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Streszczenie rozprawy

Przedmiotem niniejszej rozprawy doktorskiej jest zarza̧dzanie energia̧ w
mikrosieciach. Rozważana mikrosieć jest modelem Centrum Naukowo-Kon-
ferencyjnego PAN, które powstało w celu prowadzenia badań i propagowa-
nia wiedzy o odnawialnych źródłach i zasobnikach energii. Obiekt jest
wyposażony w liczne rozwia̧zania inteligentnych sieci energetycznych i ma
charakter prosumenckiej mikrosieci, która może potencjalnie, w pewnych
warunkach, być samowystarczalna energetycznie. Opracowany i zaprezen-
towany system zarza̧dzania energia̧ jest kompleksowym podejściem do ste-
rowania mikrosiecia̧, zawieraja̧ca̧ elementy planowania zużycia i produkcji
energii elektrycznej.

System zarza̧dzania optymalizuje energiȩ na dwóch poziomach. Pier-
wszy poziom to optymalizacja długoterminowa wykorzystuja̧ca informa-
cje takie jak profile zużycia energii, prognozy, czy szeregowanie zdarzeń
wymagaja̧cych znacznego zużycia energii. Drugi poziom optymalizacji to
bilansowanie energii w czasie zbliżonym do rzeczywistego, wykorzystuja̧ce
mechanizmy rynkowe.

Głównym wkładem autorki rozprawy jest opracowanie, zaprojektowanie
i zaimplementowanie rozproszonego systemu wieloagentowego krótkoter-
minowego bilansowania energii w mikrosieci. Problem bilansowania ener-
gii przez system informatyczny w czasie rzeczywistym zawiera szereg sil-
nych ograniczeń dotycza̧cych optymalizacji punktów pracy urza̧dzeń, czasu
odpowiedzi i fizycznych ograniczeń sprzȩtowych. Zaprezentowano badania
dotycza̧ce teoretycznych problemów (El Farol i Potluck), które sa̧ uważane
za uproszczone przedstawienie problemu bilansowania. Autorka wykazuje,
że sa̧ to problemy wykazuja̧ce pewne małe, chociaż bardzo istotne, różnice,
które sprawiaja̧, że nie można tych problemów uznać za równoważne. Co
wiȩcej, nie można traktować ich jako uproszczenia problemu bilansowania.

Wieloagentowy system krótkoterminowego bilansowania energii używa
mechanizmów rynkowych do ustawiania punktów pracy kontrolowalnych
urza̧dzeń z uwzglȩdnieniem dodatkowych celów zwia̧zanych z optymalizacja̧
kosztu pracy mikrosieci. Implementacja systemu i wykonane eksperymenty
symulacyjne wykazuja̧, że bilansowanie jest osia̧gniȩte w czasie krótszym
niż zakładany oraz że punkty pracy sa̧ ustawiane prawie optymalnie. Przed-
stawiono także eksperymenty wykazuja̧ce skalowalność systemu.
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Do przeprowadzenia symulacji były potrzebne dane dotycza̧ce produkcji
energii ze źródeł odnawialnych i konsumpcji energii elektrycznej. Autorka
zaprojektowała i zaimplementowała symulatory waruków pogodowych i
konsumpcji energii. Symulator warunków pogodowych wykorzystuje metodȩ
Matched-Block Bootstrap rozszerzona̧ o nowa̧ metodȩ doboru bloków, która
pozwala na generowanie bardziej różnorodnych szeregów czasowych z ogra-
niczonych danych wejściowych. Symulator konsumpcji generuje dane zuży-
cia energii elektrycznej w rozważanej mikrosieci używaja̧c czterech typów
opisu zachowania urza̧dzeń elektrycznych podła̧czonych do sieci i ich ob-
sługi przez użytkowników.

Słowa kluczowe: systemy zarza̧dzania energia̧, mikrosieci, sieci inteli-
gentne, szeregowanie zadań, krótkookresowe bilansowanie energii, zarza̧-
dzanie moca̧, systemy wieloagentowe, symulacja popytu i podaży.



English summary

In this PhD thesis, the problem of energy management in microgrids is
considered. The Research Center of the Polish Academy of Science, aimed
at researching renewable energy sources and propagating knowledge about
renewable energy and power storage devices, was an inspiration for mod-
eling the microgrid. The research center is equipped with different power
sources and power storage units. This allows the facility to operate as a
prosumer microgrid, which has the possibility of operating independently
of the external power grid. The presented energy management system is a
complex approach to the management of power in the microgrid using the
elements of demand scheduling and production planning. Two level opti-
mization to the management problem is adopted. The first level considers
long-term optimization regarding energy profiles, predictions and planning
of energy demanding events. The second level is devoted to almost real-time
optimization focused on energy balancing considering given constraints.

The main contribution of the author is elaboration, design and im-
plementation of the multi-agent, distributed system for short-time energy
balancing. The problem of the real-time energy balancing using a computer
system includes the optimization problem of setting the operating points of
the devices and is strongly constrained by the required time of response of
the system and physical limitation of devices. First, a study is performed
concerning theoretical models (e.g. El Farol problem and Potluck problem)
that are considered simplifications of the balancing problem. Following
this, it is shown that these problems exhibit some small, but important
differences and neither of them is fully equivalent to the problem of energy
balancing.

The multi-agent short-time energy balancing system uses a market
mechanism to set the operating points of controllable devices consider-
ing the additional, cost-related goals. The author’s implementation proves
that the balancing is achieved in reasonable time, but also that it results
in an almost optimal set of operating point of the devices involved. Ad-
ditional experiments were performed to illustrate internal behavior of the
system and to derive scalability and general performance.

In order to perform tests of the system, a simulation of the microgrid
was done. Realistic data on production and consumption in the professional
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environment were needed. Lacking sufficient data to simulate a wide variety
of conditions, the author designed and implemented simulators of weather
conditions and power consumption. The simulator for weather conditions
is based on the Matched-Block Bootstrap approach, but extended with a
novel variant that allows to generate more differentiated time sequences of
weather data from a limited sample of real data. The consumption simu-
lator was designed and implemented to generate the data regarding usage
of devices in the Center using fairly simple description of the equipment
behavior.

Keywords: energy management systems (EMS), microgrids, smart grids,
power management, multi-agent systems, heuristic short-time optimiza-
tion, simulation of demand and supply.
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Structure

The PhD structure is roughly divided into three parts: first a general part
(chapters 2 - 4), then the implementation issues (chapters 5-6), and then
finally the results and evaluations of the system (chapters 7-8).

Structure of the thesis

1. First chapter – Introduction. In this chapter, the motivation for
writing this thesis is presented, as well as main objectives. Major
contributions of the author to state of the art are shortly outlined.

2. Second chapter – Microgrids. This chapter presents the changes in
power grids and in energy usage that paved the way for the concept
of microgrid. The problem of power balancing and its importance
are discussed. Subsequently, some aspects of solving the problem of
balancing are presented: usage of power storage, demand side man-
agement, demand response and production management. The prob-
lem of production management is described in more detail, to reach
the core of the problem: distributed decision making using limited
information.

3. Third chapter – Multi-agent systems. The chapter describes the
approach used in designing and implementing the main software in
this thesis: the multi-agent systems. The history of the agent con-
cept is presented and the difficulties with designing and implementing
agents are discussed. The basic standards and protocols are reviewed
and the JADE framework used in systems implemented for this disser-
tation is shortly described. The concluding section introduces agent
systems in energy modeling.

4. Fourth chapter – Energy management system for Research
Center. In this chapter, the model and environment of the con-
sidered microgrid are presented. An overview of the Energy Manage-
ment System (EMS) that controls the microgrid is provided.

5. Fifth chapter – Simulators of supply and demand. This chapter
describes the additional systems, not part of the EMS, that were
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needed to test the software. This includes power supply simulators
and a power consumption simulators for different devices.

6. Sixth chapter – System for short-time energy balancing. This
chapter presents the multi-agent system designed and implemented
to manage the short-time imbalances that appear in the microgrid.
The schema of the system, its packages and the internal algorithms
of agent behaviors are presented.

7. Seventh chapter – Experiments and performance. The results of
experiments regarding the behavior of the agents, the approach to
balancing and the efficiency of system on different test environments,
as well as the scalability, are presented.

8. Eight chapter – Cost analysis. In this chapter, the Short-Time
Energy Balancing System is tested against the perfect optimal solu-
tion and a solution with predefined profiles which together define the
lower and upper limit of costs achieved in theoretical and practical
approaches applied.

9. Ninth chapter – Conclusion. This chapter concludes the thesis and
presents the possibilities of future development of the research and
future possibilities for the implemented systems.
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Chapter 1

Introduction

1.1 Motivation

The idea behind this thesis, using a multi-agent system for power balanc-
ing, emerged as part of work for grant N N519 5802 38 financed by the
Polish Ministry of Science and Higher Education. The project was aimed
at creating a model of a microgrid and an intelligent distributed system
that manages energy on all stages, as well as implementing a computer
simulation system which allows for testing of the management algorithm
and to perform different experiments. Several groups from the Systems Re-
search Institute of the Polish Academy of Sciences, the Warsaw University
of Technology, and the Wrocław University of Technology were involved
in the project. The model of the microgrid and devices was made by the
Warsaw University of Technology, but to test the management system it
was necessary to design and implement the simulators of the weather con-
ditions for renewable power sources and the simulator for consumption to
simulate the loads in the microgrid. The author of this thesis designed
and implemented the Short-Time Energy Balancing system, as well as the
simulators for power sources and consumption nodes.

The motivation of this PhD thesis is in the combination of multi-
agent systems and power management systems. Multi-agent systems are
a broadly researched topic, with more and more applications emerging.
Agents in this thesis are defined as autonomous computer programs with
defined goals and which might interact with both the environment they are
in and other agents [135]. They are considered an extremely useful concept
for creating a distributed system, where the reliability of the system as a
whole is important. McArthur, in [75] and [76], elaborated on how the
current and future power management systems can benefit from a multi-
agent approach. He describes which features of multi-agent systems could
be useful in power management, and considers this from a theoretical point
of view.
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2 CHAPTER 1. INTRODUCTION

Power management systems are evolving, due to the evolution in tech-
nology, which spawned e.g. photovoltaic panels and small wind turbines,
combined with the (financial) support of governments, which made such
small renewable sources economically interesting. A consumer which in-
stalls a renewable source (e.g. a photovolatic panel on the roof) may be-
come a prosumer. The prosumer is a unit in the grid that can consume
and produce power. This can also be considered on a larger scale, where
a big infrastructure installs multiple power sources. If the entire internal
infrastructure has only one connection to the power grid, then such infras-
tructure is called a microgrid. It can act as a consumer or as a producer,
depending on the current level of production and consumption of power
(be a prosumer), but can also disconnect from the power grid and operate
using its own power sources.

The emerging concepts of prosumers and microgrids put new require-
ments on power management systems. Within the microgrid the power
produced and consumed has to be in balance to maintain the good qual-
ity of the power. Thanks to the control possibility of some power sources
and consumption nodes, it is possible to manage the power to optimize the
operation of the microgrid, which might mean e.g. minimizing the total
cost of operation, reducing the pollution, or trying to make the microgrid
energically self-sufficient.

The construction of a power research facility, the Research Center of the
Polish Academy of Sciences ’The Conversion of Energy and Renewables’
in Jabłonna (now under construction) provided a realistic test case for
new power management systems. Considering the aforementioned papers,
the idea came to design a computer management system which includes a
multi-agent approach for the short-time management of the power in the
research center.

This work consequently combines theoretical study and research of
both, agent systems and power management systems, with software design
and implementation, and finally simulation in order to verify the workabil-
ity and effectiveness of the system. As such, this forms an interdisciplinary
topic, where my past studies as a computer scientist serve as a basis to
expand my knowledge to a different field, and to contribute to a current
and important topic.

1.2 Objectives

The primary goal of this research is to propose a multi-agent approach
to short-time energy balancing in microgrid equipped with renewable and
controllable power sources. The aim of the work is also to demonstrate
on a simulated example of a real microgrid concept that such approach
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is feasible and is an attractive solution which can help in resolving in-
evitable optimization problems connected with impossibility of predicting
future condition of a microgrid in very complex environment, depending
on different random events. This is done with consideration of physical
limitation of the devices, in particular time constraints (the system should
balance within a time which is below the fixed frequency of devices report-
ing the change of state). The system uses the properties of the multi-agent
approach, especially in terms of computing load distribution and reliabil-
ity (the malfunction of a single agent should not crash the whole system
operation).

Another goal of the approach is to optimize the power production in the
microgrid. There are many possible optimization criteria, in this thesis the
optimal solution is the one that minimizes the exchange of power with the
external power grid due to the following assumptions: the power sources
installed in the microgrid are efficient and ecological, so they should be
preferred; the buying power from the external grid is relatively expensive
and selling power to the external grid brings little or even no profit. The
assumptions were imposed to maximize the use of internal power sources of
the microgrid, even though in current realistic market such power sources
might be more expensive to use in given conditions. The method and sys-
tem implemented can be easily adjusted to different optimization criteria.

Another important aspect of system development is its testing. This
imposed an additional goal of creating the simulators of weather condi-
tions for renewable power sources and the simulator of consumption for a
theoretical Research Center.

An additional goal of the dissertation is to show the problem of power
balancing in context of theoretical problems (like El Farol Bar problem and
the Potluck problem), which are considered to be equivalent to the problem
of production side of balancing in power grids.

1.3 Contribution of the project to state of

the art

The presented approach to energy management in a microgrid is novel, as it
considers energy management in a broad sense, including both production
side management, as well as consumption side management through the
use of a two-level optimization. This is achieved by first by scheduling
events, followed by a short-time (on-line) optimization of the balancing
problem. The energy management system also considers the aspects of
energy trading with external power grid and performs analysis of reliability
factors (chapter 4). The configuration of the microgrid was based on the
plans of the Research Center, but the approach is general and configurable
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for different microgrids. There are very few projects in this field (even
in design phase) that would consider management from so many different
angles, and particularly with using an on-line solution to refine a rough
optimization made in advance, and on top of that have the possibility to
be applied in a real configuration. Particularly, two level optimization of
the management problem and short-time balancing, proposed in the thesis,
seem to be a new concept.

1.4 Major contributions of the author to state

of the art

Apart of the main conceptual contribution mentioned in subsection 1.3
this PhD thesis advances the state of the art in a number of fields. First,
the theoretical study involved investigating current mathematical models
(e.g. El Farol problem defined by Arthur [7] and Potluck problem defined
in Enumula & Rao [37]) for simulating interaction of agents with multi-
ple participants given constraints in communication. It was proved that
problems that were considered similar, exhibit some small but important
differences, making them not equivalent to each other, and not fully equiv-
alent to the problem of energy balancing (described in sections 2.7.1 and
2.7.2).

Although the energy management systems are designed and developed
for many years (one of an early concepts was presented in [48]), the problem
of the real-time energy balancing is still unsolved, as there are strong con-
straints regarding complexity of the problem, time of response of the system
and physical limitation of devices. The core of this PhD thesis, Short-Time
Energy Balancing System (chapter 6), uses a multi-agent paradigm with
market strategy. This is a novel heuristic approach in the field, that adds
a simple and efficient method to power balancing by a multi-agent system.
The implementation proves that the system can work within considered
time limits, and can balance power with consideration of additional goals
in particular that of cost optimal operation.

In order to perform tests of the system, data on production and con-
sumption were needed. As such data were unavailable for the Research
Center, an alternative strategy had to be devised. For the purpose of test-
ing, the simulators (chapter 5) for both production of renewable sources
and consumption were developed. The simulators of weather conditions
are based on the Matched-Block Bootstrap approach, but used with a
novel variant that allows to generate more differentiated time sequences
of weather data from a limited sample data than the proposed earlier. The
simulators of power consumption do not use the real measurements from
the physical objects (such data were not accessible), but aggregate the data
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from simulating each single device instead. The description of the power
usage is represented as a device behavior depending on the characteristic
of this device. Such approach allows the data to be generated from expert
knowledge rather than from available data.

Using the simulators and the implementation of the multi-agent energy
balancing system, a study of the performance of the system with respect to
both speed of balancing and appropriate choice of sources, as well as with
respect to cost benefit is performed and presented (chapters 7 and 8).
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Chapter 2

Microgrids

2.1 Introduction

Modern society is dependent on the availability of electricity: without it,
simple daily routines already become problematic and the modern lifestyle
which is based on information flow comes to a halt. The economic impact of
power shortages cannot be underestimated: in 2003, a large scale blackout
in United States was the indirect cause of 11 deaths, while the cost of its
effects was estimated to 6 billion dollars [77]. Theoretical research and
practical experience ([26], [27]) show that failures of the power grid and
subsequent blackouts will happen one day (they are unavoidable) due to
different aspects: weather conditions, constant grow of demand, ageing
infrastructure, failures of equipment, economic aspects and human errors.
Constant maintenance and development of power grids are the priority to
minimize the chance and consequences of failures.

Management of the power grid is complicated – the regulation role of the
countries and states is still required to maintain the access to the power
of desired quality. In a chain of production and delivery of electricity,
there are many companies bounded by internal deals and law regulations.
Electric power plants produce the energy, grid infrastructure owners take
care for its transfer and consumers pay for both power and transfer based
on fixed prices, long term contracts or on market price.

The adjective ’smart’ has recently become a key word for all attempts
to develop information and management systems, for many aspects of life,
that would improve living conditions and would be more pro-ecological.
There are talks, conferences and reports about smart cities [24, 56], smart
transport [127], smart lighting [147], smart education [150, 151], smart
buildings [149], smart regulation [145] and smart grids [92]. The idea of
’smart’ living is to achieve the balance between the efficiency and optimiza-
tion of time and resources, and about the sustainability of the situation.
The idea of the smart city is an idea of creating an urban environment that

7



8 CHAPTER 2. MICROGRIDS

will allow for comfortable living by considering economical, infrastructural,
educational and social aspects of life. At the same time, the aim is to not
forget about the natural environment and the long-term effects of decision
making to improve the life conditions of future generations.

The power grids are now facing a revolution. Due to raising ecological
awareness, increasing demand and appearance of new technologies, the sec-
tor has to move toward less polluting and more flexible power managing.
The main technological factors behind the change are the development of
renewable power sources and the merging of computer systems with auto-
matic mechanisms of power management. This allowed for new concepts
like smart grids, microgrids and prosumers (producer-consumer). Incor-
porating these concepts, according to [70], is very probable in the future.
However, there are still a lot of issues that have to be solved before reliable,
safe and trustful micro- and smart- grids appear. In the next sections, these
concept will be defined and their impact and importance will be discussed.

2.2 From smart metering to

advanced management

In the XXth century, the power was mainly produced by large power plants
(capacity over 1 GW), which were the most cost-effective of the time. But
with time, the big increase in power consumption showed that the infras-
tructure is barely sufficient. The use of electricity started growing, espe-
cially in peak hours (during the day), which forced producers to maintain
a spinning reserve. This is an amount of power that can be quickly deliv-
ered to the network by increasing the output of the running power sources.
In addition, there are non-spinning reserves, power that can be delivered
by switching on additional power plants to compensate for the peak us-
age; these are fast reacting power plants, usually based on gas turbines.
Maintaining both large spinning reserves and non-spinning reserves is very
costly. The non-spinning reserves have to be ready for operation if the
deficit in the network appears, and there has to be sufficient redundancy
of power production abilities in the grid. Attempts to equalize the us-
age within a day were made by offering price incentives to users. As this
was adopted by a small group of users, it did not manage to remove the
fluctuation of power consumption.

The ’smart’ revolution started with the introduction of new methods of
measuring the power and the ability to send that information via a digi-
tal system. In XXth century, the power meters installed in every building
were measuring the usage of power and the counter was manually checked
at regular times (e.g. every year) to determine how much power was used.
Nowadays smart meters are being installed; they can automatically send
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information to the power companies, in almost real time, making it possible
to differentiate the tariffs during a shorter time period. According to EU
directive, by 2020, 80% of the consumers should be equipped with smart
meters, but some governments and power companies want to achieve 100%
by that time [38]. There are many advantages to introducing smart meters:
real-time information about power usage, no necessity to manually check
power usage, easier to find and eliminate illegal power consumption, faster
handling of problems and equipment failures and the possibility of having
different tariffs for different times of the day. Disadvantages of smart me-
ters are: the initial cost of changing technology has to be paid, possible
interference of the meter with domestic equipment [126] and doubts about
security of stored information from smart meters. The last argument re-
lates to privacy issues and is the most problematic one. Studies have shown
that it is possible to distinguish what devices are operating from the prop-
erties of the current and consequently it can be determined what person in
a household is doing [44]. Power companies and various organizations try
to develop a scheme that would ensure privacy of power consumers.

The smart meters’ ability for real time power measuring allows for
more advanced pricing schemes: with high frequency metering there can
be hourly tariffs or even real-time power pricing. Such schema would allow
to match the cost of power with the demand/supply balance in the grid,
which in turn could revolutionize the energy market and the way the energy
is consumed. Presently, only big energy users and producers can actively
participate in the energy market. Retailers (households, small companies)
do not have that possibility and up to now most of them have one or two
tariffs (peak and off-peak). The only possible reaction to such price in-
centives is to either save energy by switching off unnecessary devices or by
replacing devices for more energy saving ones. If there would be a possibil-
ity to differentiate the price depending on the current demand/production
ratio it would give the users a reason to actively shift the consumption
toward cheaper time, in the process reducing global power peaks. The
benefit would be in more stable power parameters and less power reserves
necessary.

This idea is the basis for demand side management (DSM) [11]. Demand
side management encourages the users to change their behavior or manage
the controllable devices to optimize the time and amount of usage of electric
energy. This concept is presented in more detail in section 2.6.

Knowing the real time price of the energy depending on demand and
supply, an advanced management can be introduced on the demand site,
but also on the production side. The production side benefits from a more
detailed structure of power usage as this allows to create more detailed
and exact profiles of energy usage and produce accordingly. What is more,
actions taken by power consumers make it easier for production side, as the
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price mechanism tends to make sure the actions eliminate sudden peaks of
power.

Smart metering is part of a smart grid, which is a concept of introduc-
ing exchange of information between different elements of an electrical grid
(consumers, producers and storage units). Thanks to that, control and
coordination of supply and demand of energy can be introduced to ensure
quality of electric power in the grid, to reduce the cost and to promote
renewable energy sources. Smart grid solutions span over all levels of net-
works and touch many different aspects of power production, distribution
and transmission. Connection to computer systems is a way to introduce
advanced energy management systems (EMS) that can optimize and per-
sonalize the power usage. It gives broader control over elements of the grid
and introduces automatic management using possibly different methods of
artificial intelligence (AI) [9]. Such systems are already implemented; one
example of such an improvement is a smart lighting system for the cities
developed by Siemens [152], and installed e.g. in Jelenia Góra [140]. It
allows to dim each street light separately to avoid lighting empty streets
at night, while sensors can automatically increase the luminosity of street
lamps when vehicle or person appears on the street.

At household level, there already exists a wide choice of hardware and
software that allows for monitoring power usage and offers a limited form of
control by either supplying or not supplying power to a specific device. An
example of the equipment needed for demand side management application
in the households is presented in [14]. While such intelligent households
are not too difficult to setup, integrating them with a smart grid is still
more difficult.

2.3 From microsources to microgrids

Renewable power sources are perceived as a solution that can help fight
climate change. The renewable power sources are sources that produce
energy from natural processes, such as sun power, water, wind, waves, etc.
These power sources have the advantage of having non exhaustible fuel.
The disadvantage lies in the unpredictability of production and sometimes
short lifespan of the devices. The production costs of the devices tend
to be very high, mainly due to the usage of rare minerals and advanced
components, and the production process can be polluting, which diminishes
the advantages.

Prosumer is a concept that was originally defined in economy as a junc-
tion between words professional and consumer. It was adapted by the en-
ergy sector as a junction of the words producer and consumer. A prosumer
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is a unit (connected to the grid) that internally produces and consumes en-
ergy. Usually the term prosumer is used regarding small structures (house-
holds, city districts, villages) with microsources or renewable sources. Such
configuration has a rational economical explanation: the cost of construc-
tion of such facility is smaller than expected revenue. As the production
and consumption of the power within the prosumer grid do not always bal-
ance, a prosumer can be seen by the external grid as a source that delivers
energy to the grid or as a load that consumes it, depending on the current
power flow. Due to the small production and consumption abilities, such
prosumer would be mostly exchanging very limited amounts of power with
external power grid. If management of power and planning is included in
prosumer management (e.g. not using power from external power grid in
peak hours) the prosumer can actively shift its power consumption toward
the ’better’ time. ’Better’ means here the time when energy is cheaper
(e.g. off-peak) or when there is more production from renewable sources
(e.g. more sunlight for photovoltaic panels). Usually, prosumers are small
energy units and individually they do not impact a lot on an overall balance
of the grid.

In large group however, they can significantly improve the state of high-
voltage power grid. By avoiding power usage during peak times and gen-
erally limiting the use of external power, a prosumer can be less obtrusive
in a high-voltage power grid and indirectly decrease the use of the latter’s
reserves.

A microgrid is a group of consumers, producers, prosumers or energy
storage devices located on small area that can operate autonomously [10].
The microgrid usually constitutes a low (400/230V) or medium (1 kV –
60 kV) voltage network. Very often, microgrids are equipped with power
sources (e.g. gas microturbines, micro wind turbines, photovoltaic panels)
or power storage (e.g. batteries, flywheels). Such infrastructure poses a
big challenge to the management of energy, as small changes in power
production or consumption have a big influence on the state of microgrid.
Despite this, microgrids have a number of advantages, especially when
equipped with small energy sources (renewables or not) and when there
is a possibility to store power, even in limited amount. A characteristic
feature of a microgrid is that it can be treated as one entity from the point
of view of the larger network. This work considers the power issues inside
a microgrid, for discussion of additional advantages of using microgrids see
[70]. Some realized projects connected to microgrid research, are described
in [50].

