of
System-of-Systems
Specification of
System-of-Systems
Design of
System-of-Interests
Engineering of
System Elements

Main products
Concept
Market conditions
Requirements
Analysis and specifications
Basic design
Control methodology
Trade SoI
Balancing SoI
Network Support SoI
Forecasting subsystem
Control subsystem
Multi-agent technology in DERAS
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Section
No.
2.4.3
3.1
3.2
4.1.1
4.1.2
4.1.3
4.2.1
4.2.2
4.2.3
4.3.1
4.3.2
4.3.3

50

Design of VPP based DER Aggregation System (DERAS)

This table shows from lift to right, the engineering stages of the Vee-model followed by
the main products and their locations in this work. The results of testing and validation
are reported in chapter 5.

4.2 Analysis and Design of DERAS System-of-Systems
At System-of-Systems level, DERAS encompasses three main functions: Trade, Balancing
and Network Support. This section forms the basis for the development of DERAS
through analyzing the requirements and defines the specifications of the system. In
addition, the basic system design and the control methodology are elaborated.

4.2.1 Analysis and specifications
As discussed in chapter 2, the aggregated DG contribution (PDG), can be calculated with
equation (2.4). In this equation, the collated DG contribution is calculated considering
the simultaneous factor (g(n)) of the contribution of each DG subcategory and between
the DG subcategories (g(x)). To include the contributions of storages (PS) and flexible
loads (PL) next to the DG contribution (PDG), equation (2.4) can be expanded as follows:
=

( )

×

( )

×

( )

( )

×

( )

±

( )

×

( )

(4.1)

In equation (4.1) the load contribution (PL) has a negative value while the storage
contribution (PS) has positive value during discharging and negative value in case of
charging. Assuming that all the DG units, loads and storages contribute at their
maximum, i.e. simultaneous factor g = 1, then equation (4.1) can be written as:
=

(4.2)

±

However, the aggregated output of DERAS is stochastic due to the arbitrary usage of the
incorporated units by the prosumers. Therefore, the instantaneous output of DERAS at
time (t) can be calculated as shown in equation (4.3):
( )=

( )

( )±

(4.3)

( )

Given equation (4.3), the average output of DERAS can be calculate for a certain time
period that starts at time t1 and ends at t2, by integrating the instantaneous outputs as
shown in equation (4.4):
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( )}

(4.4)

As the time period [t2-t1] can represent a program time unit (PTU) which is commonly
used at the wholesale market, equation (4.4) can be written as follows:
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(4.5)

( )}

Furthermore, equation (4.5) can be organized in a convenient form for the calculations
as shown in equation (4.6):
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(4.6)

As mentioned before, each of (PDG), (PS) and (PL) represent a population of units (p).
With the help of the datasheets of these units the average DERAS contribution per PTU
can be calculated according to equation (4.7):
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(4.7)

Next to the unit capacity, the impact of unit commitment has to be considered during
the computation of expected DERAS output. This impact comprises the employment
possibilities of the contributing populations such as dispatch ability and the delay time
for startup. The unit commitment will be considered in subsection 4.3.1 with regard to
the required inputs for the forecasting of DERAS contribution.
However, an important aspect for the operation of DERAS is to control its output
according to a predefined level. To develop such a control system first the specifications
of the required control system are surveyed.
While traditional control systems adjust the contribution of a single unit according to
fixed set-points, such as the traditional proportional-integral-derivative (PID) controller
[4.1]-[4.4], DERAS is designated to manage DER populations collectively.
Although the introduction of the traditional closed-loop controllers have solved many
control challenges, research have been ongoing to find optimal solutions. In recent years
the Model Predictive Controller (MPC), among other controllers, is introduced to the
balancing models of the power system because of its predictive ability [4.5] and [4.6].
This advantage, on traditional controllers, enables the MPC to estimate and anticipate
future events [4.7].
Nowadays, artificial intelligence (AI) has emerged into the development of control
systems in order to increase the efficiency and flexibility as well as to develop broader
solutions for applications in power systems [4.8]. The advantages of neural networks
and fuzzy logic in complementing the traditional PID controller in order to compensate
its limitations with regard to flexibility are demonstrated in [4.9]-[4.11]. Moreover,
evolutionary computation (e.g. Genetic Algorithms) has been combined with MPC in
order to optimize the control systems of the modern complex systems [4.12].
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The power system demonstrates a perfect paradigm of the closed-loop control system
as the power demand and voltage levels are continuously monitored and fed back to
controllers in order to maintain a steady state condition that satisfies the tolerated limits
regarding frequency and voltage levels. A close look at the voltage control yield the
insight that this control structure consists of both distributed control in local areas as
well as centralized control at transmission level. Hence, this hybrid control structure
offers the required flexibility to control the voltage level in both local and transmission
networks with a certain level of dependency. The latter is determined by the network
topology.
Consequently, DERAS is designed as a distributed control system that makes use of a
multi-agent technology to control its output and feeds data back to the central control
algorithms. These algorithms comprise artificial neural network (ANN) and evolutionary
computation to predict as well as control the contribution of DERAS.
The specifications of DERAS at SoS level are extracted from the above discussion as well
as the system requirements which are reviewed in previous chapter. The following
specifications are determined with regard to the nature of the contribution of DG,
storages and loads populations that forms the input for DERAS:
Feedback: on the populations output which facilitates adjustments to match the
contracted contributions as well as to execute network services.
Hybrid control: implies distributed control on the contributions of generators, loads
and storages that are dispersed in various local areas next to centralized control on
the total contribution of DERAS.
Nonlinear: power systems are inherently nonlinear which is, in this case, boosted by
the uncertainty of information on DG capacities and commitments.
Dynamic: as it would be straightforward to have a static system, DERAS output is
determined by large diversity of generation and load behaviors.
Stochastic: the stochastic behavior of the population output is determined by the
random contributions of the aggregated generators, flexible loads and storage
devices.
Adaptive: the total population output adapts according to changes of the number
and capacity of joined DER units and their commitment.
In addition, optimization of the results will add value to all of the system stakeholders.
Finally, better forecasts would be advantageous at the wholesale market. Hence,
learning ability can be added to the specifications of DERAS.
Generally, the above mentioned specifications lead to a control system that is able to
handle and adapt to the dynamic input of DERAS. This control system is able to map the
stochastic and nonlinear input space to an output space, which enables efficient control.

4.2.2 Basic design
The focus of this section is to present the basic design of DERAS considering the
specifications that are discussed in previous subsection. As previously mentioned, DERAS
utilizes the multi-agent technology in order to perform both centralized and
decentralized operations.
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The Systems-of-Interests within DERAS are assembled from the stakeholders’
requirements and identified as: Trade, Balancing and Network Support SoIs, see figure
4.1.
[SCADA]
[EMS]
[RVPP]

DERAS
Operator
[HMI]

Stakeholders
Counterparts
Network Operator

DER
DERAS
HMI
MAS
RVPP

Distributed Energy Resources
DER Aggregation System
Human Machine Interface
Multi-Agent System
Regional VPP

Trade [SoI]
Balancing [SoI]
Energy Users

Network Support
[SoI]
Control

Instructions

DER

Network

Data
[Real-Time]
DERAS [SoS]
Figure 4.1:

MAS
Basic design of DERAS

The above figure shows the main components and interactions of DERAS. Within DERAS,
the Balancing and Network Support SoIs include activities to support power system
control operations and therefore dependent on contracts with network operator and
balance responsible parties. On the other hand, the Trade SoI facilitates the
participation in the wholesale market to finally create benefits for the DER owners and
other stakeholders. In this case, the trade transactions build on forecasting the
contribution of DERAS.
DERAS is operated through a human machine interface (HMI) and, if applicable, data will
be exchanged with the regional VPP as well as SCADA or the energy management system
of stakeholders. DERAS obtains control on the joined DER through the agents within
MAS. The latter provides also real-time data, required for the controller, as well as
aggregated data for the statistics and optimization process. In turn, the agents collect
these data from monitoring and metering devices that are connected to the DER units.
The main ICT structure needed to operate DERAS is illustrated in figure 4.2.
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ICT structure required by DERAS operations

In the above figure the HMI facilitates the operator of DERAS to interact with the system
and manage the DER contributions. This is done through implementing the desired
operation directives in the central control algorithms which in turn instruct the agents to
execute the consequent commands. The agents make use of available actuators,
intelligent electronic devices, metering units and other control devices in order to
execute the received commands on the DER units. The monitoring and state data
regarding the DER units is forwarded in the reverse direction to the monitors of the HMI.
The communication between the agents and control devices can be performed through
wireless or cable internet connections.

4.2.3 Control methodology
In previous chapters is indicated that DERAS is designated to control the DER units
autonomously. Therefore, DERAS is developed to operate independently of SCADA.
Synergetic benefits can be obtained when both operations are combined within a
collective energy management system. These benefits are reviewed in chapter 6.
Elaboration of the basic design that is depicted in figure 4.1 indicates mainly a two
staged control structure within DERAS. The first stage encompasses the development of
the Operation Program and the second stage involves control activities on the System
Output. The Operation Program is settled by one of SoIs after the operation mode is
selected as shown in figure 4.3.
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Figure 4.3:

Control methodology

Due to the stakeholders’ policy and contracts with counterparts, an operation mode is
selected. The commitments at the input side represent contracted services or deliveries.
These are incorporated in all Operation Programs. For example, in case the Trade mode
is chosen, the Trade SoI will plan the operation of DERAS while the commitments of the
Balancing and Network Support SoIs will be respected. These commitments are added to
other input data in order to develop and optimize the forecasts. Subsequently, a
Transaction Program is developed based on the forecasts on one hand and the trade
activities at the wholesale market on the other. Finally the Transactions Program is
modified to become the DERAS Operation Program which comprises the input data for
the DERAS controller. Next to this input data, the controller receives from MAS real-time
data representing the output of DERAS. This data is evaluated for each PTU and in case
of deviation from the expected value, compensation instructions will be sent to the
agents. The compensation loop will continue until the deviation is within an acceptable
range that is predefined within the controller.
As mentioned above, the DERAS control methodology that is shown in figure 4.3 builds
on two main algorithms, namely:
Forecasting: to predict contribution of DERAS and develop the Transaction
Programs.
Control: to manage the contribution of DERAS according to the Operation Program.
Furthermore, MAS is essential for executing the instructions of the control algorithm.
These subsystems are elaborated in section 4.4 after having explored the main functions
of DERAS that are reflected in the SoIs in the following section.
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4.3 DERAS Operation Modes and Systems-of-Interests
In previous section is indicated that the operation modes of DERAS correspond with the
System-of-Interests, which represent the stakeholders’ requirements. These SoIs cover
the main functions of the SoS and include the main subsystems needed to the perform
the required tasks, see figure 4.4.
Trade (SoI)

DERAS (SoS)

MAS
Control

Balancing
(SoI)

Data
Transactions
(Bids & Purchase)

Network
Support
(SoI)
Trade
(SoI)

Price
calculation

Forecasting system
Optimization

Figure 4.4:

DERAS SoIs

4.3.1 Trade System-of Interests
The Trade SoI represents the commercial interests of the stakeholders of DERAS. It
enables the owners of DG, storages and flexible loads to trade their energy contribution
collectively. In addition, the Trade SoI facilitates the operator at the wholesale market by
providing essential forecasts of the output of DERAS.
The input of the Trade SoI consists of the following information:
Contracted capacity: provided by energy users and prosumers during contracting.
Unit commitment: initial values are based on contracted capacities and then
optimized due to the metering and monitoring data.
Weather forecast: represents input data for the forecasting subsystem.
Historical data: collected by MAS and stored in a designated database.
Commitments, mode related: stem from contracts at wholesale and balancing
market or with the network operators.
The operation algorithm of the Trade SoI is based on the aforementioned prospects and
input information, see figure 4.5.
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In this figure, the forecasts are developed based on the input information. These
forecasts are converted into delivery schedules that can be used at the wholesale
market. Then the contracts are implemented in the Transactions Program and, in turn,
brought into the Operation Program that can be presented to the control subsystem.
Within the control subsystem MAS performs the instructions that are generated by the
controller. The control subsystem forms a control loop that optimizes the DER
contribution within the Operation Program. This process is detailed in subsection 4.4.2.
Furthermore, the employment of MAS in order to control the joined DER units is
discussed in subsection 4.4.3.
In this operation mode, the delivered energy is calculated per PTU according to equation
(4.7) as explained in subsection 4.2.1.

4.3.2 Balancing System-of-Interests
The Balancing SoI represents mainly the interests of the Balance Responsible Party (BRP)
and the network operator in its role as system operator. The services provided by the
Balancing SoI include participation in system control and performing micro-grid
operation.
In order to support the primary control DERAS behaves as a virtual synchronous
generator [4.13] and [4.14]. For this purpose, the available fast reacting storage units are
categorized and utilized through MAS. Participation in the primary control is activated
according to the control process that is depicted in figure 4.6.
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The above figure utilizes a continuous monitoring of the signal from the system operator
(input-2). This signal activates the participation mode and bypasses the remainder of
activities for Trade operation. Activation of the primary control implies a request signal
(based on frequency deviation in the system) to deliver the contracted power reserve
within the regulated time period according to the rules in the country. However, this
power reserve is previously considered as a ‘Mode related Commitment’ during the
forecasting process as shown in figure 4.6. Likewise, contracts regarding the
participation in the secondary or tertiary control are also processed in the ‘Mode related
Commitments’. Therefore, the participation in the secondary or tertiary control are
scheduled similarly, however, the regulations regarding the time constraints are more
relaxed than the case with primary control.
To perform local balancing and to be able to act as a micro-grid, sufficient contribution
from the local DER units is required. If an interruption of the top-down power supply
occurs, the DG units are switched on, flexible loads are dispatched and storages will act
as generators in order to match the total load of the micro-grid (PL(microgrid) ). Moreover,
in case not all the flexible loads are switched off, the remainder is added to the load of
the micro-grid. In this case, an equilibrium state is realized according to equation (4.8):
,

( )+

,

( )

(

)

( )=0

(4.8)

As shown in figure 4.7, the local balancing mode is activated according to the operation
algorithm for the Balancing SoI.
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Under the usual circumstances, the projected operation is initiated in the Trade mode
(Input-1) and produces the Operation Program (Output-1). This occurs while the topdown power supply is continuously evaluated using real-time signal from the system
operator (EMS signal). Absence of a disturbance signal, leads to the usual optimization of
the power generation, according to the indicated values in the Operation Program.
Disturbances in the power supply activate the matching process between the forecasted
load and generation instantaneously. A deviation starts the real-time balancing
operation that continuously attempts to maintain an equilibrium state. This real-time
balancing operation is detailed in subsection 4.4.2, where the operation of the control
subsystem is detailed.

4.3.3 Network Support System-of Interests
The main services that are developed within the Network Support SoI include
participation in peak shaving, voltage support and congestion management. These
services are offered to the network operators according to the control process which is
depicted in figure 4.8.
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As shown in the control process that is shown in figure 4.8, the signal from the network
operator is constantly monitored during the trade operation mode. This signal activates
the Network Support SoI and leads to immediate delivery of the contracted service.
The contracts of with regard to participation in peak shaving are at forehand integrated
in the ‘Mode related Commitments’ and used as input data (Input-1) by the forecasting
subsystem. In turn, the mode related commitments are processed into the Operation
Program and applied as input for the control subsystem within DERAS. This is also the
case for contracts with network operator concerning the voltage support and congestion
management. Therefore, next to peak shaving, the participation in voltage control and
congestion management is performed according to the control process that is depicted
in figure 4.8.

4.4 Forecasting and Control within DERAS
This section comprises the development of the aforementioned forecasting and control
subsystems. Next to these subsystems, the employment of multi-agent technology for
DERAS operation is explained.
The forecasting subsystem is developed with the help of artificial neural networks
combined with genetic algorithm that optimizes the results. The established control
subsystem is based on a fuzzy logic controller. Next to these subsystems, MAS covers an
important segment in the development of the targeted control system.
This combination gave rise to a hybrid system that combines the centralized operation
of DERAS with distributed control of MAS. The novel system makes use of artificial
intelligence in order to achieve ‘smart’ control on the aggregated generators, storages
and flexible loads.
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4.4.1 The Forecasting subsystem of DERAS
As mentioned in subsection 4.2.1, DERAS algorithm comprises artificial neural networks
and evolutionary computation. The forecasting subsystem within DERAS builds on a
combination of artificial neural networks (ANN) [4.15] and genetic algorithm (GA) [4.16].
The latter is employed to optimize the forecasting results of ANN [4.17]. The ANN is
selected for forecasting within DERAS because of its ability to produce forecasts of high
accuracy based on nonlinear input. Generally, ANN has gained a wide attention since it is
able to learn and map the relationships or patterns between input and output of any
kind of system. The fundamentals of both ANN and GA are introduced in Appendix-A.
The focus of this subsection is to describe how the forecasting subsystem functions and
interacts with other components within DERAS. The forecasting simulations and results
are reported in chapter 5.
The applied neural network consists of a feed forward multi-layer perceptron that is
developed to produce intraday and day-ahead forecasts. A typical multi-layer
perceptron is depicted in figure 4.9.

Figure 4.9:

Typical multi-layer perceptron

This ANN consists of the following layers:
Input layer: is the conduit to the environment and contains neurons that receive the
input data and forward it into the network.
Hidden layers: consist of one or more layers that map the input to the output.
Output layer: neurons in this layer present the patterns to the external environment.
In addition, this ANN makes use of biases that function as offset connected to neurons in
hidden and output layers. The biases control the thresholds for activation of the
neurons.
The number of input and output neurons is determined by the number of input variables
and the required outputs of the ANN. The output (yi) of a single neuron is calculated
according to equation (4.9):
=

Where

+

(4.9)
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xi

are the inputs [i = 1, 2, …, n] and n is the number of inputs;
is the bias;
are the weights;
are the outputs; and
is the activation function.

j

wji
yi
f

The activation function (f) scales the output of the network into suitable ranges by
regulating the data that can be exchanged between the neurons. The hyperbolic
activation function is being applied in the forecasting ANN, which is defined by equation
(4.10):
= ( )=

1
where is the input and is the output.
+1

(4.10)

Equation (4.9) can be composed more accurately by treating the bias as a weight
connected to an input as shown in equation (4.11):
=

with

=

and

= 1.