A microgrid can work in ’synchronous mode’, meaning that it is con-
nected to a larger grid and exchanges power with it. However, microgrid
can work disconnected from the main grid; this is a so called ’island mode’.
A microgrid can be in such state when the external grid is unavailable or if
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it is possible to perfectly balance production and consumption of electricity
internally. This mode requires optimization of energy in the microgrid, but
in case of using renewable sources of energy, can operate cheaply and eco-
logically. It also offers security and failsafe benefits, as the microgrid is not
dependent on the external grid. While in practice it may not be possible
to operate all the time in island mode, having this possibility is a desirable
target for the microgrid. In island mode, an abundance of power produc-
tion in the microgrid should be solved either by wasting energy or limiting
production; whereas a shortage of energy, should result in switching off
some of the consuming devices according to importance or preference. The
difficulty is that a decision has to be made and it should follow the con-
stantly changing conditions in the grid. The faster the decision is made, the
less power is wasted and the safer the devices are. Power produced by some
renewable sources (especially micro sources, which might lack the ability to
manage their current production level) fluctuates dynamically due to sud-
den changes in e.g. wind and solar irradiance. Predictors, to some extent,
can forecast the production and help minimizing the imbalances, but the
predictions are not perfect. Consumption of energy is also very changeable
and often unpredictable, especially in small microgrids, where a single de-
vice can make a noticeable difference in overall power usage. This means
that the actions of a single person can make a noticeable deviation from a
typical daily power usage profile.

A microgrid is not just a smaller version of a macrogrid. The physical
effects in low-voltage grids are different from those in high voltage grids
that have enough inertia. Moreover, a possible autonomous (island) oper-
ation of a microgrid requires solving of additional problems. For example,
subsistence of the frequency, which is normally controlled by the external
grid, has to be solved. In the island operation mode, a microgrid often does
not have enough power to support a usual load all the time; there should
be a mechanism of switching off the loads with lower priorities.

To manage the energy, it is important to understand the specificity of
the microgrids. There are many features that discern microgrids from big
power systems. The issue has been discussed in detail in [63]. Essential fea-
tures for functioning microgrids as semi-autonomous power systems include
the use of power electronic converters and the use of specific control sys-
tems; in addition to it also requires the ability to communicate within the
microgrid. Another fundamental feature of microgrids is the installation of
renewable energy sources, which is of great importance from the point of
view of environment protection. Most of the microsources are connected to
microgrids via power electronic converters, which also provide them with
required control abilities. These abilities are also necessary from the point
of view of ensuring security and proper level of reliability of supply.
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The key issue is control of the microgrid operation and requirements for
protection of the microgrid functioning. Particularly it concerns such tasks
as voltage regulation, frequency regulation, power flow control, and voltage
stability. These issues are especially significant during island operation. It
is also important for a microgrid to have an ability to change smoothly the
state from the synchronous operation mode to the island operation mode
or vice versa.

Protection systems applied in microgrids have to be specific with regard
to connecting microsources via power electronic converters, low level of
short-circuit power in island operation states and bi-directional power flows
in microgrid branches. Protection systems installed in microgrids have to
work properly in the case of faults appearing both in the microgrid and in
the external distribution network.

2.4 Power balancing

Electrical power has a number of properties that need to be within spec-
ified limits, to allow proper operation of the devices. Such properties are
for example angle and voltage. The balancing has to ensure that the pro-
duction and demand are equalized; as a result of this, the properties of the
electrical energy will be within acceptable limits.

Balancing should make the amount produced (s(∆tk) =
∫

t∈∆tk

s(t)dt),

for a given time period ∆tk, equal to the amount that can be consumed
(d(∆tk) =

∫

t∈∆tk

d(t)dt) at that time. The real energy balancing is a contin-

uous process, but from the operational point of view it can be quantified
to a number of short time periods ∆t

n
∑

i=0

si(∆tk) =
m
∑

j=0

dj(∆tk) + L(∆tk), ∆tk ∈ T (2.1)

where n ∈ N is the number of active producers and m ∈ M is the number
of active consumers. The losses of power during transmission (L(∆tk))
are relatively small for microgrids, their amount depends on the network
structure and they are small enough that they can be omitted in order to
simplify the model.

A microgrid in general can consist of producers, consumers and pro-
sumers. Each of these can be controllable or uncontrollable. Uncontrol-
lable devices are those which are not manageable by the grid or by a man-
agement system. To this category belong most of the power consuming
devices and small renewable power sources (in which power production
depends on weather conditions). It is important to note that control-
lable/uncontrollable in this context are considered in relation to a man-
agement system: a lamp is controllable by a person, but as we do not want
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the system to decide on switching it on or off, for the system it is uncon-
trollable. The balancing problem reverts to a decision problem of setting
the operating point of controllable devices in the microgrid, so that supply
and demand are equal according to equation (2.1). To simplify the model,
all uncontrollable devices can be aggregated into a single value: this value
is either 0 (perfect balance of uncontrollable devices), positive (behaves as
producer) or negative (behaves as consumer), but this aggregated value is
not constant over time.

The power sources have physical limitations: a minimal and maximal
operating point, a time necessary for changing the operation point, etc.
Managing a controllable power source means deciding if the device will be
active in the next time period (i.e. determine if it will cause a term si(∆tk)
to be present in equation (2.1)), and if so, determine the amount of power
it will provide.

The balancing problem can be solved in many ways, but these physical
limitations have to be taken into account and constraints have to be put
on how much a single device can help in balancing. With more controllable
devices in the grid, more options for balancing appear, but as microgrids
are considered, the number of devices present is also limited. Despite this
limited number of devices, there can be a dynamically changing structure,
which add complications to solving the balancing problem: a device that
is present at one point in time in the microgrid, may not be present at
another.

As mentioned, the time for achieving balance is limited, and this time
does not increase for a bigger microgrid. This is a problem that cannot
be solved by only adding more computing power, but it requires a more
intelligent approach. Distributed optimizations, such as provided by agent
systems, are often proposed, as their behavior tends to provide a good
enough solution within the set time constraints.

There have been many papers dealing with the problem of power balanc-
ing, see for example [66]. However, as pointed out in [130], due to a dynamic
generation and demand of the electric power, and the need to obtain the
power balance, grids with renewable energy sources require the application
of even more complex control systems: the energy management systems
(EMS). These systems often include such modules as a control module ori-
ented to optimization of the grid operating costs, a module cooperating
with the distribution grid operator, and a module ensuring reliable supply
of energy. Balancing is possible due to the existence of controllable devices
(their operation point can be changed by the energy management system,
which is further discussed in chapter 4), the ability of switching off or on a
part of the consumption and, if the microgrid is connected to the external
power grid, the external power.
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The problem of balancing a microgrid is of interest to many research
teams. General architectures of energy management systems might be
found in [98], [100] and [130]. Details of the algorithm of the market based
short-time balancing is described in chapter 6 and can also be found in [91].

The problem of power balancing is slightly different on each level of
the power grid. Balancing power in the high voltage network can benefit
from a big aggregation of consumption. There, the daily and weekly cycles
dominate [69] and the inertia of the grid is much larger. In microgrids, the
changes in consumptions still have visible cycles, but the random behavior
plays a bigger role and the inertia of devices is smaller. This requires fast
decision making regarding the change of the operation points of sources
and consumers in the grid. That poses a computation challenge, especially
when the number of nodes is large and an energy management system has to
balance the energy in all nodes, considering also all the physical limitation
of the devices within a defined time period.

A node of the grid is a point to which devices are connected, the node
groups similar types of devices, e.g. lights, computers, etc. From the grid
point of view, the node is the smallest unit that is measured and controlled.

Effective balancing requires some kind of communication or a schema
of cooperation between the producers of energy. The most straightforward
schema is the centralized management: it is then possible to have one
predictor of demand (e.g. that which gives the smallest errors), based on
which the plan for production is made and the system distributes the power
production. Centralized systems offer the possibility of, earlier mentioned,
optimal production distribution [124], possibly considering multi-criteria
decision making. Centralized systems unfortunately have a number of dif-
ferent disadvantages: sensitivity to central controller failure, poor scalabil-
ity, and the requirement of full control over the sources. Full control may
not be a problem in microgrids with a single owner, but may be unaccept-
able in a general situation. A centralized system might also not be able to
consider specific preferences of the source owners or might give unaccept-
able results when a source owner happens to actively make decisions on his
own (although that should not happen in a well designed system).

Non-centralized solutions have also been developed and showed promis-
ing results. The distribution of control reflects the situation of many ex-
isting decision makers in the microgrids. The distributed system can be
hierarchically connected, where the nodes are just sending data to top-level
decision makers or they can have more peer-to-peer structure where each
part of the grid (might be whole microgrid or a set of nodes) takes its
own decision based on different criteria. The benefit of such approaches is
the possibility to optimize using multiple criteria, but in addition also for
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different goals and with constraints in different parts of the grid. Such so-
lutions increase the reliability of the energy management system, but also
increase the complexity of the system.

The last group of control systems are the ones based on market struc-
tures. The market is the central element of the balancing process, but the
participants decide what kind of offer is placed on the market. In such
approaches, money and cost functions play the role of ordering the power
from most desired sources (i.e. cheapest and most efficient) down to the
sources that are used only in emergency (i.e. more expensive power pro-
ducers). And vice versa, if load is reduced, the sources with highest prices
are chosen first. A presentation of market based energy control systems
can be found in [91, 128, 130].

Which information is shared between producers is a property of the used
communication scheme, which can depend on the level of cooperation, the
size of the microgrid or other factors, such as cost of power production,
ownership, regulations, etc. In microgrids with one owner, there can be
full cooperation with full flow of information; allowing for central balancing
to be used. When competition between producers is present, the flow of
information may be constrained to a minimal level that is necessary for the
balancing process.

2.5 Power storage in microgrids

The presence of the power storage units, e.g. batteries, can facilitate the
balancing, as they provide a time and power buffer for the management
system. Power storage units are generally much faster than controllable
power sources when it concerns changing the amount of taken or given en-
ergy. Extremely fast operating storage units such as flywheels can smooth
the sudden peaks of power and compensate for short power loses. A large
enough capacity of power storage devices in the microgrid can solve a lot
of issues, even completely eliminating the imbalances. Detailed analysis of
influence of power storage can be found in [131]. Storing the power un-
fortunately results in losses of power, a high cost of installation of storage
units and, in some cases, a necessity of replacing them relatively often. In
microgrids, large capacities of storage units are not common, mainly due
to high costs of their installation and maintenance, but it may change in
near future thanks to solutions like Powerwall by Tesla [155]. The most
frequently considered devices are batteries, flywheels, and superconductors.

A battery is a device that converts the chemical energy into electric en-
ergy thanks to the process of an electrochemical oxidation-reduction [65].
Battery is a general name for different type of such power storage: non-re-
chargeable (primary batteries), rechargeable (secondary batteries), reserve
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batteries and fuel cells. The exhaustive description of architecture, opera-
tion and properties of batteries can be found in [65].

A flywheel is a known concept of a device that is used to store energy
for short time and to equalize peaks of energy that otherwise are difficult
for balancing. Peaks of energy are costly to cover with energy from external
network and they can damage devices if not handled properly. In island
mode operation of the microgrid, devices such as flywheels are very useful,
as they can absorb and give large amount of power in a very short time.
A flywheel quickly starts to loose the energy, which makes it unsuitable
for long term storage. For example, the flywheel considered as an example
in [98] can keep its maximal output for 12.5 second after which is loses
power rapidly. However, it can keep the maximum output long enough to
allow for a smooth transfer from the synchronized mode of microgrid to the
island operation mode. In synchronized mode, a flywheel would be a device
that deals with very short imbalances. Also the short charging time (in the
example mentioned it can charge to 100% capacity in 20 seconds) makes
it perfect for shaving power peaks and filling sudden deficits of energy.
The flywheel is a device that is more resistant to overload (it can be even
overcharged to 150% of its power, but only for a very short time). Flywheels
are much more durable, their average life time reaches over 20 years, there
is no limit on the number of charge and discharge cycles, the efficiency
of the device reaches 99,8%. All rotating elements work in vacuum which
minimizes the amount of friction. Due to short time of keeping power,
flywheels cannot be fully treated as battery units. Batteries have much
less life expectancy, but can keep the power for longer periods.

Superconducting Magnetic Energy Storage (SMES) is a relatively new
concept of a power storage unit, in practice used more as a mechanism to
improve and control power quality than to store power. It uses a magnetic
field to store power using a superconducting coil cooled to low temperatures
[120]. There are a number of problems that still have to be overcome to
make this technology mature and usable for large scale, but the advantages
of the technology seems interesting: very short delay during charge and
discharge and very high power output (although for a short time).

Especially promising is an idea of electric vehicles that could have a
double function: as a means of transport and as a mobile power storage
unit. The most popular now are so called plug-in hybrid electric vehicle
(PHEV), which can be defined as hybrid vehicles which have a battery
storage (at least of 4kWh), can recharge its battery (most commonly from
a standard socket) and can drive at least 10 miles on electricity not using
any fuel [53]. From power grid point of view, such cars are power storage
units: when they are charged they consume energy, but when connected
to the network they can give the power to the grid. As such they can
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become more active participants in power management. That can have a
wide usage for power management.

2.6 Demand side management and demand

response

With the development of smart grids, the ideas for optimizing energy con-
sumption went even further: to ensure the stable parameters for current
and to ensure rational prices for power, the consumers could actively take
part in managing the energy usage. A new interdisciplinary research area
called Demand Side Management (DSM) emerged. DSM has several main
goals: to convince people to take part in energy optimization (also energy
saving), to find the best way to communicate them the current status of
the network and to develop appliances that would optimize power usage
without the human intervention.

The first problem lies in explaining the problems and making users
realize that they can make a difference by actively managing the energy
usage. However, such actions requires that people adjust their lifestyle to
the current situation. A peak in demand can be caused by many people
doing the same thing at the same time (e.g. switching on home appliances,
cooking lunch), which usually requires additional power sources. Getting
people to shift their energy consumption lowers the peaks, and lower peaks
are easier and cheaper to solve (lower requirements to the additional power
sources to cover the short time peaks). To convince people to make such
effort, they should be clearly informed about the status of the power grid.
The most popular way of informing people is by introducing different prices.
When there is a peak of consumption, the price of energy is high, and it is
lower when there is an excess of energy. That idea was behind introducing
peak and off-peak tariffs [108], which currently is done by providing the
consumers with fixed intervals where peaks are known to occur. Financial
incentives are the most common one and easily understandable, but as
Cialdini shows in [30] an even better incentive is the feeling of being in
competition (e.g. between neighbors).

The action of changing the prices of energy more dynamically to in-
fluence the demand has its own name: demand response. This is a very
promising technology that can be introduced in near future. It spans over
the innovations in automatic responsiveness of the devices, managing of
reserves, market strategies and introducing different incentives. A review
of currently ongoing research in demand response and partly in DSM is
presented in [11].

To simplify the consumption management, there is the idea to create
intelligent appliances that would actively delay or modify their operation
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cycles to reduce the power peak. Such devices exist (e.g. some washing
machines by Miele), but they are still very unpopular due to lack of trust
of people – they do not like the feeling that something is happening outside
of their knowledge – which partly is caused by the lack of understanding
of how such systems work and what they do. What is more, such devices
have limited applicability, as most of the usage is human-driven. In [15]
the problem of interactive and background power usage is discussed and
a method to control background loads (e.g. refrigerator, dehumidifier) to
reduce the power peaks is presented.

The biggest obstacle for introducing DSM technologies, is the lack of
preparation of the legislation that would allow introducing a market mech-
anism for this communication. The legislation also lacks clear rules about
exchange of information from the smart grid, and it should introduce sim-
pler rules for the installation of microsources (both renewable and not),
etc.

DSM is somewhat linked to optimizing energy efficiency. While purely
optimizing energy efficiency is not active DSM, it may be the result of
e.g. price incentives. Lowering energy usage can not only be achieved by
using more energy efficient devices, but also by optimizing the activities
of the devices present in the infrastructure. One example is the network
infrastructure; the authors in [87, 88], describe algorithms to route network
traffic differently, in order to minimize the amount of network hardware,
and thus power, used.

2.7 Production side management

Production side management deals with deciding which of the available
power sources and power storage units are used. This can be done for many
purposes, e.g. balancing, maintaining good quality of power, or minimizing
cost. While balancing adds a time aspect, thus adding speed of adjustment
as a criterion, the other purposes of production side management already
pose problems. A common factor in these problems is the presence of
uncertainty as neither the production of other power units nor the exact
consumption are known.

The national grids have enough inertia to allow the single producer to
manage the power production level, the consumption is aggregated enough
to make it foreseeable to a satisfactory degree; a system of reserves suf-
fices to make this operational. In microgrids the situation becomes more
complicated.

The biggest cost for owners of uncontrollable microsources (like wind
turbines, water turbines, photovoltaic panels) is the installation of devices
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and maintenance. The exploitation cost, except for repairs, are negligi-
ble, so the best strategy for the owner is to produce as much as possible.
The power that is overproduced must be used or sent to the power grid
(assuming the microgrid is not in the island mode).

The owners of controllable power microsources (like micro gas turbines,
reciprocating engines on biogas or cogenerations units) are in a different
situation. In their case, producing power or even operating in the idle state
means using fuel, which has to be produced or purchased. Considering
that switching on or off of the power source takes time (depending on
the characteristic of the device) and might incur additional costs, the first
decision of the micro power source owner is when to switch the source on,
and then at what operating point. Similar decision problem arose when
the source can be switched off. If the microgrid operates in the island
mode, the source owner’s decisions are crucial for proper operation of the
microgrid. There are a number of methods and strategies to resolve this
issue. Some of them are centralized, treating the power production as a
multi-criteria optimization problem (considering cost, fairness and special
requirements of the owners of the microsources), other solutions consider a
more distributed approach where owners have to cooperate or compete to
reach the balance of power. Because the solution presented in this work is
distributed, a deeper analysis of such an approach will be presented.

In a distributed approach, the amount of public information and what
information are being exchanged is an important issue. For various reasons,
as e.g. safety, competition, willingness to make profit, the producers tend
to keep certain information private. The lack of information exchange can
make it impossible to perform balancing. Such situation was considered in a
more general setup [7], where a method to deal with such ill-defined problem
is suggested. It was called the El Farol Bar Problem. The extension of this
problem, called the Potluck Problem, considers the supply and demand
balancing with almost no information exchange [37]. This problem will be
discussed further in the following subsections. Discussion about this topic
has been also earlier presented in [97].

2.7.1 El Farol Bar Problem

The El Farol Bar Problem (or Santa Fe Bar Problem) was introduced by
Arthur in 1994 [7] as a problem of agent decision making (agent definition
is presented in chapter 3); the participants are equivalent to agents. The
problem was inspired by a real bar in Santa Fe, which was very popular on
Thursday nights. But if too many people decided to go to the bar to enjoy
the music, it was too crowded. The problem was defined as follows. If
there are not more than 60 people in the bar, the people inside enjoy being
there. If there are more than 60 people in the bar, they feel better at home.
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Figure 2.1: Graphical representation of El Farol Bar Problem (a) and Potluck
Problem (b). ’S’ is a total supply and ’C’ is the value of consumption.

This problem is illustrated in Fig. 2.1(a). A participant is considered to
be a winner if she/he goes to the bar while it is not crowded, or if she/he
stays at home when the bar is crowded. In the El Farol Bar problem,
the participants’ goal is to win as many times as possible, where the goal
function gi(t) of i-th participant in the t-th night is defined as:

gi(t) =



















1 if (go to the bar and the bar not crowded)
or (not go and the bar is crowded )

0 if (not go and the bar not crowded)
or (go and the bar is crowded )

(2.2)

The participants do not know how many of them are in the city, they are not
communicating with each other and they have no idea what other people
want to do. The only information available to them is the historic atten-
dance: each participant knows how many people were in the bar during
the last weeks. In a problem defined as such, there is no win-win solution –
when 60 people are in the bar, those remaining at home loose, when there
are 61 people in the bar, these 61 people loose.

In this scenario, there is not enough data to make a deductive, rational
decision. This makes the problem ill-defined. In [7], an inductive reasoning
scheme is proposed. This is an idea taken from psychology: people are very
often facing ill-defined problems and cope with this situation by looking for
patterns and similarities in other situations. If a person would be asked
for his reason to go to the bar, possible answers could be: ’last week it was
empty so this week it will be the same’, ’last week it was full, so this week
it will be empty’ or just ’because I want to go’. From the game theory and
mathematical analysis point of view these answers are not reasonable, but
due to lack of information they are as good as any other. Humans often do
not analyze all possible actions deeply, but make shortcuts and take non-
optimal decisions, sometimes due to undefined reasons. It is logical from the
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Figure 2.2: Attendance to the El Farol Bar by deterministic or non-deterministic
citizens.

evolution point of view, as taking decisions fast has been more crucial for
survival, than being indecisive and not performing any actions. Arthur [7]
assumed that each person has its own way of predicting the attendance in a
bar – they have a set of simple predictors. The predicted attendance might
be: an average of the last few weeks; the same as last week; the same as 3
weeks ago (cycle detector) or an assumption that the bar will always be half
empty. Each person also knows the attendance from few last weeks. So a
go or not-go decision depends on the known history of attendance and ones
own hypothesis. What is more, participants can choose their predictors
from a pool, according to the success rate of a considered predictor (how
many times it gives a good advice). Surprisingly, the simulations show
that the attendance in the bar is oscillating around the chosen maximal
comfortable number of the participants in the bar. An example of the
bar attendance in this problem is presented in Fig. 2.2. Arthur called it
inductive reasoning method and defined it as follows. When there is a lack
of knowledge to take a reasonable decision, one should use simple models
that worked best in the past, and after each iteration of the process evaluate
the models.

An interesting feature of this approach is that starting from some de-
fined conditions and following totally deterministic rules, the outcome is a
sequence of attendance that resembles a stochastic process. The amount
of people in the bar is oscillating around 60. It is explained by the fact
that citizens choose the predictors that performed best, this creates a self-
regulating system where the number 60 is a natural attractor.
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It is worth to notice that if the citizens know how many of them are
in the city, they can solve the problem quite easy by coming to the bar in
cycles. This solution was described in [64].

2.7.2 Potluck Problem

The Potluck Problem was described and defined in [37]. A potluck is a
party where every guest brings some food for everyone to eat. If the food
is in excess, the guests feel uncomfortable, as their food has to be thrown
away. On the other hand, if there is a deficiency of the food, guests are
hungry and unhappy. The perfect situation would be to have the exact
amount of food, but the appetites of the guests depend on many factors
and can vary between parties. So, guests have to guess the total amount
of food they have to bring, not knowing what strategy other guests will
adapt, unless they can communicate, see Fig. 2.1(b) for an illustration of
the problem.

In the Potluck Problem, the goal function is to balance the supply and
demand. Assuming that demand is not controlled, the goal function gl(t)
of l-th guest can be defined as, see [37]:

gl(t) =

{

1 if
∑n

i=0 si(t) =
∑m

j=0 dj(t)
0 if

∑n
i=0 si(t) 6=

∑m
j=0 dj(t)

(2.3)

The notations are explained in Table 2.1. A guest wins when the sum
of supply is equal to the sum of demand. However, the assumption is made
that a guest has no means to communicate with other guests to inquire
about the amount of food they plan to bring or the food they want to eat.
This lack of information makes the problem ill-defined, where the rational
reasoning does not help in winning by any of the guests. Enumula and
Rao [37] define rational reasoning as applying the best strategy in a given
situation, under assumption that the consumption level will be the same
as last time. They show that it leads to increased oscillation of supply.
If all guests make this assumption, they will take similar decisions, which
will lead to an exaggerated change in the supply of food and the balance
is never reached. The way to prevent it would be to introduce different
strategies for each of the participants, hoping that at least to some extent
the undersupply and oversupply will cancel each other out.

A method to deal with this problem is also presented in [37]. It is
a non-rational approach similar to the inductive reasoning described in
[7]. In the Potluck Problem, the rational action is to act as if the supply
has not changed since the last party. The non-rational approach is to allow
participants to take an action that is assuming a certain change in the future
supply (usually not explained by analysis of the problem). Participants
have a set of simple predictors with assigned weights, that forecast the
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level of consumption. The weights indicate how accurate the predictor was
on past iterations. The decision is made on the basis of a weighted sum of
predictors response (weighted majority algorithm). After each party, the
predictors are evaluated and weights are adjusted accordingly. Enumula
and Rao [37] called it a non-rational learning algorithm. Prediction of
supply side is not considered there.

Enumula and Rao claim in [37] that the Potluck Problem is a gener-
alization of the El Farol Bar one. But actually the point of view of the
decision-makers and the goal functions are different in both problems. The
personal goal function in the El Farol Bar Problem is given by equation
(2.2). It is clearly an egoistic goal, which does not consider the well-being of
other participants. Decisions of a participant are influenced by the actions
of others, which can be interpreted as influencing the decision-maker, but
it is not done intentionally. A participant has no intention to make the bar
full or not, because in both situations there is a possibility of winning. The
participants are independent agents and are even not aware of how many
other participants are in the system.

In the Potluck Problem, the goal function is to balance supply and
demand, as described by equation (2.3). The goal can be defined as a global
goal function which means that it is a type of a social welfare function.
Unlike the El Farol Bar Problem, it does not consider a personal gain or
loss, but rather poses a social problem: all participants win or all lose. In
the El Farol Problem, if the bar is crowded, the people in the bar loose,
but the people that did not go to the bar win. An analogy to social welfare
in the El Farol Bar problem would be the situation where the citizens are
trying to reach 60 people in the bar every week, and in case when there are
more (or less) attendees everyone looses.

The methods of approaching both problems are similar, but the prob-
lems’ complexities change when some exchange of information is intro-
duced. In case of a personal goal, adding knowledge about the decisions of
others (by communication) only introduces complications in decision mak-
ing: the agent has to actively make effort to be in the winning position.
By contrast, in the social welfare problem more knowledge usually leads to
a better outcome.

2.7.3 From Potluck to power balancing

Table 2.1 presents a comparison of the theoretical El Farol Bar Problem, the
Potluck Problem and a practical problem of power balancing. The prob-
lems seem very similar, but a quick analysis shows main differences which
cause that distinct methods of facing these problems have to be consid-
ered. The theoretical problems are extremely simplified and constrained.
The most limiting constraint is that agents are banned from exchanging
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Figure 2.3: Potluck Problem simulation with random consumption, with n=100.

Figure 2.4: Potluck Problem simulation with sinusoidal consumption, with
n=100.

information. The Potluck Problem can be expanded with additional con-
straints that resemble physical limitations that are present in the power
balancing problem, like e.g. minimal operating point, maximal operating
point, latency of operating point change. But these do not significantly
change the problem considered: it is still an ill-defined decision problem.

In the Potluck Problem, lack of information about supply is equally
problematic as lack of knowledge about its consumption. The author of
this thesis has made tests using a non-rational learning algorithm with
different consumption patterns: the performance of the algorithm with a
random consumption is shown in Fig. 2.3; with a fast changing sinusoid
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Figure 2.5: Potluck Problem simulation with constant consumption, with n=100.

consumption in Fig. 2.4; and with a constant consumption in Fig. 2.5.
Several categories of predictors have been used in the calculations:

• average demand over the last k periods,

• randomly chosen value of demand from the last k periods,

• choosing the demand from t − k period, this predictors are cycle
detector, it can detect cycles of 2, 3, 5 periods,

• mirror image around the average of the last k periods,

• the same as the previous period,

• trend over the last k periods,

• median of the last k periods,

• weighted solution over the last k periods – the random k weights
are chosen: w1, w2, . . . , wk, where

∑k
i=1 wi = 1 and the prediction is

calculated as:
∑k

i=1 D(t − i)wi,

• the smallest value of demand out of the two last periods,

• the larger value of demand out of the two last periods.

It is clear that a less changeable consumption makes it easier to re-
duce imbalances, as predictors work better. However, even for constant
consumption agents could not fully balance demand and supply. The os-
cillations are still visible.
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The reason for this is that all suppliers use the same algorithm and
therefore take similar decisions based on the same information, which in
turn leads to overcompensation. This is logical, as a supplier has no knowl-
edge of other suppliers and tries to solve the imbalance by itself. In some
situations (e.g. the oscillations in the linear case) the result can be im-
proved by introducing additional conditions to the agents’ logic, but such
specialization would decrease overall performance in the general case. A
better solution is to allow for communication between the suppliers.

There are many ways in which such communication can be introduced.
The simplest case is to publish information available for all agents. One
way to prevent big oscillations is to limit the number of suppliers that can
change their decision, such that not all suppliers will react to the imbalance.
This automatically limits the total change. It can be achieved by introduc-
ing tokens to tell a supplier that it is allowed to change its output, and
publishing which agents have the tokens in the given iteration. Preferring
certain suppliers over others becomes a matter of a central body that has
to decide how the tokens are distributed. Another way of preventing big
oscillations is by introducing direct communication between the suppliers.
This can lead to bilateral and multilateral negotiations, which permit for
choosing the strategy using rational reasoning. In a similar way, a solu-
tion with an ordering of suppliers can be introduced, and the agents higher
in hierarchy would be privileged to change their supply. In both last ap-
proaches, preference of a supplier can be decided by all the suppliers, using
the information they share, without a central decision body.

Realistically, a rotation of the suppliers should be introduced, based
on various factors, for example the cost of supply. To dynamically adjust
the ordering, a market scheme can be adopted: prices will introduce a
certain order. Exchanging information about the price and defining a cost
of imbalance (the bigger the difference between supply and demand the
higher the cost) is a simple market based scheme for balancing. Considering
such approach requires concessions from participants, but also allows for
rational decision making and leads to almost perfect balancing.

The goal function in real life power balancing is much more complex
than in the artificial theoretical Potluck problem. Comparing the goal
functions (equations (2.1) and (2.3)) can give impression that they are the
same. But in many of the described models, the criterion is to maximize
the profit or minimize the cost of producing energy [91, 124], where achiev-
ing balance is just one of the conditions. Often, only microgrids that have
a connection to the external power network are considered. The exter-
nal power grid is not a constraining factor, it can supply and receive any
amount of power, ensuring that the balance can always be achieved, which
facilitates the decision making. Under such circumstances, the problem of
balance becomes a side condition and the goal function focus usually on
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profitability of the power production. When the island mode operation of
the microgrid is considered, the power balancing becomes crucial for safety
of the devices and the network itself.

In the Potluck Problem and the El Farol Problem, decisions must be
taken in discrete time intervals and many iterations are needed to allow
the learning algorithms to adjust the predictors. After each iteration, the
outcome is calculated – the amount of people in the bar or amount of
food on the party. The power balancing problem is in reality a continuous
process, but it is often quantified to allow computer algorithms to cope
with it. The shorter the quantification time, the more small changes can be
balanced, leading to smaller loses and better security of the grid. However,
shortening of the balancing time has also its limits; as the change of the
operation point of the devices requires time. Different devices have varied
times of reactivity regarding their operation point change, which makes it
impossible to derive the optimal minimal length of a time period in general.
It can be approximated when the real set of devices that are installed in
the defined microgrid is known. At present, for an energy management
system, the time periods may be 5 minutes, 1 minute, but seldom less than
1 second (the minimal physical time depends on the set of devices and has
to be evaluated experimentally).
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Chapter 3

Multi-agent systems

3.1 Introduction

Computer systems are evolving faster than ever before. Increasing power
of the hardware allowed for more demanding software, which became ca-
pable of calculating more complex problems. Wooldridge in [135] describes
the most important trends in the history of computing: ubiquity, intercon-
nection, intelligence, delegation and human orientation. Ubiquity means
that computer systems are getting more common and appearing in places
where no one expected them to be. It seems to be correct, as for instance
in Europe there are statistically 124.7 mobile phone subscriptions per 100
people [146] and most of these are smartphones. Such devices are really
small computers with not small computing power. The interconnection
trend is real: computer systems are usually connected to the Internet or at
least almost all of them have such ability. Furthermore, it reached a point
where the network is the place where processing takes place and the device
is just an interface to it (e.g. cloud computing, web applications). Arti-
ficial intelligence is a broadly researched topic, as systems are required to
solve problems and fulfill their task using more advanced and complicated
algorithms and methods. With the increase of complexity, the computer
programs tend to be more autonomous. There also is a trend to facilitate
the user interface, to the point that the system should be ’guessing’ what
user wants. Personalization became a key word, the aim of the Graphical
User Interface (GUI) is that people feel comfortable with it and want to
use it. The user does not know anymore what exactly the program is doing
or how it is achieving it, and as long as it works properly she/he tends
not to bother with the details of implementation. Computers became more
accessible to people without proper engineering expertise, interfaces aim to
be more intuitive and resistant to errors.

Agents and multi-agent systems (MAS) are part of this trend. The idea
of agents has become the subject of research since about 1980 and was

31
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slowly gaining popularity, but the fashion for agent solutions came with
the spread of Internet. Agents are seen as the next step in creating an
intelligent network to make browsing for information and computing more
effective. They are considered as autonomous and smart programs that
realize tasks with minimal guidance from a user. This approach is still
wishful thinking – real agent systems are computer systems with specific
tasks and properties: they have some degree of autonomy and they interact
with other systems and people. The biggest obstacles that agent systems
have to deal with are too high expectations and overestimation of their
abilities. There are multiple definitions of agent systems and they are
often misinterpreted or abused. The term agent has multiple meanings
depending on field of research. This can create confusion when the proper
explanation of the term is not present. In this chapter, the definition of
the agent will be discussed and the agent properties be presented.

Development of agent methodology is on its way. More and more re-
search fields are identified where the concept of agents brings added value.
There is also an increased recognition of the agent paradigm and agent’s
properties are better defined. Agent is a concept that opens a way to more
anthropomorphic way of thinking about computer systems and modeling.
Agent modeling is closely related to such fields as linguistic reasoning, fuzzy
computing, game theory mechanisms, theory of communication, negotia-
tions, social behaviors, parallel computing, distributed systems, etc. There
are no real autonomous agents yet, but the work continues; the use of
artificial intelligence and expert systems is very promising. A better un-
derstanding of the ’agent’ term will help to clarify when to use this concept
and when it is not suitable.

3.2 Definition and history of agents

There are many definitions of the word ’agent’. Most of them look simplistic
and all lead to a very similar and general concepts, but understanding what
is an agent is much more difficult. In this chapter, only general concepts
of agent-based approaches will be presented, further details can be found
in [113] and [135].

One of the simplest definitions of agents was given by Wooldridge, in
[135] an agent is an autonomous computer system, situated in some envi-
ronment, that performs an action to fulfill tasks and goals defined by the
user. An agent should realize its task independently, has decisive power
and distinguish itself from the environment. Shoham [113] gives a slightly
different definition. He defines an agent as an entity whose state is viewed
as consisting of mental components such as beliefs, capabilities, choices,
and commitments. He argues that a number of things can be described
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in such way and that a clear and formally defined distinction of what is
or is not an agent, is almost impossible. There are a number of formal
definitions of agents ([135], section 2.5), but they cannot by applied to all
agents in general, but rather to some specific subtype of agents.

A multi-agent system is a system where a group of agents interact with
each other in an environment. This interaction is usually realized by com-
munication (defined in broad sense), which allows for autonomy in behav-
ior.

When there are different definitions of agents (even formal ones), it is
clear that there might not be a unity about understanding of agent con-
cept. However, both Shoham and Wooldridge explain the same thing in
their definition: an agent paradigm that is an approach of looking at pro-
gramming from a higher level of abstraction. The agent is not a type of
program, or a thing, it is the way we treat the program, a personification
of the computer code that simplifies the perception of the problem. Encap-
sulating the functionality into agent is very useful. The classic black-box
concept, where only input and output are considered, is too simplified when
tasks cannot be done unconditionally and require cooperation (or aggrega-
tion of results) of different elements. For such conditions, it needs to have
the ability to delegate work, ask for help and cooperate. This lead to the
addition of complicated processes and logic, which adds a behaviour. To
emphasize these differences, the term agent was used to indicate a system
that incorporates this.

The above interpretation is supported by the history of agents and
multi-agent systems. Computer system are evolving to be more efficient
and to operate on more complicated structures. The amount of data in
computer systems is growing at very fast rate – people start having problem
with grasping the whole complexity of data. Consequently, the computer
systems use more intelligent techniques to process and present data in a
manageable way. Among recently published articles, some current trends
in software computing are visible. Many research goes toward autonomous
systems that can understand linguistic terms and understand the context of
the requests. There is the desire that systems would understand imprecise
requirements, search for the solution by themselves, but on the other hand
they have to be obedient, should not know private data and for sure not
abuse them. It is a kind of personification of the system, treating computer
system on higher level of abstraction.

In Fig. 3.1 a simplified schema of programming evolution is presented:
the agent concept emerged from the development of computer program-
ming. With time, the computers become more popular and started devel-
oping more complex structure. The era of the object oriented programming
came and programmers had to learn to encapsulate the logic of the sys-
tem to make it more understandable. The programs started to be so big
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Figure 3.1: Development of Agent’s concept.

and complicated that such an approach was necessary. With the further
development, this was no longer enough – programs started to be divided
into modules, libraries, etc. It was necessary to grasp the full logic, the
different levels of details. The modules had to be compatible with each
other. The need for even higher abstraction level appeared – an agent.
But agent approach has really gained its popularity with the development
and popularization of Internet (appearance of Web 2.0 concept). Up to
this point, the agent approach was mainly a research model (mainly used
in logic architectures as e.g. Agent0 made in 1991 by Shoham [112]), which
at the heart is a distributed system. There was no real practical application
of the concept. The technological advancements in hardware, and then the
birth of Web 1.0 changed the concept of separate computers into a net-
work. This can essentially be used as a distributed system, and the agent
approach was reconsidered in this context. The development of Internet
technologies opened the door for new concepts: Web 2.0, Web 3.0 and Web
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4.0 [3]. Web 2.0 is an idea of web as place of social interactions where peo-
ple create the content and the web pages provide just the tool to do that.
Unlike the Web 2.0, which is a fact, the following technologies are still the
subject of research and have not yet reached the necessary popularity. Web
3.0 is a so called semantic web – an idea to standardize the information
representation to make it more accessible to machines and thus ease data
processing. Web 4.0 is a different name for using intelligent agents to gain
new experience in interaction with computer systems. It considers using
agents for gathering and processing data in such a way that would be very
human like, e.g. agent would present data in natural language adjusting
the information to the perception abilities of a user. This is still a field of
research and will not be implemented in near future, as understanding and
processing natural language is a difficult task.

Very often there is confusion on when agents can be described as in-
telligent. The intelligent agents have following properties [135]: reactivity,
proactiveness and social ability. Reactivity means that agent perceives the
environment and is aware of the changes that happen in it and acts accord-
ingly. Proactiveness means that an agent has a goal and actively pursuits it,
the agent takes initiative. Social ability is an interaction with other agents
which requires more than just exchange of information: it includes cooper-
ation, negotiation and argumentation. As can be seen in this description,
the intelligent agents do not require the ability for learning or mobility.
Considering this definition of intelligent agents, the agents described in
chapter 6 can be considered intelligent agents. In [109], a discussion about
the properties and definitions of intelligent agents is presented. The future
and innovative uses of agents are also considered there.

3.3 Agents and SOA

Service Oriented Architecture (SOA) is a concept of building computer sys-
tems from a collection of services which can be called in order to perform
a task. Originally, the motivation for SOA was to overcome problems with
integration of heterogeneous information systems and provide agile devel-
opment of new solutions. Over time, with the fast growth of the Internet
and the advent of ubiquitous environments, the services have become web
services and the standards developed for enterprises reached their limits.
However, fresh ideas in this area, often in the from of extensions of existing
standards, are continuously generated, especially by communities centered
around semantic web and ubiquitous computing. Several results, especially
service registries, service discovery and composition methods etc., exist and
can be reused or at least serve as an inspiration for developing new archi-
tectures.
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There is a wide range of applications of the Web Services, not only in
context of the SOA. According to [67], where the future of the distributed
computing is considered, Web Service is a well specified, self descriptive
and platform independent technology which also goes with an idea of en-
capsulation and granularity.

The Web Service is a stateless request-response application. It is simple
and easy to use by computer systems on all platforms and may be made
using different technologies. Because Web Services are considered by some
as the main element of SOA, an increasing number of applications are using
them or integrating with them.

Web Services are designed to be simple, stateless elements delivering
limited, coherent pieces of information. This makes them easy to use, but
also limits their application. To perform complicated tasks, there is a need
to interact, to send many different messages, as well as react accordingly
to the development of the situation. The interaction is a core element of
agents and their interoperability.

The Web Services and the agents are characterized by the following
common features:

• Both have detailed specifications made by FIPA (see section 3.5) for
agent systems and W3C for Web Services.

• They both have some kind of registers for discovering and registering
existing agents or Web Services.

• Thanks to the detailed specification, they can communicate with any
system that uses specific communication protocols, independent from
the technology or the platform.

3.4 Limitations and problems with agent

concept

A multi-agent system is a paradigm that suffers from similar drawbacks to
paradigms in artificial intelligence. The system should work autonomously,
based on the behaviors implemented. Such systems are very powerful but
are difficult to develop: if the system does not behave as expected, it is not
always easy to find which behavior in the implementation is the culprit and
where the system should be modified. As such, the development of such a
system requires a lot of testing and verification.

In [136], the most common problems with development of agent-based
systems are identified, and divided into categories: political, conceptual,
management, analysis and design, micro level, macro level and implemen-
tation issues. General conclusions are formed on the basis of the result of
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10-year experience with agent system development and can be summarized
into four typical issues: there is not enough understanding of what is an
agent and why it is used; there are too high expectations about the abil-
ities of agents; people are forgetting that agents are computer programs
that have special requirements; and they should be implemented according
to well defined development standards.

The misinterpretation of the agent definition leads to abusing the term;
it is even feared [136] that it will become a buzzword which will undermine
its research status. Agents are sometimes considered to be distributed,
generic tools using artificial intelligence (AI), completely forgetting that
the implementation of such a system is an extremely difficult task, at least
at the present stage of development, and requires well-defined constraints
and requirement analysis. Such programs exist, but often remain in the
prototype phase of development.

Agents are meant to be distributed systems and this makes their im-
plementation more difficult and requires using a number of mechanisms
for handling exceptional states of the system. In a well designed and
implemented system, the death or malfunction of one agent can disturb
task connected with its activity, but should not disturb the activity of the
whole multi-agent system. This adds additional code which is not fully con-
nected to the required functionality. Consequently, the systems tends to be
complex, often sacrificing the efficiency and speed. It has to be carefully
weighted whether using the agent approach is justified for a given problem
and if the agent architecture provides real benefits.

3.5 Standards and protocols

FIPA – The Foundation for Intelligent Physical Agents is an IEEE Com-
puter Society organization that defines the standards regarding agent tech-
nologies and protocols of communication between them. It was accepted by
the IEEE in 2005 to promote the agent-based approach [143]. But already
since 1997, FIPA published a number of specifications of abstract architec-
tures of agents and multi-agent systems. The politics of FIPA is to create
standards that would organize the agents’ cooperation, while still allowing
integration of new technologies or ideas: they assume that the technology
used to create an agent is not important as long as it would be able to use
some pre-defined protocols and have a minimal set of features. The most
emphasized areas of which FIPA takes care are: agents, communication
between agents, services, agent management and integration of agent with
different technology agents.

FIPA defines elements necessary for proper functioning of the whole
multi-agent system:



38 CHAPTER 3. MULTI-AGENT SYSTEMS

• Agent management system (AMS, which manages the life-cycle of
an agent: it can start, stop, suspend and deregister agents from the
system.

• White pages, a service for agent identification which translates be-
tween the name of an agent and the physical address of the agent.

• Yellow pages, a service identifying the services that are offered by
agents in the system.

• Message transport service, a service that forms the communication
medium between the agents.

The agents’ features, behavior and the way of communication are well
described in the set of specifications developed by FIPA ([39],[40],[41]).

From the specification point of view, there is still no well established
standard (like e.g.UML), but some attempts are being made, for example
works described in [21] or [47].

3.6 Java Agent Development Framework

The Java Agent Development Framework (JADE) [19] is fairly popular and
was shown to be efficient enough to be used in implementing large-scale
multi-agent programs [29]. It is also used in this thesis. JADE contains
the library for implementing agents and their functionality, the launching
environment which gives the abilities of the multi-agent environment, and
a set of tools that help to monitor agents behavior.

JADE is implemented in JAVA, so it works on a virtual machine over the
computer operating system and requires Java version 1.4 or newer. Using
JAVA introduces some performance limitations, but on the other hand
it allows launching JADE agents on all devices that run JAVA. JADE
is distributed as an open source software under the terms of the LGPL
(Lesser General Public License Version 2). The JADE Board consist of:
Telecom Italia, Motorola, Whitestein Technologies AG, Profactor GmbH,
and France Telecom R&D.

JADE organizes agents into platforms – the logical structure that de-
fines the boundaries of the multi-agent environment. Platforms hold con-
tainers, which group agents. A platform can be spread over multiple net-
worked computers, whereas a container is tied to a pre-defined machine.
JADE allows for migration of the containers and agents between different
physical machines in a transparent way, from the point of view of an agent.
In order to comply with standards of FIPA platforms and containers are
necessary: in a platform, agents have names while their physical address
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(including IP address) is stored in the white pages service. Containers pro-
vide functionality for freezing, moving and restarting agents, and allow for
transport of messages between agents.

3.7 Agent systems in energy modeling

As is presented in section 2.4, the problem of power balancing is an op-
timization issue that is often solved with centralized power systems, but
distributed solutions are also used and have their benefits.

Among them, agent-based power balancing systems are quite a popular
approach. The use of the agent concept in electric energy modeling has
been a quite popular subject of research and there is a consensus that the
energy management systems can benefit from the agent approach. Publica-
tions of IEEE Power Engineering Society’s Multi-Agent Systems Working
Group ([75] and [76]) discuss the usability of agents in the energy sector.
The authors underline the features that are very desired in the energy
management applications: extendibility, flexibility, use of open standards,
heterogeneity of agent programming languages, suitability for modeling
distributed systems and high fault tolerance.

The applications where agent systems would be especially suitable ac-
cording to [75] are: diagnostics, monitoring, distributed control, modeling,
simulation and protection.

Many implementations of EMS systems for distributed energy man-
agement exist; a classification of different energy management schemes for
agent-based systems can be found in [102]. Agents can represent single de-
vices, nodes in the power grid, subsets of nodes or even single microgrids.
The presented categories of management schemes are: central-hierarchical
control structure [52], distributed-hierarchical control structure, and decen-
tralized control structure (peer-to-peer relation). The hierarchical organi-
zation of agents introduces an order and defines each agent’s function in
optimization and decision making. The hierarchy can handle power distri-
bution in a similar way as centralized systems. Completely decentralized
control structures have no hierarchy; this makes them more robust to fail-
ures and allows them to quickly adapt to changing conditions. However,
this peer-to-peer approach results in a larger exchange of data and more
intensive communication, as a result of which such systems might oper-
ate slower. However, these are all distributed systems, which by definition
allow for distributed processing of the data; in large grids this can have ad-
vantage over centralized EMS, as computing power can be better tailored
to match the requirements.

Multi-agent system can be also used in the market based control systems
as the agent approach is very suitable for modeling the markets, including
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different negotiation schemes and different auctions [23, 46]. Batten [16]
discusses how economic processes can be modeled by agents and points out
that some problems can be quite easily treated using computer simulations,
but are too complex for a mathematical modeling. A presentation of market
based energy control systems can be also found in [66, 91, 128, 130].

Examples of the energy management systems implemented using the
multi-agent paradigm are presented in: [2, 60, 61, 101, 107].



Chapter 4

Energy management system
for Research Center

4.1 Introduction

The microgrid used in the research is based on the original plans for the
Research Center of the Polish Academy of Sciences, ’The Conversion of En-
ergy and Renewables’ in Jabłonna. This research center is currently under
construction. The electric infrastructure of the Center is a microgrid whose
specification have been through a number of changes since the start of this
research. This chapter outlines the computer system used for managing
energy in the microgrid and for simulating its infrastructure. The overall
plan of the center used in this research was decided on at an early stage
and is described further in section 4.2. While it deviates from the currently
constructed microgrid, the methods in the research are general enough to
still be applicable. The chapter also contains a short description of the
microgrid physical models used in simulations: the models of the devices
and the Load-Flow Simulator. They are presented in sections 4.3 and 4.4.
In section 4.5 a short introduction to the models and analysis of reliability
factors prepared for this microgrid is presented.

Based on the physical model of the grid and equipment, an energy
management system (EMS) was developed to optimize production and us-
age of power in this center. This EMS is implemented as an intelligent
distributed system which has a modular architecture, where each system
deals with different aspect of management and monitoring of the microgrid.
The components of the energy management system are elaborated upon in
section 4.6.

41
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4.2 Research center and its infrastructure

The research center was conceived to research applications of renewable
energy and new technologies. As such, in its description, the center aims
to research energy generation, storage, and management. This concerns not
only electrical energy but also energy in the form of heat and transfer of
heat. The main source of heat are condensing gas boilers (CGB), installed
in four of the buildings. Electricity and heating are interdependent: air-
conditioning and ventilation use power to operate and impact temperature,
while on the other hand a reciprocating engine and a gas microturbine are
combined heat and power (CHP) units, the heat from exhaust gases is
recuperated and used for heating. Temperature change and water heating
is much slower process than the flow of electricity. Heating management
is simpler and well recognized; consequently this thesis focuses solely on
electrical energy.

It is assumed that the center is constructed as a complex of 5 buildings
[133]:

• Laboratory of Solar Techniques (LST) – the building has 975 square
meters of surface area, distributed over two floors, and houses a lab-
oratory hall with high ceiling, laboratories, seminar halls, workshops,
boiler room, distribution board, ventilation facility, lodge, utility
rooms, toilets and corridors;

• Laboratory of MicroCHP and Ecological Boilers + Laboratory of
Wind Power Engineering (both in one building LMEB+ LWPE) –
a two floor building with a usable surface area of 874 square me-
tres, containing a laboratory hall, laboratories, seminar rooms, work-
shops, boiler room, distribution board, ventilation facility, lodge, util-
ity rooms, toilets and corridors;

• Laboratory of Energy Consumption Rationalization (LECR) – the
biggest building, estimated size around 5010 square meters, compris-
ing conference hall, laboratories, workshops and seminar rooms, social
rooms, recreation areas, reception, laboratories, offices, administra-
tion rooms, restaurant, cafe, technical rooms, utility rooms, ventila-
tion facility, boiler room, distribution board, toilets, halls, corridors
and a hotel, with 16 1-person rooms and 16 2-person rooms;

• Laboratory of Power Industry Safety Engineering (located in two
buildings LPISE1 and LPISE2) – their combined usable surface is
around 2100 square metres.

The models of the grid and its devices were designed by a group from
Warsaw University of Technology [93] and [133]. This work was done in the



4.2. RESEARCH CENTER AND ITS INFRASTRUCTURE 43

context of a common project, in which, among others, the group from War-
saw University of Technology and the present author participated. All the
technical and economical aspects of the grids have been taken into account
according to the Polish Energy Law [119] to make the model as realistic as
possible. Current developments such as integration of distributed energy
resources [63], AC-coupled hybrid systems [31] and island mode operation
[104] have also been considered.

The simulated microgrid is a low voltage network (LV, 0.4 kV), con-
nected to a medium voltage supply line (MV, 15 kV) via an MV/LV (15/0.4
kV) transformer substation. The distributed generation sources that are
considered are:

• photovoltaic panels (PV) (50 and 60 panels of 210 W rated power
each),

• micro wind turbines (MWT) (3x10 kW),

• a micro hydroelectric power plant (MHPP) (3 turbines, 30 kW each),

• a gas micro combined heat and power (CHP) units: gas microturbine
(GM) (65 kW) and reciprocating engine (RE) (50 kW).

Additionally, the microgrid is equipped with the power storage units:

• a set of accumulator batteries (whose maximum power output is 50
kW),

• a set of flywheels (their maximum power output is limited by the
electroenergetic transformers to 50 kW).

The simplified schema of the microgrid is presented in Fig. 4.1. The
diagram shows all production and storage nodes in the different buildings.
The consumption nodes are not presented in the figure. In Appendix, the
electric schemes from [PWW10] that were used in implementation of this
system are presented. The simplified diagram of the microgrid electrical
installation can be found in [133]. The report [PWW10] describes the de-
tails of the power network of the microgrid, this report was accompanied by
the detailed technical pictures of the grid layout (provided in the Appendix
Fig. 1 – 17) – these were used to create the usage simulator (described in
section 5.3). A sample diagram of the grid layout is presented in Fig. 4.2.

All of the loads are divided into two groups: the ones that have to
be powered in any conditions – unconditionally supplied (unconditionally
reserved) and the ones that can be switched off under power deficit – con-
ditionally supplied (conditionally reserved). In total, there are 128 nodes
(production and consumption nodes together), of which 54 are uncondition-
ally reserved. All equipment that have priority in receiving power, such as
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Figure 4.1: The microgrid is composed of five buildings and a water power plant,
connected together and sharing one connection to the external grid (top of the
figure).

e.g. controllers of sources and power network, important computer equip-
ment and emergency lights, are connected to the unconditionally supplied
group. Those devices that can be switched off in the event of power deficit
are connected to the conditionally supplied group. This differs from the
classification in controllable and uncontrollable devices. The criterion here
is the necessity of getting power at any cost or not. In [133], the authors
suggest even that the unconditional supplying section should be outside of
the control of energy management system, as the EMS should not interfere
with its operation. In the presented microgrid, these nodes are monitored
and as such they should also be registered in the EMS as other remaining
nodes. While the EMS does not directly control their usage of power but
rather schedules events, knowledge on the unconditional supply may be
used for scheduling.