(4.11)

The optimization process of the forecasting ANN is utilized by a GA that is based on the
Matlab- software from Mathworks [4.18]. After initialization, this GA performs the steps
according to the flowchart shown in figure 4.10.
Input from ANN
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Creation: of initial population

Matching: evaluation of fitness to mate

Mating: selection of chromosomes with best fitness

Mutation: introduction of new population

Error within
range?

N

Y
Presentation: of new values of weights and thresholds

Train ANN with new values
Figure 4.10:

Flowchart of Genetic Algorithm
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In accordance with the flowchart in figure 4.10, the GA starts the search for an optimal
solution with creating an initial population of chromosomes followed by a matching
process in which the fitness of each chromosome is evaluated. Next, during a so-called
mating process, the chromosomes with highest fitness level are selected to form the
next generation. While the offspring chromosomes inherit traits from the previous
generation, a new population of random chromosomes is added. This so-called mutation
process is executed in order to introduce new material to the total population. Finally,
the reached result is evaluated against the predefined error range. Exceeding the error
range leads to the repeat of the matching, mating and mutation processes as depicted in
figure 4.10. Else the new values of weights and thresholds are used to train the neural
network. Supplementary to this description, Appendix-A includes more details on the
fundamentals of genetic algorithms.
The applied forecasting ANN+GA method within DERAS makes use of the following input
data:
1. Date: with regard to seasonal variations.
2. Day of the week: to differentiate between midweek and weekend.
3. Type of midweek day: workday or holiday, comparable with Sunday.
4. Time period: in PTU (for the simulations PTU=1 hour).
5. Wind velocity: average per hour, in 0.1 meter per second.
6. Temperature: during the same time period (PTU).
7. DER contribution: during the same time period.
8. Sunshine: during the same time period.
The setup and results of the simulations that are based on the above mentioned inputs
and methodology are discussed in chapter 5.

4.4.2 The Control subsystem of DERAS
Next to the forecasting subsystem, DERAS comprises a control subsystem that facilitates
the active management of its contribution. Based on the specifications of required
control system in subsection 4.2.1, and because of robustness and reliability, the fuzzy
logic control is selected. Fuzzy control provides an effective alternative to the classical
control methods since it offers a systematic method that copes with the nonlinear and
stochastic output of the aggregated DER. The ability of fuzzy control to manage complex
control problems is discussed by Langari et al [4.19] and its application to power systems
is reviewed by Xiaobo et al [4.20]. The fundamentals of fuzzy logic are introduced in
Appendix-A.
For the development of DERAS fuzzy controller, Matlab software from Mathworks [4.21]
is employed in combination with Matlab-Simulink [4.22]. The fuzzy inference system is
built based on fuzzy rules that are deliberated further in this section.
As described in subsection 4.2.3, the SoIs deliver an Operation Program to the
controller. This program contains the intraday and day-ahead records that are sorted as
shown in table 4.2.
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Table 4.2:

Samples of data records to the controller

PTU

Date

Time

Mode

Puc

Pc

01
02
…
24
01
02
…
07
08
…

30/07/2013
30/07/2013
…
30/07/2013
31/07/2013
31/07/2013
…
31/07/2013
31/07/2013
…

00:00:00
01:00:00
…
23:00:00
00:00:00
01:00:00
…
06:00:00
07:00:00
…

2
2
…
2
3
3
…
1
1
…

60.00
60.00
…
60.00
50.00
50.00
…
80.00
80.00
…

50.00
40.00
…
60.00
50.00
50.00
…
70.00
80.00
…

Mode: the required operation mode of DERAS,
1 = Trade SoI
2 = Balancing SoI
3 = Network Support SoI;
Time: indicates the start of new period of time, this signal triggers the controller for
changes at the indicated time;
Puc: indicates the forecasted unit commitment of the population; and
Pc: the contracted DERAS contribution.
Next to the input from the Operation Program, the controller receives the real-time
output of DERAS (Pr) from MAS. This creates options to regulate the output of DERAS
according to the required Pc values, i.e. committed contribution of DERAS. The control
loop within DERAS is illustrated in figure 4.11.
Operation
Program
Puc

Pc

Fuzzy
Controller

Pder

MAS
(Agents)

DER
operation

Network

Pr
Figure 4.11:

Control loop within DERAS

As illustrated in figure 4.11, the real-time contribution Pr is compared to both the
contracted contribution Pc and the expected unit commitment Puc. Dependent on the
selected operation mode one of the following control actions is executed.
1. Control in Trade mode
In the Trade operation mode, the average value of Pr for the proceeding PTU can be
calculated according to equation (4.7). The fuzzy controller compares the real-time value
Pr that is received from MAS with the required Pc value continuously. A higher value of
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Pr is always permitted as the DER contribution may exceed the contracted level in the
Trade mode.
In case Pr is less than Pc then the controller calculates whether the available unit
commitment Puc allows an increase of the DER contribution (Pder). If Puc has a
sufficient level, the agents (MAS) are instructed to increase Pder to the level of Pc. Else
the deficit is limited by comparing Pr and Puc and selecting the highest possible delivery
as shown in figure 4.12.
Monitoring
DERAS operation

Input: Pc, Puc, Pr

Pr Pc

Y

Pr
Pder = Pr
(Do Nothing)

N
Pc

Puc

Y

Pder = Pc
(Increase Pder to Pc level)

N
Pr Puc

Y

Pder = Pr
(Do nothing)

N
Pder = Puc
(Increase Pder to Puc level)
Figure 4.12:

Explanation
Pder

Pc
Puc
Pc
Pr

Pder

Pc
Pr
Puc

Pder

Pc
Puc

Pder

Pr

Control algorithm of the Trade mode

After the deficit is calculated, Pr is maintained or Pder is increased to the level of Puc
and passed on to MAS for reduced adjustment. In this case the contracted contribution
of DERAS is reduced with the calculated deficit. The following control instructions
summarize the implemented rules in the fuzzy controller:
If Pr Pc and Pc Puc, then Pder = Pr (do nothing);
If Pr < Pc and Pc < Puc, then Pder = Pc (increase Pder to Pc level);
If Pr < Pc and Pc > Puc, then Pder = Puc (increase Pder to Puc, Pc is decreased with
calculated deficit);
If Pr Pc and Pc > Puc, then Pder = Pr (do nothing, inaccurate prediction of Puc!).
Implementation of these rules delivers a control mechanism comparable to a PID
controller as will be shown in the simulations in chapter 5. However, the fuzzy controller
offers the required flexibility as discussed in subsection 4.2.1. The results of the mapping
process of the fuzzy controller are projected in the surface curve shown in figure 4.13.

66

Figure 4.13:
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Mapping results of fuzzy controller

2. Control in Balancing mode
The operation of the fuzzy controller in the Balancing mode is comparable to the Trade
mode with regard to the input and output interactions. As stated in subsection 4.3.2,
participation in system control operations leads to the delivery of the reserved DER
capacity by activating the Balancing mode. The reserved DER contribution for each of
the primary, secondary and tertiary control functions is contracted with the system
operator separately and added to the Operation Program through the ‘Mode related
Commitments’. This implies that the fuzzy controller receives input values of the
contracted DER contribution Pc and unit commitment Puc in analogous manner as the
case for the Trade mode while considering the time constraints for participation in
system control. In the meanwhile, the real-time DER contribution Pr is fed back to the
controller through the MAS agents. This enables the fuzzy controller to manage the
participation in system control according to the fuzzy rules of the Trade mode as well as
the corresponding control algorithm that is depicted in figure 4.12.
The additional level of DERAS contribution is predefined due to contracts with the
system operator. The average reduction or increase of the contribution of DERAS in a
PTU period (PDERAS(PTU,Extra)) is calculated according to equation (4.12):
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Therefore, the contracts for participation in the system control operations are translated
in reserve capacity and processed in the Operation Program of DERAS. These contracted
reserves are available at all times in order to react within the assigned time period. Each
of these reserves is computed separately according to equation (4.12) and added to the
input of DERAS as ‘Mode related Commitments’.
For local balancing in micro-grid operation, the most important requirement in this
mode is to maintain a balance between the load and generation in the designated area
as discussed in subsection 4.3.2. For this purpose, load forecasts are implemented in the
Operation Program in place of the transactions that are contracted at the wholesale
market. The load forecasts are provided by the network operator while the generation
forecasts of DERAS remain the task of its operator. The generation forecasts are
developed by the forecasting subsystem of DERAS as explained in subsection 4.4.1. Both
forecasts are compared to find out whether the capacity of DERAS is sufficient for microgrid operation. In case of sufficient capacity the controller is enabled by the mode signal
as shown in table 4.2. In order to disable the local balancing activities of the controller
the operator of DERAS can discard entering the Balancing mode identifier (2) in the
records. The equilibrium state during the micro-grid operation can be calculated
according to equation (4.8) as stated in subsection 4.3.2. When the capacity of the
aggregated DER is insufficient for micro-grid operation the fuzzy controller sends a signal
to MAS in order to (re)dispatch the connected DER.
When the Balancing mode is enabled, the fuzzy controller receives input records similar
to the samples in table 4.2. In this case, Pc represents the contracted DERAS
contribution and Pr represents the required power for the micro-grid operation.
Immediately after the Balancing mode is triggered, the agents are instructed to maintain
balance in their local networks and return the required power Pr to the controller.
Further details on the functions of the agents can be found in subsection 4.4.3.
The equilibrium state is maintained when the real-time load Pr matches the unit
commitment Puc.
The following control instructions sum up the implemented rules in the fuzzy controller:
If Pr = Puc, then Pder = Pr (do nothing);
If Pr < Puc, then Pder = Pc (adjust Pder to Pc level);
If Pr > Puc, then re-dispatch DG and storage devices.
3. Control in Network Support mode
In the Network Support mode DERAS is able to support network operations by
contributing to:
peak shaving;
voltage support;
congestion and load management.
For peak shaving DERAS will signal the agents to adjust their contributions by reducing
the load and produce the required level of energy from DG and storage units. However,
other commitments made by the operator of DERAS are respected. Therefore, the
Control subsystem receives an Operation Program in which both commitments and peak
shaving requests are processed in one record. This is arranged by the Network Support
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system as described in subsection 4.3.3. The records in table 4.3 show how the Network
Support mode is triggered as well as how the Pc is adjusted to the maximum capacity
Puc during two PTU periods.
Table 4.3:

Adjusted records for peak shaving

PTU

Date

Mode

Time

Puc

Pc

…
07
08
…

…
01/02/2013
01/02/2013
…

…
3
3
…

…
06:00:00
07:00:00
…

…
70.00
80.00
…

…
70.00
80.00
…

In the Network Support operation mode, DERAS is strongly dependent on the agents in
the area where the network support is required. These agents will regulate the energy
exchange within the required levels in order to prevent voltage problems, overload or
congestion in the local areas.
To support the network operator, DERAS performs operations similar to peak shaving.
To prevent congestions the contribution of controllable loads PL is increased, storages
behave as loads and the DG contribution is reduced. Conversely, in case of measures to
alleviate an overload, the PL contribution of controllable loads is reduced, storages
behave as generators and the DG contribution is increased. By translating these
measures into quantities, the average DERAS contribution in a PTU period
(PDERAS(PTU,Extra)) is calculated according to equation (4.12). Obviously, the additional
DERAS contribution is dependent on the total capacity of the aggregated DG, storages
and flexible loads.

4.4.3 Multi-agent technology in DERAS
In most present power systems SCADA belongs to the main components of the energy
management system. While SCADA employs remote terminal units (RTU) and recently
intelligent electronic devices (IED) for monitoring and controlling the power system,
DERAS utilizes the multi-agent technology in order to perform the required control
operations. The multi-agent system covers an important segment of DERAS as it
facilitates the distributed control on the aggregated generators, storages and loads. In
addition, MAS is scalable according to the increase of joined DER units and offers the
required flexibility with regard to adjustments of DERAS configuration.
MAS is introduced in subsection 2.4.2, where its main components are defined and a
generic MAS in the distribution grid is depicted in figure 2.8. This subsection explains the
main aspects with regard to the integration of the multi-agent technology in DERAS
operation, namely:
Communication technology;
Coordination; and
Control structure.
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Between the available communication technologies for MAS, the standard agent
communication language and specifications provided by the Foundation for Intelligent
Physical Agents (FIPA) [4.23] is commonly used for applications in the power system.
Based on the FIPA standards, the software Java Agent DEvelopment Framework (JADE) is
developed in order to simplify the implementation process [4.24]. Jade is presented to
the users in a graphical user interface (GUI) that is developed in Java programming
language, as shown in figure 4.14.

Figure 4.14:

JADE remote agent management

The above figure shows three agents that are implemented for a test case of DERAS.
These agents perform tasks that are implemented by the user and communicate
according to the FIPA protocols. Depending on the chosen coordination rules the agents
can either cooperate or negotiate in order to achieve the common goals that have been
appointed by DERAS. These goals reflect the output of the control subsystem as
described in subsection 4.4.2. In turn, the output of the control subsystem is determined
by the Operation Program of DERAS.
The selected structure of MAS is based on hierarchical control, in which the agents are
divided into two categories: superior and inferior agents. The superior agents are
connected to the control algorithm and have authority on the inferior agents. In
addition, the superior agents are assigned to control one of the DER categories:
generators, storages or flexible loads. One of the main tasks of these agents is to collect
monitoring and metering data from the inferior agents and forward the aggregated data
to the controller.
Next to data collection, the inferior agents execute the dispatch commands on the
controlled generators, storages and flexible loads. The described control structure is
illustrated in figure 4.14.
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Figure 4.15:
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MAS control structure

In the above figure the inferior agents publish their services through the so-called yellow
pages. Then, the superior agents aggregate the services of the inferior agents into the
categories: Generators, Loads and Storages. The aggregated services are forwarded to
the control algorithm of DERAS that is situated in the CCC.
When the number of the controlled DER increases significantly, synchronization of their
output offers new challenges that have to be met with the help of the agents at all levels
of the system.

4.5 Conclusions
Based on the concept of the virtual power plant, this chapter presented a novel control
system that facilitates the aggregation of a dispersed population of distributed energy
resources (DER), including distributed generators, storage devices and flexible loads.
With this DER aggregation system, DERAS, it is possible to introduce the aggregated DER
units as a single entity to the electricity markets.
The complex nature of the DER contribution, which can be described as nonlinear,
dynamic and stochastic, is addressed by introducing solutions that are based on artificial
intelligence. These solutions increase the learning ability of DERAS and make it possible
to adapt to changes with regard to the compilation and capacities of the aggregated DER
population. In addition, a hybrid control strategy is adapted that facilitates distributed
control on the dispersed DER units as well as centralized control on the aggregated DER
contribution. Accordingly, the basic design, control methodology and the components of
DERAS were developed in this chapter.
To accomplish the overall goals according to the expectations of the stakeholders, three
systems-of-interests (SoIs) are embedded within DERAS operation modes, namely:
Trade SoI: to facilitate the trade of DER contribution at the wholesale market.
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Balancing SoI: to participate in the balancing market by supporting system control
operations. Local balancing, especially the micro-grid operation, is also supported by
this SoI.
Network Support SoI: to provide peak shaving, voltage support and congestion
management.
The building stones of the three SoIs, and as such of DERAS, consist of a forecasting
subsystem, a control subsystem and the multi-agent technology.
The forecasting subsystem utilizes an artificial neural network in order to provide
intraday and day-ahead forecasts of the aggregated DER contribution. Consequently, the
control subsystem ensures the delivery of contracted DER contributions with the help of
multi-input and single-output (MISO) controller and multi-agents. For the MISO
controller, the fuzzy logic control is selected to ensure the robustness and flexibility of
the central control operations. Whilst the developed fuzzy controller manages the
Trade, Balancing and Network Support operation modes centrally, the distributed
control is provided by multi agents with standardized communication technology that is
commonly used for applications in the power system. These agents regulate the
contributions of the designated DER units according to the generated signals by the
fuzzy controller. In turn, the fuzzy controller generates signals based on the contracted
DER contribution and unit commitments which are included in the so-called DERAS
Operation Program. The latter is formed by the activated DERAS operation mode, i.e.
system-of-interests, which reflects a selection of the stakeholders’ interests.
Therefore, the above described forecasting and control chain safeguards the
stakeholders’ interests as well as facilitates efficient incorporation of distributed
generators, storage devices and flexible loads. This forecasting and control chain enables
DERAS to facilitate the trade of the aggregated DER contribution at the wholesale
market as well as to offer services to system and network operators.
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Chapter 5

Validation of DERAS operations and services
In chapter 4 the development of DERAS is described following the stages of the Veemodel which represents the systems engineering process as depicted in figure 3.10. This
chapter elaborates on the tests and validations of the building stones of DERAS, namely:
The forecasting subsystem (with artificial neural networks);
The control subsystem (with fuzzy logic controller); and
The MAS integration in DERAS operation (merging centralized with distributed
control).
The test results are discussed with regard to the aggregated contribution of distributed
generators, storages and flexible loads as this reflects the feasibility of offering services
by DERAS. The Trade operation is selected to highlight the added value to the
stakeholders.
The results of testing and validation of the forecasting and control subsystems are
described in sections 5.2 and 5.3, respectively. This is followed by an assessment of the
ability of MAS to obtain control on the DER population according to varying instructions
from the control subsystem, section 5.4.

5.1 Forecasting with Artificial Intelligence
The forecasting subsystem is designed to develop intraday and day-ahead forecasts that
are needed for short-term trading activities at the wholesale market. Traditional shortterm forecasting models are mostly based on deducing or extrapolating the expected
behaviour of a system from data on its behaviour in the past [5.1]. Examples of
statistical forecasting models can be found in time series models based on calculating
the auto-regressive moving average (ARMA) [5.2] as well as the auto-regressive
integrated moving average (ARIMA) [5.3]. Nowadays, the technology of artificial
intelligence is introduced to improve the quality of pattern recognition and predictions
of plant behaviour and for reduction of computation time [5.4].
In this work the MATLAB-software [5.5] is used to implement the neural network that is
employed for DERAS operations as described in chapter 4.