The energy consumption units (loads) were divided into the following
categories:

• the laboratory equipment (conditionally reserved),

• the technological kitchen equipment (conditionally reserved),
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Figure 4.2: Sample description of the part of the microgrid - the upped diagram
represents the part of the laboratories on the second floor of the building LECR.
[PWW10]

• the heat pump (conditionally reserved),

• the heating control equipment (unconditionally reserved),

• the ventilation and cooling system (conditionally reserved),

• the lighting system (both unconditionally and conditionally reserved,
depending on the purpose),

• the electrical sockets for general use (conditionally reserved),
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• the electrical sockets for the computer hardware (both uncondition-
ally and conditionally reserved, depending on the purpose),

• the electrical equipment in the hotel rooms (conditionally reserved),

• the electrical equipment in the conference rooms (conditionally re-
served),

• the lifts (unconditionally reserved).

The type of reserved connection for lighting system and electrical sock-
ets for the computer hardware depends on the location and purpose of
the equipment: emergency lights are connected to the unconditionally re-
served power lines, whereas the other lights in the rooms are connected to
conditionally reserved power.

A node groups similar devices in a certain area of the building. The
number of devices that are connected to a single node varies: some nodes
can gather a large number of small devices (like the lights in the conference
room), some have only a single device connected to it (like specialized
nodes, e.g. node R211.1W is specially used to provide better insight for
specific devices, e.g. microturbines and gas turbines).

Some nodes contain controllable devices. For these, the energy manage-
ment system can request to adjust produced or consumed power accord-
ingly, within the technical limitation of the device. Such devices are mostly
non-renewable power sources (reciprocating engines, gas microturbines), as
well as water turbines, batteries, etc. Wind turbines and photovoltaic pan-
els are considered uncontrollable devices, as the amount of their production
depends on the weather conditions and cannot be changed by the EMS.
Larger renewable sources are equipped with controllers, and they can be
under limited control of an EMS, but the power output of the renewable
sources considered in this project is dependent only on the current weather
conditions.

The energy management system has limited functionality in the island
mode operation. When the microgrid is disconnected from external power
grid, the standard procedure is to switch on the reciprocating engine, then
disconnect all conditionally reserved nodes and finally reconnect the condi-
tionally reserved nodes that can be powered. The engine synchronizes the
phase of the power in the microgrid. Theoretically, it is not necessary to
switch off all devices: it is possible to calculate how much power will be
available, and only keep the devices powered that can be powered. This
means that only some nodes would be cut off when there is a deficit of
power. A practical solution and also safer from the point of view of equip-
ment, would be to assign priorities to the devices and use techniques of
demand side management (DSM) to decrease the load. The inclusion of
demand side management is possible in the presented EMS by considering



4.3. MODELS OF DEVICES 47

some consumers as controllable devices. The mechanism would be inverse
when compared to controllable sources: a controllable consumer could be
powered down when there is a deficit of power, or powered on when there
is too much power (e.g. in island mode, with no available power storage).
The same mechanism used to make they system choose between producers
can be used to choose between consumers, and thus the priority mechanism
could be implemented. In the context of the presented research center, no
consumers that could be switched on or off by the EMS were incorporated.

4.3 Models of devices

The models of the devices in the simulated research center are divided into
three groups: energy sources, energy storage units and energy consumption
units (loads). The devices are described in the following paragraphs in more
detail, as their properties have to be incorporated in the microgrid model.
The energy sources comprise [93, 133, KPWWtw11]:

• Wind turbines – they produce electricity by converting the power of
the wind that moves the blades of a windmill. The wind turbine
operates within a defined range of wind speeds. The amount of the
produced energy depends on the wind speed, the size of the blades
and the efficiency of the windmill. Small wind turbines are not able to
control their power production, large ones have the ability to change
(limit) the amount of produced power within a certain range. The
wind turbines used in this project have their optimal operating point
at 11 m/s wind speed. The minimal wind speed required to produce
electricity is 3 m/s. The top speed of wind for this model of turbine
is 17 m/s, which is an extremely rare case in the area where such
turbine is meant to be installed. Power produced by the wind turbine
is approximated (by fitting to the measurements) by the following
polynomial [KPWWtw11]:

PW (t) = −0.0513v(t)4+13.182v(t)3+353.45v(t)2−1518.6v(t)+2060.6

where v(t) is a current speed of wind. Three wind turbines are in-
stalled in the center, each of them has the nominal power of 10 kW. It
is assumed that they are equipped with the FKJ-A3 controllers and
the power inverter WG10K.

• Photovoltaic panels – they produce electricity by converting the power
of the solar radiation to the electricity. The power produced depends
on the surface area of the panel, the intensity of the solar radiation,
temperature and the efficiency of the process. An important element
is also the temperature, as the efficiency of the panel decreases with
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increase of the temperature. Thus, the same panel usually produces
more electricity in the early spring than during hot summer days.
In this project, two sets of panels are considered: one installed on
LMEB+LWPE and the other on LST. Their peak powers are 12.6
kW and 10.5 kW respectively. The model of the power produced by
the panels is as follows [KPWWtw11]:
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where: sP V is the area of the photovoltaic panels [m2], ηP V
0 is the

efficiency of PV in the standard conditions [-], C4 = −0.00051/K is
a temperature constant, NP V indicates the number of panels, ηP EEis
the efficiency of the converter, G(t) defines the irradiance in the time
t, u(t) is the air temperature [℃], uSC

0 indicates the temperature of
the solar cell [℃] and G0 = 1000 W/m2 is the solar constant.

• A reciprocating engine – this category includes a combustion engine
(a Diesel, a spark-ignition engine) or a gas engine. The ecological
aspect of this source depends on the fuel used (petrol, bioethanol, gas
or biogas), it can generate the requested amount of electricity over
time within its limits, using a certain amount of fuel (the efficiency
depends on the characteristic of the device). As it is controllable,
it is necessary in the island mode operation, when supply has to
be guaranteed. The engine controls the phase and frequency of the
current in the microgrid in the island mode operation. The peak
power of the engine used in this project is 50 kW.

• A gas microturbine – the natural gas is considered the least green-
house gas emitting power source out of all fossil fuels. In addition,
it is also fairly cheap. The gas microturbine is even more interesting
when the biogas is used. It is assumed here that the gas or the biogas
is bought on the market and the access to the fuel is unlimited. The
maximum production by the microturbine is 65 kW.

• A micro hydroelectric power plant – the research center is placed
near a small river. Although the plans of the Research Center did
not included a small hydroelectric power plant, it was added in this
simulation model to consider such type of device and increase the
power produced. Its production abilities depend on availability of
water in the water reservoir. In wet seasons the hydroelectric power
plant can work with its maximal power, but in the situation of a
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Figure 4.3: Water flow of the exemplary small river considered in the project,
the diagram is trimmed to 8 m3/s for clarity.

drought the water supply has to be carefully controlled. A hydroelec-
tric power plant with 3 Kaplan turbines of 30 kW each is assumed. In
the simulation, the 3 turbines are considered as a one power source of
maximum 90 kW production capabilities. The maximum water flow
for turbines is 6.3 m3/s, which for the small river considered here is
often below the actual water flow. In Fig. 4.3 the minimum, maxi-
mum and average water flow in this river is depicted. As presented in
the figure, the minimum water flow can be even as low as 0.4 m3/s,
which is limiting the power of hydroelectric power plant to 5.5 kW.

The following energy storage devices (as in [93, 133]), are considered:

• Flywheels – their efficiency is very high, reaching 93.5%. The electric
energy is transformed into kinetic energy of the flywheel that can
turn with the speed of up to 60 000 rpm. It is a very fast reacting
storage that can even survive short-time overcharge (up to 150% for
one minute). In the center, 10 flywheels of type VSS+DC [153] are
connected in parallel. The power output is limited by the electronic
power converter to 50 kW to assure a longer time of releasing the
power. The exact time during which power can be supplied depends
on the speed of the discharging and on the amount of energy stored
as kinetic energy. The flywheels used here start having power losses
after 12.5 seconds. Thanks to limiting the power output, this time
can be prolonged to minutes, depending on the situation. This power
storage unit is used as a ultra-fast balancing mechanism.

• Batteries – the gel accumulators have efficiency of about 88%, but
their charging and discharging powers are limited. In the center,
50 gel accumulators, each of 200 Ah capacity, are installed [154].
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Batteries are suitable for keeping power for a long time (for days), can
be charged and discharged frequently and the density of the stored
energy is high. The assumed batteries have a maximum power output
of 50 kW.

Apart from sources and energy storage units, the third group of active
elements in the center consists of consumers of electricity, such as refrigera-
tors, computers, lights, air conditioner, special equipment for experiments,
etc. Considering every single device or socket in the building as a separate
power consuming device would be unrealistic, as it would require equipping
each device with an energy meter or even a power electronic converter. In
the simulated microgrid, it is assumed that the power is measured in nodes
of the electric installation.

The simulated microgrid combines many devices, most of which exhibit
some randomness in their usage: sunshine impacts the photovoltaic cells,
wind impacts the turbines, people switch on devices, devices have varying
load profiles, etc. To have a realistic simulation, it is necessary to accurately
imitate these random factors. The simulators that were developed within
this thesis and used in the research are described in chapter 5.

4.4 Load-Flow Simulator

The model of the grid and the Load-Flow Simulator were designed and
implemented by a group from Warsaw Technical University, Institute of
Electrical Power Engineering. The Load-Flow Simulator is a program to
calculate the power flows and to ensure that there are no violations of
physical constraints of the cabling and devices. The details about im-
plementation and user manual were presented in [Par11, Par12a, Par12b,
PW12b]. More details about the model of grid and devices is presented
in [133, PWW10, PWW11]. The program calculating the flows is shortly
described below.

The algorithm calculating the power flow uses the vector of states xT =
⌊|UT | δT ⌋ for each node in the grid as the input. Each of these states
consists of two vectors: the vector of voltage absolute values (|UT |) and
the vector of voltage phase angles (δT ). Knowledge of xT allows for easy
derivation of searched values: branch power, power loses in the grid, and
unknown powers and voltages in the nodes.

Nodes can be one of four types, they can be of type ’load’, ’generator
PU’ (with defined real power and voltage), ’generator PQ’ (with defined
real and reactive power) or ’balancing’. The nodes that contain power
storage units, such as batteries and flywheels, are considered alternatively
as ’load’ type or as ’generator’ type. For both ’load’ and ’generator PQ’
type nodes, real and reactive power (received and generated accordingly)
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are given. For ’generator PU’ type nodes, real power and voltage absolute
values are defined. For ’balancing’ type nodes, the voltage absolute values
and the voltage phase angle equal 0. Power and voltages in the nodes are
bounded with the following dependencies:

Si = Pi + jQi = UiI
∗

i = |Ui|
2Y ∗

ii + Ui

∑

k∈Ni

Y ∗

ikU∗

k (4.1)

Ui = |Ui|e
jδi (4.2)

Yik = Gik + jBik (4.3)

where Si denotes the given node power of i-th node, Pi is the active power,
Qi is the reactive power, Ui is the node voltage, Yik is an element of the
matrix of node admittance, Ni is the set of nodes connected directly to node
i-th, N is the overall number of nodes in the grid, NP U is the total number
of ’generator PU’ type nodes. For each node i, except for the balancing
one, the following equation can be derived from equation (4.1):

|Ui|
2Gii + |Ui|

∑

k∈Ni

|Uk|(Gik cos δik − Bik sin δik) − Pi = 0 (4.4)

In total this yields N − 1 equations. At the same time, for all ’load’ type
nodes and ’generator PQ’ type nodes the following N − 1 − NP U equations
can be derived:

−|Ui|
2Bii + |Ui|

∑

k∈Ni

|Uk|(Gik sin δik − Bik cos δik) − Qi = 0 (4.5)

where δik = δi − δk. In total, in the grid of N nodes and NP U generator
nodes, the number of equations is 2(N −1)−NP U . Knowing the vector and
given data, the power in the branch of the network and the losses of power
can be calculated. This gives a system of non-linear algebraic equations
in complex variables whose solution is found using the Newton-Raphson
method. The stop condition is to reach a declared precision of calculations
in all nodes. The detailed description of the method is presented in [PW11].

The program is implemented in JAVA. It exchanges information be-
tween the other systems using the configuration files that store the current
state of the nodes in the power grid.

The program calculates the flows in the microgrid for a given state;
when the state changes, the program has to receive a new definition of node
states and has to recalculate the flow. Thus, with each change of state, the
flows have to be recalculated. The frequent reruns of the simulator give the
impression of real time changes in power flows. The frequency depends on
the other elements of the system, e.g. the Short-Time Energy Balancing
system described in chapter 6. Figure 4.4 shows the outcome of the Load-
Flow Simulator; it is the format readable for other computer systems. The
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Figure 4.4: Graphical user interface (GUI) of the Load-Flow Simulator: an
example of the calculated states and flows of the microgrid.

Figure 4.5: Graphical user interface (GUI) of the Load-Flow Simulator: an
example of the grid representation.

graphical interface of the Load-Flow Simulator was made to represent the
structure of the microgrid and the nodes properties in readable form, an
example is presented in Fig. 4.5.

4.5 Modeling and analysis of

reliability factors

The uninterrupted operation of the microgrid controllers as well as the en-
ergy management system is important to maintain continuous operation of
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devices in the microgrid and to maintain proper quality of electric current.
The complexity of the grid and the large number of different elements make
the problem of reliability important, but also very complex. A failure of a
component can have many reasons, but it will always add disturbances to
the operation of the microgrid.

Adding the computer management to the power system introduces an
additional danger of failures. To minimize the effects of hardware and soft-
ware failures, the standard and well established security procedures and
protocols should be implemented [134]. In the presented project, the ele-
ments that are launched with less time constraints (e.g. Planner recalcula-
tion of schedule) should be placed on dedicated servers with the procedures
ensuring the continuity of operation implemented. The time-constrained
systems (e.g. Short-Time Energy Balancing System) should be distributed
on specialized equipment. The architecture of Short-Time Energy Balanc-
ing system is agent-based, which provides easy techniques for distributing
the agents and implementing their recovery after failures.

Considering the technical and procedural risks for such system, the
frequency and the scale of failures has to be analyzed. Procedures for re-
liability analysis were developed to find quantitative characteristics of the
operation process of the grid, whose model is described in [PWW11]. In
[Mal12] the model and analysis of reliability factors are presented. This
analysis consists of two modules: one defines the topology of the network,
the other estimates the parameters using Monte-Carlo simulation methods
combined with the interval estimation ([73]). In [Mal13] the model consid-
ering analytical calculation of reliability factor oriented on power supply
continuity is presented. The full description of the work done in this module
can be found in [72, 74, Par13, PW12a].

The model of reliability factors of power supply continuity was devel-
oped in collaboration between the Systems Research Institute and the War-
saw Technical University, Institute of Electrical Power Engineering.

4.6 Energy Management System

4.6.1 Introduction

The aim of the energy management system is to ensure the efficient and
uninterrupted operation of the microgrid and to optimize the usage and
production of electric power. Here, the concept of management is under-
stood very broadly, not only as implementing production side management
and demand side management (both mentioned in section 2.6 and 2.7, re-
spectively), but also power trading with the external power grid (described
in section 4.6.4).
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Figure 4.6: Simplified schema of the model of the microgrid and the Energy
Management System.

Figure 4.6 presents the simplified environment of the EMS and the main
elements of the EMS. The EMS is composed of a number of autonomous
systems that are exchanging data through a common storage point. They
do not take input from each other nor provide data for the EMS to work, but
rather are autonomous components whose combined functionality results
in the complex EMS system. This also allowed for parallel implementation
and testing of the systems. The most important of them are: Planner,
Short-Time Energy Balancing system and System for Energy Trading. The
Planner deals with the first stage of the optimization, which is achieved
through prediction and scheduling; while the Short-Time Energy Balancing
handles deviations of the schedule, while trying to maintain optimality.

The Planner is a program realizing demand side management, developed
by a team from Wrocław University of Technology within an earlier men-
tioned common project. It analyzes the list of submitted tasks and suggests
a more cost optimal time for realizing them, taking into account limitations
defined by the user. Knowledge about which activities are planned and
which activities can be postponed allows for better planning of the power
requirements. Combined with predictions of typical power usage [96] and
the weather forecast, this knowledge can allow for a production planning in
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which the cost of energy is minimized. The program is presented in section
4.6.2.

The Short-Time Energy Balancing system was designed and imple-
mented by the author of this thesis. Its aim is to deal with short-time
imbalances by changing operating point of controllable devices or exchang-
ing power with external power grid. The system is shortly outlined in
section 4.6.3 and the specification and implementation details are covered
in chapter 6.

The System for Energy Trading was developed in the Department of
Computer Modeling of the Systems Research Institute, Polish Academy of
Sciences with a small participation of the thesis author. It is presented in
section 4.6.4.

4.6.2 Planner

Due to the complexity of the management problem described here, a two-
phase optimization of the power in the grid is applied. The Planner real-
izes the first stage: optimization of power usage and production using the
predictions and data available at this time. It is the only system in the
project that deals with demand side management. It uses the planned tasks
of activities and forecasts of uncontrollable production and consumption of
energy in the grid. The Planner suggests the best time for the realization of
submitted events, taking into account limitations defined by the user. The
Planner also schedules the optimal operating point of the power generators
in the microgrid and helps defining the conditions of long term deals with
the external power provider. The Planner uses a heuristic algorithm as the
problem of task scheduling is a NP-hard problem. The aim is minimization
of the cost of operating the research center. The model and algorithms for
Planner were published in [GKL11, GKL13b, GKL13c]. The manual of
this program is in [GKL13a].

Because the research and conference center considered in the project
has specific aim and purpose, the aspects of demand side management had
to be adjusted to the characteristics of the microgrid. Demand side man-
agement and demand response were introduced in section 2.6. The priority
of the research center is to perform research, educate and organize scientific
events. While demand side aspects can be taken into consideration, the re-
search and operation of the research center has to take priority over power
efficiency. Scheduling activities and knowledge on recurring tasks can con-
tribute to adjustment of demand without disturbing daily operations. The
Planner collects data about the events via the room and equipment reser-
vation system. A user reserving the conference room has to give constraints
about the time of the event (lecture, conference, etc.), the system shows
the best time for the event, when the energy can be provided in a cheapest
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Figure 4.7: Graphical user interface (GUI) of the Planner: definition of power
sources with averaged yearly profile of power production by photovoltaic panels.

way. If the time does not fit the user, he has to insert different constraints
and request the Planner to recalculate the schedule.

The problem of optimizing the power usage is considered as an optimal
scheduling problem. The description of an event defined in the system
includes identification of the center facilities and a grid services that are
required for its realization. For example, the event ’seminar’ requires a
room equipped with a computer and a projector, while an event defined
as a ’conference’ may need 5 seminar rooms simultaneously. An event
not only has a preferred time of occurrence (which may be fixed, or may
be open to rescheduling) and a duration, but also has a power profile,
which is derived from the devices involved and contains information on the
power requirements at any time during the scheduled event. Using this
information together with knowledge of average energy production by the
uncontrollable sources and average usage of energy by the uncontrollable
loads in the considered period of time, the Planner can determine the usage
of power for a given schedule and for each moment calculate the optimal (for
balancing power) operating point of the controlled power sources. Knowing
these operating points, the Planner can calculate the cost of the schedule,
which is then minimized using a metaheuristic method.

In Fig. 4.7 – 4.12, the Planner user interface is presented. Fig. 4.7
presents the interface to define power sources. For the uncontrollable
sources, their typical, averaged profiles for a whole year are defined. The
schedule is calculated well in advance (days or even weeks ahead), and for
this, long term forecasts of weather conditions can be used. This results in
a general profile of weather conditions; deviations from it cannot be reli-
ably predicted for more than a few hours ahead. The deviations are taken
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Figure 4.8: Graphical user interface (GUI) of the Planner: definition of power
profile of consumer usage.

Figure 4.9: Graphical user interface (GUI) of the Planner: main screen for
defining events.

care of by the Short-Time Energy Balancing system. Fig. 4.8 presents a
sample power function – it is a profile that the Planner uses to evaluate
how different events will use power. The definition of it is stored as a nor-
malized profile (both the points in time defining the profile as well as the
value of power have to be in range of 0 to 1), which can be rescaled to
required time period. Fig. 4.9 shows an example of the set of events, and
an editing screen for one of the events. The attributes for an event are:
name, date, the earliest starting time, the latest end time, the type of the
equipment and locations that are needed for the event realization as well
as the minimum and maximum number of facilities and equipment that
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Figure 4.10: Graphical user interface (GUI) of the Planner: a sample schedule
calculated by the Planner.

Figure 4.11: Graphical user interface (GUI) of the Planner: energy requirements
of each task in scheduled period.

can be used to perform an event. In addition, there can be also a priority
of the event an and expected time to start an event. Other parameters
are power usage (defined as a profile and scaling factor), duration times
and an ordering which defines which events should precede and follow the
considered event.

The problem is formulated as a mixed integer programming (MIP) task,
which can be simplified to the binary knapsack problem, which is NP-
hard [GKL13c]. Consequently, finding the cost optimal schedule within
the defined constraints is also a NP-hard problem [45]. The Planner is
not designed for the island mode of the microgrid. The schedule in that
case may not satisfy all constraints, while under the normal conditions the
external power grid guarantees existence of the solution. The algorithm
for scheduling the events is based on the simulated annealing technique.
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Figure 4.12: Graphical user interface (GUI) of the Planner: Sample schedule of
operating points of the power sources that should be set to optimize the cost of
power.

Simulated annealing [20] is a heuristic algorithm that performs a local
search to find a better solution, but is able to accept, temporarily, worse
solutions to allow for searching solution space outside of a local optimum.
The schedule created by the Planner can be suboptimal, but it is guaranteed
to be provided within a specified time. The schedule includes not only
the list of events that are executed at certain time interval, but also the
operating levels of all controllable devices in the system. Having such
information, it is possible to compute the total surplus or deficit of power
in every time period by comparing the planned consumption of power to
the expected amount of production.

If the constraints provided by the users are very strict, the scheduling
algorithm has not much freedom to change or choose better time. In such
case, the gain of using this method is small. On the other hand, if the
constraints provided by the users are not strict, the Planner has much
more freedom and scheduling algorithms (perhaps including rescheduling)
are more efficient.

Fig. 4.10 presents a calculated schedule which shows which events
should be performed on which equipment (in which facilities). The pro-
gram also shows the power consumption in the scheduled time and the
power required by each event (Fig. 4.11), as well as the optimal operating
points of the controllable sources in the scheduled time (Fig. 4.12). If
the schedule does not satisfy the user preferences, the user can modify the
event by changing the parameters and recalculate the schedule.

In its present form, the Planner focuses on events scheduled by staff of
the Research Center. Having the Planner use more sophisticated forecasts
and possibly derive predictions by itself is on its own is an interesting topic
for future research.
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4.6.3 Short-Time Energy Balancing System

System for short-time energy balancing is the author’s main contribution
to the project and forms the core of this thesis.

While the Planner provides long time schedules, the deviations from the
plan are taken care of by the Short-Time Energy Balancing system. The
employed algorithm for balancing is based on negotiations, as this approach
allows for fast reaching of the agreement. In the balancing process, the
energy supply and demand are controlled to make them possibly equal at
any moment in time, as was wider discussed in section 2.4.

The system uses the multi-agent concept, described in chapter 3, as it
helps in a clearer understanding of the roles in distributed management in
the system and allows for a higher level of logic encapsulation. The multi-
agent architecture supports the distributed computing, and helps with op-
timal distribution of computing on equipment. The system is implemented
in JAVA using JADE agent framework.

The general concept of the algorithm and results were published in
publications [83, 84, 90, 91] and internal reports [NR11a, NR11c, NPRS11a,
RN13]. This system is fully described in chapter 6.

4.6.4 System for energy trading

The microgrid defined in the project cannot be fully self-sustainable, as the
planned production abilities are much smaller than the possible peak con-
sumption. The estimated amount of power that can be produced in perfect
weather conditions and with all power sources activated, is around 250 kW.
The possible consumption can reach twice that value (in the project, the
sum of maximum consumption for each node was estimated to be around
950 kW, which is nearly impossible to happen). The real difference between
production and consumption of power is expected to vary between a possi-
bly small overproduction (in which case power has to be sold to the power
grid) and a possibly large deficit of power that has to be compensated by
the power from the external network.

This implies that the microgrid will have to trade with the external
power network. Under the present law, the only way the microgrid can
trade power is by making deals with the power provider, without the possi-
bility of negotiating short term changes. Current deals of small magnitudes
are priced according to fixed tariffs and the presented microgrid would fall
in this category, and as such, active participation in the market would not
be possible.

Due to the properties of electric current, its trading on a level of high
and medium voltages is realized using different types deals and levels of
markets. Electric power is a special type of commodity: it cannot be easily
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and losslessly stored, supply and demand have to balance and the availabil-
ity of power is changing in time. To manage the balancing problem, the
power is traded on different levels: there is a long-term market, where bilat-
eral deals are made; there is a real-time market, where power is traded on
a stock market; and there is a balancing market where the occurring imbal-
ances are settled. The detailed description of power markets can be found
in [82, 95, 121, 122]. Energy markets were opened not long ago [82] and
are still under subsequent development in many countries. Challenges with
new technologies give incentives to redefine the power electricity market,
e.g. in [55] authors suggest treating electric energy markets as multicom-
modity markets.

When the buyer of the power knows that she/he needs power regularly
and at known level, there is a possibility to negotiate contracts, which
might be adjusted to the situation of the traders. Such deals can be very
profitable and made for a specific situation (e.g. there can be a deal to
deliver 1 MWh power by the provider from Monday to Friday from 10:00
to 14:00), but they tend to be extremely constrained: for every amount
of power not consumed as in the plan there is a penalty fee. That is why
such deals are used for covering a minimal known amount of consumption
of power. The additional amount is bought on the power market, where
the day-ahead deals are made. If the actual amount of delivered power is
different from the contracted one (due to e.g. uncertainty issues, properties
of the grid itself) the imbalances have to be traded between parties on the
balancing market. Such mechanism is nowadays used for trading large
amounts of power, but might be inefficient for small magnitudes.

With the popularization of microgrids and involvement of computers
in trading the access to the markets for prosumers, microgrids and virtual
producers / consumer / prosumers might become available in the future.
Virtual producers and virtual consumers group the installations of differ-
ent physical producers and respectively consumers under one management.
Virtual prosumers group different physical prosumers, consumers and/or
producers. Unlike the microgrids, the virtual units can be spread geograph-
ically over different nodes of a high voltage power grid. Aggregating their
production/consumption power could allow for negotiating better power
prices and more optimal management. Such ideas are broadly described in
literature, e.g. [28, 89].

Even though real markets are not yet prepared for trading with the mi-
crogrids, in this project some level of price negotiation was assumed. First,
the long-term deals for power are considered available. This possibility is
supported by the Planner: in its schedule, the amount of power that should
be purchased or sold to the external power grid is defined. The market for
such small amounts of power does not exist so the way of determining the
fluctuation of prices had to be designed. It was assumed that the microgrid
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offers too little power to influence the structure and prices on the market.
In this case, the prices on the market were modeled using neural networks
and the price of the power from the external power provider more or less
fluctuated similarly to patterns observed on a real market. The system was
described in detail in [Sta13]; more advanced solutions can be found in [79].

The Short-Time Energy Balancing system is trading small amounts of
energy with the external power grid. At the moment, short-time trading
is realized using fixed prices of power per kW, but the extension of using
varied prices is easily added. In that case, the system could have a different
goal: instead of minimizing the power exchange between external power
grid and microgrid, it could optimize the price of power. Then, there could
be possible a situation when the microgrid would lower the operating point
of its microsources to buy more cheaper energy from the external power
grid.



Chapter 5

Simulators of supply and
demand

5.1 Introduction

During creation and testing of an EMS it is necessary to simulate its runs
for longer periods and multiple instances, in order to gather statistically
significant information on time and accuracy of balancing the energy. The
simulations cannot use a purely random input, as this might yield very
unrealistic changes that are impossible to occur in real life. On the other
hand, there should be enough variance in the data to allow for many sce-
narios to be tested. It might be also useful to store scenarios to recre-
ate the test cases. That is why the simulators of power production from
non-controllable power sources and consumption were designed and imple-
mented. The approach to both these simulators (the word ’generators’ was
avoided not to create confusion with power generators) had to be different,
because the character of these data is not the same.

Many renewable sources are dependent on weather (photovoltaic pan-
els, wind turbines), but available meteorological data can be insufficient
for such simulations. In this thesis, detailed weather data in a location
near Warsaw were used. Although they were measured for ten years, it
still limits the number of scenarios that are contained in it. This is why
a method for generating artificial (synthetic) weather data was necessary.
A bootstrap [33] is a method for simulating a synthetic data set by resam-
pling original data and then create an arbitrary number of new data, whose
statistical distributions are similar to the original ones. The main prob-
lems spotted in early tries of using this method to generate time series were
the lack of continuity between the parts of data and the inability to recre-
ate long-range trends and dependences. The Matched-Block Bootstrap
(MABB) method proposed in [34], and later described in [25] introduced
matching blocks (a piece of time series of certain length) from which the
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consecutive block in the new series is selected. It is a non-parametric and
computationally non-demanding method to create input data of any re-
quired length, using a limited number of original data. In [62, 111], the
k-nearest neighbor bootstrap method was introduced, where blocks from
the k best matching years are sampled randomly. In [117], squared Eu-
clidean differences of the last values in the blocks were proposed to be used
as a matching factor. The inverse of this distance influences proportionally
probability of choosing the block. For the purpose of simulating the power
production by renewable sources, a fitness proportionate selection method
(also known as the roulette wheel) [8] for choosing consecutive blocks is
proposed. This method is described in more detail in section 5.2.

The simulation of production from renewable sources is one side of the
system. Simulation of the consumption in the project is much more difficult
and far less data were available during this research. The introduction of
smart meters benefits this field of research as the detailed measurements of
power usage are now available, particularly in the residential sector, see e.g.
[6]. Much research is done to disaggregate the measurements to learn about
the single devices and their operation. A presentation of these methods can
be found in [6, 13, 78]. The simulators described there perfectly reproduce
the power usage of the chosen devices, when their activity times are known
[6]. Following that, systems that learn on data and forecast the daily usage
of power were developed, described in e.g. [85]. But very little is known
on how people use devices [12]. When a sufficient amount of measurements
is available it is possible to use methods from artificial intelligence, like
e.g. neural networks [49] or fuzzy logic [139], to derive such behavior from
data. The project of the Research Center considered in this thesis does
not have real implementation, so the measurements of power usage are not
available. Rather than on usage data, the focus is more on human aspect
- on modeling how people use a device. This is connected with creating
a simple simulator to represent operations of chosen devices by rules. In
literature, simulators of consumed energy are usually simple, as the main
effort is channeled toward creating management systems for the next gen-
eration of electric networks. They usually are based on general profiles
collected from few devices. Each device has its own profile of energy usage
that varies in time. The amount of energy used by given equipment can be
measured, but the general, statistical data of how frequently and how long
people use devices are missing. Attempts have been made to measure the
average amounts of power that different groups of consumers use during
longer periods of time. A report about the energy usage in Spain [1] is the
most complete in that field (in [128], a short summary of [1] is presented
in English). Due to huge differences in culture, climate and wealth of the
regions, the results of such research are not applicable to other geographical
locations. Lack of such detailed data makes the simulation of consumption
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in other regions difficult. A more general approach, which does not rely on
such detailed data, is to simulate the user behavior. The models and soft-
ware to achieve this, developed within this thesis, are described in section
5.3.

5.2 Power supply simulator

In general, the problem of simulating the power for renewable sources in
the project is a matter of generating a sequence of values that model the
property on which the source is dependent: irradiance for photo voltaic
panels, wind speed for wind turbines and water flow for the hydroelectric
power plant. The characteristics of the power sources were described in
section 4.3. In our simulation model, the main emphasis is not on high
precision but rather on a realistic variability of the data: it suffices to
keep the average yearly variability, and reflect a distribution of the data in
different years. In this thesis, we used a modification of the Matched-Block
Bootstrap approach, which is a simple and quick technique, giving quite
good synthesized sequences coming from a limited amount of real data.

In literature, a number of approaches to generate such sequences are
described: stochastic models based on statistical data, regression and clas-
sic ARMA models [57, 58, 137], time series [138], neural networks [99],
nonlinear time series models [123] and many others. A popular method of
modeling non-stationary and nonlinear time series is wavelet analysis; it has
therefore been quite widely utilized in hydrological modeling [5, 106, 132].
The wavelet transformation is particularly useful in the analysis of different
variabilities that appear in the series [17, 125, 132]. The Bootstrap method
is another method that in hydrology is used to model the water flow in a
river; it allows for increasing the amount of data by generating additional
time series that still exhibit the same statistics as the original data.

The main idea of the bootstrap methods, which were originally invented
by Efron [33], is to resample the historical records with replacements. To
this purpose, the time series is divided in a number of blocks, which will be
selected in order to generate a new time series. Selecting the blocks for the
new time series may be done either directly, shuffling the historical data,
or through a model fitted to historical data, which then provides criteria
to select the blocks, see e.g. [32, 33]. Specifically in hydrology, random
resampling has been considered in [81, 118]. The dependent data, more
appropriate for the streamflow records, has been considered in [59, 62, 110,
115, 116, 117, 129]. One of main problems is to recover the statistical
characteristics of the series. This is connected with problems of choice of
the block lengths and of the way of resampling. The resampling is then
usually bounded to corresponding nearest neighboring blocks [62], with
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an appropriate measure of neighboring. In particular, the Matched-Block
Bootstrap technique has been proposed for it [117]. The choice of the block
length has been discussed in [115, 116, 129]. For big rivers, the suggested
block length for Matched-Block Bootstrap varies depending on the data
between 1 month to 4 months. It should be remembered, however, that
this length may depend very much on the data considered.

In our case, the production simulators in our case are used to test the
microgrid, and consequently need to satisfy some features. The generated
data should be similar in behavior to real data, in order to provide for
realistic experiments. The simulators should also have the possibility to be
tailored to specific situations, to cope with realistic differentiated behav-
ior of devices under various conditions. For our simulation of renewable
sources, it is necessary to simulate the meteorological conditions in the
Warsaw area: irradiance, wind and water flow in a small river. Meteo-
rological data was obtained from the LAB-EL Elektronika Laboratoryjna
measuring station [144], but the data was only available for the last 10
years, which is not enough to allow for statistically relevant simulations.
Similar to how in hydrology bootstrap methods are used, the same ap-
proach is applied to generate sequences of random water flow, irradiance
and wind, that still exhibit realistic statistical properties. This poses some
problems: first, there are vast studies on modeling the water level in rivers,
e.g [71]. However, most of the studies concern big rivers, that carry a lot of
water and whose dynamics are usually slower than those of small rivers, as
they tend to react very quickly to sudden changes in water level or heavy
rainfall. The river on which the hydroelectric powerplant in the project is
planned is small, so a suitable block size needed to be derived. Second, and
most difficult, is irradiance: when treated as time series, irradiance presents
long periods of zeros with very well defined cycles, but the cloud coverage
is not modeled enough and this poses a difficulty for forecasting and simu-
lation. These long periods of zeros upset most methods, and an approach
based on bootstrap was conceived. Finally, for the wind turbines, wavelet
models could have been used. However, as high precision is subsidiary to
variability, it was considered that it would be interesting to verify if the
same approach can also be applied for wind generation: it would allow for
one unified model of generators, suitable for all renewable devices in the
project.

5.2.1 Matched-Block Bootstrap

The Bootstrap methods were originally devised to multiply the amount
of data for statistical analysis. The idea of using it in connection with
classical modeling techniques arose in 1980s, [36, 42, 43], and consists in
bootstrapping residuals of a model, instead of original data. In particular,
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Figure 5.1: The schema of the Matched-Block Bootstrap presented on a very
simple diagrams with 4 blocks.

it has been used for modeling streamflows in [115, 116]. Here the technique
is used for the creation of new time series from the obtained measurements.
This technique is preserving the distribution of data when the data are not
correlated. Weather time series are subsequent measurements with time
indication, which tend to show a positive correlation as can be seen on
Fig. 5.7. That causes additional difficulty in using this approach. This can
be overcome by not randomly selecting blocks, but by matching blocks to
positions in the time series. This results in the Matched-Block Bootstrap
technique, which is a very convenient and simple method. The method
concatenates blocks (which are pieces of time series of certain length) to
create a new series of data of required length [35, 51], as presented in Fig.
5.1.

This approach adds additional conditions on choosing the blocks; the
aim is to choose blocks that would be better matched to the block before. In
the literature, different methods of such matching were used, like k-nearest
neighbor method [111].

The weather data show very strong seasonality, making it inappropriate
to concatenate blocks from different months of the year. The maximum
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possible irradiance differs for each day of the year; consequently the pro-
posed method always concatenates subsequent (in time) blocks of the data.
Each year of real measurements is treated as a separate source data. The
next block is chosen from the set of blocks which begin at the same time.
For example, when the data series of irradiance are constructed and the
last added block was from 3rd of January, the next one should be chosen
from all the 4th of January’s in the available data. As the two blocks will
be concatenated, the value of the end point of the one block should be as
close as possible to the value of the beginning point of the new block, in
order to prevent sudden changes. Blocks whose beginning better match the
current ending should be chosen with higher probability. Considering these
limitations and the fact that the data available only have measurements
from 10 years, the method of k-neighbors might not give enough choice of
blocks. Furthermore, Lall & Sharma [62] used equal probabilities for the
choice of the blocks, which for weather might be not appropriate, and k-
nearest neighbor method, which bounds very much the choice of the next
block. For our purpose, a method that chooses from all available options
with different probability for each option, was needed. The idea applied
and presented here is to use the fitness proportionate selection for choosing
the subsequent blocks out of the candidates from all years in the data set.

5.2.2 Fitness proportionate selection

The fitness proportionate selection method (often called the roulette wheel)
was introduced as a genetic operator for choosing individuals for creating of
a set of descendants in genetic algorithms. It assigns a probability to each
individual considering its value of a so-called fitness function, which in this
case will be connected with the matching factor. The better the match of
the individual, which is defined as the squared difference of the values at the
ends of the blocks (the last values of the blocks), the higher its probability
of being chosen. The sum of probabilities of choosing all individuals has
to be equal to 1, which requires a normalization of the fitness function
values. The main feature of the roulette wheel is that even the least fitted
individuals have still a small chance of being chosen. This gives better
variability to create a series of fairly well matching blocks. This is a desired
feature in the generation of time series data for our purpose, as a small
amount of unusual weather conditions improves relevance of testing cases,
and therefore improves its statistical properties. That is why this new way
of choosing the next block of data in the Matched-Block Bootstrap method
was developed and applied for simulating synthetic weather data. To create
the weather simulator, two functions were proposed for transforming the
matching factor (where a smaller factor value means better matching) into
a fitness function (where a higher value means better fitness). One of them
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Figure 5.2: Examples of fitness proportionate selection with inversion operator
for irradiance data for a) 10 Jan 2011 and b) 10 June 2011. Segments represent
the probability of choosing the block from a given year

Figure 5.3: Examples of fitness proportionate selection with negation operation
for irradiance data for a) 10 Jan 2011 and b) 10 June 2011. Segments represent
the probability of choosing the block from a given year.

is using the inversion operation, the other is using a fuzzy set negation
operation, where the factor is normalized and subtracted from 1. In both
cases, it is then normalized to the [0,1] range. The methods are described
in more detail in the following subsections.

Fitness proportionate selection with inversion operation. The
smaller the squared difference di,j between the blocks ends is, the higher the
probability of choosing the block should be. In the first selection method
the following operation is applied:

Di,j =
1

di,j

, di,j 6= 0 (5.1)
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If the difference between the blocks is less than or equal to 0.1 (the
accuracy of the measurements), the arbitrary value Di,j = 10 is chosen.
To get probabilities, these values have to be normalized to the range [0,1].
The normalized values are denoted as pi,j:

pi,j =
Di,j
∑

Di,j

(5.2)

Each value represents the probability of choosing the j-th block as the
successor of the i-th one. The smaller the difference di,j is, the bigger is
the probability pi,j of choosing the block as a succession. Examples of
the sample fitness proportionate selections with the inversion operation are
presented in Fig. 5.2. The figure uses irradiance as an example, the choice
of block length is very straight forward: irradiance has a 24-hour cycle, so
this is the obvious choice for length of blocks. The choice of block length
is further explained in the next section.

Fitness proportionate selection with the inversion operation has a major
drawback. The difference between consecutive blocks from the same year
is always 0, and cannot be inversed. To solve this problem, the decision
is done in two steps. The first step of the decision is, if to continue with
the next block from the same year or not. The probability of choosing the
block from the same year is defined by the absolute value of correlation
between the currently chosen block and the successive one. The answer
’yes’ terminates the procedure. If the answer is no, then in the second step
the inversion selection procedure is applied without the successive block
from the same year.

The characteristic of this approach is that probability of choosing blocks
with bigger differences di,j is very low, as probabilities are proportional to
the inverse of di,j. This causes that a few best fitted blocks have bigger
chance of being selected.

Fitness proportionate selection with negation operation. To avoid
problems with undefined values and to increase probabilities of selection of
more distant blocks, another fitness proportionate selection, with negation
operation, is introduced. In this method the squared difference between
blocks is transformed according to the following equation:

ni,j =
1

N − 1

(

1 −
di,j

∑N
j=1 di,j

)

(5.3)

where N is the number of possible choices of blocks and the sum is over
j = 1, 2, ..., N . For a fixed i, the block for which a candidate successor
j is evaluated, the values ni,j are normalized to the range [0, 1]. Each
normalized value is the probability for choosing the block from a given
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year. In this case the decision is taken in one stage. An example of an
outcome of this method is presented in Fig. 5.3. This selection rule results
in more even distribution of probabilities as compared to the previous one.

5.2.3 Choosing block length

Choice of block length depends on the type and character of data and is
very important for obtaining good statistical properties of the simulated
time series. The weather factors considered in the simulation have different
characteristics that will be described in more detail in following paragraphs.

Irradiance. Irradiance is the power of electromagnetic radiation per unit
area incident on a surface. The irradiance was measured using meter LB-
900 [144]. The sensor is equipped with photodiode sensitive to visible light.
Data are available for 9 full years (from 2004 till 2012), in a 10 minute
interval. An example of sun irradiance for a few days in June 2010 are
depicted in Fig. 5.4, where the changeability of the solar power measured by
the sensor can be seen. Cloud cover is an important factor that influences
the amount of sun radiation reaching the ground level. The influence of
cloudiness is big and cloudy days can be in the vicinity of sunny ones, which
makes the irradiance modeling not that straightforward. Unfortunately,
there are very scarce data about the type and dynamics of clouds that
could be used for modeling purposes. Due to the fact that clouds move
and have different transparency, there is a lack of mathematical methods for
irradiance simulation. In [92] the irradiance is forecasted using the Weather
Research and Forecast (WRF) model, where radiation interactions with air,
steam, clouds and climate profiles of ozone and aerosols are considered.
The location described in the article is the Atacama Desert, where the
influence of clouds and humidity is extremely limited. The irradiance data
was measured in Warsaw, and includes the cloud cover. By using the
Matched-Block Bootstrap method, it is not necessary to consider cloud
cover models, as the irradiance data already was influenced by the clouds.

Irradiance data have very clear cycles of 24 hours. Data series have
long sequences of zeros at night-time which limits the choice of length of
blocks. The most intuitive approach is to define a block as a 24 hour period
starting from 0:00 and finishing at 23:59. This method allows for seamless
joining of the blocks, as values at the end and the beginning of the block
have always value 0. However, it requires defining an adequate method
of matching consecutive blocks, as the earlier discussed matching factor
(the squared difference of the end of the block values) is obviously useless
here. The matching factor is therefore defined as the value of correlation
between irradiance sequences in two subsequent days of the same year.This
correlation is also used as a probability of taking the next day from the same
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Figure 5.4: Example of measured sun irradiance during few days in June 2010.

year in the selection method with the inversion operation. The correlation
estimates between subsequent days is presented in Fig. 5.5.

Temperature is an important factor for photovoltaic panels efficiency. A
change of temperature has a small, but still visible impact on the electricity
production of the panel. A difference in temperature of 60 degrees Celsius
(from -25 to +35) makes a difference of merely 500 W in produced power
for 15 kW panels, presented in Fig. 5.6. By comparison, the change of
irradiance necessary to cause a similar effect is 30 W/m2. The dynamics
of temperature changes is slow and shows very strong seasonality, with
averages similar in different years. Taking into account its small impact on
power production and visible seasonality of the data, it was decided not
to include the strict dependence on the temperature in the simulator, and
use only the average temperature for the considered day of the year and
neglect the smaller random deviations.

Wind speed. The amount of energy produced by a wind turbine depends
on the wind speed, the size of the blades and the wind turbine efficiency.
The required start-up wind speed for the turbine used in our study is 3
m/s, and the optimal wind speed is 11 m/s. The obtained data on the
wind speed were available over 10 years, from 2002 to 2012 in 10 minute
intervals. Wind does not change much within the 10-minute periods, in
19% of the measurements the wind does not change between periods, in
21% it changes by 0.1 m/s. In rare cases, the changes might reach even
1.2 m/s, which shows that although the wind is blowing with more or less
constant speed, sudden changes can happen. Central Poland is not a very
windy region: most of the time the speed of wind varies between 2 and 4
m/s.

For the wind, the block length has to be correlated with the dynamic
of wind speed change. In the literature, short-term wind speed forecasting
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Figure 5.5: Estimates of correlations between two subsequent days for solar
irradiance, averaged over all available years (from 2004 to 2012); to increase
readability smoothed values of correlation are also presented.

Figure 5.6: Change in production of electric power by the photovoltaic panel in
different temperatures.

for wind ranges from 1 to 10 hours ahead [138]. This gives the boundaries
to the search for the optimal length of time period used in the proposed
method. The autocorrelations of data were calculated for a number of
different periods, the autocorrelation values with the different shift are
presented in Fig. 5.7. The outcome was that the loss of correlation rises
with the time shift, so the period length of 5 hours has been arbitrary
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Figure 5.7: The diagram of autocorrelation between data series of: a) water flow
b) wind speed.

Figure 5.8: The correlation between blocks of 5-hour length for wind data.

chosen. The correlation values between 5 hour blocks are presented in Fig.
5.8. The matching factor (called also a ’feature’ in the literature) of blocks
is defined as the squared difference between the end of the blocks at the
same time of a year:

di,j = (ri,t − rj,t)2 (5.4)

where i and j are the numbers of the year, and ri,t and rj,t are the last
values in the blocks from the years i and j, respectively.
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Figure 5.9: Yearly minimal, median and maximal flows of Świder river from
1960/11/01 to 2010/10/31.

Water flow. As the water can become great destructive force, its level
and dynamic have been monitored for many years. There are a lot of publi-
cations about water forecasting and modeling of rivers and water reservoirs.
Here, a small power source is considered, so the focus is on a small river.
For the requirements of the project, the small river called Świder, in the
vicinity of Warsaw was chosen. Świder is a river in Masovia and a tributary
to the Vistula. It is a river about 89 km long with an average water flow
of 4.86 m3/s. The river is meandering, its valley is rather narrow and not
deep. The bottom and banks are mostly sandy. Świder is a typical lowland
river with the maximal flows in springs, caused by melting of the snow
cover. Additional extremes are observed in summers (June, July) due to
tempest rains and also in late autumns due to frequent rainy days. The low
flows are usual in late summer and early autumn. The streamflows have
been measured once a day and the records include 18262 measurements
from 50 consecutive years, starting from the beginning of November 1960
and ending at the end of October 2010. Data were obtained from Institute
of Geophysics, Polish Academy of Sciences [NRO13]. Choosing the length
of blocks for water was the most difficult, as no patterns could be discerned.
This is due to the very abrupt changes of water level as can be seen in Fig.
5.9. So an arbitrary block length of 25 days was chosen.

5.2.4 Simulated data

In this subsection, the results obtained with the Matched-Block Bootstrap
method is presented.
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Table 5.1: Statistics of the real measurements of the irradiance compared to
those generated by bootstrap, using two methods of block matching.

Mean Median Autocorrelation Skewness Std. deviation
Inversion 96.4 2.62 0.81 0.59 162.5
Negation 96.7 2.63 0.79 0.59 163.45

Real data 97.6 2.73 0.81 0.6 162.69

Table 5.2: Statistics of real measurements of wind speed compared to simulated
by bootstrap using two methods of block matching.

Mean Median Autocorrelation Skewness Std. deviation
Inversion 2,5506 2,31 0,5451 1,70344 1,4991
Negation 2,5602 2,31 0,1351 1,6989 1,5072

Real data 2,6007 2,3 0,6302 1,6887 1,5465

Irradiance simulator. The sample mean, standard deviation, skewness,
autocorrelations and histogram are close to their counterparts from the
real values, the values are presented in table 5.1. Both proposed fitness
proportionate selection methods perform comparably; the inversion was
selected in the implementation.

Wind speed simulator. For the wind speed, the statistics are presented
in Fig. 5.10 and in Table 5.2. The statistics for the simulated and real data
are very close. Comparison of frequency of wind speed values revealed
that simulated time series tend to be less extreme than the original one.
The wind speeds between 0.4 to 5 m/s tend to be equally frequent for all
methods, but the wind speeds greater than 11 m/s appeared with much
smaller probability using the inversion selection method and did not appear
at all in the negation selection method. This is an obvious consequence of
using the selection methods which lower the probability of choosing extreme
values. Because such high values appear extremely rarely (few times in all
real time series) it is not invalidating the method and does not influence the
statistical qualities of the methods, see Fig. 5.11. The results indicate that
choice of the selection method is not very important. Inversion operation
creates time series that have statistic slightly closer to those calculated
from the real measurements, but have a tendency to continue with the
same year, if the correlation between the consecutive blocks is high. As
a consequence variability of simulated sequences is relatively small. The
negation operation chooses the blocks from different years more often. The
inversion method was chosen in the implementation of the simulator.

Water flow simulator. Statistical characteristics of simulated water
flow data are very similar to real measurements of water, as presented
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Figure 5.10: Statistics of simulated wind speeds as compared with the real data
statistics.

Figure 5.11: Proportion of occurrences of wind speeds in two simulated and real
measurement sequences.

in Table 5.3 and in Fig. 5.12. Due to the extreme skewness of values for
water flow and the fast changes, using the bootstrap method for water gave
slightly worse result than using it for the wind speed and irradiance, but
they are still sufficiently good for the use of the supply simulator.

5.3 Power consumption simulator

In order to simulate the operation of the microgrid, it is necessary to gen-
erate the way power is used. In literature, a large number of projects that
consider collecting real data [22, 54, 103] of power usage can be found,
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Table 5.3: Statistics of real measurements of amount of water compared to
simulated by bootstrap using two methods of block matching.

Mean Median Autocorrelation Skewness Std. deviation
Inversion 4.33 2.86 0.88 1.03 4.9
Negation 3.91 2.71 0.87 1.02 4.12

Real data 4.27 2.24 0.91 0.77 4.24

Figure 5.12: The basic statistic of simulated and measured statistics of the water.

concerning both data about power usage of single devices and power usage
in whole buildings or households [86]. For households, small microgrids
or single buildings, individual devices such as an oven or microwave, are
usually considered [128]. Data about their power usage can be measured,
which gives exact information about the dynamic of changes, but consid-
ering that there is a large variety between devices of the same type, broad
testing is required to derive the generic usage. In larger networks, at the
level of groups of houses, general profiles are used (e.g. in [131]), and these
profiles are classified by sectors, such as commercial, residential, industrial.

General daily profiles for the specific case of the considered research
center were not available and the general daily profiles from households
could not be directly applied as the types of devices are different. What is
more, the behavior of people at work differs from their behavior at home.
The most straightforward solution is to simulate the operation of the re-
search center by simulating single devices and then aggregating them by
nodes to get the general power usage. In [130] a detailed analysis of rep-
resentative office environment was conducted; 500 electrical devices were
identified, mostly user dependent.
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The list of devices was made by inventorying all rooms and possible
equipment, assuming an average number of computers per working place
(derived from the surface area of the laboratories and offices) and assigning
a general daily profile to the specific load nodes as restaurant, hotel room
etc. The modeling of users’ behavior regarding the use of electric equipment
is the most difficult part of the simulation. It is due to a number of factors:

• There is a big variety in peoples’ actions due to personal differences,
habits, location, time, etc. – research conducted in one location may
be not useful in others. This forces to perform such research on a
larger scale and containing more detail about the social group, place
and time.