5.1.1 Forecasting approach and provision
As specified in chapter 4, the developed forecasting subsystem is based on artificial
neural networks with a feed forward multi-layer perceptron structure. This dynamic MLP
model encompasses one hidden layer next to the input and output layers. In contrary to
static networks, this model makes use of feedback elements and delays in order to
75
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increase the learning ability. However, the quality of the output depends mainly on the
quality of input data during the training sessions.
The developed MLP is trained with time series provided by the ‘Energie Data Services
Nederland, EDSN’ [5.6] on load demand in The Netherlands. This information contains
the 15 minutes load demand of several consumption categories in The Netherlands. The
time series that include the consumption of households and light industrial connections
are selected for the simulations in this section. These data load sets are used because
time series on aggregated DER was not available for this research. The results of load
forecasting will be reflected in the accuracy of the aspired predictions for DER
generation. Finally, the developed MLP is able to adapt according to modifications of
the time series at the input. Therefore, this MLP is employed for the development of
intraday and day-ahead forecasts within DERAS operations.
As power load demand, and thus needed generation, is responsive to weather
conditions [5.1], data on the temperature, wind velocity and solar radiation are
incorporated in the time series for training sessions. These variables are also valid for
distributed generation as PV cells are dependent on the solar radiation and wind
generators are responsive to the wind velocity. The weather variables are obtained from
the ‘Koninklijk Nederlands Meteorologisch Instituut, KNMI’ [5.7].
Large share of the flexible loads and storage devices are employed according to patterns
that are determined by the day of the week and time of the day, e.g. electric vehicles, air
conditioners and other household equipment. For this reason, the day of the week and
time period are incorporated in the time series. Holidays are exceptions to these
assumptions and produce usually different patterns that are, to a certain level,
comparable with those of the weekend days. This has led to devoting an input variable
to indicate whether it is a working day or holiday. In addition, seasonal changes affect
most of aforementioned generation and load patterns and thus form an important input
variable to the predictive network.
Based on the above discussion, the input of the developed MLP consists of time series
that incorporate the in table 5.1 listed variables.
Table 5.1:

No.
1
2
3
4
5
6
7

Input variables of developed neural network

Input variable
Period
Weekday
Holiday
Wind Velocity
Temperature
Output history
Sun radiation

Remarks
Date in YYYY/MM/DD and PTU in HH:MM:SS
Monday – Sunday
Working day or holiday
Average during PTU in 0.1 m/s
Average during PTU, in 0.1 degree Celsius
Output history at the same PTU
Average During PTU in J/cm2

Considering the determined input variables, the time series are composed based on
information provided by EDSN on load patterns and by KNMI on corresponding weather
conditions.
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5.1.2 Test results
At first stage a time series data set is composed for a year period and divided into
training, validation and testing sets. This is done to develop the required neural network
structure and configuration. After achieving satisfactory results, the network was trained
again with a time series set that includes data from a whole year, in this case 2012.
Then, certain periods were selected to be forecasted by introducing the input variables
to those periods. The forecasting results for a 48 hour period representing the intraday
and day-ahead forecast are shown in figure 5.1. In this figure, the forecast and actual
hourly values are projected.

Figure 5.1:

Forecasting results of intraday and day-ahead

As can be seen in the above figure, the resulted predictions are accurate for the most
part and the included deviations are acceptable uncertainties for energy trade
operation.
To validate the performance of the developed network first the error autocorrelations
are projected in order to evaluate the relationship of the prediction errors in time, see
figure 5.2.

Figure 5.2:

Error autocorrelation of the developed model
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The figure shows that the majority of the prediction errors occur at zero lag which
indicates uncorrelated errors. In addition, a significant part of the error correlations
outside the zero lag are within the confidence limit. Similarly, the plot of the cross
correlation between errors and input sequence indicates that the correlations are within
the confidence bounds around zero, see figure 5.3.

Figure 5.3:

Cross correlation between errors and input sequence

The best performance is achieved by iterating the training 1000 times (epochs) with the
time series. Figure 5.4 shows the how the mean squared error approaches the zero level
as the number of training epochs increases.

Figure 5.4:

Improvement of network performance during training

In order to test this level of the performance, a second set of time series covering the
period January-June in 2013 were implemented and the simulation was repeated,
however, to forecast a week period. The results of this simulation are shown in figure
5.5, in which the forecast and actual hourly values are depicted.
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Figure 5.5:
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Forecasting results of a week period

Although time series data of a halve year were implemented the forecasting results that
are shown in the above figure are promising. As mentioned before, the first simulation
was executed with a whole year time series data. Hence, the network structure complies
with the assigned tasks regarding short-term forecasting.
The above results of the simulations show that the developed neural network realizes
the required short-term forecasts for DERAS operation at a high performance level.
Thus, the developed network is adopted for further implementation within DERAS
operations.

5.2 Control subsystem with Fuzzy controller
Within DERAS operations the control subsystem enables the execution of the Operation
Program that is generated in the preceding activities within the Trade, Balancing or
Network Support system. For this purpose a controller is developed based on fuzzy logic
control technology, as described in section 4.3.2.
This section is divided in two parts; first the fuzzy controller is elaborated based on the
fuzzy rules that are determined in section 4.3.2. Then tests are executed followed by
evaluation of the results.

5.2.1 Fuzzy controller synthesis and test methodology
According to the described methodology in section 4.3.2, the fuzzy logic controller (FLC)
is designed to generate instructions to MAS based on the input data from the Operation
Program and feedback on current DERAS contribution. Hence, the controller generates
signals to the agents within MAS based on evaluation of the three nonlinear input
values. This implies that, in contrary to traditional controllers such as the PID controller,
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this FLC is able to process multi-signals at the input in order to generate single-output
(MISO).
For the development of FLC a ‘Takagi-Sugeno’ type is selected due to its capability to
approximate nonlinear systems [5.8]. This fuzzy control model was proposed by Sugeno
et al [5.9] in order to compose fuzzy rules based on data sets with specified inputs and
outputs. Similar to the well-known ‘Mamdani’ type [5.10], the Sugeno type makes use of
the ‘if-then’ rules which are defined by membership functions [5.11]. However, the
output membership functions of the Sugeno type are either constant or linear which
enhances the mathematical analysis and the computational efficiency.
With the help of a membership function (MF), the input’s degree of membership to the
output is computed according to predefined if-then rules. Thus, the mapping of inputs to
the output takes place by using antecedent and consequent MFs.
Accordingly, the developed FLC makes use of Gaussian antecedent MFs while the
consequent MFs are defined as constants. The Gaussian membership function
(gaussMF) is defined by the parameters c and in equation (5.1):
( ; , )=

(

)

(5.1)

Where c denotes the centre and determines the width of the gaussMF.
The MFs of each input variable of the FLC are first implemented in Matlab software
[5.12] in order to obtain the fuzzy inference system. Then, the resulted inference system
is further modified and improved within Matlab environment to meet the conditions
that are stated in the fuzzy rules. Finally, the FLC is synthesised in Matlab-Simulink [5.13]
based on the developed fuzzy inference system.
This MISO fuzzy controller generates instructions (Pder) to the MAS superior agents
after mapping the input signals according to the defined MFs. The input signals for each
PTU consist of the unit commitment (Puc), the contracted DERAS contribution (Pc) and
the real-time value of DERAS contribution (Pr), see figure 5.6.
Operation
Program
MAS
Figure 5.6:

Puc
Pc

Fuzzy Logic Controller
(FLC)

Pder (FLC)

Devices

Pr
Developed MISO fuzzy logic controller in test environment

Above figure depicts the inputs and output of the FLC and illustrates the simulation
setup in Matlab-Simulink environment.

5.2.2 Test results
The input signals, shown in figure 5.6, are derived from the Operation Program and
MAS. The parameter values are provided to the FLC in PTU samples. Each transmitted
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PTU sample represents a time period of one hour during the intraday and day-ahead
scheduling. Therefore, next to the feedback from MAS, the intraday and day-ahead
programs are applied at the FLC input. The output of the FLC is monitored order to
evaluate the output against expectations, see table 5.2.
Table 5.2:

Intraday and Day-ahead inputs and expected output of FLC

Intraday
“Expected” Day-ahead
“Expected”
PTU Puc
Pc
Pr Pder (FLC) Puc
Pc
Pr Pder (FLC)
01 0.90 0.80 0.85
0.85
0.95 0.80 0.60
0.80
02 0.90 0.80 0.85
0.85
0.95 0.80 0.60
0.80
03 0.90 0.80 0.70
0.80
0.80 0.80 0.80
0.80
04 0.90 0.80 0.70
0.80
0.80 0.80 0.80
0.80
05 0.60 0.60 0.60
0.60
0.70 0.70 0.50
0.70
06 0.60 0.60 0.60
0.60
0.70 0.70 0.50
0.70
07 0.50 0.40 0.30
0.40
0.50 0.50 0.30
0.50
08 0.50 0.40 0.30
0.40
0.50 0.50 0.30
0.50
09 0.60 0.50 0.50
0.50
0.60 0.50 0.60
0.60
10 0.60 0.50 0.50
0.50
0.60 0.50 0.60
0.60
11 0.80 0.70 0.50
0.70
0.60 0.50 0.50
0.50
12 0.80 0.70 0.50
0.70
0.60 0.50 0.50
0.50
13 0.70 0.60 0.70
0.70
0.40 0.40 0.40
0.40
14 0.70 0.60 0.70
0.70
0.40 0.40 0.40
0.40
15 0.60 0.60 0.60
0.60
0.50 0.40 0.30
0.40
16 0.60 0.60 0.60
0.60
0.50 0.40 0.30
0.40
17 0.30 0.30 0.10
0.30
0.40 0.40 0.20
0.40
18 0.30 0.30 0.10
0.30
0.40 0.40 0.20
0.40
19 0.50 0.40 0.40
0.40
0.50 0.40 0.50
0.50
20 0.50 0.40 0.40
0.40
0.50 0.40 0.50
0.50
21 0.80 0.80 0.70
0.80
0.60 0.50 0.60
0.60
22 0.80 0.80 0.70
0.80
0.60 0.50 0.60
0.60
23 0.80 0.80 0.80
0.80
0.80 0.80 0.50
0.80
24 0.90 0.80 0.80
0.80
0.80 0.80 0.50
0.80
PTU
Program Time Unit, in this case PTU = 1 hour
Puc
Unit commitment of aggregated DER within DERAS
Pc
Contracted contribution of DERAS
Pr
Real-time contribution of DERAS
Pder (FLC)
“Expected” output of the fuzzy logic controller

The input values that are shown in the above table represent the rates related to the
total capacity of DERAS. These rates occur within a range between 0 to 100% of the total
DERAS capacity. The capacity of DERAS is determined by the capacity of the joined DER
population which can be calculated as discussed in section 4.1.
The expected values of Pder are determined in compliance with the fuzzy rules that are
defined for the Trade mode in section 4.3.2. As mentioned at the beginning of this
chapter, the tests are conducted for the Trade operation of DERAS in order to
demonstrate the feasibility of providing services by the aggregated DER units. Therefore,
the ‘Mode’ topic is excluded in the above table. In addition, the ‘Time’ topic is replaced
with PTU that represents one hour period as this is more common in the Trade mode.
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The contracted DERAS contribution (Pc) is set to a level below the unit commitment due
to uncertainties regarding the actual contribution of the DER population. In case this
contribution exceeds the traded level, the excessive part is delivered through the power
grid according to the standard tariffs. Although the real-time DERAS contribution is
dynamic, the feedback values (Pr) per PTU have been selected in a useful indication for
projections and analysis.
The developed FLC is tested with the above input values while its output is being
monitored by an oscilloscope and a graph generator. The output values (Pder) of the
FLC, that represents instructions to the MAS agents, are shown in figure 5.7.

Figure 5.7:

Test results of the fuzzy logic controller

The above figure shows, from top to bottom, the input signals and the resulted output
signal of the FLC based on the intraday and day-ahead data sets from table 5.2. Detailed
depictions of the above signals are included in Appendix-B, where each of the intraday
and day-ahead simulations are given separately.
Generally, the above test results demonstrate an accurate performance of the FLC as it
generates output values (Pder) analogous to the expected values that are included in
table 5.2. For example, in the day-ahead computation of the PTU-segment 00-02, the
PLC generates a signal (Pder) that directs the MAS agents to increase the actual DERAS
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contribution (Pr) from 0.6, as in table 5.2, to the 0.8 level in order to match the
contracted contribution (Pc). On the other hand, in case of intraday, the PLC permits a
DER contribution at 0.85 level as it is tolerated to generate more power than contracted
according to the implemented fuzzy rules.
As can be seen in figure 5.7, the FLC demonstrates instantaneous reply to changes at the
input. To insure its robustness in a more dynamic environment, a new set of data has
been applied to the input of the FLC. This data set encompasses a fictive dynamic realtime signal that is fed back from MAS (Pr). Whereas this situation does not represent
real world practices, the test results can be used to estimate the reaction rate to dips
and faults at the power network. The test results are depicted in figure 5.8 along with
the detailed oscilloscope registrations in Appendix-B.

Figure 5.8:

Dynamic test of the fuzzy controller

At first glance, it seems that the FLC fails to recover and outputs a signal that follows the
dynamic behaviour of the input signal (Pr). This is partially true, because power
generation above the contracted level is permitted according to the fuzzy rules. Hence,
the FLC attempts to limit the dips while approving the spikes above the contracted
contribution levels. Therefore, the spikes are correctly handled, and most of the dips are
limited to the contracted level. As can be derived from the FLC output signal in the
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above figure, which is detailed in Appendix-B, three dips are partially compensated.
However, these dips are limited to acceptable levels considering the reaction time to
this transient input.
Therefore, based on the results of the above tests, it proves that the developed FLC has
demonstrated its robustness and capability to control the aggregated DER contribution.

5.3 Multi-agents in DERAS operation, laboratory test
As a follow-up to the previous sections, where the development of the forecasting and
control subsystems was elaborated, this section covers an assessment of MAS
integration into DERAS operations. This assessment focuses on determining the
possibilities of MAS agents to manage the DER contribution according to instructions
generated by the fuzzy logic controller as described in previous section. The assessment
of this novel technology is performed at the laboratory of the Eindhoven University of
Technology, where this research has been conducted. The laboratory tests are
conducted based on a test case reflecting the Trade operation of DERAS.

5.3.1 Test configuration of MAS integration
The applicability of multi-agent technology in the power flow management has been a
topic of many researchers [5.14] – [5.16]. In addition, distributed control on DER units by
MAS has been applied in field tests [5.17]. Next to the distributed control, within DERAS
operation MAS agents are mainly driven by the fuzzy logic controller. This FLC generates
instructions according to the Operation Program that is generated by the algorithms of
the Trade, Balancing and Network Support SoIs. According to these algorithms, which
are elaborated in section 4.2, it is assumed that MAS agents are appointed to obtain
control on the DER units. In addition, MAS agents collect real-time data (RTD) on power
contribution of the DER population and pass this information through to the fuzzy
controller.
In the centralized Trade mode, the fuzzy logic controller generates instructions to MAS
agents (Pder) based on the values of the contracted DERAS contribution (Pc) and the
unit commitment (Puc). Next to these input signals, which are part of the Operation
Program, the real-time feedback from MAS (Pr) forms an important input variable for
the FLC operation as discussed in the previous section. Therefore, the performance of
MAS agents within DERAS operation is assessed through a laboratory test. This test is
implemented conform the selected outlines that define the communication technology,
agent coordination and control structure as argued in subsection 4.3.3. The laboratory
test demonstrates how MAS agents are efficiently incorporated in the Trade operation
whilst making use of the aforementioned constraints.
A test case for the Trade mode is developed in the aforementioned laboratory test. This
test case represents an intraday schedule that is generated by the Trade algorithm and
forwarded to the FLC. In turn, the FLC passes this schedule through to a superior agent
that controls the operation of two inferior agents that control the DER devices as shown
in figure 5.9.
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The depicted laboratory setup in figure 5.9 includes the available devices for the test
case. For the experimental test the following hardware components are selected:
Programmable power source: 45 kVA, 3 phase AC power supply;
Flexible Load: 3 phase load, 3 kW per phase maximum consumption, programmable
switching;
Storage units: 18 lead-acid 12 V batteries, each 17 Ah, with cyclic charge voltage
range 14.4-14.8 V and float charge voltage range 13.5-13.8 V;
AC-DC-AC converter system: includes AC/DC and DC/AC inverters, controlled by
Linux-based target PC with TCP/IP Ethernet connection;
DC-DC-AC converter system: with two controllable inverters and two uncontrollable
rectifiers, controlled by Linux-based target PC with TCP/IP Ethernet connection.
Moreover, the ‘User PC’, which represents the central control of DERAS, includes the
following software components:
Trade control algorithm: of the Trade operation implemented in Java programming
language [5.18];
JADE platform: agent-oriented middleware that hosts the MAS agents, based on
FIPA-ACL as described in section 4.3.3;
Agents: Java based software programs that execute predefined tasks and interact
due to the assigned tasks;
Matlab-Simulink: used to facilitate the communication between the agents in JADE
platform and the target PCs of the convertors.
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5.3.2 Test approach and results
Since the ability of MAS agents to manage the selected DER units within the normal
operation, the test case is streamlined to an assessment of employability of MAS agents
to perform the assigned tasks. These tasks imply the delivery of energy according to a
schedule forwarded by the fuzzy controller per PTU (Pder). This schedule represents an
intraday Operation Program of the Trade mode that includes the contracted DERAS
contribution (Pc) per PTU and the unit commitment of the flexible load (Puc) as shown in
table 5.3.
Table 5.3:

Operation Program schedule of the test case

Intraday Schedule (FLC)
Expected Contributions
Pc
Puc
Flex.Load
Storage
Pr
(Pder)
(Flex.Load) (L-Agent) (S-Agent) (CCC-Agent)
01
1500
1300
1300
200
1500
02
1600
1500
1500
100
1600
03
1700
1500
1500
200
1700
04
1600
1300
1300
300
1600
05
1300
1200
1200
100
1300
06
1100
800
800
300
1100
07
800
600
600
200
800
08
700
400
400
300
700
09
800
600
600
200
800
10
900
800
800
100
900
11
1000
700
700
300
1000
12
900
700
700
200
900
13
800
700
700
100
800
14
1000
800
800
200
1000
15
1100
1000
1000
100
1100
16
900
700
700
200
900
17
600
500
500
100
600
18
700
500
500
200
700
19
600
400
400
200
600
20
800
500
500
300
800
21
900
700
700
200
900
22
1000
900
900
100
1000
23
1300
1000
1000
300
1300
24
1400
1100
1100
300
1400
PTU
Program Time Unit, in this case PTU = 1 hour
Pc
Contracted contribution of DERAS per PTU
Pder
Forwarded contribution by the fuzzy controller, for the
test case Pder = Pc
Puc
Unit commitment, in this case of flexible load
Pr
Expected real-time contribution of DERAS
L-Agent
Inferior agent to control the flexible load
S-Agent
Inferior agent to control the storage system
CCC-Agent Superior agent to manage the inferior agents
PTU
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For the test case, an inferior agent is assigned to control the storage (S-Agent) next to a
second inferior load agent (L-Agent) as shown in figure 5.9. In addition, a superior agent
(CCC-Agent) is assigned to instruct the inferior agents and provide feedback on the
actual DERAS contribution (Pr). The power exchange at the output of the hardware
components is monitored in order to determine the operation of the agents during the
execution of the delegated tasks. Thus, the load agent will adjust the contribution of the
flexible load according to the Trade schedule while taking the unit commitment of the
flexible load into account. In case of shortage, the remainder is compensated by the
storage agent. The superior agent coordinates the delivery operation and reports on the
aggregated contribution of the flexible load and storage system (Pr).
Accordingly, the test is executed for a period of 24 PTUs, in which each PTU represents a
one hour of the intraday. The resulted DER contributions, due to the actions of the
agents, are presented in the line graphs against the contracted schedule in figure 5.10.
Next to this figure, a detailed oscilloscope registration is included in Appendix-B.