• People do not like to be surveyed – questions about how they use
electric equipment during the day would reveal their daily activities,
in which case it is unlikely to obtain honest and exact replies.

• Behavior of people might be extremely erratic – a group of people
might have a tight schedule, but their detailed actions will be different
each day; this suggests a probabilistic or fuzzy models of such actions.

• Constant evolution – the change of technology is extremely fast, the
devices are constantly evolving, and the use of the devices changes
with this evolution (consider e.g. the move from phone to smart-
phone, which is also used for email and other purposes). The model
for a single device type therefore risks of becoming outdated quickly
and no longer representative for all devices of that type. However,
the adaptation of new devices does not happen overnight, but is a
process that takes time, so there will be a need to consider the mod-
els for both newer and older devices next to each other. For some
appliances, their average lifetime is long (e.g. washing machines or
fridges), implying a slow adaptation rate to new models, while others
have a much shorter lifespan and show a much faster evolution (e.g.
computers).

The subject of modeling human behavior belongs more to the field of
sociology. In literature, it is often modeled using techniques from artifi-
cial intelligence, e.g. neural networks [18, 85]. However, most of these
algorithms require initial measurements to set the parameters of the simu-
lation models. Such data were difficult to access in the case of a research
center and for testing the energy management system, the data will be
anyway aggregated. Mainly due to the lack of proper information, but also
as high accuracy of the models is less important, a different approach was
pursued.
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Figure 5.13: Concept of the Simulator of consumption with data sources, out-
come and general description of the algorithm.

The aim was to create a tool that would allow for easy defining of the
power usage for each device in fairly human readable form, and to express
the impreciseness of human actions. Devices consume power because people
connect them, switch them on and use them. The load simulator proposed
here tries to mimic the patterns of human behavior. It cannot model the
whole complexity of human reasoning, but should derive general patterns
and statistical distributions of certain human actions.

Simulating the power usage of each individual device allows for better
reflecting reality, makes the simulation less abstract and gives possibility to
base the model on existing devices, whose parameters might be measured
or found in the literature.

5.3.1 Concept of the simulator

The program simulates the operation of each device or a group of devices
and aggregates their loads to define the power usage for each node. The
usage of each device is simulated, which results in a load profile. The load
profile is a set of data, which describes over a certain period of time, with
given sampling frequency, the average power usage of the device. Aggregat-
ing per node, and combining the data results in load data for each node of
the network, over a certain period of time, with a given start date, end date
and a sampling frequency defined by a parameter. The obtained simulated
load data are stored as test scenarios, which allows for repeating the test
with exactly the same loads, which otherwise would not be possible due to
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the random factors in the load profile generating algorithm. The schema of
the system is presented in Fig. 5.13. The blocks on the left represent the
data that are necessary to determine the load: apart from the information
concerning which device is located in which room and connected to which
node, the usage pattern of each device has to be considered. To this pur-
pose, four different approaches to determine profiles that match different
usage patterns are considered. These approaches model how frequently and
when a device is switched on or off, and how it uses power. The additional
blocks on the left in Fig. 5.13 contain data necessary for this. The four
approaches are:

• Daily Profiles

• Probability of activation

• Rule driven

• Combined rules with single activation

The reason for these distinct approaches is illustrated with a simple
example. The single use of a coffee machine is repeatable and the resulting
load profile can be measured and defined. If the coffee machine would be
switched on at exactly the same time every day, it can be defined as a
daily profile. However, as the coffee machine is operated by people, the
information of how often and when it is switched on differs between days
and has to be derived from statistical behavior. Consequently, due to this
randomness, no daily profile can be defined that would not show large errors
compared to the real usage in different days. Representing variability in the
simulated data in simulators based on profiles requires special treatment
which incorporates randomness.

One solution, used in the simulations here, is to define multiple profiles
for a single device, in order to increase the diversity of simulated data. A
device that can be described in such a way can be, e.g. a computer: there
might for instance be 10 profiles for a computer. It can be switched on for
1 hour or for 24 hours, it might be used for energy demanding calculations
or might be in a sleep mode for most of the time. This approach requires
a large number of different profiles that represent certain cases. Although
it only allows for a limited number of possible combinations, it can be a
good approximation of real usage.

Table 5.4 summarizes the different aspects of the approaches used in
this simulator. The approaches are defined and described in detail in the
subsequent sections. While sufficient for the purpose of simulating loads in
the Research Center, these four ways of describing devices’ behavior might
not be generic enough for other cases.
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Table 5.4: Different features of devices in the consumption simulator.

Property Daily
Profiles

Probability
of
activation
profiles

Rule driven
profiles

Combined
rules with
single
activation

Duration of operation long long short short

Randomization of
switching on/off

none high low high

Randomization of
switching time

none low high high

Main variability none duration
switching
time

no. of
activations

Example external
lighting

computer microwave
coffe
machine

5.3.2 Daily profiles

A daily profile approximates the function of energy usage of the device
during its operation. Such profiles are not generated by the system, but are
obtained from real measurements and are applicable for devices (or group
of devices) that have stable and well-defined work cycles. Daily profiles
define the average, typical behavior and are not suitable to describe events
that happen not regularly or that happen randomly. They are useful for
devices that are scheduled automatically or happen at regular times. The
power consuming nodes were initially divided to general 20 categories:

• air condition in the rooms (1)

• ventilation in the rooms (2)

• preparation of the meals (3)

• powering of the elevators (4)

• external lighting of the buildings (5)

• interior lighting of the buildings (6)

• teleinformatic equipment of the buildings (7)

• other consumers (8)

• power feed of boilers (9)

• power feed of circulation pumps (10)
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Figure 5.14: Examples of profiles for chosen categories of devices.

• power feed of cafe equipment (11)

• power feed of hydrophore (12)

• power feed of waste water pumps (13)

• power feed of meteorological station (14)

• power feed of heat pumps(15)

• power feed of the buildings (16)

• power feed of science experiments (17)

• power feed by single hotel room (18)

• power feed by double hotel room (19)

• power feed by empty hotel room (20)

All of these categories have daily profiles defined, which connect the
percentage of power use by the node with time of the day. It does not mean
that always these profiles are used, e.g. the profile for interior lighting of
the buildings is a default behavior when no additional information is given.
An example of the profiles are presented in Fig. 5.14.

The list of categories was made for the defined system, but it can be
easily expanded if needed. Daily profiles are useful when very regular power
feeds are considered (e.g. water heating or ventilation) or when high aggre-
gation of small usages is present, like for example light bulbs. That is why
profiles are used for such categories as heat pumps, meteorological station
or lighting. The main limitation in the application of the daily profiles
is that they have one value per defined time interval, which might not be
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frequently enough if the quasi real time processing is considered. Also, lack
of information about the variance within the time period makes it difficult
to add some randomization in the profile.

The profiles are very simple in use, the simulator in this approach just
chooses the proper value from the profile based on the time of the day,
calculates the power that the device is consuming and might add some small
value to randomize the power usage and returns the usage (the amplitude
of change can be defined together with profile definition).

5.3.3 Probability of activation

The approach of using daily profiles is very suitable and adequate to sim-
ulate to load profile for devices which are dependent on time of the day
(e.g. light, ventilation). When a device shows a big variance in the operat-
ing time, the resulting load profiles become imprecise and not useful. An
example of a device that cannot be described by a profile is a computer:
it is a device that after having been switched on usually stays on for a
long time, even when it is not used. This is due to a long start up and
shutdown time; the long time needed of starting and closing programs that
are needed during work; and the false assumption that the components of
the computer get used more quickly during the switch on and off phase
[4]. When a computer is not occupied, it can enter the idle mode, in which
it uses around one third of the average power consumption. Users tend
to switch on the computer when they come to work and switch it off in
the afternoon when they go home, but some group of people would sched-
ule time consuming operations for night time and then do not switch off
the computer at all. Such information requires thorough studies on real
behavior. Because such data were not available, a simpler approach was
used.

Here, it is proposed to incorporate the probability of activation to gener-
ate the load profiles: in this case the approach is not using the total power
consumption at certain time of the day, but considers the probability of
switching the device on and off at a given time. The list of time periods
with the associated probability is called here the probability list. For each
case, at least two probability lists are needed: one to model the probability
for switching on the device and one to model the probability for switching
it off. An example of these probability lists are presented in Fig. 5.15, it
shows that at 4 pm this device can be switched on with 5% probability (if
at the time it is inactive) and will be switched off with 20% probability (if
it is active). While the device is on the power fluctuates randomly within
defined limits.

There might be multiple probability lists for a single type of device
representing different possible behaviors and probabilities of different load
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Figure 5.15: Examples of probability of activation profiles for switching on and
off the device.

levels, but each device has to have at least one pair of probability lists.
The simulation program reads the probability profiles from database, then
calculates which part to apply to the current time. A random value is
generated and, depending of the state of the device, this value is compared
to the value of probability of switching on or off at this time. If the device is
on and stays on, the value of its energy consumption is changed by adding
or subtracting some value random from the last state (or average state
if the device was just switched on), this value is drawn randomly from a
Gaussian distribution.

An example of the output of a consumption simulator for one chosen
node is presented in Fig. 5.16. It is node 189, which has 12 computers and
one projector connected to it. Each computer has 5 pairs of probability
lists defined, the energy consumption of a projector is defined by a rule as
considered in the next section.

This approach generates a load profile using the given probability lists.
Each new call to the simulator may result in a different load profile; to be
able to run simulations with the same load profiles, storing the obtained
load profiles in a scenario is necessary.

5.3.4 Rule driven approach

Some devices do not have a well defined daily profile, have quite a short
work cycle, or probabilities of activation are more difficult to be defined.
An example of such a device is a microwave: it is switched on for short
moments, maximum few times a day, usually in the afternoon or evening.

To describe such behavior some more flexible mechanism is needed. In
[1] the usage of the common devices is described using the averages derived
from real measurements. The work of appliances like dishwashers, ovens,
etc. is described by describing the average time the device is used, the
average duration and the average number of times the device is used. For
example, an electric kitchen (a stove) is mainly used in Spain around 9:00,
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Figure 5.16: An example of probability of activation profile for the node 189.

13:00, and 21:00 hours with the respective probability around 2% at the 9
o’clock, 10% at the 13 o’clock, and 20% at 21 o’clock [1]. Such description
was the inspiration of creating a description of the behavior of devices called
rules. A rule is defined by the set of parameters:

• duration – a value describing the average duration of the active period
of given device,

• time from – earliest time of the day that the device can start working,

• time to – latest time of the day that the device should stop working,

• amount – amount of power that device uses during the activity period,

• number of times – a value describing how many times the device is
active in a given time frame,

• deviation of time – deviation of the switching on time of the device,

• deviation of amount – deviation of the amount of power used by the
device,

• deviation of duration – deviation of the length of the device active
time,

• deviation of number of times – deviation of the number of times the
device is switched on during given time frame.

The simulator interprets the description of the rule and uses a pseudo
random Gaussian number generator to generate the load profile of a single
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device. This type of description might yield a large variability in consump-
tion generation, but this is the expected behavior.

Obtaining such rules, that would reflect the reality, require detailed
studies on a large enough sample. Such data was difficult to obtain, for the
experiments the rules were defined using observed patterns at the author’s
workspace, which is also a research institution. While simplified, the ob-
tained rules with the added randomness allows for generating short peaks
of power usage, that are very interesting for testing the Short-Time Energy
Balancing System. The advantage of using such an approach is that, by
changing probability of the behavior, the rule can be easily adjusted. The
difference with probability of activation approach is that here the device
works a few times per day, for a short or fixed period of time.

An example of the simulation using the rules is presented in Fig. 5.17,
which shows a node to which four projectors are connected. They are
defined using the same rule:

• duration: 120 [min];

• time from: 09:00:00,

• time to: 17:00:00,

• amount: 0.1 [kW],

• number of times: 5,

• deviation of time: 20 [min],

• deviation of amount: 0.1 [kW],

• deviation of duration: 20 [min],

• deviation of number of times: 2.

Note that the term rule includes the random aspects: two devices that
have the same rule may have a different load profile in the simulation.
To simulate the consumption data, a random generator is used to ensure
that each generation will be different, but that the average operation time
is within some defined limits. For instance, it can be defined that the
microwave operates by average twice a day somewhere between 10:00 and
16:00, and on average is heating up food for 2 minutes.

In the algorithm, it has to be assured that, when a device is switched
on multiple times, the periods of activity do not overlap. To realize this
requirement, the algorithm uses a heuristic way of choosing the activity
period. The outline of the algorithm of simulating the devices power con-
sumption using the rule driven method is presented in pseudocode in Alg.
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Figure 5.17: Examples of simulated power consumption for the node 124 using
the rule driven method approach.

1. Its most interesting part is the function correctOverlap, which is in more
detail shown in Alg. 2. The method iterates through the full set of the ac-
tivity periods and looks for overlaps. If an overlap is found, the chosen time
is randomly shifted backward or forward in time. A shifting means here
moving the chosen start time of the device in such a way that it starts im-
mediately after the overlapping activation period (in case of forward shift)
or that it ends immediately before the activity period starts (in case of
backward shift). Each time the shift is made, the activity period counter is
reset to initial value, which forces the program to check from the beginning
for overlaps. This algorithm uses random shifting and it does not guarantee
to keep the requested number of activity periods, but it prevents overlap
and does not uniformly distribute the activity periods, as this would look
artificial.

Algorithm 1 ruleGenerate()

1: Create empty profile
2: Find rule for this device
3: Draw number that indicates how many operation cycles has the device
4: for i = 0 ; i < numberOfT imes ; i + + do
5: duration =chooseDuration()
6: chosentime = chooseTime()
7: chosentime = correctOverlap()
8: addToProfile(duration, chosentime)
9: end for

As with the approach that uses probability of activation method, the
rule based approach also results in a load profile that may differ between
different calls.
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Algorithm 2 correctOverlap()
1: counter =0
2: for j = 0 ; j < i ; j + + do
3: if counter >n then
4: return null; {It is not possible to find time period when device

will be switched on.}
5: end if
6:

7: if chosentime overlaps with previously chosen operation times then
8: if randomBoolean == true then
9: chosentime = ShiftForward()

10: if chosentime outside of the time limits then
11: chosentime = ShiftBackward()
12: end if
13: else
14: chosentime = ShiftBackward()
15: if chosentime outside of the time limits then
16: chosentime = ShiftForward()
17: end if
18: end if
19: counter++; j=-1;
20: end if
21: end for
22: return chosentime
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Figure 5.18: Examples of simulated power consumption for the node 152 using
combined rules with single activation profiles.

5.3.5 Combined rules with single activation

The above described approaches suit most categories of devices, but there
can still be devices that do not fit any of these three patterns. The combi-
nation of rules with single activation approach allows for modeling devices
that are switched on at some point in time (defined by the rules), but then
show a more complex load profile (defined by the single activation profile).
An example of such situation is a coffee machine: the user chooses the time
to switch it on, but the cycle is almost always the same. The single activa-
tion rules define a probability of starting an action at certain time. When
a device is active, the simulator generates consumption data according to
its profile. A rule has the same set of parameters as in section 5.3.4.

Single activation profiles are shorter than daily profiles from section
5.3.2. They are usually not covering more than few hours. The value
represents the percentage of the maximum power usage of the device. An
example of the simulated profile for node 152 is presented in Fig. 5.18; this
node has 4 printers connected, each of them is modeled by combined rules
with single activation profiles.

5.3.6 Example

For devices described by a daily profile, such as a fridge or a freezer, the
daily profile is used. Devices that are activated by a person and controlled
by person’s actions, are described by rules. Devices that would benefit
from both are appliances that are switched on by a person, but then have
some fixed operation cycle.

In Fig. 5.19 a simplified diagram of example is presented with two rooms
connected to the same node X. Each room is equipped with a printer, 2
computers and lights. The load profile of the node X is the sum of the loads
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Figure 5.19: A diagram of different possible descriptions of energy consumption.

of all devices in both rooms. Usage of devices in the rooms are defined by
the rules, daily profiles and activation probabilities, as shown in the Figure.
The load profiles of the lights are defined through a simple daily profile,
the load profiles for the computer are generated using the approach that
considers probability of activation, the load profiles for the printers are
generated using rules with single activation.

When aggregated per room, this results for example in the load graph
shown on the bottom of the figure next to each room. As both rooms are
connected to the same node, the load graph of the node is the combination
of the load graphs of both rooms. On a subsequent simulation, the load
graph for the node may be different, as there are random aspects in the
simulation of some of the devices.
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Chapter 6

System for short-time energy
balancing

6.1 Introduction

The structure of the energy management system described in chapter 4 is
complex and modular. This approach was chosen to ease the cooperation
between different groups of researchers, to make the system more scalable
and to allow for testing of different approaches. The concept of this energy
management systems (EMS) from the very beginning was focused on a
solution that would use accurate predictions and scheduled demand tasks
in the considered research center. Despite such data, an additional bal-
ancing mechanism is necessary to cover the imbalances that occur when
the predictions are off, or when the planned schedule is not followed. The
predictions regarding renewable sources can be off, as some aspects cannot
be predicted: a single cloud casting a shadow on the photovoltaic panels is
enough to significantly lower their output. Demand is even more change-
able and unpredictable, even though events should be scheduled and known
by the Planner. One of the requirements is that the EMS should not in-
terfere with human behavior, implying that a scheduled action cannot be
enforced onto the people. Furthermore, people tend to be forgetful and
may forget to schedule a room reservation in the Planner, they may start
half an hour later or even earlier than anticipated. The event may be in
a different room than planned, for whatever reason. This also illustrates
the need for introducing four approaches for generating the demand (as
described in the previous section) that consider different randomization
levels. Because of this, the Planner can never be totally accurate, and the
system for short-time energy balancing has to be more scalable and flexible.
The Short-Time Energy Balancing system is responsible for automatically
adjusting the operating point of the controllable devices, in order to equal-
ize supply and demand of power in the microgrid. The power should be
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balanced at any point in time, requiring that the system should work al-
most real-time. Due to the architecture of the system, it is not possible
to formally prove that the system is a real-time system, consequently the
operation of it will be referred to as a on-line balancing. Changing the op-
erating point of devices always exhibits a delay, and short-time imbalances
are unavoidable. However, the inertia of different devices in the microgrid
is enough to tolerate this; the problem starts when imbalances last too long
or are larger.

Solving imbalances is done by changing the amount of power produced
or consumed by controllable devices (the operating point of the device).
Each device however needs time to adjust its operating point, this time
depends on the type and size of the device, the initial and target operating
point, etc. and has to be determined for each device individually. During
this time, the state of the device and the grid are transient and can show
power fluctuations, but this is covered by energy storage present in the
system: flywheels and to a lesser extent batteries. To design the computer
system, a time interval critical for the system had to be chosen; this is
the time in which balancing has to happen and defines what is meant by
’short-time’. Considering the properties of the devices in the considered
microgrid, their operating point and the specifications of the considered
energy storage, this time was chosen to be 10 seconds: this is enough
time for each of the controllable devices to change its operating point. By
comparison, according to [130] smart meters can provide the measurements
every second or even more frequent; while on the other hand, renewable
power sources usually provide only one value per 10 minutes, which is an
average of measurements taken during this time interval. As imbalances
can occur at any time, the entire system is asynchronous: every imbalance
should be covered within 10 seconds.

6.2 Concept of the system operation

The Short-Time Energy Balancing system is the second component in the
two stage optimization performed by the EMS. The devices present in the
microgrid are grouped by nodes; for the Short-Time Energy Balancing sys-
tem, a node will be the smallest participant. A node can contain either
energy consumers, uncontrollable energy sources (e.g. photovoltaic panels),
controllable sources (e.g. micro gas turbine) or energy storage (e.g. batter-
ies). This approach to short-time energy balancing is clearly a distributed
approach, where every device communicates with others and makes a de-
cision. The multi-agent paradigm was considered to be very useful in this
situation: agents can be given the necessary intelligence to make a decision,
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and communication between agents is one of the main aspects in a multi-
agent system. In this work, the Short-Time Energy Balancing system is
a multi-agent system in which each node is represented by an autonomic
agents.

The balancing mechanism is initiated by a node containing an energy
consumer or an uncontrollable source, whose operating point changes: a
light gets switched on or off, or the output of a photovoltaic panel increases
or decreases. When the operating point of a consumer increases, the effect
on the system is the same as if the operating point of an uncontrollable
source decreases: there will be a deficit of power (a negative imbalance),
and additional power needs to be supplied. The reverse happens when the
operating point of a consumer decreases or that of an uncontrollable source
increases. At this point, the node that causes the imbalances signals to all
other devices that an imbalance occurs and requests offers from devices to
solve this imbalance. The only devices that are a possibly capable of dealing
with the imbalance are the controllable sources, they answer the request
for offers: for a negative imbalance each controllable source provides the
amount of power it can supply and the cost, for a positive imbalance this
will be the amount of power they can decrease and the profit. From this
list of offers, the node that caused the imbalance chooses the option with
the lowest cost or highest profit, potentially selecting multiple devices to
cover the imbalance. This is further illustrated in section 8.6, where the
balancing mechanism is explained to determine the optimality.

While the Short-Time Energy Balancing system is capable of adjusting
operating points quite optimally, it cannot decide on whether or not a
controllable source needs to be powered on or can be powered off. This
is due to the fact that the Short-Time Energy Balancing system does not
consider predictions, but merely considers the current situation and reacts
to immediate changes. The Planner, which should contain information on
activities of energy consumers and prediction of the operating point of the
uncontrollable sources, is capable of making such decision. This makes the
Planner the first stage in the optimization process. However, the Short-
Time Energy Balancing system is a critical component in this process, and
its operation can be verified and tested without the Planner.

6.3 Architecture of the system

The Short-Time Energy Balancing system is composed of a number of com-
ponents: Database, Microgrid Environmental Interface, Microgrid Struc-
tures, Microgrid Balancer and Launcher. These components and the rela-
tion between them are presented in Fig. 6.1. The database stores all the
data. In order to keep the connection with the database transparent, the
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Figure 6.1: General schema of the Short-time Energy Balancing System.

different modules of the system communicate with the database through
the classes in Microgrid Structures project, which has all the functionality
to read, insert, update and delete data from/to database.

In addition, Microgrid Structures also has the models that represent
the nodes and devices in the system. The idea behind separating this func-
tionality was to ease the implementation: the models and database are
closely connected, and are separated from the agent part. The Microgrid
Environmental Interface is responsible for simulating the environment: us-
age of devices, different weather conditions, etc. By separating this from
the rest of the system, the system can more easily be adapted, e.g. by
substituting the simulator with a module that provides data from real-
life devices. Microgrid Balancer is the functional core of the system – it
implements the agents and their behavior. It is loosely connected to envi-
ronmental simulator by agent communication and uses the structures of the
Microgrid Structures module. The data saved in the database are used to
document the system behavior in order to check its performance. Launcher
is a module that is responsible for starting the whole system. The detailed
description of the modules is presented in following sections.

6.4 Databases

Due to research character of this project and the used agent approach, the
data processed during experiments has to be stored, even in excess, to have
full overview over the processes and internal workings. Even intermediate
values are stored for all possible parameters and conditions of the exper-
iments. This allows for faster analysis of the behavior of the system and
easier presentation of the results. A real life system does not require such a
high level of logging as the system would be sufficiently tested beforehand.
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To store the data, a PostgreSQL 9.1 database were used. Two databases
were created: Energy and WeatherData.

WeatherData contains all the data related to weather measurements and
the weather data needed to simulate the operation of renewable sources. A
single simulation is saved as a scenario, which contains records describing
the value of the weather factor (wind speed, irradiance, water level) at
certain times in a given scenario.

The Energy database is the main one for the Short-Time Energy Bal-
ancing system. It contains information concerning the initial setup of de-
vices that are considered in the system along with their details necessary
to calculate their power output. During the operation of the system, values
related to the energy balancing are stored here: the operating points of all
active devices, the imbalances, the times and delays of balancing.

When the system is launched with most of the available microgrid nodes,
such a detailed recording of the conditions may cause small delays (up
to few milliseconds), particularly when the simulation runs on a single
computer. These delays are also visible in the recorded data, as the system
logs data sent and received from the database, but the high level of logging
is necessary for reporting purposes.

In the final application of the system – when it would be connected to
real devices, some parts of the database will not be necessary, as there will
not be any need to simulate the operation of devices, monitor the behavior,
nor apply simulators. Thanks to that the delays stemming from database
access should be even lower.

6.5 Microgrid Structures

The Short-Time Energy Balancing system is implemented in JAVA, us-
ing JADE as the agent framework. Microgrid Structures is a library of
classes that holds device models (in the package units), necessary classes
for exchanging data in agent systems (in the package structures) and the
database structure in JAVA software (in package database). The inter-
action with the database is realized by using factories that manage the
creation of objects from the database and by creating entities that will be
inserted into the database; this data is then used to create the models of
devices and agents.

The package units contains the models of devices, such as photovoltaic
panels or reciprocating, engine and is used by Environmental Interface.
These models were made according to the specifications briefly presented
in section 4.3 [KPWWtw11]. The package structures is the only package
explicitly used in the operation of agent balancing system. It contains
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structures as Imbalance or BalancingOffer that are sent during communi-
cation between agents.

6.6 Multi-agent implementation

The multi-agent part of the system consists of two elements: the Microgrid
Environmental Interface and the Microgrid Balancer. The latter is the core
of the system and it is responsible for negotiating the change of operating
point of the devices. The Environmental Interface connects the Microgrid
Balancer to the simulated data (created using the power supply and power
consumption generators, described in section 5).

The systems are implemented using the agent framework JADE, which
realizes FIPA standards. These standards force the use of communication
between agents and the message exchange is the only way to synchronize
the operation of the agents. A multi-agent system implemented using this
framework is very scalable and robust to failures. While the theory of the
agent systems is presented in chapter 3, here the agents and their behaviors
are described in the context of this work.

Two multi-agent systems implemented in this work are operating simul-
taneously: the first, Microgrid Environmental Interface, which is the main
source of data for the second, the Microgrid Balancer. The connection (re-
alized by communication) between agents in both systems is presented in
Fig. 6.2, which shows the agent diagram. The agent diagram represents
the overview of the types of agents that exist in the system and shows
the agents between which there can be communication. Both systems are
described in the following sections.