Figure 5.10:

Test results of MAS actions reflected in DER contributions

In figure 5.10, the line graph P_S displays the storage contribution which is initiated by
the S-agent. Similarly, the line graph P_L_flex exposes the contribution of the flexible
load due to actions of the L-agent. The CCC-agent reports on the total DER contribution
which is given by the line graph Pr. As can be seen, the aggregated contribution of the
storage and flexible load approaches the Trade schedule, which is indicated by the line
graph Pc. The deviations of the magnitude of DER contribution are caused by the storage
system due to the state of charge and lifetime of the employed storage units. However,
the switching actions of the agents are accurate which the focus of this experimental
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setup is. Hence, the above test results demonstrate the ability of MAS agents to control
the DER units during the Trade operation.
The depicted sequence diagram in figure 5.11 demonstrates the interactions among the
agents and with the Trade algorithm during the PTU period of the Operation Program. In
this case the first PTU is considered as an example.
Trade

CCC-Agent
Request: 1500W
Confirm: Request: 1500W

L-Agent

S-Agent

Request: 1500W
Confirm: Request: 1500W
Approve: 1300W

Match
Accept

Send: 1300W
Match
Accept

Request: 200W
Confirm: Request: 200W
Approve: 200W

Match
Accept

Send: 200W
Match
Send: 1500W

Accept

Request: (next)

Figure 5.11:

Sequence diagram in Trade mode during the first PTU period

The diagram in figure 5.11 shows at the start of the sequence a request from the Trade
algorithm to the superior agent (CCC-Agent) to deliver the contracted DERAS
contribution (Pc), which is in this case 1500 W. This request is confirmed by the CCCagent and forwarded to the agent that controls the flexible load (L-Agent) which
approves to deliver a contribution equal to 1300 W due to the unit commitment. Then
the contribution of the flexible load is adjusted.
After processing the approved contribution of the flexible load, the CCC-agent sends a
request to the storage agent (S-Agent) to deliver the remainder of the requested
contribution. Accordingly, the S-agent approves and switches the storage device on in
order to deliver 200 W. Finally, the delivered DER contribution reaches the 1500 W level,
which represents the contracted DERAS contribution.
The above results of the test case on the operation of MAS agents demonstrate the
methodology for MAS integration in the Trade mode. As demonstrated the agents
function autonomously to perform the assigned tasks by the fuzzy controller. This
facilitates the control and management of larger number of DER units according to the
Operation Program. With this, the control chain of the Trade operation within DERAS is
complete: starting with the generation forecasts to develop the Operation Program and
finishing with managing the aggregated DER contribution by the fuzzy controller with
the help of MAS agents.

5.4 Conclusions
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5.4 Conclusions
Based on the neural networks concept, the developed forecasting method has
demonstrated promising results to generate forecasts of the aggregated DER
contribution. This performance of DERAS operation was demonstrated in the Trade
mode. Accurate forecasts facilitate energy trade at the wholesale market with reduction
of the related risks. Therefore, the developed forecasting method will add value to the
stakeholders.
Next to the forecasting subsystem, a fuzzy logic based control subsystem is developed to
facilitate the Trade, Balancing and Network Support operations. In contrary to the
traditional controllers, the developed fuzzy controller supports multi-inputs and singleoutput operation (MISO).
Test results have exposed the high performance of the fuzzy controller even in dynamic
simulations. In both typical and dynamic tests the fuzzy controller managed with three
simultaneous signals at the input to generate a robust control signal within acceptable
ranges. Based on the test results, a robust control subsystem has been developed to
meet the requirements of DERAS operation.
A novel multi-agent technology is employed to extend the usual control by the fuzzy
controller to perform distributed control on the DER population. Experimental test at
the laboratory of the Eindhoven University of Technology, has demonstrated the ability
to integrate MAS in a trade operation. The agents managed to deliver the contracted
contribution of each program time unit within the intraday schedule, autonomously.
However, the contracted contribution per PTU is forwarded by the fuzzy controller.
According to the demonstrated results, incorporation of MAS agents into DERAS
operation is feasible. Thus, centralized and distributed controls on the DER population
are options in the DERAS operation.
This chapter showed the capabilities of the Trade system-of-interests and reflected on
the options for the services of Balancing and Network Support.
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Chapter 6

Prospects of DERAS in future electricity
markets
With the results of the previous chapter, the developed control paradigm for
coordinated operation of the DER population is validated. By aggregating the DER
population into a controllable generation and demand system, DERAS will add value to
the development of efficient and cost effective operations of the power system.
The feasibility of this system-of-systems is supported by the basic design, control
methodology and algorithms, which are detailed in chapter 4. In addition, the conditions
for the development of DERAS were discussed in chapter 3.
This chapter focuses on the motivations for the introduction of DERAS by indicating its
contributions to the electricity market, in section 6.1. This is followed by an elaboration
of the main technical aspects of DERAS implementation to the electricity market, in
section 6.2. To justify DERAS introduction, the potential of its business case is discussed
in section 6.3. Considering the ongoing trend towards competitive electricity markets,
DERAS must comply with the changing regulations as elaborated in section 6.4.

6.1 DERAS contributions to the electricity market
While in many countries the trade of electricity is being altered [6.1] and the increase of
DER is ongoing [6.2], DERAS offers an opportunity to facilitate the trade of DER
contributions. As demonstrated in chapter 5, the forecasting subsystem generates the
required forecasts of the DER contribution to support the trade activities. Consequently,
the control subsystem will secure the delivery of the contracted DER contributions.
In monopoly electricity markets, where the supply chain is dominated by vertically
integrated utilities, DERAS can operate standalone or integrated in EMS operations next
to SCADA as shown figure 6.1. In liberalized markets generation control is separated
from network control and DERAS might be standalone functionality, or integrated with
the EMS of an energy provider or a network operator.
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Figure 6.1:

Positioning of DERAS within power system control

Considering the ongoing deregulation of the electricity markets [6.3], DER aggregation
systems, such as DERAS, form an opportunity for the suppliers and retailers as discussed
in section 3.1.2. Positioning DERAS as depicted in figure 6.1 creates the possibility for
electricity markets to operate DERAS separately. Nowadays, the tasks of network
operators in most industrialized countries concentrate on the transmission and
distribution of electricity and regulation allows not for operating power generators.
Whilst many researches focus on the technological aspects of smart grids [6.4], DERAS
offers a service which incorporates DER in an efficient and cost effective manner in the
power system. By introducing DER as a single entity to the electricity market,
comparable to conventional power plants, the costs as well as the benefits of DERAS can
be shared by the stakeholders, including DER owners.
Considering the above, DERAS can contribute to the electricity markets by:
Offering a DER control system that fits in either of the monopoly or competition
market structure;
Representing the aggregation of small DER units as a single entity and facilitating
their access to the electricity market;
Facilitating the trade of the aggregated DER contribution;
Providing a DER aggregation system that clarifies its added value to all stakeholders.
These contributions are elaborated in the next sections.

6.2 Main technological implications
In most present electricity markets, the distributed generators are not visible to network
and system operators [6.5]. This fact is created by connecting the distributed generators
according to the ‘Fit-and-Forget’ strategy. Continuation of this strategy might lead to
inadequacy and even instability of the power system in markets with high penetration
level of distributed generation, as discussed in section 1.1. Among other control
strategies, DERAS can support the reliability of the power supply system by activating
the Balancing and Network Support operation modes. As indicated in section 4.2.2, the
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Balancing SoI facilitates the micro-grid operation and supports the primary, secondary
and tertiary control. The services of the Network Support SoI include the support of peak
shaving, congestion management and voltage regulation, as elaborated in section 4.2.3.
In the previous section is indicated that DERAS can operate alongside SCADA within EMS
or separately from network and generation operations. In either case, DERAS can
provide visibility of DER to EMS by adding these units to its operation as illustrated in
figure 6.2 for the network operator.

Figure 6.2:

Enhancing the visibility of DER with DERAS for the network operator

As can be seen in figure 6.2, DER units are abstracted from the IEDs or the remote
terminal units (RTUs) that are situated in a substation or ring main unit. By aggregating
the DER units in DERAS operation, the MAS agents will collect the required data and
forward this information to the control algorithms that are situated in the CCC of DERAS.
If the CCC is connected to SCADA, information on the aggregated DER contribution is
forwarded in order to support the energy management operation. Such cooperation
could take place in the Balancing and Network Support operation modes of DERAS.
To this point, DERAS is elaborated as a DER control and management system that
operates at local level of the distribution network (L-DERAS). In case more local DERAS
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systems are implemented, each can operate independently so that decentralized
operation is obtained. Centralized operation can be achieved when these independent
systems cooperate to form a regional DERAS system (R-DERAS). Similarly, the R-DERAS
systems can cooperate to support the power system operation at the transmission level.
In this case, a national DERAS system is evolved (N-DERAS) that consists of regional
DERAS systems next to the large wind and solar farms and large flexible consumers, as
depicted in figure 6.3.
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Scalability of DERAS to transmission level

The scalable design in figure 6.3 fits in both traditional and liberalized electricity markets
as it is related to the infrastructure of the power system. This scalability starts by the
increasing number of DER units at local level and develops further by an increasing
number of the L-DERAS systems. This spread takes place especially in regions with high
penetration level of DER and where the prosumers are willing to join, which increases
the L-DERAS share at the wholesale electricity market. Independent from the location,
multi L-DERAS systems can be managed as a regional DERAS. Such cooperation is
effective during participation in system (balancing) control and network support
operations [6.6]. Moreover, larger DER contribution can be traded at the electricity
market by aggregating the L-DERAS systems into a regional DERAS. In this case, the multi
L-DERAS systems can be managed by a single CCC of the regional DERAS, as shown in
figure 6.4.
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Figure 6.4:

Multi L-DERAS systems managed by a single CCC as R-DERAS

The design of R-DERAS that is depicted in figure 6.4 encompasses L-DERAS systems that
operate autonomously and can be geographically separated. Thus, only the control
algorithms are clustered in the CCC.

6.3 DERAS socio-economics and potential as business case
Next to the developed design, control methodology and algorithms in previous chapters,
this section deliberates on the socio-economic value of DERAS. This is done by reflecting
the potential of its business case and considering the added value to its stakeholders,
which are listed in section 3.2.2. The economic value of VPP based DER aggregation
systems has been a main topic of many researches [6.7] and [6.10]. In an attempt to
evaluate the overall added value, a distinction is made by Kieny et al [6.11] between the
commercial and technical functions of the VPP based DER aggregation system.
For an evaluation of DERAS in a socio-economic context, which reflects the social value
next to the economic issues, the following aspects are considered in this research:
The potential of DERAS business case;
Added value to the sustainable development; and
Contribution to the scientific research.
Potential of DERAS business case
Owners of controllable loads and storage devices are facilitated to participate in demand
side response, which is part of DERAS operations as demonstrated in chapter 5. By
facilitating the trade of the aggregated DER contribution, the prosumers are incentivized
to join or increase their contributions. DERAS operator can trade the aggregated DER
contribution at the wholesale market according to the Trade SoI as elaborated in section
4.2.1. For participation in the balancing market, the operator will make use of the
Balancing SoI, as described in section 4.2.2, and to support the network operators in
their tasks the Network Support SoI is employed as discussed in section 4.2.3.
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The outcome of the above mentioned operations determines the main benefits of
DERAS. These benefits should outweigh against the development and operational costs.
The development costs are dominated by the ICT investments which can be converted
into ICT tariffs. Next to the ICT tariffs and operational costs, the grid tariffs for electricity
transport and connections can be taken in the total costs. The operational costs include
the maintenance costs and related operational risks among other things.
Therefore, the potential of DERAS business case depends on the results of the balance
between the main costs and benefits that are listed in table 6.1.
Table 6.1:

Category
ICT tariffs
Grid tariffs
Operational

Balance of main costs and benefits

Costs
Subcategories
Infrastructure
Electricity Transport
Connection
Maintenance
Risks
Other

Category
Trade
Balancing

Network
Support

Benefits
Subcategories
Exchange
Bilateral
Primary Control
Secondary Control
Tertiary Control
Peak shaving
Voltage support
Congestion management

The listed benefits in table 6.1 with regard to Network Support services are dependent
on contracts with network operators. Similarly, contracts at the wholesale and balancing
market with counterparts have to be set up and will add value to the stakeholders.
Given these opportunities, DERAS has high potential for a sound business case.
More details on performing cost-benefit analysis of smart grid projects can be found in
the guidelines of the European Commission [6.13].
Added value to sustainable development
The added value of DERAS to a sustainable development can be demonstrated with the
help of the ‘mind map’ of figure 1.7. The introduction of DERAS to the electricity
markets enables the development of smart grid operation which, in turn, facilitates the
increase of renewable energy sources, e.g. PV and wind power generation. Moreover,
distributed energy sources reduce the transport of electricity from distant power plants
by shifting a share of the power generation to close to the end users which results in
reduction of losses caused by the transport of electric energy. Furthermore, DERAS
increases the reliability and efficiency of the power supply by participating in peak
shaving, congestion management, voltage support and system control operations.
The above mentioned contributions reflect the added value of DERAS to its surrounding
community and to the sustainable development in general.
Contribution to scientific research
With the inclusion of flexible loads and storage devices next to distributed generation,
DERAS operations facilitates demand side integration, which in turn enables newcomers
to participate, e.g. electric vehicles. The challenge of this research is to develop a DER
aggregation system that facilitates the increase of DER in general. This multifaceted
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challenge is assessed according to the methodology of ‘Context based Systems
Engineering’ [6.12] to finally develop a modular and scalable DER aggregation system.
Moreover, DERAS encompasses innovative solutions based on artificial intelligence in
order to forecast and control the dynamic contribution of the DER population. The
developed forecasting subsystem is based on artificial neural networks while for the
control operations a new fuzzy logic controller is developed and combined with the
multi-agent technology.

6.4 Regulatory challenges
In unbundled liberalized electricity markets, like in The Netherlands, electricity
transmission is separated from power generation by law [6.14]. These markets are
challenged to develop smart grid operation in compliance with the unbundling
regulations. As discussed in section 2.5, the micro-grid and multi-agent system fail to fit
in such unbundled electricity markets as these concepts merge the control on
distributed generation with the operation of the networks. Therefore, an autonomous
system that controls and manages the distributed generation separately from network
operation could provide an outcome. According to DERAS paradigm, the distributed
generators are aggregated and operated separately from the network (and system)
operation in order to trade the generated electricity collectively. Subsequently, network
related ancillary services can be offered to the network operators, which leads to the
aspired smart grid operation.
The introduction of DERAS to electricity markets with separated transmission and
generation at all voltage levels, leads to a market model as depicted in figure 6.5.
Supply

Transport

Central
Power Plants

Distribution

Retail

Transmission
network

Consumption

Large Customers
Storage

Distribution
network

Consumers &
Prosumers
Retailers

Distributed Power
Plants

Electricity Flow
Figure 6.5:

DERAS

Current Contracts

New Contracts

Electricity market model with DERAS

As shown in figure 6.5, distributed generation is categorized at the beginning of the
supply chain while DERAS stands alongside the established retailers. However, DERAS
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position is enforced with a competitive package that, next to the electricity trade,
contains demand response, balancing and ancillary services at all voltage levels.

6.5 Conclusions
Future electricity markets will encompass an increased level of distributed generation,
flexible loads and storage devices. The trend of deregulation towards liberalized
competitive electricity markets leads to further unbundling of the power supply chain.
Examples of unbundled electricity markets can be found in many industrialized countries
all over the world. The combination of DER increase and unbundling raises challenges
with regard to the incorporation of high penetration levels of DER in compliance with
the unbundling regulations.
DER integration concepts that merge the control on DER with network operations will
expose shortcomings to act in accordance with the unbundling conditions of the
developing electricity markets. In this research, an autonomous DER aggregation system
is developed that addresses these challenges by obtaining coordinated DER operation
which enables the aspired smart grid operation. In addition, the modular and scalable
design of DERAS is related to the penetration level of DER at local to national level.
By aggregating the DER population into a controllable generation and demand response
system, DERAS will add value to its stakeholders by facilitating the trade of the
aggregated DER contribution, participation in system control operations and offering
network support services to the network operators. With these applications, DERAS has
high potential for a sound business case and contributes to the sustainable
development. The developed technology provides the individual DER owners access to
the electricity market and will help preventing excessive expenditures for network
reinforcement. In addition, the embedded technology contributes to scientific research,
with regard to the application of artificial neural networks, fuzzy logic and multi-agent
technology in power system operations.
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Chapter 7

Planning and design of smart grids with DERAS
The adopted sustainable policies in many regions worldwide have boosted the
development of distributed (renewable) generators, local storage systems, flexible loads
and new high-load appliances. With these newcomers having an increasing impact on
the power flow, the conventional network control and planning methods that are
focused on the traditional downstream oriented power flow will become less viable.
Alternatively, the smart grid approach is able to cope with these changes and to
integrate these newcomers in an efficient and cost-effective manner.
As the development of smart grids entails a transition towards active control, this
chapter elaborates on the planning and design of active distribution networks that
facilitate the smart grid operation with the support of DERAS.