6.7 Microgrid Environmental Interface

In a real application, the Agent-based Power Balancing module (Microgrid
Balancer) will be directly connected to the physical devices and operate
based on the data received from these devices. In the thesis, the entire
environment (grid and devices) are simulated. However, from the point of
view of the Agent-based Power Balancing module, there is no difference
between real and simulated devices. It expects some interfacing capabili-
ties of the devices, and communicates using this interface. This makes for
a modular structure, where new devices can easily be added (particularly
if they already have a compatible interface) and where moving from simu-
lated devices to real devices is facilitated. That is why, instead of coding
the interfaces in the power balancing agents (from the Microgrid Balancer),
a set of interface agents was added: they can be easily exchanged and up-
dated to cooperate with the available interfaces to real devices. The supply
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Figure 6.2: Agent diagram of the system.

and demand simulators, described in chapter 5, provide the input to this
module. The simulators create scenarios, which are stored in the database,
the agents access these scenarios and choose the amount of production or
consumption for their nodes. The scenarios are generated beforehand.

The types of agents defined in the Microgrid Environmental Interface
system are:

• Source Controllable – this agent represents a fully controllable power
source,

• Battery – this agent implements physical behavior of a battery,

• Source – this is a general representative of an uncontrollable source,

• Consumer – this agent represents a node that is only consuming elec-
tricity,

• External Grid – the agent representing external power grid.

This distinction is the consequence of the need to cope with different prop-
erties of nodes. The controllable sources have their agents: they can receive
the request for operating point change and send back the confirmation or
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an error in response to the requested change. The information about the
change of the operating point has to be communicated to the device; the
Source Controllable agent simulates such a change with the associated de-
lay.

The hydroelectric power plant is a controllable device where the upper
limit of production is defined by the availability of water dependent on
river water flow. When the water is low, the hydroelectric power plant has
to limit the number of operating turbines and cannot reach its nominal
maximum power output. In this case, the Source Controllable agent also
forwards the Balancer the information about the regulation capabilities of
the source.

The agent Source represents power sources that are not controllable, it
only sends the current operating point of the device to the system.

The Battery agent simulates the discharging and charging of a power
storage unit: it considers the limitations regarding speed of charging/dis-
charging and other physical limitations of the device.

The Consumer agent represents a power consuming node; its behavior
is defined by the power demand simulator described in section 5.3. In a
real configuration, this agent would register the load in a node.

The External Grid represents the external power grid, which is a con-
trollable power source, but it has no physical model: it is assumed that the
amount of power that can be sent to or taken from the external power grid
is only limited by the connection between the microgrid and the external
grid. As the external grid is assumed to be bigger in capacity and power,
the limiting factor of this connection is the microgrid, implying that – from
the point of view of the microgrid – the amount of power that can be ex-
changed with the external power grid is of a magnitude can be considered
unlimited.

In Fig. 6.3 the behaviors of the agents are presented. Most of the agents
send and receive data about the state of the device and the required oper-
ating point to be set, so the structure of behaviors is fairly straightforward.
’Cyclic Behaviour’1 is a repeatable behavior, whereas ’Ticker Behaviour’ is
repeatable, but with some delay before the execution of the action part of
the behavior. Cyclic Behaviour is scheduled to repeat indefinitely. Accord-
ing to JADE documentation [19], this behavior is very appropriate when
an agent has to wait for messages. However, an agent equipped with such
behavior tends to take all available time of the processor, just to check if it
can proceed. It enormously speeds up the agent when the processor is not
heavily loaded, but slows down system when multiple of such behaviors are
active. Consequently, for each activity not heavily time constrained, the
Ticker Behaviour is used. Ticker Behaviour wakes up every defined number

1The JADE implementation uses British English spelling, in the thesis, references to
class names of JADE, such as ’Cyclic behaviour’ are written accordingly.
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Figure 6.3: Behavior diagram of the Environmental Interface agents.

of milliseconds, making it much lighter on processor usage. The wake up
interval is set, but still depends on the timing and load of the whole sys-
tem. For uncontrollable sources, they change/report their operating point
in defined intervals, e.g. for wind and irradiance the data that are available
are measured every 10 minutes and the differences are small. The standard
delay for reporting power of the device is 1 minute.

6.8 Microgrid Balancer

Microgrid Balancer is a multi-agent system in which agents negotiate the
power between themselves, in order to achieve the balance of the micro-
grid. Agents are non-hostile, cooperative and truthful [68]. They have a
common goal, eliminating aspects of division of revenues and competition.
Compared to the problems described in section 2.7.2, agents of Microgrid
Balancer are very similar to agents in the Potluck Problem. The introduced
schema of communication uses very simple and efficient reversed first-price
sealed-bid auction mechanism [114]. The efficiency and speed of reaching
the balance is crucial, leaving no time for ascending or descending auctions.
The balancing mechanism is described in detail in section 6.8.2.

To allow for better concurrency of operation, agents (especially when
implemented using JADE), an agent that is associated with a node (called
the physical agent of the node) is composed of a few autonomous agents.
The agent’s goal is to balance ’its’ node using the ’cheapest’ available power
(both for outgoing and ingoing power). ’Its’ node is the node it is con-
nected to; the electric schemas of the nodes and their characteristic were
taken from the reports [PWW10, PWW11, KPWWtw10, KPWWtw11].
The schemas of the microgrid crucial for this project are presented in the
Appendix – Electric project of microgrid. The ’cheapest’ is defined by the
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definition of costs that depends on the provided goal function. The follow-
ing section describes the types of agents designed and implemented in the
system.

6.8.1 Types of agents of Microgrid Balancer

The agents implemented in the Microgrid Balancer system are the core of
the Short-Time Energy Balancing system. The agents are:

• Modeler (Passive and Active)

• Negotiator (Passive and Active)

• Morris Column

• ExternalGrid Modeler (for outgoing and ingoing power)

• ExternalGrid Negotiator (for outgoing and ingoing power)

• Monitor

The agents will be described in more detail in subsequent paragraphs.
The Physical Agent is an abstract concept of an agent that is associated

with a device. In the multi-agent system it is implemented as two coop-
erating agents: Modeler and Negotiator. Physical Agent can be ’active’
or ’passive’, depending on whether the node/device assigned to the agent
is uncontrollable or controllable, respectively (this also creates a division
into Active Negotiator, Active Modeler and Passive Negotiator, Passive
Modeler). This distinction is necessary as both play a different role in
the balancing process. Passive agents represent controllable sources. They
are called Passive because their agents wait for another agent to request a
power change. A controllable device does not introduce imbalances. When
an imbalance occurs, and this device is selected to solve the imbalance, the
agent associated with the controllable device requests a change of operating
point of the associated device.

The Passive Modeler analyzes the state of the node. It checks its regu-
latory capabilities, determines the cost of producing the energy, sends the
appropriate data to the Negotiator and sends the current state to Morris
Column. It can also instruct the node to change its operating point, if
this is the outcome of a balancing decision. The Passive Negotiator deals
with other agents, it sends balancing offers when imbalances occur. It
also informs the Passive Modeler that a change of the operating point is
required.

Active agents are connected to uncontrollable devices and they have
to actively try to balance when the associated device changes its operat-
ing point. The Active Modeler analyzes the state of the node and detects
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Figure 6.4: Behaviour diagram of the Morris Column agent.

changes of the operating point. When a change occurs, it sends the appro-
priate data to the Negotiator and asks him to start the trading process.
The Active Negotiator deals with other agents to compensate a detected
change in the produced or consumed power in order to secure the balance
of the power in the grid.

Due to special characteristics, the battery energy storage is represented
by two agents: the Passive one (which responds to the balancing request)
and the Active one (which is actively trying to maintain the state of charge
on a safe level). This mechanism is further described in section 6.8.5. The
hydroelectric power plant has a slightly modified implementation of Mod-
eler to take into account the fact that the limits of its regulation capabilities
are not constant (changing with the water flow in the river). This has no
effect on the balancing mechanism.

Morris Column is an agent that is not connected to any device, but that
informs Active agents about available regulatory capabilities of Passive
agents. This is done to decrease communications between Passive and
Active agents. Morris Column receives the regulatory capabilities from
Passive agents and on request provides the actual list of Passive agents
that can adjust their operating point. It does not filter the Passive agents
that it is forwarding. This is done to allow a partial balancing mechanism,
where multiple devices are needed to balance. It also considers the real-time
character of the system: the devices report their regulation capabilities less
often than they are capable of changing their operating point, so Morris
Column can have outdated information about their regulatory capabilities.
This is not a problem for the balancing process; it mainly serves as a
detector to know if the device is still present: when not receiving update
from the Passive agent for prolonged time, Morris Column removes the
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Figure 6.5: Behaviour diagram of the Active and Passive Modeler agents.

Figure 6.6: Behaviour diagram of the Active and Passive Negotiator agents.

entry about this agent. That ensures that the device that is malfunctioning
or removed from the system is not waited for during balancing process.
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The behaviours mechanism of JADE was used to implement the agents.
The behavior diagram of Morris Column is presented in Fig. 6.4. The
behavior diagram of the modeler agents is presented in Fig. 6.5 and ne-
gotiator agents in Fig. 6.6. Due to the character of the agents, Cyclic
Behaviour and Ticker Behaviour are the most commonly used.

An important feature of the system is that the need for balancing is rec-
ognized by the device itself. It is the device that sends information about a
change in consumed or produced power. The Active Modeler agent recog-
nizes if the consumed or produced power by the device has changed. If it
did, there is an imbalance (it the device has lowered or raised its operating
point). The Active Modeler has two behaviours active: ’Wait for Inform
Result from Negotiator’, which waits for messages from negotiator about
the outcome of negotiations and ’Delegate Unbalance Reduction’, which
checks the status of the agent’s device and sends the request to the nego-
tiator to start the procedure of power negotiation. ’Delegate Unbalance
Reduction’ behaviour wake up time is synchronized with the time interval
in which the device is reporting the change of the operating point. Passive
Modeler behaviours are: ’Wait for Working Point Change’, which waits for
information about operating point change from the device, and ’Publish
Regulatory Capacities’, which sends current regulation capabilities of the
device to the Morris Column to show its willingness to balance the power.

The Passive Negotiator has only one behaviour of the type Paraller Be-
haviour. This type of behaviour is a type of composite behaviour which
tries to parallelize its sub-behaviours. The parallelization is only simulated
as an agent is operating in a single thread containing also its behaviours.
The sub-behaviours are: ’Wait For Working Point’, which provides the Ne-
gotiator information about the current operating point and current regu-
latory capabilities of the device, ’Wait For Call For Proposal’, which waits
for the balancing requests and ’Wait For Acceptance’ which handles the
confirmation of accepted deal. All of them are Cyclic Behaviours because
the passive agent is meant to communicate with a large number of Active
Agents. That is why its operation should be concentrated on speed.

The Active Negotiator has primary only one behaviour: ’Wait For Del-
egation’ that, when the request to cover balance comes, creates a new
’Negotiate Contract’ Sequential Behaviour. A Sequential Behaviour is a
composite behaviour that ensures that the sub-behaviours are executed in
the following order: the next sub-behaviour starts when the previous one
has terminated. The sub-behaviours of ’Negotiate Contract’ are: ’Send
Query Reference to Morris Column’, ’Receive Inform From Morris Col-
umn’, ’Send Call For Proposal to Partners’, ’Parallel Wait for Negotiators
Answer’, ’Send Allocation Results to Offerers’ and ’Send Report to Mod-
eler’. The algorithm of the negotiations will be described in section 6.8.2
and there the steps will be explained thoroughly. The Negotiate Contract
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Behaviour is started each time the imbalance occurs. When the device
gives the measurements frequently (that may be due to the increased time
factor in simulation) there may be multiple Negotiate Contract behaviours
active at one time.

The External Trading agent trades with the external power grid. This
agent was implemented as two agents: one that is responsible for provid-
ing energy from the external grid in case of deficit and second one that is
responsible for transmitting energy to the network in case of its overpro-
duction in the microgrid. This division has been made due to the difference
in prices between these two situations. The aim of the energy management
system is to minimize the amount of exchanged power with the external
power grid, unless this energy is much cheaper than that produced in the
microgrid. It is an effect of the general tendency that power bought from
the external power grid is more expensive that power produced within the
microgrid and that selling power to the external power grid is not very
profitable (the price received for the power is much lower than the price
for buying it). The two agents have a balancing mechanism exactly the
same as other Passive agents, the difference is in the prices they use for
balancing. As can be seen in Fig. 6.7, the pricing mechanism is simple: if
the power is taken from the external grid – the price of taking additional
power is maximal (prices of power are normalized to the range from 0 to
100), which means that it is chosen only if no internal source can cover
the demand. However, when the price of reducing the amount of power
taken from external power grid is minimal, as it means buying less from
the external grid. In the case when the power is sent to the external power
grid the situation is reversed – it is considered cheap to take power from
the grid (as it implies selling less) and expensive to increase the exchange of
power between external power grid and microgrid. The behaviour diagram
of external grid Modeler and Negotiator are presented in Fig. 6.8. The set
of behaviours is very similar to standard Passive Modeler and Negotiator.

6.8.2 Balancing mechanism

The power balancing process is initiated by an Active Modeler. It delegates
the balancing task to the associated Negotiator, so it can find the nodes
or devices that are capable of balancing the lack or excess of power. The
schema of communication between the agents is presented in two schemas:
operation of Active Modelers and Negotiators are presented in Fig. 6.9 and
those of the Passive Modelers and Negotiators at 6.10.

At regular intervals, an Active Modeler queries its associated device
(in this case an Consumer or Source agent from Microgrid Environmental
Interface) for its current operating point (message number 1 of type RE-
QUEST for power in Fig. 6.9). When Active Modeler receives the current
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Figure 6.7: Prices of power bought from or sold to external power grid.

Figure 6.8: Behaviour diagram of the external grid agents.
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operating point of its device (message number 2 in Fig. 6.9), it checks if
it has changed. If so, an imbalance occurs: the Active Modeler informs
his Active Negotiator (message number 4) to send a request to the Mor-
ris Column agent about the devices that have regulation capabilities to
compensate for this change (sends the message number 5 QUERY REF
message).

After having received the list of Passive Negotiators of controllable de-
vices (message number 6), the Active Negotiator sends a CALL FOR PRO-
POSAL (CFP) [143] message to each of them and waits a predefined time
for offers (message number 7). The Passive Negotiators send proposals with
the amount they can balance or inform that they are unable to take part in
the balancing. The waiting for offers by Active Negotiator finishes when it
receives messages (messages number 8) from all recipients or when a prede-
fined time, depending on the speed and time factor used in each experiment,
passes – usually this time-out is between 200 and 600 ms. From the offers
that are collected, the Active Negotiator selects the best offers. Note that
multiple offers can be accepted, as there may be a situation where a single
device cannot solve the imbalance. For example, if the imbalance amount
is 0.2 kW, but the production capacities can be increased only by 0.1 kW,
the remaining 0.1 kW of power has to be taken from a different source,
or even from the external power grid. The Active Negotiator chooses the
most preferred offers, create the list of accepted offers and adds the offers
to the list until the imbalance can be solved. Following that, it informs the
Passive Negotiators of the acceptance by sending message number 10. The
remaining offers are rejected and the offerers get the appropriate message
number 9. Communication with UltraShortBalancer, which simulates the
communication with the flywheel, is described in section 6.8.5.

6.8.3 Costs in the offers

Each Passive Negotiator that sends a balancing offer includes the cost/price
of balancing. The costs may depend on the running costs (e.g. fuel used)
or may depend on the external market prices, but often it includes other
important factors. This is best illustrated by an example: photovoltaic
panels are relatively expensive to install, but the maintenance and running
cost is low; a gas microturbine is much cheaper to install, but it requires
fuel. From an economic point of view, one should count the full cost of
both installation and usage, and divide it by years of operation and pro-
duced power. This may indicate the gas turbine as being more beneficial.
However, the ecological aim is also important, and it cannot always be ex-
pressed in monetary values. Consequently, the cost used in the balancing
scheme is an user’s subjective value that also takes into account his pref-
erence to give priority of one power source over another. To achieve this,
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costs between different devices need to be comparable: they are normalized
to the values from 0 to 100 and reflect the preference of devices rather than
realistic cost of power usage. Such interval was chosen to avoid confusion
with preferences expressed as fuzzy numbers or probability. The offers are
ranked according to these costs. The order of browsing the ordered list
depends on the direction of the power flow (if it is going to the device or
from the device). If a device needs energy, its Active Agent prefers the
cheapest offers and browses the list in ascending order. On the other hand,
if the device has an excess of power (a consumer lowering its operating
point or a non-controllable source increasing its operating point) then it is
beneficial to reduce production of the most costly devices. The agent in
that case finds the devices with the highest costs to lower their produc-
tion. Consequently, the list is browsed in descending order. The Passive
Negotiators whose offer got accepted, sends the change of operation point
to the connected Passive Modeler (message number 5 in Fig. 6.10) and
the modelers send the message to their units to change the operating point
(message number 6).

For many devices, the difference in cost when increasing the operating
point or decreasing the operating point is symmetrical. However, for some
devices, this can be different. To model this, two kinds of costs are de-
fined: one for compensating for an increased consumption of the energy
and another for reacting to a decrease of energy consumed. Decreasing of
power consumption might be the outcome of increasing the production of
a non-controllable power source.

Some of the devices, like reciprocating engine, have costs that are con-
stant, independent of their operating points. For other devices, their cost
depends on the operating point, as for example on the state of charge of
the battery energy storage.

6.8.4 Monitor

The Monitor is an agent that monitors the system and as such it was im-
plemented as an agent in JADE. In a typical agent concept, the Monitor
would query the different negotiator-agents for the operating point of their
devices, and it would check the state of the microgrid through the Load-
Flow Simulator (described in section 4.4). In the considered problem, the
agents should not spend too much time for sending messages about their
state: it is sufficient that they save the current state in a database; the
Monitor can read this data and use them. Furthermore, this allowed Mon-
itor to know the full state of the system, which it needs to run the Load-
Flow Simulator and consequently it can present the data in a readable
format. In the system, the agents exchange information about the changes
in power and the amount of power that is considered an imbalance, but in
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this distributed approach, there is no place to present the state of the entire
system. This may be necessary for security purposes or to detect malfunc-
tions or even theft of power. The Monitor is responsible for reporting the
state of the system with a certain frequency: it aggregates the changes in
a certain period of time and averages it over fixed-length time period. The
Monitor also hosts a simple GUI that shows the power values and output
warnings from the Load-Flow Simulator regarding the violation of physical
constraints.

6.8.5 Energy storage devices

Battery Batteries are used very widely and their importance is expected
to even increase when the electric cars would become more common. The
potential of electric vehicles was described in 2.5. Batteries have very
specific properties, which make their management difficult. The cost of the
battery energy storage unit, adopted in the system, depends on the state
of its charge. The preferred state of the battery is the state of half charge.
It gives the equal possibility of charging and discharging. To achieve this,
two Physical Agents are assigned to a single battery: an Active one and
a Passive one, both containing a Modeler and a Negotiator. The Passive
agent deals with the controllable abilities of the battery while the Active
one activates only when the battery charge level deviates from the half
charge state (0-30% or 70-100% of charge). The Active Agent modifies the
cost of power for the battery, in order to optimize the charge level. When
battery charge is low (below 30% of charge), the cost for the battery to
consume power is 0, to encourage the system to charge the battery: it
is a cheap place to store excess energy. The cost of further discharging
is dependent on the current charge level: cost = (50%−chargeLevel[%])2

25
, see

Fig. 6.11 (solid curve). For the charging the cost over 70% of charge
equals: cost = (chargeLevel[%]−50%)2

25
(in Fig. 6.11 dashed curve) while the

cost of discharging is zero. For the Passive agent, the cost of charging
or discharging the battery is following the same equations. The charge
between 30% and 70% is the interval where the cost is 0, it means that
then the battery will be always preferable unit to use for balancing. That
is desired behavior, as the battery is the device that can very quickly change
its operating point and has low delays in balancing. The battery energy
storage unit is protected against total discharge or overcharge, for this
purpose it stops offering services in one direction, this happens when the
state of charge is below 10% or over 90%. Note that the battery to some
extent can be seen as a controllable consumer: if its power is low, the price
mechanism is such that the agent system prefers to charge the battery
rather than lower production of energy. Due to the change in prices, this
situation changes when the battery is sufficiently charged.
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Figure 6.11: The diagram of costs of power taken from or send to the battery
depending on the charge level.

Flywheels The flywheels are the second type energy storage units used
in the project. They are ultrafast and very efficient, but their losses of en-
ergy over time are substantial. An unconstrained flywheel starts to visibly
loose power after 12.5 seconds. Manufacturers of the flywheels are reluc-
tant to provide public information regarding the function of power loss
in time. In the project, the storage capacity of the flywheel is artificially
limited in order to prolong the time of storing power, but it is unclear
what the function of charging and discharging of the flywheel should be
in this situation. Due to this, it was decided to consider the flywheel as
a ultra-short storage device that compensates imbalances before the deal
between the negotiators is made and before the Passive Modeler get the
confirmation about the change of the operating point. In this simulation
system the flywheel does not take part in negotiation but is just informed
about the imbalances and the needs to release energy or start charging. In
Fig. 6.9 the flywheel is presented under the name of UltraShortBalancer
and it is an agent that just receives information from Active Modeler about
the occurrences of imbalances and the moment when a Passive device has
compensated for it.

In this project flywheel is treated differently – as a device for minimizing
the ultra-short time imbalances. That means that flywheel would be acting
as a device that gives time for all negotiations to take place. It cannot
take part in described balancing mechanism in section 6.8.2 as its power
discharges too quickly. Instead, the Modeler agent of the device directly
requests power from the flywheel unit and at the moment of finalizing
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the balancing request it releases the flywheel unit from supporting it with
energy storing or discharging (messages number 3 and 13 in Fig. 6.9).

6.9 Launcher

The agents are not synchronized in time: when an agent starts, it is im-
mediately ready to perform its duty. In a complicated system with many
agents interacting, this could lead to imbalances and lost messages dur-
ing the initial stages. The Launcher ensures the best order of starting the
agents and thus minimizes the time needed for the system to reach its
operational state.

The device configuration used by the Launcher is stored in the Energy
database. It holds the information which devices should be active and
what should be their state. On the start, the Launcher first launches the
agents that simulate devices (Microgrid Environmental Interface), then it
starts the Morris Column and external network (if applicable), followed by
the physical agents of controllable devices, and finally the uncontrollable
devices.

The Launcher also actively aids in the scalability of the system. Agent
technology allows for running each agent on a separate machine, as long
as the computer has the JADE container belonging to the same platform
running on it. The Launcher dynamically checks for the number of existing
starting agents, which, due to the internal politics of JADE library have to
be started within JADE environment manually on each physical machine,
and divides agents equally between all available containers. This allows
for more uniform distribution of the computing power over the available
computers.

6.10 Computational complexity

Important aspects when assessing the complexity of a multi agent system
are the number of agents, and the number of messages that are sent. The
number of agents determines the amount of memory needed and the amount
of concurrent threads, while the processor and communication network put
a limit on the number of messages.

The number of agents will be dependent on the number of devices.
Each device requires 2 agents for its operation: Modeler and Negotiator.
For some devices, additional agents are needed. The battery for example
requires 2 additional agents to allow for uncontrollable behavior; the exter-
nal grid for example has 2 additional agents that control the cost. In the
current simulation, without access to real life devices, the devices have to be
simulated; for each device, this adds one agent which would not be present
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in a real configuration: the device agent. For its operation, the system
requires additional agents: AMS, DF, RMA (all required by JADE frame-
work) and the Morris Column. So for a configuration with N devices, one
battery and an external power network there will be 3N + 5 + 5 + 4 agents.
A test made with 8 devices, 1 battery and external power grid, requires 38
agents. JADE framework by default runs each agent as a single-threaded
application, which means that this is also the number of threads active
during the operation of the system.

The balancing process is a continuous process where a single balancing
process starts from detecting an imbalance and stops when the imbalance
is solved. The complexity of solving such an imbalance is dependent on
the number of Passive agents (this is the number of controllable devices)
that take part in the negotiation process to solve this imbalance. The
communication occurs mainly between Passive and Active Negotiators as
only controllable devices can respond when a device (consumer or uncon-
trollable source) causes an imbalance. The time needed for the Modeler
to detect a change of operating point of its associated device is constant.
When this happens, time is needed for sending a CALL FOR PROPOSAL
to the Passive negotiators and then wait for their response. Let us assume
that there are Nc controllable devices in the microgrid, Nu uncontrollable
devices and the Morris Column. The communication between Modeler and
Negotiator agent of the same device requires 2 messages per imbalance,
the communication of the Passive agent with Morris Column also requires
2 messages. Each uncontrollable device asks for offers from all control-
lable devices active in a system, which requires sending Nc messages and
receiving the same amount. Then, the uncontrollable device informs all
controllable devices about its choice by sending another Nc messages. In
total, this means that 4 + 3Nc messages have to be sent to solve the im-
balance. Considering that system has much less controllable devices than
uncontrollable, the amount of messages should not be problematic for the
computer network. Considering communication amount the computational
complexity expressed in number of messages can be estimated as O(3Nc).

The program uses a fixed amount of memory for a given configuration,
the use of disk space is slowly growing due to the database that stores the
history of contracts and operating points.
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Chapter 7

Experiments and performance

7.1 Introduction

This chapter contains the results of various experiments carried out to
present operation of the simulated microgrid and the balancing process.
The next section describes necessary information regarding the process of
simulation, the representation of results and the testing environment. Sec-
tion 7.3 contains simplified experiments to focus on specific parts of the
system, in order to clarify how different components behave and how mul-
tiple components influence each other. Section 7.4 contains more thorough
experiments to show the balancing performance on different test configu-
rations. The chapter concludes with a discussion of the experiments and a
general conclusion on the performance.

All experiments presented in this chapter are designed to show the bal-
ancing algorithms and the behavior of multi-agent system only. Due to
the fact that the real system is unavailable, the tests were done on PC
computers using simulated data. The simulated data were generated using
the methods described in chapter 5.

7.2 Prerequisites

7.2.1 Time factor

The energy balancing problem is a real time problem; using a simulated
environment allows for experiments to be run at an accelerated rate. This
allows for simulations that concern longer periods of time to be ran in
reasonable time, providing the computing power allows for it. There are
some side effects to this, which are discussed later. For this purpose, the
time factor mentioned in subsection 6.8.2 was implemented and used. The
time factor regulates how frequently the devices report the power change,
and how often agents receive those changes. The time factor can be set
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Table 7.1: Times of balancing with different time factors.