7.1 Introduction
As stated in section 2.3, a smart grid is considered as an electricity system that facilitates
real-time control on the magnitude and direction of electricity in accordance with the
expectations of its stakeholders. To control the power flow while the load demand is
mainly determined by the end users, firstly, active control on the downstream
contribution of central generators as well as managing the configuration of the power
grid is required. Secondly, the growing contributions of distributed generators, storage
systems, flexible loads and new high-load appliances can either disturb the downstream
control mechanisms, if no measures are taken, or when actively controlled can assist in
reshaping and redirecting the power flow.
In traditional power systems the actual load demand is matched by actively adjusting
the downstream contribution of the central power plants. Moreover, active control is
commonly implemented in the transmission networks in order to transport electricity
towards areas with high demand in most economic manner. Following up the active
control on centralized generation and transmission networks, the current power
systems encompass distribution networks that are traditionally developed to passively
distribute the downstream power flow among consumers. Until the last couple of
decades, the scarcity of generators or storages at distribution level has validated the
passive methods of planning, design and operation of the present distribution networks.
Duly, today’s distribution networks are mostly designed to host large downstream
power flows that might be required to match hardly ever occurring peak load demand in
combination with no local generation at all. Usually such peak loads take place once or
few times a year as shown in the annual load duration curve in figure 7.1.
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Distribution networks that are sized to transport the peak load demand shown in figure
7.1, tolerate a passive operation while interfering by the operators is necessary just in
case of disturbances in order to reduce or redirect the power flow. In this case the
network components are designed and sized to be able to transmit a peak load demand
(SL, peak) for a certain area that is mostly calculated as follows:
,

=

,

| = 1, 2, … ,

where
simultaneous peak demands at node i;
, :
:
simultaneous factor (also known as the coincidence factor).

(7.1)

The simultaneous factor in equation (7.1) is mostly neglected ( = 1) during the design
process to ensure enough capacity of the network components at all times. According to
equation (7.1) any increase of the load demand (SL, i), that gives rise to the total peak
load demand, can lead to the need for reinforcement or expansion of the power grid.
Obviously, this deterministic method causes huge expenditures needed for the
development of passive power grids in order to meet the ever increasing load demand
[7.1]. As these high expenditures are inevitable within the framework of the traditional
deterministic approach, many researches in the past decade have appealed for new
methods to estimate the peak loadings on the network better, especially in case of DG
implementations [7.2] and [7.3].
In addition to equation (7.1), in practice power flow calculations are carried out to
determine the currents and voltages corresponding to the real and reactive power
injections in the distribution network. The power flow at any node in the distribution
network is computed with nonlinear equations that reflect the relationship between the
current and voltage or between the real and reactive power injections. To formulate
these nonlinear network equations, the ‘nodal admittance’-form is commonly used
[7.4]. Duly, the power flow between node i and other node j in a network with n nodes
can be determined by substituting the current with the admittance in equation (7.2):
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+

=

103

=

(7.2)

| = 1, 2, … ,

actual power injection at node i;
actual active power injection at node i;
actual reactive power injection at node i;
resulting voltage at node i;
current at node i, the asterisk denotes the complex conjugate of the current;
complex admittance between nodes i and j, ( = 1/ );
voltage at node j.

Replacing the complex admittance (
in equation (7.2) results in:
=

=

| |

) by its conductance (
+

) and susceptance (

)

(7.3)

indicates the difference in voltage angle associated with the power
where
transfer between node i and node j.
In a network with n nodes, equation (7.3) results in a set of n power flow equations for
in which the real power ( ) equals to:
=

where

| |

=

+

(7.4)

The reactive power ( ), which is derived from equation (7.3), can be calculated
according to:
=

| |

(7.5)

Since equations (7.3), (7.4) and (7.5) represent sets of nonlinear equations
corresponding to the number of nodes in the addressed network, iterative techniques
are usually employed in order to compute the power flow solution. The classical
methods used in power flow analysis are the Newton-Raphson [7.5], Gauss-Seidel [7.6]
and Fast-Decoupled [7.7] iterations. As discussed in [7.8] and [7.9], these classic
approaches might exhibit limitations in networks that are structured radially or weakly
meshed, have unbalanced loads, include low reactance to resistance (X/R) ratios or with
wide-ranging resistance and reactance values. Connection of DER aggravates this
problem; therefore a new approach is introduced in this chapter.
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While the focus of the deterministic planning approach is mainly on the traditional
loads, nowadays, the distribution network is expected to host distributed (renewable)
generators, local storage systems, flexible loads and new high-load appliances [7.10].
Within the framework of deterministic network planning, the maximum downstream
power flow is considered regardless the maximum upstream power generation and vice
versa, as discussed in subsection 2.2.1. To connect several distributed generators, the
addressed feeder is usually sized according to the expected maximum upstream
generation flow which is defined as the sum of the maximum simultaneous
contributions of the individual generators:
=

,

where
,,

:

:

,,

| = 1, 2, … ,

(7.6)

maximum generator contribution at node i;
simultaneous factor of distributed generators, which is mostly neglected
during the network design (
= 1).

As is common with the deterministic planning method, the network components would
be sized according to the constraints in equation (7.7):
,

,

(7.7)

By neglecting the simultaneous factor in equations (7.5) and (7.6), the network planning
and design according to the deterministic constraints in equation (7.7) will lead to
oversized distribution networks. In addition, this deterministic approach fails to take
advantage of the available local generators, storage systems and flexible loads to
compensate part of the demand or supply in case of overloading or congestion,
respectively.
In this respect, the objective of this chapter is to introduce planning and design methods
for active distribution networks that with the support of DERAS will enable smart grid
operations. Because the transmission network and the centralized generation are
usually actively controlled, the following sections focus on introducing active control at
the distribution level.
After reviewing the traditional planning approach in section 7.2, the active network
planning is elaborated in section 7.3. Then, both approaches are discussed for a case
study in section 7.4, followed by an elaboration on the design of active networks next to
DERAS, in section 7.5, and ending up with the conclusions and discussion in section 7.6.

7.2 Traditional network planning
As stated in previous section the distribution networks are traditionally designed to
transport electricity to consumers in a passive way, i.e. without real-time control
actions. This design is the result of the traditional network planning approach that has
been developed in the past century. In general, this planning approach focuses on the
development of load demand, estimated resulting loadings on components and possible
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voltage drops, which might be caused by the loads and network losses, in order to
determine the required reinforcements or expansions throughout the corresponding
planning horizon. As elaborated in the previous section, such network planning
processes are based on deterministic calculations while new technologies are being
introduced to the power system that strongly affect the efficiency of these processes
[7.11]. Local power plants at the consumers’ side, new types of loads like heat pumps
and electric vehicles as well as storage systems and responsive loads, which in this
research referred to as distributed energy resources (DER), are mostly disregarded by
the network managers [7.12].
Although the above described deterministic planning method results in distribution
networks that have proven their viability in the past decades and offer the comfort of
passive operation, nowadays the corresponding overhead costs are becoming a growing
hurdle that limits the cost-effectiveness and overall performance of the power supply
system. In order to preserve a high performance level of the future power systems, the
present network planning approach should be able to adapt to the developments in the
power industry and in particular the introduction of DER. A typical network planning
approach comprises the planning stages and their main outcomes that are shown in
figure 7.2 [7.13].
Forecasting
Demand
forecasts

Detail level

(–)

Network
Analysis
Expected
bottlenecks

Alternatives
Possible
solutions

Evaluation
Selected
alternatives

Design
Definition
of activities

(+)
Planning stage
Figure 7.2:

Traditional network planning process

This planning process starts with developing forecasts based on the acquired data on
load demand. These demand forecasts are the main input for the network analysis
which results in a list of potential network bottlenecks. Then, alternatives are developed
for each bottleneck and selected, to finally design the most viable solution in terms of
capacity, reliability and costs. This process leads to a design of the selected alternative.
According to the above described planning process, the subsequent planning activities
depend strongly on demand forecasting while the impact of DER (i.e. its flexibility) is not
regarded in the adopted forecasts, which stems from the Fit-and-Forget strategy. This
fact might lead to inaccurate components loading forecasts, which affects the results of
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the traditional planning process. As the impact of DER is not considered, alternatives
that make use of DER contributions are not taken into account or considered as not
viable. Hence, the number of classical network expansions and reinforcements that are
based on uncertain information will multiply in proportion to the increase of distributed
generators, storage systems and flexible loads. Therefore, this network planning
approach becomes unsustainable by an increasing level of DER.

7.2.1 Electric load demand forecasting
Classical forecasting methods build on information obtained from energy users and
other market parties on the expected load demand throughout the planning horizon. To
this end, big energy users are usually requested to provide data on their future load
demand while the required electricity for the small consumers is estimated with
statistical methods. Future load demand related to plans for new developments of town
and country planning is usually obtained from official sources, local authorities and in
many cases the newspapers and internet. Mostly, the collected information on the
expected load demand is used to develop spatial load forecasts in which the magnitude
of electric demand is predicted per location or region throughout the planning horizon
[7.14]. The spatial electric load forecasts are generated by either trending the historical
load data or simulating the load growth itself.
Approaches that are based on trending the historical load usually develop different
scenarios of the total load demand in the future based on time series of the load in the
past. These approaches extrapolate the past load growth patterns into the future
planning horizon according to linear models like the autoregressive moving average
model (ARMA) [7.15]. Based on a stationary time series, the ARMA model combines
both autoregressive and moving average methods in order to forecast the spatial load
demand, which is given by:

( )

where
( ):
:
:
:
p:
q:

=

(

)

+

(

)

+

|

(7.8)

load demand at year in certain area;
autoregressive parameter;
moving average parameter;
random load disturbance (prediction error);
represents the pth-order of autoregressive model;
represents the qth-order of moving average model.

In this manner, the forecasted values with equation (7.8) represent the annual peak load
demand for an aggregation of loads in a designated area.
In case of considering the load growth, the collected data on future load from customers
and other market parties is added to the actual load while taking the location and
timeframe into account. This implies that in year t for area L with m individual loads ,
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the acquired load data ( , ) is added to the total load in previous year
determine the area load demand ( ) so that:
( )

where
( ):
( , ):
:
:

=

( ,)

+

(

)

+

(

)

(

)

in order to

(7.9)

load demand at year in certain area;
individual load demand expected at year ;
certainty parameter in %;
growth parameter at year .

The certainty parameter in equation (7.9) is usually provided by the customers and other
sources to confirm (in percent) that the expected load demand will take place. The
growth parameter covers the increase of load demand by small and other energy users,
which are not expected to provide information on their future demand. This growth
parameter is usually estimated based on the economic growth in the area.
Because the focus of the above estimation and trending approaches is on forecasting
the load demand, the impact of distributed generation is excluded in the resulted
forecasts. Hence, the accuracy of such forecasts will decrease in proportion to the
increase of local generators and storage devices. Moreover, disregarding the active
control on storage devices and flexible loads hinders the development of demand side
management as it does not influence the design of the distribution network.

7.2.2 Classical network analysis
Inherently, the classical network analysis include power flow calculations based on peak
load forecasts that exclude the impact of distributed generation and flexible loads as
discussed in previous subsection. The network analysis takes place in order to prevent
bottlenecks in business-as-usual while the power flow calculations are also executed in
case of network reconfiguration or major disturbance.
The power flow calculations make use of nonlinear equations in order to evaluate the
state of the power system and possible bottlenecks according to certain input data. In
section 7.1 the nonlinear power flow equations (7.4) and (7.5) are defined for the
calculation of the real and reactive power, respectively. To iterate a solution for the
power flow problem, the commonly used Newton-Raphson [7.16] method is selected as
an example. This classical iterative method builds on the Taylor series expansion [7.4] in
order to formulate the power flow solution in the so-called Jacobian matrix J. The
Jacobian matrix combines the partial derivatives of the variables in the power flow
equations in the form of (n x n) matrix:

108

Planning and design of smart grids with DERAS

…

=

(7.10)

…

…

The function

in the Jacobian matrix yields the partial derivative of

( )

which

represents the real power P or reactive power Q at each node in the distribution
network with respect to
that denotes the voltage angle
or the node voltage
can represent either
,
,
magnitude V. Hence,
the iteration equation can be formulated in the general case form as:
(

(

,…,
…
,…,

)

)

and
=

+

…
…

. Therefore,

(7.11)

…
| = 1, 2, … ,

(7.12)

where indicates the iteration at which the power flow equation is computed while
can be derived from the first terms of Taylor series: (
= 0 so
) = ( )+ ( )
that
( ) / ( ) . Finally, equations (7.11) and (7.12) can be expressed as:
(

and

)=
=

(7.13)

+

(7.14)

By computing the power flow problem according to equations (7.13) and (7.14), the
solution is obtained on the -th iteration for the real and reactive power with respect to
the voltage angle and magnitude. Hence, P( ,V) and Q( ,V) are computed at the -th
iteration.
This power flow analysis approach can be applied in case of meshed distribution
networks, but radial networks provide an insufficient number of nodes. Thus, this
method is inadequate in case of low distribution X/R ratio or when the Jacobian matrix is
singular [7.8]. The “Fast-Decoupled power flow” addresses this limitation by simplifying
the Jacobian matrix through decoupling the real power and voltage angle on one hand
and separating the reactive power and voltage magnitude on the other, assuming that
the voltage magnitude is flat throughout the network during the iterations. For this
reason, most current energy management systems make use of the Fast-Decoupled
algorithm, which in essence builds on the Newton-Raphson method. However, the FastDecoupled method exhibits poor convergence in networks with a high R/X ratio.
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7.2.3 Development of alternatives
Capacity, reliability and efficiency are traditionally the main aspects involved by the
development of alternatives to solve network bottlenecks that have been concluded
during the network analysis.
Capacity
As detailed in subsection 7.1, the current network planning practices focus on network
reinforcements or expansions in order to prevent the peak loadings exceeding the
tolerated capacity of the network components. Current regulations in many regions
impose the network manager to ensure that sufficient network capacity is available, like
the present situation in The Netherlands [7.17]. Duly, network operators have been
expanding the distribution networks in order to provide the required capacity and
connections regardless the contribution level of local generators, storage systems and
flexible loads at consumers’ side. The development of alternatives that utilize these DER
units requires the implementation of active control at the distribution level as discussed
in the introduction of this chapter.
Reliability
Network reliability is inherently seen as a performance indication of the distribution
system with regard to interruptions of power supply. An interruption is conform the IEEE
Standard 1366-2012 [7.18] defined as “The total loss of electric power on one or more
normally energized conductors to one or more customers connected to the distribution
portion of the system” while an outage is defined as “The loss of ability of a component
to deliver power”. This standard distinguishes outages from interruptions by notifying
that “An outage may or may not cause an interruption of service to customers,
depending on system configuration”. Duly, reliability is defined as a function of
interruptions and specified by means of several indices. These reliability indices are
principally based on a sustained interruption that is defined as “Any interruption not
classified as a part of a momentary event. That is, any interruption that lasts more than
some minutes”.
Nowadays, regulators in many countries expect from the network operators to report on
a selection of reliability indices conform the IEEE Standard 1366-2012. The most
commonly reported indices are described briefly hereafter.
System Average Interruption Frequency Index (SAIFI)
This index specifies how often the average customer experiences a sustained
interruption over a predefined period of time. The SAIFI index is mathematically defined
as:
=

=

(7.15)

where
:
number of interrupted customers for each sustained interruption event during
the reporting period;
:
total number of customers served for the area;
:
customers interrupted.
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System Average Interruption Duration Index (SAIDI)
SAIDI is used to indicate the total duration of interruption for the average customer
during a predefined period of time. It is commonly measured in minutes or hours of
interruption:
=

=

(7.16)

where
:
restoration time for interrupted event;
:
number of interrupted customers for each sustained interruption event during
the reporting period;
:
total number of customers served for the area;
: customer minutes of interruption.
Customer Average Interruption Duration Index (CAIDI)
CAIDI represents the average time required to restore service, which is calculated
according to:
=

=

(7.17)

where
:
restoration time for interrupted event;
:
number of interrupted customers for each sustained interruption event during
the reporting period.
Next to the above indices, a complete list of the reliability indices can be found in the
IEEE standard 1366-2012. These indices enable network operators and regulators to
benchmark the performance and reliability of the distribution networks, which
strengthens the motivations to foster the reliability aspects during the development of
alternatives for network bottlenecks and new distribution networks.
Efficiency
In contrast with the case of reliability evaluation, there is a lack of standardized methods
to indicate the efficiency of distribution networks. Like in the past, the current practices
with network operators usually lead to the development of network alternatives based
on passive operation while the efficiency is mostly translated in terms of the expected
budget, realisation time, regulations and guidelines, required components and lifecyclecosts. Network efficiency in terms of active control on power flow at the distribution
level is mostly included in future plans and pilot projects [7.19]. In addition, the
implementation of active control system in the present passive distribution network
requires investments in the ICT infrastructure. The viability of these investments and as
such the active network alternatives is dependent on the policy of the company.

7.2 Traditional network planning
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7.2.4 Evaluation of alternatives
Traditionally, the evaluation of network alternatives focuses on the economic costs with
regard to the required investments in network expansion or reinforcement, the state of
available assets, synergy with other plans, technical losses and reliability of power
supply. Nowadays, network operators evaluate and select alternatives based on a range
of internal criteria that are derived from the policy of the company, legitimate
regulations and requirements of the stakeholders. These criteria lead to a multiobjective evaluation that includes one or more of the following aspects:
Financial and economic impact analysis: that deals with the budgeting, lifecycle-costs
and feasibility of the alternative.
Compliance to regulations and guidelines: to indicate which regulations are valid and
how this alternative complies to these regulations.
Compliance to stakeholders’ requirements: in terms of delivery schedule and other
conditions related to agreements and contracts with the stakeholders.
Compliance to the policy of the company: to reflect the conformity with specific
conditions and policy of the company regarding the development, standardisation
and maintenance of new parts in the distribution network.
Asset and risk management: to ensure optimum deployment of the proposed assets
during their lifecycle whilst clarifying the risks of the project.
Mostly, a selection of the above aspects is specified and provided with scores and
weights in order to evaluate the developed alternatives and select the alternative with
best results.
As can be noticed from above, none of the listed evaluation aspects points explicitly to
how the network alternatives should be developed, in terms of passive or active control.
Though active control generally fails to prove its viability because of the following
arguments:
Policy of company that gives little or no attention to the development of active
control;
Absence of active control technologies in the distribution network;
Lack of visibility and control means (or system) on the DER contributions;
Unbundling regulations that prohibit network operators from managing DER,
however, this limitation is restricted to network operators.
Therefore, dependent on the policy of the company and legitimate regulations, these
arguments might sustain the traditional network planning activities and as such leading
to further passive distribution networks in the future.

7.2.5 Prospects of traditional planning
According to the classical network planning approach, the selected alternative consists
basically of network reinforcements or expansions that facilitate new connections and
the increase of network capacity. As discussed in subsection 7.2.3, in addition to the
network capacity, reliability is traditionally considered as an important planning aspect
while the network efficiency is related to financial and organizational aspects. Mostly,
the network reliability is translated into internal design guidelines that build on the
policy of the company and legislative regulations.
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The internal design guidelines may comprise preconditions that impose the use of
standardized network components and materials as well as restrictions regarding the
possible network configurations like the commonly known ‘n-1’ and ‘n-2’ redundancy
configurations. As is common in most present practices, the ‘n-1’ configuration is
implemented in the crucial parts of the distribution network while the ‘n-2’
configuration is restricted to prescribed component levels that mostly occur at
transmission level.
For example, an internal ‘n-1’ configuration guideline may state that in case of a
component outage or disturbance the power supply should be continued or resumed by
an alternative component or path in order to prevent a sustained interruption. The
possibility of automated or remote activation of the redundant power supply is mainly
limited to the crucial parts of the distribution network while this is a common practice at
transmission level. Moreover, the majority of the redundant sections in the present
distribution networks require manual intervention in order to restore the power supply,
which denotes the passive control approach. These manual operations are monitored
and supported through SCADA at the network control centre, where remote control can
be executed. Thus, the fact that most parts of the distribution networks are still
passively operated is the result of the used design guidelines and policies.
As has become clear from above, the focus on passive network alternatives reflects the
low priority that is given to the implementation of active control in the policy of the
company and legislative regulations. This fact occurs up till these days despite the
availability of extended SCADA functionalities in the modern control centres.

7.3 Towards active network planning with DERAS
Many utilities and network operators from around the world have started to reconsider
the passive network planning methodologies due to the development of DER and other
technologies, such as electric vehicles [7.19]. In addition, asset managers of distribution
networks that host significant numbers of DER show an increasing level of interest in a
more active network planning approach that takes the impact of DER and other
newcomers into account [7.20]. As detailed in previous section, the traditional network
planning approach incorporates forecasting and network analysis methods that are
insufficient to cope with modern technologies like the development of DER.
Given this background and in order to facilitate the increase of DER in an efficient and
cost-effective manner, an active planning method is developed that can be supported by
autonomous DER aggregation systems, like DERAS. In this context, DERAS is employed to
provide data on the DER contribution that can be used at the different planning stages.
Hence, the traditional network planning process is being reconsidered by adding or
changing the activities within the different planning stages. The resulting active planning
process is shown in figure 7.3.
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Figure 7.3:
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Active network planning process

As shown in figure 7.3, the active planning process starts with the regular (load) demand
forecasting activities where mostly the DER contribution is excluded. If this is the case,
the DER contribution is calculated based on data obtained from DERAS, assuming that
the DER units are aggregated within DERAS operations. Then, the network analysis is
performed based on the demand forecasts in order to determine possible bottlenecks.
The DER data is used again to calculate active network alternatives next to the
traditional solutions which mostly result in network expansions or reinforcements.
Therefore, a list of active and passive alternatives is generated that can be evaluated.
The most viable alternative can be selected based on feasibility criteria and decision
constraints that are defined by the network operator, however, in most cases costeffectiveness is classified as a main criterion. Finally, the selected alternative is designed
according to standardized assets and tools that are commonly used by the network
operator.
As can be derived from above, the information on DER contribution is used to increase
the accuracy of the demand forecasts. Moreover, with the data on DER contribution,
active network alternatives can be developed next to the traditional options. This
increases the possibilities to select the most cost-effective solutions and liberates
network operators from the Fit-and-Forget approach. Therefore, utilizing the data on
DER contribution increases the overall quality and performance of the active planning
process.
In comparison with the passive network planning, the presented active planning process
comprises new and state-of-the-art approaches that have been introduced last decades
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and rely on utilization of modern technologies such as the internet and recent
information and communication infrastructures. These are based on artificial
intelligence and evolutionary computations, which are embedded in the different
planning stages. The planning stages of the active network planning process are
elaborated in the following subsections.

7.3.1 Forecasting of load and generation with neural networks
Throughout the past decades, forecasting of load and generation became indispensable
to many activities in the power market including electricity trade, congestion and load
management, network planning and recently the incorporation of distributed generation
and other newcomers in the power system. In turn, these operations have been
accelerating the complexity of the forecasting tasks and urging the power markets to
exploit new methods that solve the shortcoming of the classical forecasting approaches
[7.21].
As stated in section 7.2.1, the traditional network planning builds on forecasts of the
peak load demand which is unsustainable for distribution networks with significant level
of DER. In addition, the peak load forecasts make use of trending methods with
limitations and uncertainties that become more critical with the increase of DER in the
distribution system. Thus, new forecasting methods based on artificial intelligence and
evolutionary computation began to gain popularity and to replace the traditional
forecasting methods [7.22].
As elaborated in subsection 4.4.1 and section 5.1, the forecasting subsystem of DERAS is
based on artificial neural network (ANN) and is able to generate load demand forecasts
with high accuracy after training with time series that include historical load data. The
executed simulations show that accurate results can be achieved for the short and
medium term load forecasting while many researches have proven the potential of ANN
to perform long-term predictions [7.23]. As discussed in section 5.1, in case the ANN is
trained with time series that include historical generation data, comparable quality level
can be achieved for the forecasts of distributed generation. This will enable DERAS to
support the network planning activities with short, medium and long-term forecasts on
the contributions of distributed generation as depicted in figure 7.3.
In contrary to the statistical forecasting approach, the ANN-based forecasting method
offers the flexibility to use real-time data obtained from SCADA to generate online
predictions of the load demand and power generation. As known, SCADA incorporates
online data acquisition and mining functions that facilitate various real-time operations.
As the distributed generators are mostly invisible to SCADA, DERAS can be employed to
obtain real-time data on DER contributions through the agents in order to generate
online forecasts of the distributed generation.
Therefore, active network planning can be facilitated by ANN-based forecasting method
that is capable to generate online, short, medium and long-term forecasts. Accordingly,
the forecasting subsystem of DERAS is able to contribute to the active network planning
by providing the required forecasts on the distributed generation. In particular, these
forecasts can be employed for the network analysis as will be discussed in the next
subsection.

7.3 Towards active network planning with DERAS
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7.3.2 Network analysis with genetic algorithms
The classical network analysis usually involves power flow calculations of the power
system in steady state where the dynamic behaviour of connected loads or local
generators is disregarded. These power flow calculations are often based on worst case
scenarios with the maximum load or generation as discussed in section 7.1. Such
deterministic power flow calculations which are mostly based on the Newton-Raphson
method, as elaborated in subsection 7.2.2, which exhibits limitations that affect the
results of the network analysis. To overcome the limitations several researches offered
solutions by combining well-known mathematical approaches and computational
efficiency [7.24], [7.25] and [7.26]. Next to these approaches, a promising power flow
method is introduced in the 1990s [7.27] and [7.28] that makes use of genetic
algorithms to solve the nonlinear power flow equations and cope with the limitations of
the Newton-Raphson method.
As elaborated in subsection 4.4.1 and Appendix-A, genetic algorithms are heuristic
search methods in the field of evolutionary computation that in analogy with biology
evolve and optimize solutions through natural selection. The optimal solution is reached
through matching, mating and mutation of the chromosomes that hold the solution
candidates. Thus, this power flow method is based on generating a population of
solution candidates and evolving this group of chromosomes through the genetic
operators to fit within predefined constraints. This process is iterated until the
constraints are satisfied. Finally, the fittest chromosomes are selected to represent the
optimum solution for the power flow problem.
Based on the mathematical description of the power flow problem in section 7.1, the
active power and reactive power in node are defined by equations (7.4) and (7.5).
If in node the real and reactive power generation are known, i.e. PQ-node, while the
load demand of each node is specified, then the mismatch in active power
is the
difference between the specified real power demand and generation. Consequently, the
mismatch in reactive power
equals the difference between the specified reactive
power demand and generation. If the real power and voltage magnitude in node are
given, i.e. PV-node, the mismatch in voltage magnitude
equals the specified voltage
magnitude minus the calculated nodal voltage.
To minimize the nonlinear power flow problem and reduce the mismatches to zero, an
objective function
is defined as the total squared mismatch according to equation
(7.18):
=

|

| +

|

| +

|

|

(7.18)

where
: total number of PQ-nodes;
: total number of PV-nodes.
In order to solve the power flow problem, the genetic algorithm would optimize the
objective function by determining the values of the variables in equation (7.18) that
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reduce the mismatches toward zero. Hence, the power flow problem is solved when the
value of approaches zero.
The iteration method with genetic algorithms has proven its ability to solve the
nonlinear power flow equations efficiently, as confirmed in [7.28] and [7.29]. The use of
genetic algorithms has created the opportunity to increase the computational efficiency
and to liberate the power flow calculations from the limitations of the classical methods.
With the prospect to advance the results and efficiency of solving the power flow
problem, this genetic algorithm based power flow method might turn into a reliable
alternative to support the active network planning practices in place of the classical
power flow calculation methods.

7.3.3 Viability of active network alternatives
In general, network solutions that are based on active network operation offer new
alternatives to the traditional solutions that usually comprise network reinforcements or
expansions. The active alternatives comprise active control on the power flow in order
to prevent exceeding the tolerated limits. This can be achieved while considering the
traditional constraints regarding the capacity, reliability and efficiency as discussed in
subsection 7.2.3.
Traditionally, prospective bottlenecks in the distribution network, like overload or under
and overvoltage, should lead to network reinforcement or expansion plans in order to
prevent damages or outages of the assets at the peak load or maximum generation
periods. Alternatively, the introduction of active control on the power flow in the
distribution network creates possibilities to redirect the power flow at the peak periods
and prevent the bottlenecks to take place. The implementation of active control implies
the installation of monitoring and control devices in the relevant parts of the distribution
network and connecting these devices to the control centre for active management.
Next to the active control on network components, the dispatch of DER devices and the
management of their contributions can be provided by DERAS, which can be managed
by an independent party. Then, the DERAS operations are either coordinated with or
integrated in the active network operations as elaborated in section 6.1. However, these
active operations avert the reinforcement or expansion of distribution networks that
might already be oversized due to the traditional planning approach as discussed in
sections 7.1 and 7.2. In addition, the active control leads to better utilization of available
assets which increases the overall efficiency and as such the cost-effectiveness of the
distribution network.
In terms of reliability, the active management contributes to the reduction of the effects
and duration of sustained interruptions by redirecting the power flow to the healthy
parts of the (meshed) distribution networks, remotely or automatically. Moreover, the
power flow can be altered after the outage of a component to prevent a cascading
failure which would lead to the interruption of the power supply to customers [7.30]. In
this manner, the sustained interruption is minimised by active network control. So,
these reduction or prevention measures optimize the network performance according to
the reliability indices: SAIFI, SAIDI and CAIDI as elaborated in subsection 7.2.3.

7.3 Towards active network planning with DERAS
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Through the aforementioned points it is quite evident that, besides the traditional
network expansions or reinforcements, active control offers viable alternatives to cope
with network bottlenecks and contributes to the security of power supply, which
improves the overall performance of the distribution network. The viability of active
network alternatives can be fostered by introducing DERAS in order to manage the DER
devices and provide visibility on their contributions.

7.3.4 Evaluation of active and passive alternatives
In correspondence with the policy of the company, active network alternatives might be
proposed next to the passive solutions to extend the span of selection and diversity of
network expansion solutions. Then, both active and passive alternatives can be assessed
in the multi-objective evaluation as discussed in section 7.2.4 or through a customary
prioritization matrix that represents a multi-criteria evaluation. In either case, the
selection criteria reflect the policy of the company and might involve economic,
technological and regulatory benchmarks.
Nowadays, the financial analysis of the evaluated alternatives is mostly based on a
comparison of the lifecycle costs, which is composed of all the costs and financial
implications of the proposed alternatives. Such evaluations indicate the costeffectiveness of the proposed alternatives and clarify the added value of the selected
alternative.
For a comparison between passive and active alternatives, the generic benchmarks are
evaluated in table 7.1, while the outcomes can be conceivable dependent on the policy
and objectives of the company as well as the availability of DERAS.
Table 7.1:

Generic benchmarking of active versus passive network alternatives

Benchmark
New network assets
New ICT assets
Refurbishment and
maintenance
Operational costs

Passive Active
+
+
+
0
-

+

Synergy

0

+

Financial risks

-

+

Conformity with technical
conditions
Reliability

0

0

0

+

Compliance to regulations
0
0
+
Positive impact on lifecycle costs
Negative impact on lifecycle costs
0
Neutral

Evaluation arguments
Costs of network expansion or reinforcement
Costs of active control system
Due to passive operation of distribution
network
Costs of remote or automatic operation versus
costs of manual control (switching)
In case DERAS makes use of the ICT
infrastructure for active network or otherwise
Network components are more expensive than
ICT components
Dependent on the policy of the company
Active control reduces or prevents sustained
interruptions
Dependent on the policy of the company
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Although the evaluation in table 7.1 is indicative, it discloses the benefits and viability of
the active network alternatives in comparison with the traditional options. This is
especially the case when DERAS is implemented, which reduces the capital costs of the
active network alternatives by providing synergy opportunities in terms of joint ICT
infrastructure. In contrast with the network reinforcements or expansions, the
availability of DERAS reduces the financial risks of the active alternatives as a major
portion of the corresponding ICT investments are covered by DERAS.

7.3.5 Design of active distribution networks
The network planning process yields a basic design of the alternative that should be
selected based on a multi-objective/criteria evaluation, as discussed in previous
subsection. Usually, this design is accompanied with the identified critical materials and
activities needed for the realisation of the selected alternative. When implemented, the
active alternatives will lead to the development of a hybrid distribution network that
combines active and passive operations. It is evident that the transformation of the
present passive distribution network into an actively operated network is a long-term
and multi-stage development.
The development of active distribution networks can be supported by DERAS, which
manages the DER units separately and is capable to provide network related services in
coordination with the active network management. In this case, DERAS facilitates the
network operators to focus on the development of active network management and the
implementation of the selected active network alternatives. Hence, instead of being
limited to the grid-oriented ‘smart grid’-concept that permanently integrates the active
network control with the DER management, the standalone DER control by DERAS
creates the flexibility of separated operations and when required these operations can
be coordinated to achieve the desired smart grid performance [7.31]. This is also
analogous to the active control operations at the transmission level, in which the central
power generation is operated separately but if required in coordination with the active
control on the transmission network.
An important advantage of the concept that accommodates both separated and
coordinated operations is the flexibility to implement and perform active control
operations in absence of one or other of the control systems. Moreover, this concept is
effective in deregulated electricity markets where legislative unbundling regulations
prevent the network operators to dispatch the distributed power generators as
discussed in section 6.1.
Therefore, the development of active management that is based on separated control
systems for DER and distribution networks is favourable in the deregulated electricity
markets while it fits also in the traditional electricity markets, which might reform in the
future. This promising approach facilitates and exploits market initiatives to develop DER
control systems, like DERAS, as well as policies and network planning methods that lead
to the design and implementation of active distribution networks. In this respect,
section 7.5 elaborates on the design of active networks that operate alongside DERAS.

7.4 Active network planning supported by DERAS
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7.4 Active network planning supported by DERAS
To demonstrate the efficiency of active network planning, a real life example is
considered. This example makes use of a 50/10 kV substation in The Netherlands from
which a simplified single line diagram is given in figure 7.4.
50 kV
TR1

TR2
10 kV
Load & Generation

Figure 7.4:

Single line diagram of 50/10 kV substation in case study

For this case study, the transformer capacity is set to 16 MW each. According to
business-as-usual, these transformers operate separately while the 10 kV busses can be
connected for maintenance or in case of disturbances. This implies that in such
circumstances all the load and generation is shifted to one transformer. Accordingly, the
‘n-1’-capacity of the substation is set to 16 MW. The load and generation profiles of the
50/10 kV substation during a summer day in 2010 are depicted in figure 7.5.
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As can be seen in figure 7.5, a significant generation contribution determines the total
power flow in the substation. The power flow is even upstream at night and early
morning while at the end of the day the downstream power flow exceeds the substation
capacity, which is given by the dotted line.
According to the passive planning process, which is driven by the peak load demand, this
case study would lead to the expansion of the substation capacity. However, in practice
other alternatives might be available like shifting the excess power demand to the
neighbouring substations, which requires additional connections to the addressed
feeders. In either way, most passive solutions will lead to the expansion or
reinforcement of the distribution network. Alternatively, active network planning makes
use of DER contributions in order to prevent exceeding the tolerated limits. The
management of DER contribution can be provided by an autonomous DER control
system, in this case DERAS.
As elaborated in section 4.2.3, DERAS offers network support services that include the
support of load and congestion management. Accordingly, DERAS can reduce the total
load at the substation by increasing the contribution of the distributed generators,
decreasing the load or employing the storage devices to deliver electricity. To this end,
the Network Support SoI is initiated to produce an Operation Program that includes time
series with the adjusted values for DER contributions during the peak period. The fuzzy
controller is triggered by the Operation Program and generates the adjusted values to
the superior MAS agents. These agents will adjust the actual DER contributions to the
required levels. Finally, the excessive peak load, above the tolerated capacity of the
substation, is prevented.
In chapter 5, DERAS has demonstrated its ability to perform the above mentioned
operations through simulations and laboratory tests where the MAS agents have
regulated the contributions of flexible load and storage according to predefined levels.
In case the DER contribution becomes insufficient to reduce the load demand in peak
periods, then introducing active network control might offer an outcome by redirecting
part of the power flow to the neighbouring substations. Instead of manually switching
part of the load, this process is executed remotely from the control centre in real-time.
As discussed in subsection 7.3.5, the operations of the separated control systems of
distribution network and DERAS can be coordinated in order to alleviate overloads and
prevent other operational problems. With this coordinated operation larger volumes of
load can be reduced through flexible loads and storages, compensated by distributed
generation and redirected by active network control. So, the described case study
proves the viability of active network alternatives against the regular network
expansions or reinforcements.

7.5 Design of smart grids with DERAS
In the previous section is mentioned that shifting the excessive loading to a
neighbouring substation prevents exceeding the tolerated capacity of the substation. In
general terms, active distribution networks are mainly developed to redirect the power
horizontally in real time as this will alleviate overloads or congestions and keeps the
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voltage level within the tolerated limits. This active operation is comparable to network
operations at transmission level.
In the current passive distribution networks, high penetration level of distributed power
plants might cause congestions, intolerable voltage variations or malfunctioning of the
protection devices as discussed in section 2.2. For this reason, many researches have
been focussing on the development of active distribution networks [7.32]-[7.35].
Furthermore, many electric power companies have started installing smart meters in
order to collect data on the actual load (and generation) of the end users, which would
provide possibilities for active management of the distribution network. However, the
management of the huge amount of generated data forms a challenge, which combined
with privacy issues have led to the stagnation of the roll-out in many countries.
According to the definition of active distribution networks set by the CIGRE Working
Group on the development and operation of active distribution networks [7.36], DERAS
would be a part of active distribution networks and given some responsibility for system
support. As discussed in chapter 6, it would be conflicting with the unbundling
regulations if network operators have direct access to the distributed generators. In this
case, a coordinated execution of DERAS and the active network control offers an
outcome.
To design and implement active management in the distribution network in an efficient
and cost-effective manner, a just-in-time approach can be followed. This approach starts
with gradually creating an active backbone infrastructure at strategic locations, i.e.
brown field locations with high load demand or significant DER contributions. In
addition, new network segments (green field) can be designed in similar manner and
added to the active backbone infrastructure. The active management can be achieved
through adding a control system that consists of an ICT infrastructure with intelligent
electronic devices (IEDs) connected to the energy management system (EMS). These
IEDs forward data to EMS and perform predefined ‘smart’ operations autonomously.
The control system can exploit the existing and new ICT networks while the IEDs are
added at the crucial nodes, see figure 7.6. All the IEDs, including the IEDs in substations,
are connected to the EMS through wide area network (WAN) that is designated for EMS.
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As shown in figure 7.6, the IEDs are situated at crucial nodes in the MV backbone
network, in this case in the substations. This enables the automated control on the
switchgears in the substations so that in case of disturbances the IEDs can switch off the
disturbed network segment and redirect the power flow through the remaining
segments. Similarly, an overload (or congestion) in one of the network segments can be
relieved through redirecting the excessive load to neighbouring segments. Thus, the
network operator can implement the required automated operations through the IEDs
while the ‘normally open points’ in the MV backbone networks can be operated
remotely from the network control centre as well. For example, if the voltage level in
MV substation 2 approaches the tolerated level because of intensive load demand in the
underlying LV network, predefined LV segments will be shifted to substations 1 and 3. A
short-circuit current in substation 2 will also trigger the IEDs in substations 1 and 3 to
take over the predefined LV network segments.
Therefore, through active control (segmentation) the power flow can be redirected and
the voltage level can be controlled by the IEDs according to the tolerated limits. Besides,
additional active control options can be created by placing MV/LV transformers with
auto tap-changer in the MV substations or adding IEDs in the LV ring main units to
operate the normally open points.
The above described active control system performs its tasks without direct control on
DER. Hence, redirecting the excessive load (or generation) is limited by the network
capacity and topology. In addition, the installed DER capacity remains unknown to the
network operator and thus not included in the active network operations. Consequently,
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an increased level of generation might lead to operational problems as discussed in
section 2.2. Moreover, large load demand that is usually compensated by DER
contributions can lead to abrupt overloads. This ensures the necessity of a DER control
system next to the active network management as a high penetration level of
distributed generation remains a challenge to network operators despite the
intervention of the active network control. This challenge is met by a coordinated
execution of the network control system and DERAS. Finally, the coordinated operation
leads to the exploitation of the network at high efficiency level and provides costeffective alternatives that are viable to replace the traditional network reinforcements
and expansions. Both control systems can be designed to cooperate without the need to
incorporate one in the other, as shown in figure 7.7.
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Figure 7.7:
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Design of DERAS alongside the active network control system

The illustrated design in figure 7.7 combines the control of the active backbone with
DERAS operations in a distribution network with high penetration level of DG. In this
case, DERAS controls the DER units autonomously and supports the active network
operations by activating the Network Support operation mode. This mode facilitates
support operations of load and congestion management, voltage control and peak
shaving. The latter is performed in case the load at HV/MV substation approaches the
capacity of the substation. Voltage control, load and congestion management are

124

Planning and design of smart grids with DERAS

supported by adjusting the DER contribution to levels that are forwarded by EMS to
DERAS. The operation of DERAS in the Network Support mode is discussed in detail in
section 4.2.3.
Supported by DERAS, the network operator is able to solve network problems with
regard to overloadings and voltage deviations that are beyond the reach of the active
network control system. Therefore, joint operation increases of reliability of power
supply and reduces the need for network reinforcements or expansions. In turn, this
leads to a more efficient and cost-effective distribution network.

7.6 Conclusions and discussion
Current network planning approaches that rely on forecasts of the peak load demand
fail to exploit the increasing DER population or other newcomers which even might
cause a barrier to the development of such modern technologies. Besides, this
traditional planning approach, which has been viable for decades, addresses network
bottlenecks with alternatives that inhibit the expansion or reinforcement of the passive
distribution network. Moreover, these classical network alternatives are based on
forecasts of the peak load demand that regularly lead to oversized distribution
networks.
Traditionally, the spatial forecasts of electric demand are generated by trending the
historical load data or simulating the load growth throughout the planning horizon as
discussed in subsection 7.2.1. In either way, these forecasting methods make use of load
data while the impact of distributed generation is often discarded. For this reason, a
heuristic forecasting method with artificial neural networks that is capable of generating
accurate forecasts of both load demand and distributed generation is used in this thesis.
As elaborated in subsection 7.3.1, the used method yields forecasts from the real-time
to long-term, which supports the online operations of DERAS and the active network
management as well as the network planning activities throughout each planning
horizon. Therefore, the forecasts of the adopted method will improve the overall
performance of the network planning process by providing a reliable input on load and
generation for the network analysis, the next step of the planning process.
Typical network analysis, which has been evolved in the past century, comprises power
flow calculations that utilise classical iteration methods, like the commonly known
Newton-Raphson method and its derivatives, to approach the power flow solution.
While the classical methods exhibit different limitations as discussed in subsection 7.2.2,
a promising new approach is looked for that makes use of genetic algorithms to iterate
accurate power flow solutions regardless the network configuration, X/R ratio or other
limitations of the classical methods. As stated in subsection 7.3.2, this genetic algorithm
based power flow method could be adopted to support the active network planning
practices in calculating the network bottlenecks.
While the found network bottlenecks are traditionally solved through expansion or
reinforcement of the passive distribution network, the active management of DER
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contribution and control of the power flow in the distribution network creates the
possibility to establish efficient and cost-effective solutions. Instead of increasing the
network capacity, the bottlenecks can be solved by adjusting the DER contributions and
altering the power flow. Through a study of possible criteria for the development and
evaluation of network alternatives as well as a case study in section 7.4, the active
control has proved its viability next to the traditional expansions and reinforcements.
With the support of DERAS in the case study, the active alternative is capable to alleviate
a recurring overload without the need to increase the network capacity. This ensures the
ability of the active network planning approach to generate viable alternatives and
designs to solve network problems in terms of capacity, reliability and efficiency.
As has become clear from above, this chapter presents an active network planning
process that incorporates both traditional and modern approaches in order to develop
and select the appropriate alternatives to network bottlenecks. The developed active
planning process incentivizes network operators to prevent investments in oversized
distribution networks and to compensate for the traditional Fit-and-Forget approach
through active control on DER and the active distribution network management. With
the support of DERAS, the network operator is relieved from the task of DER
aggregation, which is in compliance with the unbundling regulations in the deregulated
electricity markets. In the meanwhile, a coordinated operation of active network
management and DERAS increases the efficiency of power supply in a cost-effective
manner. This smart grid performance is highlighted, in section 7.5, through the design of
active distribution networks that in synergy with DERAS are capable to solve network
problems with regard to overloads and voltage deviations that are beyond the reach of a
separated active network management.
Therefore, the presented network planning approach will lead to a gradual
implementation of active network alternatives and boost the opportunities for smart
grid operations that carry the future power supply to advanced quality and performance
levels.
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Chapter 8

Conclusions, contributions and future work
To support the development of a future sustainable power supply system, this research
aims to exploit the new opportunities and modern technologies that facilitate an
efficient and cost-effective incorporation of the increasing distributed generation and
emerging local electric appliances. The following sections comprise the conclusions,
contributions and recommendations for future work regarding this research.

8.1 Conclusions
Nowadays and in the future, our indispensable power supply system is expected to
maintain a high performance level whilst incorporating a growing amount of distributed
energy resources (DER), including distributed (renewable) generators, local storage
systems and flexible loads. As these technologies have emerged to reduce the share of
conventional energy in power generation, paradoxically, a large scale implementation
can be obstructed by the impact of their operation on the distribution network.
If no measures were taken, the significant DER contributions might lead to a
bidirectional power flow that is able to create or boost local and system imbalances,
push the current and voltage levels beyond the tolerated ranges and reduce the
performance of the protection arrangements. However, these implications can be
alleviated or prevented either by continuing the business-as-usual scenario, which
entails intensive reinforcements and expansions of the current passive distribution
network, or by facilitating the smart grid operations through the implementation of
active control on the DER population and the distribution network. Since the traditional
scenario would lead to excessive network expansions and reinforcements, recent
researches have been focusing on the development of ‘smart’ performances that would
facilitate the increase of DER in present and future distribution networks.
In this context, this work presents a DER aggregation system (DERAS) that is based on
the concept of the virtual power plant (VPP) and facilitates the increase of DER in an
efficient and cost-effective manner. By aggregating and controlling the contributions of
the available DER units, DERAS is able to deliver electric energy to retailers and end
users, to support system and network operations and to facilitate the aspired smart grid
operations in coordination with the active network control.

8.1.1 Towards active control on distributed energy resources
With the growth of the intermittent energy sources like wind and PV, the traditional
balancing operation between the central power plants and load demand is becoming
increasingly disturbed.
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As the power system balance is obtained by real-time adjustment of the central power
supply according to changes of the load demand, to safeguard this balancing process,
usually a secured capacity of central power generation is reserved. The significant DER
contributions, which are largely intermittent, drive the system operators to increase the
level of this generation reserve. On the other hand, system operators could utilize DER
contributions through active DER control in order to compensate the changes in balance
and relax the central generation reserves to acceptable levels.
Therefore, the active DER control by DERAS will contribute to the local and system
balancing operations and as such to the stability and reliability of the power supply
system.
Next to the imbalances, the DER contribution can change the magnitude or direction of
the power flow in the local networks and provoke overloadings or unacceptable voltage
deviations which can be alleviated by active control of the contributing DER units.
However, as most of these distributed resources have been up till now connected to the
distribution network according to the fit-and-forget strategy, currently these distributed
units are invisible to the network operators. Consequently, this invisibility forms a
barrier to the network operators that endeavor real-time control on the distributed
generation and flexible loads. This barrier is boosted by the unbundling regulations in
the deregulated electricity markets where the network operators are prohibited to
dispatch the power generating units and to influence demands directly. Analogously,
DER control systems that combine the management of power generation with the active
network control, like the concept of micro-grids, will fail to fit in such deregulated
electricity markets.
In this respect, DERAS will contribute to the visibility and utilization of DER to cope
with operational network challenges while it fits with the regulations of both the
competitively unbundled or traditionally consolidated electricity markets.
While the DER owners in the consolidated electricity markets are usually bounded by the
rules of the electric utilities to deliver their DER contributions, the liberalization of such
electricity markets unlocks new opportunities for those small participants. By
aggregating their DER contributions, the small DER units will be given access to the
wholesale and balancing markets where their mutual interests are represented. This will
give incentives to the small participants to increase their contributions and to the
conventional consumers to become prosumers.
In turn, the increase of the managed DER share in power generation contributes to a
sustainable power supply and creates socio-economic benefits that follow from:
The reduction of generation reserves at the central power plants;
The limitation of expansions or reinforcements of the distribution networks; and
The increased use of renewable energy sources and improvement of the efficiency of
the power supply.
Therefore, DERAS will create socio-economic benefits to its stakeholders and
contribute to the sustainable power supply by enabling the active participation of the
small DER units in the electricity markets.
To exploit the above stated opportunities, DERAS is developed with the help of context
based Systems Engineering approach, which classifies DERAS as the system-of-systems
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(SoS) whilst the expectations of the stakeholders are represented in the following
systems-of-interests (SoIs):
Energy Trade SoI: that facilitates participation in the electricity markets in order to
create added value to its stakeholders;
Balancing SoI: that contributes to the control operations of the power supply system
in order to increase the system stability and reliability; and
Network Support SoI: that alleviates network overloadings, voltage deviations and
other operational problems in order to increase the network efficiency and costeffectiveness.

8.1.2 Conditions for the development of VPP system
Along with the penetration level of DER, the structure, regulations and development of
the electricity markets stipulate important boundary conditions for establishment of the
aspired VPP based DERAS. In the traditionally consolidated electricity markets, where
monopolies cover the whole energy value chain, the development of DERAS is basically
dependent on the policies of these utilities and whether third parties are tolerated to
operate in these markets. On the other hand, the liberalization towards competitive
electricity markets creates opportunities to new and established market parties to
develop and operate DERAS standalone or integrated with the energy management
system of an energy provider or network operator. The decentralization and unbundling
of the energy value chain towards competitiveness is also accompanied with the
development of new trade platforms, market places and other mechanisms that
facilitate the trade of electricity and associated services.
Therefore, while the introduction of DERAS in consolidated electricity markets is
determined by the monopolies, the development of trade platforms and market places
in the liberalized electricity markets will facilitate DERAS and other aggregators to
trade electricity and offer ancillary services to the market and network operators.

8.1.3 Design of VPP based DER Aggregation System (DERAS)
To present the aggregated DER units as a single entity to the wholesale electricity
market, DERAS must obtain control on their nonlinear, dynamic and stochastic
contributions. To this end, a novel control chain is developed within DERAS that is based
on a forecasting subsystem and a control subsystem acting on the multi-agent
technology.
The forecasting subsystem makes use of an artificial neural network that generates
intraday and day-ahead forecasts of the aggregated DER contribution in order to
facilitate the trade operations at the wholesale market. In turn, the control subsystem
ensures the delivery of the contracted DER contribution with the help of a multi-input
and single-output (MISO) controller and the multi-agents technology. The MISO
controller is based on fuzzy logic control in order to enhance the robustness and
flexibility of the Trade, Balancing and Network Support operations. While the fuzzy
controller manages the central control operations, the distributed control on the DER
devices is provided by the agents. These agents communicate according to the standard
agent communication language and specifications provided by the Foundation for
Intelligent Physical Agents (FIPA).
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Thus, DERAS operations involve multiple agents that manage the individual DER
contributions according to the central signals generated by the fuzzy controller. This
controller is instructed by algorithms that execute the trade, balancing and network
support operations of DERAS according to the contracts with counterparts and the
expectations of its stakeholders.

8.1.4 Validation of DERAS operations and services
The developed DERAS model is validated through simulations and tests of its control
chain during the Trade operation. For this purpose, the forecasting neural network and
the fuzzy controller were simulated whilst the performance of multi-agents was
projected to laboratory tests.
The architecture of the forecasting neural network is based on a multi-layer perceptron
that makes use of time series of historical load or generation data to produce forecasts
at different time spans. The intraday and day-ahead simulations with the constructed
neural network have exhibited promising forecasts that facilitate the trade of DER
contributions at the wholesale market and reduce the related risks.
For the control subsystem, the ‘Takagi-Sugeno’ type fuzzy controller is selected due to
its capability to approximate nonlinear systems and its potential to enhance the
mathematical analysis and computational efficiency. The test results have exposed the
high performance of the fuzzy controller in controlling the simulated DER contribution
within acceptable ranges. Both typical and dynamical tests showed robust control
results that meet the requirements of the central control operations within DERAS.
By delivering the expected contributions at each program time unit within the intraday
schedule, the agents have demonstrated their capability to support DERAS operations
according to the instructions of the fuzzy controller.
Therefore, the simulations and laboratory tests of the control chain have proven that
both centralized and distributed control on the DER population are options in the
DERAS operations.

8.1.5 Prospects of DERAS in future electricity markets
Whether a passively or actively operated distribution network is available in the
background, DERAS can be established by implementing the algorithms of the central
control operations and the control chain in a central control computer (CCC) and linking
the available DER population to the multi-agents platform through ICT connections.
After establishment, new DER units can be added simply by increasing the number of
agents within the control chain of DERAS, which highlights its modular design that comes
close to the Plug-and-Play approach.
In distribution networks with DER concentrations at different locations, each local
cluster of the DER population can be managed by a local DERAS independently. Next to
this decentralized setup, a centralized operation can be achieved when these
independent systems cooperate to form a regional DERAS system. In turn, the regional
DERAS systems can cooperate to support network and system control operations at the
transmission level. In this case, a national DER aggregation system is evolved that
includes the regional and local DERAS systems and operates next to the large wind and
solar farms and the large flexible consumers. This formation of DERAS systems, which is
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related to the infrastructure of the power supply system, creates opportunities to
support network and system operations from the distribution to the transmission level
regardless the structure of the electricity market (consolidated or unbundled).
Therefore, the modular design of DERAS fosters the integration of available and new
DER units to trade electricity at the wholesale market and to offer ancillary services to
the system and network operators.

8.1.6 Planning and design of smart grids with DERAS
In addition to the active DER control, in this thesis through DERAS, the paradigm of
smart grids entails in a broader sense the development of active control in the passive
distribution network. In practice, the implementation of active network control has its
consequences also to the network planning and design process which is traditionally
based on forecasts of the peak load demand and give little considerations to the impact
of DER contributions. This traditional planning approach leads mostly to oversized
networks as the bottleneck analysis and the development of alternatives are based on
worst case scenarios that build on the hardly ever occurring peak loading situations.
To improve the traditional planning approach, this work introduces an active network
planning methodology that enables the development of smart grids with the support of
DERAS. In this respect, the forecasting neural network within DERAS provides the
forecasts of the aggregated DER contributions that are useful for the network planning
activities throughout each planning horizon.
For the analysis of possible network bottlenecks, a new approach is proposed that
makes use of genetic algorithms to iterate the required power flow solutions efficiently
and regardless the network configuration, X/R ratio or other limitations of the classical
power flow methods. In addition, the introduced active network planning approach
facilitates the development of viable alternatives based on active distribution network
management next to the traditional network reinforcements or expansions. Those active
network alternatives initiate the design of actively operated distribution networks that
are capable of redirecting the power flow whilst, in coordination with DERAS, perform
the smart grid operation.
Therefore, the developed active network planning approach facilitates the
implementation of viable active network alternatives to gradually upgrade the present
passive distribution networks towards the aspired smart grid performance.

8.2 Research contributions
In correspondence with the objectives of this research, as stated in chapter 1, the main
contributions of this thesis can be highlighted as follows.
Review of the implications of DG increase and the active DER control concepts.
With respect to the growing share of distributed generation in power supply, this thesis
elaborated on the expected operational problems with regard to the balancing between
generation and demand, congestion management, voltage control and short-circuits
protection. Moreover, the active DER control concepts that cope with these operational
problems are deliberated, which have led to the selection of the virtual power plant as it
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fits in either the traditionally consolidated or the competitively unbundled electricity
markets and gives access to the small DER owners to trade electric energy in the
wholesale electricity markets.
Clarification of the conditions for the development of VPP system.
With regard to the development of the VPP system, this thesis clarifies the boundary
conditions that can be determined by the progress of DER share, the structure and
regulations of the electricity markets and the availability of proper market mechanisms
such as trade platforms and market places. Furthermore, the system requirements of
the VPP are determined according to Systems Engineering which identifies the VPP as a
system-of-systems and translates the requirements of its stakeholders into systems-ofinterests. For the VPP based DER aggregation system developed in this thesis the
stakeholders’ requirements are clustered in three systems-of-interests, namely: the
Trade, Balancing and Network Support systems.
Design of VPP based DER aggregation system (DERAS)
This thesis exposes the basic design and control methodology of DERAS while
considering the mathematical formulation and specification of the aggregated DER
contribution. Conform to the Systems Engineering approach the design of DERAS is
detailed at the level of the control algorithms for the Trade, Balancing and Network
Support operation modes to finally establish the subsystems that compose the control
chain of DERAS, namely:
Forecasting neural network: that generates the day-ahead and intraday forecasts of
the DER contributions to facilitate the trade activities and assist in the Balancing and
Network Support operations.
Fuzzy logic controller: that executes the central control operations according to
inputs from the central control algorithms as well as feedback on the DER
contributions.
Multi-agent control structure: that facilitates the distributed control on the DER
devices and the feedback on their output.
Validation of DERAS operations and services.
As the operations and services of DERAS depend on the performance of its control chain,
in this thesis the accuracy of the forecasting multi-layer perceptron is verified through
simulations of the day-ahead and intraday forecasts while the performance of the fuzzy
controller was confirmed through typical and dynamical simulations. The ability of the
multi-agents to control a DER population is demonstrated through experiments at the
laboratory of the Eindhoven University of Technology.
Assessment of the prospects of DERAS in future electricity markets and systems.
This thesis demonstrates the development of the VPP concept towards a cyber-physical
system, that employs modern technologies to aggregate DER units and introduce them
as a single entity to the wholesale electricity market. The modular and distributed
control of the multi-agent technology enables DERAS to expand with limited
geographical boundaries while its central control operations can be coordinated to scale
the coverage area to regional and even national level. With the flexibility to manage DER
populations, standalone or in coordination with active distribution network
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management, DERAS fits in both the competitively unbundled or traditionally
consolidated electricity markets.
These aspects increase the opportunities for a sound business case and enable the
development of a sustainable power supply system that facilitate the smart grid
operations and as such the increase of the (renewable) DER share.
Development of methodology and tools for the planning and design of smart grids
with DERAS.
To facilitate the smart grid performance, this thesis introduces an active network
planning approach that makes use of information on the DER contributions from DERAS
to generate active network alternatives and prevent investments in oversized
distribution networks. With the support of DERAS, the network operator has alternatives
to the traditional Fit-and-Forget approach whilst relieved from the task of DER
aggregation, which is in compliance with the unbundling regulations in the liberalized
electricity markets. The developed active network planning approach facilitates a
gradual implementation of active distribution networks and creates opportunities for
smart grid operations that boost the quality and performance of the future power
supply. The smart grid performance is demonstrated through the design of active
distribution networks which in synergy with DERAS can prevent overloadings,
unacceptable voltage deviations and other operational problems that are beyond the
reach of a separated active distribution network management.

8.3 Recommendations for future work
Synchronization assessment in a field experimental setup of DERAS
In this thesis the ability of the multi-agent technology to manage the DER contribution
according to instructions from the control algorithms of DERAS is verified through a
small-scale laboratory setup. The communications between the multi-agents and the
DER units were carried out efficiently through TCP/IP connections over the Ethernet
according to the standard agent communication language provided by the FIPA. Since in
real world practices the agents should control a large number of DER units through
different types of internet connections, new challenges might arise during the
synchronization of the DER contributions. To operate the DER population in unions, the
multi-agents should engage the targeted DER units simultaneously, which necessitates
the identification of the constraints and objectives of the entailed synchronization.
Interface procedures with DMS/EMS to coordinate smart grid performance
This thesis presents DERAS to manage the contributions of a DER population in
standalone or in coordination with network operations to accomplish load and
congestion management, peak shaving, voltage support and other smart performances.
While the interactions among the subsystems and operation modes within DERAS are
settled through the software algorithms, the interface with the power grid requires
further elaboration.
In case of network support at the distribution level a control signal from DMS/SCADA
triggers the central control operations of DERAS to activate the required service.
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However, the interface procedures between DERAS and DMS/SCADA have to be detailed
with regard to the control, monitoring and verification of the magnitude and duration of
the DERAS contribution. Comparable interface procedures between DERAS and
EMS/SCADA are necessary for participation in system control operations at transmission
level, like the primary and secondary control.
Development of DERAS for large scale practical implementation
Where this thesis covers the components, features, functions, position and added value
of DERAS, to put this system in practice, further development of tools for the human
machine interface (HMI) are needed.
These HMI tools can be developed in Java programming language which simplifies the
interface with the used agent communication language of the FIPA. In addition, Java
facilitates the development of a graphical user interface (GUI) that can execute the
central control algorithms in an internet oriented environment. However, the
conversion of the developed forecasting neural network and fuzzy logic controller from
Matlab software into Java might require high programming skills.
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Appendix A

Artificial intelligence within DERAS
This appendix comprises the principles of the artificial intelligence technologies that are
used within DERAS, namely:
Artificial neural networks;
Genetic algorithms; and
Fuzzy logic.

A.1 Artificial Neural Networks
An artificial neural network attempts to simulate the biological neural network and
consists of artificial neurons, arranged in one or more layers, and links that provide the
connections among the neurons. An artificial neuron emulates the biological neuron by
including input signals (x) and an output signal (y) as well as a bias ( ) that indicates the
firing threshold of the neuron. The links to inputs of the neuron are associated with
weights (w) so that the resulting input is the weighted sum of the input signals as shown
in figure A.1.

x1

w1

x2

y

w2
wn

xn
Figure A.1:

Standard artificial neuron

In general, the neuron will fire an output signal, i.e. become activated, if the weighted
sum of the input signals equals or exceeds the threshold value. Hence, the neuron fires
according to the activation function ( ) in the following equation:
=

+

(A.1)

It must be noted that in this equation the bias value ( ) corresponds to a negative
threshold value. Moreover, the activation function of the neuron is usually defined
according to the purpose of the neural network. The step function is one of the simplest
activation functions of the neuron as illustrated in figure A.2.
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As can be derived from the depicted step activation function, the neuron is activated if
the weighted sum of the input signals equals or is greater than 2. Next to this step
activation function there are more sophisticated activation functions like the hyperbolic
tangent function which handles negative and positive values, see figure A.3.
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Figure A.3:

Hyperbolic tangent activation function

According to the adopted activation function each neuron or layer within the neural
network delivers its output in line with the configuration of the neural network. The
configuration of the neural network is usually determined by the problem it is designed
for to solve:
Prediction: the neural network is in this case employed to forecast future values
based on time-series input.
Optimization: this neural network seeks to find an optimal solution for the offered
problem.
Classification: such neural network is trained to classify certain input data into
predefined groups.
Pattern recognition: the neural network is capable to recognize certain patterns in
the provided data.
As this thesis makes use of the forecasting neural networks, the architecture of the
prediction class is considered next.
The current architectures of the neural network from the prediction class build on the
feed-forward and recurrent networks. In the category feed-forward neural networks the
information propagates only in the forward direction while in the recurrent category
feedback data is used as input signals. These categories can be split into many
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subcategories of which the multi-layer perceptron is used in this thesis because of its
robustness, high accuracy and computational efficiency.
A typical multi-layer perceptron is usually composed of an input layer, hidden layer(s),
output layer and links. These links connect the neurons from layer to the following layer.
However, in a single-layer perceptron there are only links from the inputs to the
neurons. The components of both the single-layer perceptron and the multi-layer
perceptron are shown in figure A.4.
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Figure A.4:
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Single-layer perceptron versus multi-layer perceptron

A.2 Genetic Algorithms
Genetic algorithms are evolutionary processes that emulate the organic evolutionary
theory to solve optimization problems. With their heuristic search approach, genetic
algorithms are applied in many fields that require optimal solutions for nonlinear
problems which are difficult to solve with classical iteration methods.
A genetic algorithm consists of a population of artificial chromosomes that resembles
the biological chromosomes while each chromosome is composed of artificial genes.
Through mating and mutation of the genes new chromosomes with different features
are introduced to the original population. In this respect, mating leads to offspring
chromosomes with elements that are inherited from parent chromosomes and mutation
introduces chromosomes with new features.
The genes in a genetic algorithm symbolize the components of the solution while each
chromosome corresponds to a possible solution to the defined problem. The fitness of
the chromosome and its corresponding solution is determined by a function that is
specified for the problem.
The process of the genetic algorithm is summarized as follows:
1. Creation: create an initial population of chromosomes with randomly selected
genes.
2. Matching: evaluate the fitness of chromosomes to mate.
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Mating: select (crossover) the chromosomes with highest fitness level and mate to
create new chromosomes, offspring.
Mutation: mutate some genes of the chromosomes randomly.
Evaluation: new solution within range, if not repeat from step 2.
Presentation: present the new generation of chromosomes with best solution.

After the initial population of chromosomes is created with genes that are randomly
selected, the matching process takes place to evaluate which chromosome fits within
the predefined conditions. The chromosomes with the highest fitness level are selected
to mate and create the offspring chromosomes. Then a random number of genes is
mutated in order to increase the diversity of the new population. This will introduce new
solutions which might enhance the search process for the optimal solution. The previous
steps are repeated until the solution fits within predefined range. Then the new
generation with the best solution is present.
Therefore, achieved solution is found by repeating the matching, mating and mutation
of the chromosomes and evaluating their outcome. Figure A.5 shows the mating or
crossover process of two parent chromosomes to create two offspring chromosomes
and the mutation of a chromosome to add a new solution to the population.
Cut point
0 1 0 1 0 1
1 0 1 0 1 0

Parents

Mating
0 1 0 0 1 0
1 0 1 1 0 1

0 1 0 1 0 1

Offspring

Initial

Mutation
1 1 0 1 0 1
Figure A.5:

New

Mating and mutation of chromosomes

A.3 Fuzzy Logic
Fuzzy logic is a logical system based on the theory of fuzzy sets that model imprecise
information in membership degrees according to predefined fuzzy rules. In contrast to
the classical set theory in which the boundaries are well defined, in the fuzzy set theory
these boundaries are indefinite, i.e. fuzzy, which allows partial memberships to the fuzzy
set.
A fuzzy set enables the grouping of elements into membership classes despite the
absence of crisp boundaries. Each class indicates the degree of membership to the set,
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while a membership function maps each element into these classes. The range of
possible membership degrees is called ‘universe of discourse’, in which the membership
function converts the element’s degree of membership from 0 to 1. A fuzzy set (A) is
indicated in a universe of discourse (X) with elements (x) as follows:
={ ,

where

( )|

}

(A.2)

( ) is the membership function of x in A.

There is a vast variety of membership functions that can be used to map the elements of
X to membership degrees between 0 and 1. A selection of these membership functions
is depicted in figure A.6.
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Figure A.6:

Membership functions

In addition to the membership functions fuzzy logic makes use of logical operations and
‘If-Then’ rules, also known as fuzzy rules. The former are based on the standard Boolean
logic operators AND, OR and NOT while the latter are rules that comprise conditional
statements. Usually the logical operations are used to expand fuzzy rules as shown in
the following example:
,

where
a, b and c are elements;
L, H and M are linguistic values defined the fuzzy sets;
AND is logical operation; and
If-Then is the fuzzy rule.

(A.3)
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In a fuzzy rule, the If-part denotes the antecedent and the Then-part indicates the
consequent. With a set of comparable fuzzy rules so-called a fuzzy inference system can
be developed.
Fuzzy inference entails the mapping process of given inputs to outputs according to the
If-Then rules, logical operations and membership functions. In this thesis the so-called
Sugeno-type fuzzy inference system which makes use of linear of constant output
membership functions to approximate nonlinear systems.
In general, a fuzzy inference system is composed of a fuzzifier, fuzzy rule base, fuzzy
inference engine and a defuzzifier, as shown in figure A.7.
Crisp input
Fuzzifier
Fuzzy input
Fuzzy inference
engine

Fuzzy rule
base

Fuzzy output
Defuzzifier
Crisp output
Figure A.7:

Typical fuzzy inference system

The function of each component within the depicted fuzzy inference system is
summarized as follows:
Fuzzifier: converts a crisp input through the corresponding membership function
into a membership degree.
Fuzzy rule base: includes the collection of fuzzy If-Then rules.
Fuzzy inference engine: performs the fuzzy operations to map the given inputs to
fuzzy outputs.
Defuzzifier: maps the fuzzy output into crisp output.

Appendix B

Simulations and measurement data
This appendix includes the results of the simulations with the fuzzy logic controller and
the laboratory tests with the multi-agent technology.

B.1 Oscilloscope measurements of the fuzzy controller
The following oscilloscope measurements represent the results of the typical test with
the fuzzy logic controller (FLC), as described in chapter 5.

Figure B.1:

Intraday measurements of typical tests with FLC
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Figure B.2:

Simulations and measurement data

Day-ahead measurements of typical tests with FLC

B.2 Second typical test with the fuzzy controller
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B.2 Second typical test with the fuzzy controller
The typical tests with the fuzzy logic controller (FLC) were repeated with different data
sets for the intraday and day-ahead that are shown in table B.1. The results and
oscilloscope measurements of these tests are presented in figures B.3, B.4 and B.5.
Table B.1:

Simulation data for the second typical tests with FLC

Intraday
“Expected” Day-ahead
“Expected”
PTU Puc
Pc
Pr
Pder (FLC) Puc
Pc
Pr
Pder (FLC)
01
0.90 0.80 0.85
0.85
0.80 0.70 0.60
0.70
02
0.90 0.80 0.85
0.85
0.80 0.70 0.60
0.70
03
0.90 0.80 0.70
0.80
0.70 0.60 0.70
0.70
04
0.90 0.80 0.70
0.80
0.70 0.60 0.70
0.70
05
0.80 0.70 0.75
0.75
0.60 0.50 0.50
0.50
06
0.80 0.70 0.75
0.75
0.60 0.50 0.50
0.50
07
0.70 0.60 0.55
0.60
0.50 0.40 0.30
0.40
08
0.70 0.60 0.55
0.60
0.50 0.40 0.30
0.40
09
0.80 0.70 0.75
0.75
0.60 0.50 0.60
0.60
10
0.80 0.70 0.75
0.75
0.60 0.50 0.60
0.60
11
0.80 0.70 0.70
0.70
0.60 0.50 0.50
0.50
12
0.80 0.70 0.70
0.70
0.60 0.50 0.50
0.50
13
0.70 0.60 0.70
0.70
0.50 0.50 0.70
0.70
14
0.70 0.60 0.60
0.60
0.50 0.50 0.70
0.70
15
0.70 0.60 0.60
0.60
0.60 0.60 0.50
0.60
16
0.70 0.60 0.60
0.60
0.60 0.60 0.50
0.60
17
0.60 0.50 0.40
0.50
0.50 0.40 0.55
0.55
18
0.60 0.50 0.40
0.50
0.50 0.40 0.55
0.55
19
0.60 0.50 0.55
0.55
0.50 0.40 0.55
0.55
20
0.70 0.60 0.65
0.65
0.60 0.50 0.60
0.60
21
0.70 0.60 0.65
0.65
0.60 0.50 0.60
0.60
22
0.80 0.70 0.60
0.60
0.70 0.60 0.50
0.60
23
0.80 0.70 0.60
0.60
0.70 0.60 0.50
0.60
24
0.80 0.70 0.60
0.60
0.70 0.60 0.50
0.60
PTU
Program Time Unit, in this case PTU = 1 hour
Puc
Unit commitment of aggregated DER within DERAS
Pc
Contracted contribution of DERAS
Pr
Real-time contribution of DERAS
Pder (FLC)
“Expected” Output of the fuzzy logic controller
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Figure B.3:

Simulations and measurement data

Results of the second typical tests with FLC

B.2 Second typical test with the fuzzy controller

Figure B.4:

Intraday measurements of the second typical tests with FLC
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Figure B.5:

Simulations and measurement data

Day-ahead measurements of the second typical tests with FLC

B.3 Measurements of dynamic test with the fuzzy controller

xvii

B.3 Measurements of dynamic test with the fuzzy controller

Figure B.6:
dynamic input

Measurements of the dynamic tests with FLC: compensating the dips caused by a
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Figure B.7:

Simulations and measurement data

Measurements of the dynamic tests with FLC: partially compensated dips by the FLC

B.4 Measurements of laboratory tests with multi-agent technology
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B.4 Measurements of laboratory tests with multi-agent
technology
This section presents the measurements of the DER contributions that are controlled by
agents during the laboratory tests, as described in chapter 5.

Figure B.8:

Measurements of DER contributions during laboratory tests
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