Time factor=60 Time factor = 120

Average time of
balancing [ms]

118.598 189.867

Minimum time of
balancing [ms]

14 18

Maximum time of
balancing [ms]

724 1298

Standard deviation of
balancing time [ms]

106.385 164.151

equal to 1, which means real time, to up to any chosen value to indicate
how many times the simulated system time is accelerated in comparison to
real time. The maximum value for the time factor depends on the hardware
and on the number of devices simulated. When all devices in the proposed
microgrid are considered, tests have shown that 60 is a maximum possible
value for most current single computers. This value speeds up the operation
of the system 60 times, which means that a 24-hour day can be simulated in
24 minutes. Speeding it up even more, challenges the computer system and
in practice generates a number of delays (due to large amount of shifting
threads in the processor and the delays of message exchange) that worsen
the balancing time and even might cause imbalances.

An experiment was made on single computer: a scenario with 7 devices
(of which 2 were controllable sources) was simulated using a time factor of
60 and a time factor of 120. The purpose of this experiment was to verify
how the time factor influences the balancing performance on a scenario that
should be possible for the simulation environment (1 computer in this case).
It showed that with the time factor of 120, even though the system can
balance the power, the time for balancing is longer. While the maximum
time of balancing is much higher, such higher values occur very infrequently
in the experiment, longer delays occur more frequently as the time factor
increases further. When the time factor is too high for the simulation
environment to cope with the provided scenario, uncovered imbalances will
be observed; this did not occur with the time factor 120. The statistics
measures of the balancing times for this experiment are presented in Table
7.1.

The usage of the time factor has an additional influence on the balanc-
ing time and concurrency: in the implementation, the agents have to be
prepared to operate within the time that is sped up, even up to 120 times.
For such conditions, the time the agent waits for responses has to be short
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enough. If the time would be not accelerated at all, the times for waiting
might be lengthened, which would make agents release the processor for
longer periods. This would improve the concurrency of the operation on
the processors. As a consequence, the time of balancing might be shorter
in this situation or alternatively, more agents can be placed on the same
physical machine.

The time factor makes the agents report imbalances more frequently,
which increases the number of sent messages, entries and queries to the
database in a given, real, time period. This causes computers to use their
processors at maximum during the time of the simulation. The system is
heavily multi-threaded and race conditions might occur. Even though the
agents are not performing heavy computations, the constant checking on
devices and communication is an effort for the system.

7.2.2 Scenarios

The scenarios containing consumer actions and renewable production, have
been calculated beforehand and are stored in a database. The balancing
system only reads the data from the database. This not only allows for
repetition of exactly the same scenario on different systems, but also guar-
antees that the generation of a scenario does not delay the balancing.

In the scenarios, controllable devices are set to a starting operation
point. The Short-Time Balancing system can change the operation points,
but cannot switch on or off the devices. Switching devices - sources and
consumers - on or off requires additional knowledge and logic which requires
more data than the Short-Time Energy Balancing system has. This func-
tionality can be covered by a separate system, which needs to be developed
using appropriate prediction models that are suitable for the devices in the
microgrid. In the system considered in the thesis, this switching schedule
is prepared by the Planner. The short-time balancing mechanism is not
influenced by the presence of such a system, as it covers any imbalance as
it occurs. This allowed for a simplification of the system and experiments,
where switching controllable sources on and off is not considered. In an
experiment, the scenario defines the set of controllable sources from the
beginning and this stays fixed for the experiment. Only changes in operat-
ing points are considered, but the system will manage to balance if a new
device registers in the system or deregisters from the system (which should
happen when a device is switched on or off).

The balancing system itself is not capable of detecting sudden failures,
such as a device that disconnects from the grid but does not deregister from
the system. What is more, the balancing system cannot know if this is a
failure of the system or of the device and in general, such events should be
caught by a general monitoring system and dealt with accordingly.
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7.2.3 Representation of the results

The representation of the results of the Short Time Balancing system re-
quires some attention, as it is not straightforward, and at first sight may
give a wrong perception of the real behavior. The reason is that the agent
system is not synchronized in time: the change of power (and balance)
can happen at any time and can differ by a few milliseconds; this becomes
visible in graphs showing the operating points. Due to large amount of
data, not only are there many devices but also many imbalances that need
resolving, plotting clear graphs requires preprocessing of the data. This
functionality is included in the Monitor 6.8.4. The Monitor aggregates
data into fixed periods of time (the length of period is given by a parame-
ter) to make the plot more organized. To represent the asynchronous data
on a time axis, the Monitor aggregates the times into equal length inter-
vals, as it is otherwise impractical to plot a graph from data that spans
e.g., 24 hours with a 1 millisecond resolution. The Monitor thus allows
to make a regular diagram with the time periods on x-axis and the oper-
ating points of selected devices on y-axis. This approach and the ability
to change the period length makes it possible to plot diagrams that would
clearly show the process of balancing. Unfortunately, the aggregation can
introduce inaccuracies in the representation. Such situations occur when
an imbalance and the resulting balancing change of operation point end
up in different intervals. This can happen even though the difference in
time is small, e.g. only 13 ms, and can happen with any size of intervals.
The effect is illustrated in Fig. 7.1. The darker dots in the figure are the
changes of operating point of one device, where the lighter ones represent
the balancing device operating point. Due to the selection of period length,
the aggregation will show a delay of balancing in the highlighted period,
which will not be visible in previous periods. Such situations might occur
regardless of the choice of length of the period (values between 100 and
1000 ms were tested) and cannot be fully avoided. Because of this, the fi-
nal evaluation of balancing success is calculated from data collected during
operation of the program. This is the same data that was aggregated to
make the graph; the graph merely provides a visual representation of the
distribution of balancing in time and the change of operating points of the
devices.

7.2.4 Test environments

The experiments were performed on computers available to the author.
Three different test environments were used: two single computer environ-
ments and the equipment available in the Warsaw School of Information
Technology [159].
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Figure 7.1: Example of possible problems with the aggregation methods for
plotting data.

Environment 1 Single computer with Windows 7 Professional 64-bit,
processor: Intel(R) Core(TM) i5 CPU 650@3.20GHz 3.19 GHz with 8 GB
RAM.

Environment 2 Single computer with Windows 10 technical preview,
processor: Intel(R) Core(TM) i7 CPU 4790k@4GHz with 8 GB RAM.

Environment 3 Computer room in the Warsaw School of Information
Technology, up to 18 computers. Each of these is an Intel(R) Core(TM)
i5-3450 CPU@3.10 GHz 8 GB RAM machine, with 64-bit Windows 7. The
computers are connected by a 1 Gb Ethernet LAN using a dedicated switch.

For each test environment, a Postgres object-relational database man-
agement system is used to hold the scenarios and to store the results [157].
This database is located on a separate computer in order not to take the
CPU time of the computers with agents, as this could slow the balancing
process.

As will be shown in the next section, the equipment used for experi-
ments defines the speed of balancing and the number of devices that the
system can balance in reasonable time. Even with the time factor set to
1, no single machine at the author’s disposal was capable of carrying out
reliable performance tests when all the nodes of the microgrid are to be
considered. The test environments were still used with smaller scenarios,
as they were the easiest to configure and the smaller scenarios were still
sufficient illustrate particular cases.

The experiments revealed there was no significant increase of required
memory with the number of agents. For the third test environment, which
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uses multiple computers over LAN, the speed of the network was not a
limiting factor for speed of balancing.

7.3 Simplified experiments

A set of simplified experiments is presented in the following subsections.
Simplified in this case means that there is a limited number of devices and
one scenario of consumption and weather conditions. The main goal is to
show how a single device or a small set of devices behave under simple con-
ditions. This allows for a better understanding on how the system reacts in
different circumstances, prior to moving to more complicated experiments
in which this behavior is less visible. The experiments made are grouped
into the following categories:

• Balancing process: experiments to show the basic behaviors of the
single devices.

• Special devices: experiments to show the influence of battery and
external power grid on balancing process.

• Influence of an environment: experiments to show the influence of
the computer setup and time factor.

7.3.1 Balancing process

The algorithm of balancing is focused on reaching the balance state as
quickly as possible (section 6.8.2). To optimize this, the implementation
of the system reduces the number of messages sent by dividing agents into
two groups (active and passive, representing respectively non-controllable
and controllable devices) and restricts communication only between agents
from different groups. Controllable devices do not generate imbalances, all
agents tied to such devices are passive; consequently a system with only
controllable devices will not trigger any balancing actions. When no imbal-
ances are reported, the production levels of the controllable devices will not
change, even though a different usage of the controllable devices might be
more beneficial. To optimize the production levels in this situation, there
has to be some external mechanism, like Planner, that would manage the
operating points of the controllable devices in a situation where there is
no variability of consumers or renewable power sources. When at least one
uncontrollable device (consumer or producer) introduces imbalances, then
the Short-Time Energy Balancing System starts performing the balancing
actions. The following experiments were conducted to test its balancing
behavior:
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Figure 7.2: Experiment with controllable producers and non-constant consump-
tion.

Experiment with controllable producers and non-constant con-
sumption

This experiment includes two controllable devices: a reciprocating engine,
a gas microturbine and two consumption nodes: R111W 1 and R332R 2.
The aim is to show how the change in consumption results in a change
of production of the sources. The test was run in Environment 1, using
generated consumption profiles from 5th of January (from midnight to mid-
night). The time factor was set to 60 (the system was simulating 24-hours
in 24 minutes). On average, the system managed to balance the power
within 63.292 milliseconds (with 10 milliseconds as minimum time and 377
milliseconds as maximum). As can be seen in Fig. 7.2, the reciprocating
engine is mainly balancing the consumers as it is the source with lower cost.
In the beginning, the gas microturbine remains at its lowest operation point
as it is a less desirable (more expensive) source. When the reciprocating
engine reaches its maximum production, the gas microturbine has to take
over the balancing of power. When the sum of consumption lowers enough,
the reciprocating engine is again taking over the balancing.

Experiment with constant consumption

In this experiment, the power consumption is constant, but uncontrollable
power sources, like photovoltaic panels and wind turbines, introduce im-
balances. This experiment will show that, for the balancing mechanism,
there is no difference between an imbalance triggered by a consumer and an
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Figure 7.3: Experiment with constant consumption.

imbalance triggered by an uncontrollable source. The devices used for the
experiment were: the external network, the reciprocating engine, the gas
microturbine, the wind turbine and two sets of photovoltaic panels. The
experiment was also conducted in Environment 1, with the time factor
equal to 60. In total, there were 1422 registered imbalances, all balanced
with average time of balancing 57.58 ms, minimum balancing time 9 ms
and maximum balancing time 161 ms. In Fig. 7.3 it can be seen that the
overall power level (sum of production) in the microgrid stays constant, the
small deviations from this line are due to unavoidable delays in covering
imbalances and due to the imperfect representation of the results by the
Monitor (described briefly in 7.2.3).

In this experiment, the controllable power source regulation capabil-
ities were not sufficient to balance the rising production from renewable
power sources (wind and photovoltaic panels). The external power grid
had to take significant part in balancing – the power from the microgrid
had to be transmitted to the external grid to maintain the balance. In
Fig. 7.3, there is a sudden increase of wind and a resulting increase of
the wind turbine production at around 550 minutes from the beginning
of the experiment. This production level, together with the power from
the photovoltaic panels, exceeds the control abilities of both reciprocating
engine and gas turbine, so the excess power has to be sent away to the
external power grid. In the plot that is represented by the negative values
of production from external power grid.
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7.3.2 Special devices

Two devices are considered as special devices: battery and external power
grid. Both of them have two negotiator agents. Their special properties
and constraints require different management. In the case of the battery,
there are physical limitations to the charging cycle: the battery cannot
reach the state of deep discharge or overcharge. The external power grid
has unlimited production and consumption abilities, but there is a price set
for sending power to the grid and taking power from the grid which needs
separate consideration.

Experiment with battery

The battery is a special device that stores the power to use it for supply
when necessary. The method of controlling this device is based on the
adjustment of its costs according to the algorithm presented in subsec-
tion 6.8.5. This experiment was made to check if the battery behaves as
expected. Because the experiment was conducted in Environment 1, the
number of devices was limited to: gas turbine, battery, 2 consumers and
wind turbine; the time factor used was 60. The system balanced with an
average time of 53.448 (with 12 ms as shortest time and 310 ms as the
longest) and standard deviation of 33.938. In Fig. 7.4 the outcome of the
experiment is presented. The left y-axis shows the amount of active power
the devices are producing or using, the right y-axis shows the battery charge
level in percentage. The power consumed by both consumers was summed
up to one value to make the diagram clearer. It can be seen that battery
is discharging during the first part of the experiment, and levels off when
it reaches 30% of charge. Under 30% of battery charge level, the price of
using power from the battery increases, quickly making it exceed the price
of gas turbine. This causes the cheaper device to be used. The charge level
below 30% triggers the mechanism to charge slightly the battery to allow it
to start balancing if other devices run out of their control capabilities. The
battery remains at 30% until the total amount of energy in the microgrid
increases, which happens at around 220 min. As consumption increases
later, the battery is again supplying energy. Note that as long as there is
no excess of power, the battery is not charging. Planned charging of the
battery should be handled from outside the Short-Time Balancing system.

Experiment with external power grid

The power grid has two negotiator agents; both of them are passive. This
is because the external power grid can act both as a controllable power
source and as a controllable consumer. As was explained in section 6.8.1,
the exchange of power with the distribution power grid is minimized. The
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Figure 7.4: Experiment with the battery.

Figure 7.5: Experiment with the external power grid.

operation of external power grid is best seen in a situation when there are
small deficits and overproduction of power during the experiments. The
case with the overproduction occurred in the example with constant con-
sumption, which discussed in subsection 7.3.1 (the example is presented
in Fig. 7.3). This is the case where the renewable sources produce more
power than what is consumed in the microgrid, and the external network
has to act as a controllable consumer: it has to consume the amount of
power that is in excess in the microgrid, in order to balance. The experi-
ment with underproduction of power in the microgrid can be observed in
Fig. 7.5 where the external power grid has to supply power to the system.
The available sources do not supply enough power, and the external power
grid needs to act as a controllable source, supplying the necessary amount
of power to accommodate the consumption in the microgrid.
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Table 7.2: Times of balancing on different computers.

Environment 1 Environment 2

Average time of
balancing [ms]

118.598 5.366

Minimum time of
balancing [ms]

14 0

Maximum time of
balancing [ms]

724 156

Standard deviation of
balancing time [ms]

106.385 11.527

7.3.3 Influence of environment on experiments

Time of balancing on different computer environments

Experiments were made on two different single computers (described in
subsection 7.2.4, Environment 1 and Environment 2). The computer in
the Environment 1 was heavily loaded and had many processes running
concurrently: firewall, antivirus, NetBeans, database and others. It was
also less powerful than the computer in Environment 2. The computer in
Environment 2 was a fresh installation with minimal number of running
services. The same scenario was launched on both of these environments;
the scenario constitutes of a reciprocating engine, gas turbine, wind turbine,
photovoltaic panels, two consumption nodes (R111W 1 and R332R 2) and
a battery. In both cases, the system perfectly balanced the microgrid; the
times of balancing for the first case are longer, as presented in Table 7.2.
This small example illustrates the difference of balancing times for two
different, single computer environments.

The main issue with the agent approach, is that the entire system con-
tains many processes that run in parallel. On a single computer, this is
solved by swapping between the parallel processes; the influence of the
additional tasks performed by the computer in Environment 1 adds more
processes and thus negatively impacts performance. The presence of 4 cores
(8 parallel threads) in the computer in Environment 2 also should make
it better suited for the problem. Experiments that involve the time factor
have illustrated, that number of thread swaps becomes a bottleneck. The
necessary computing time for a single agent is very limited, so rather than
running many agents on a single computer, an environment using multiple,
dedicated low power, low cost computers (e.g. Raspberry Pi [148]) could
be used. Such equipment should be able to handle a number of agents if
no time factor is used, especially that in real life example there is no need
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to simulate the behavior of devices. This would allow for an even finer
representation of the microgrid: currently, the lowest level of a consumer is
a node, which groups a number of devices together. Using many low level
computing units would allow a representation at device level, but the entire
mechanism of the presented energy balancing system would be the same.
Ideally, each agent should have its own microcomputer, but presented ar-
chitecture of system should successfully balance on a smaller number of
more powerful processing units.

7.4 Scalability

It was already determined that both the time factor and the number of
devices impose a limit on what scenarios can be run on a given test envi-
ronment. In order to assess the scalability, first, a deliberate attempt was
made to run a simulation on insufficient hardware. This allows to deter-
mine how the system reacts. For this purpose, the full microgrid was run in
Environment 3, with a speed factor of 24. The system managed to balance
the microgrid continuously, with an average balancing time of 333.847 ms
and a minimum one of 15 ms. However, there were rare occasions where
the balancing time exceeded 10 seconds; the maximum measured time was
10717 ms. The diagram of the operation of power sources with aggregated
consumers is presented in Fig. 7.6. The maximum balancing time is above
that of earlier experiments, but from this, the criterion to determine how
to find the upper limit of operation was deduced.

To check the scalability of the solution, the experiment was performed
in test Environment 3, with the time factor equal to 1, which means the
time of the system was equal to the real time. There were two tests: the
first had all nodes connected (125 nodes, of which 5 controllable sources),
the second had the number of nodes limited to 69 and contained 4 control-
lable sources (the battery was omitted). Following the conclusions of the
computational complexity (6.10), each controllable source was placed on
a separate computer while the rest of devices were spread equally, which
means around 25-26 agents per computer in the first case and 14-15 in the
second case. The analysis of the computational complexity of the balancing
already established that the number of messages will be a bottleneck. This
was also observed in initial experiments, when all nodes were distributed
randomly over the computers. The behavior of the system was rather un-
predictable, as it depended on how many agents shared the computers that
had the controllable sources and the distribution of the nodes happened
non-deterministically. As the communication is concentrated around the
controllable sources, they are the ones sending offers for solving imbalances
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Table 7.3: Times of balancing of devices in real time.

Real-time test 1 Real-time test 2

Average time of
balancing [ms]

488.650 368.989

Minimum time of
balancing [ms]

31 1

Maximum time of
balancing [ms]

3323 3199

Standard deviation of
balancing time [ms]

474.311 314.097

and receiving confirmations (or refusal), running the agents of a control-
lable source on a dedicated computer for the source was done to anticipate
the bottleneck and prevent this unpredictable behavior.

The experiment was run for approximately two hours. At the beginning
of an experiment, all agents are distributed over the different computers;
this takes some time and explains a start-up phase where large delays can
be observed. The normal operation of the system starts therefor after a
few minutes.

In both cases, system managed to balance easily, the times of balancing
are presented in Table 7.3. The system managed well, as the average bal-
ancing time is below half a second, but also it is clear that in real-time test
1 the computers were overwhelmed by the amount of agents; real-time test
2 shows that reducing the number of agents per computers improved the
outcome. The time of balancing in subsequent imbalances are presented in
Fig. 7.7, where the longer delays due to the start-up phase of the system
can also be observed in the initial moment of the simulation. The difference
in performance is mainly observed in the minimum and average balancing
time.

In the previous section, it was shown that the number of processors
influence the balancing time. Using the Environment 3, an experiment was
made to check the scalability of the system on a number of computers.
Ten devices were chosen for the experiment: gas turbine, battery, external
power grid, hydroelectric power plant, wind turbine, one set of photovoltaic
panels and four consumers. The test was then executed with time factor
set to 24 on 1, 2, 4 and 8 computers. The time of balancing is presented
in Table 7.4 and Fig. 7.8.

As can be seen, the average the time of balancing decreases nonlinear
with the increase of the used number of processing cores in the simulation
environment. In these experiments, all devices, including the controllable
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Figure 7.7: Time of balancing with full set of nodes and 69 with time factor
equal to one.

Figure 7.8: Comparison of time of balancing on different number of computers.

sources, were distributed equally as the problem is small enough to allow
for this. In general, the system scales well with the number of devices, but
care should be taken with the non-controllable devices, to make sure they
receive enough computing power.
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Table 7.4: Times of balancing 10 devices on different number of computers.

Single
computer

Two
computers

Four
computers

Eight
computers

Average time of
balancing [ms]

296.754 118.990 39.787 28.040

Minimum time of
balancing [ms]

15 15 1 0

Maximum time of
balancing [ms]

764 578 374 234

Standard deviation
of time

106.385 95.631 33.492 21.944



Chapter 8

Cost analysis

8.1 Introduction

A full cost analysis of the system is performed using the simulated system
and the microgrid. Lacking the real information on how the microgrid
operates and what the real costs are, an attempt was made to perform
the calculation of the cost of operation of certain devices of the microgrid
(especially those requiring fuel).

In this chapter, the performance of our system regarding cost optimality
is compared against two other solutions: the first is a simple solution that
uses predefined profiles that define the use of the controllable sources -
this provides an upper limit to the cost; the second is the perfect artificial
optimum which provides a lower limit to the cost. The perfect optimum
resembles a centrally controlled EMS, with the difference that it does not
suffer from the delays of detecting power imbalances. The tests show that
distributed approach closely resembles the optimal one.

8.2 Objective function

The most intuitive purpose of management is to minimize the cost of oper-
ation, but other purposes can be considered. Maximizing the use of clean
power sources could be a second criterion. A third purpose can be shaving
the peaks of power usage: in power networks, peaks of power usage pose a
problem, as the grid has to be able to cope with those peaks. Microgrids,
with their own sources and storage, can help in this.

Different strategies can be considered as the choice of the objective
function of agents in microgrids. Strategies based on optimizing the ex-
change with the external grid form one group. Two simple strategies from
this group are as follows: minimizing the exchange with the external grid
(considered in this thesis) and minimizing the cost of exchange with the

133
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external grid, which was also considered in [12]. Other group of strategies
might be considering minimization of the total cost of microgrid operation,
which is a very interesting and complex problem especially considering all
costs (amortization cost, fuel costs, etc.).

The criterion for optimization considered here is a combination of cost
minimization, environmental optimization and optimal usage of the re-
sources present in the microgrid. However, the aspect of minimizing the
power exchange between the external power grid and the microgrid plays a
big role. The choice of which controllable source to use is made by means of
a relative cost, which not necessarily has to reflect the real cost. If it reflects
the real cost the cheapest sources will be preferred, other cost assignments
can result in a power balancing scheme that behaves differently.

Considering the aim of Research and Education Center and the rea-
sons it was designed, it is assumed that the exchange of power between
the external power grid and the microgrid should be minimized. It is not
always the case that the power from external (national) power grid is more
expensive or more polluting (the ecological aspects are also considered).
However, assuming that the prices of power in external power grid tend to
grow, combined with the fact that the microgrid has an ability to work in
island mode (disconnected from external power grid and balancing the de-
mand and supply at every moment), the scenario of limiting the exchange of
power seems very desired. In this analysis, we therefore assume that selling
power to the external power grid brings minimal or no income and buying
power from the external power grid is more expensive than producing it
internally.

In should be however underlined that the Short-Time Energy Balancing
system is made in a way that the relative prices (that induce the order of
the preferred devices) can be easily changed to reflect different balancing
strategies and that the system will adjust itself accordingly.

8.3 Calculating cost of operation

The cost of installation of renewable power sources, batteries and measuring
system (smart metering) is still quite high, even though the popularity of
such devices is growing. From an investor point of view, the decision of
building such facilities has to be carefully calculated taking into account the
future prices for electric energy, maintenance costs and the other factors.
In this work, we are free from such dilemmas, as the research and education
center is made to research the new technologies for power production and
does not have to consider the return of investment cost. That is also a
reason why we would not consider amortization costs of operation of the
research center.
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The costs that are considered, are the cost of the current operation of
the considered devices; under such conditions, the renewable power sources
produce almost free energy, the same as hydroelectric power plants. On
the other hand, the controllable power sources like a gas microturbine and
a reciprocating engine need fuel for their operation and the cost of this
should be considered.

In next paragraphs, a short description of the models of devices that
were used in the system is presented.

Gas microturbine [KPWWtw10] The gas microturbine modeled in
this system has a nominal power of 65 kW with the allowed operating
point between 20% and 100% of its nominal power. This unit works as
a cogeneration device (it produces heat and electric power). The cost of
producing electric energy by this device KGM(t) [PLN] can be defined by
equation:

KGM(t) = BGM(t)Wpkjp (8.1)

Where: BGM(t) – usage of gas/biogas [m3/h], Wp– average calorific value
[kWh/m3] estimated at 6.0 kWh/m3, kjp–cost of fuel unit [PLN/kWh] as-
sumed to be 0.2 PLN/kWh.

The consumption of gas can be calculated from the following equation:

BGM(t) =
P GM

e (t)

ηGM
e

(

P GM
e (t)

P GM

N

)

Wp

(8.2)

where: P GM
e (t) – average electric power produced by gas microturbine

during time t [kW], ηGM
e – electrical efficiency of gas microturbine [-], P GM

N –
nominal power of the source [kW].

The efficiency of the gas microturbine depends on the operation point
of the turbine and is described by the following equation:
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)

+ 0.0387 (8.3)

The change of efficiency depending on the operating point is presented
in Fig. 8.1.

Reciprocating engine [KPWWtw10] The reciprocating engine is also
powered by gas or biogas, its maximum power is 50 kW and it is also a
cogeneration unit. The cost of operation (without amortization costs) is
expressed by the following equation:
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Figure 8.1: The efficiency of producing power by the gas microturbine and re-
ciprocating engine.

KE(t) = BE(t)Wpkjp (8.4)

Where: BE(t) – usage of gas/biogas [m3/h], Wp– average calorific value
[kWh/m3] estimated at 6.0 kWh/m3, kjp–cost of fuel unit [PLN/kWh] as-
sumed to be 0.2 PLN/kWh.

The consumption of gas can be calculated, similarly to the gas micro-
turbine, from the following equation:

BE(t) =
P E

e (t)

ηE
e (P E

e (t)

P E

N

)Wp

(8.5)

where: P E
e (t) – average electric power produced by engine during time t

[kW], ηE
e – electrical efficiency of engine [-], P E

N – nominal power of the source
[kW].

The electrical efficiency was estimated and is given by the equation:
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The diagram of electrical efficiency is also presented in Fig. 8.1. As
can be seen, the Engine has a higher efficiency factor, so as a source for
electrical energy it is more fuel efficient and therefor cheaper. However,
when the cogeneration aspects are considered, the gas microturbine might
be more efficient.

The price of the controllable power sources that are dependent on the
operating level are presented in Fig. 8.2.
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Figure 8.2: The cost of producing power by the devices.

External power grid The current average price of power in the external
power grid in Poland is fairly low [141]. The average cost per kWh is around
0.3 to 0.4 PLN, plus around the same value for the distribution of power
and some additional fees. Comparing that to the price for energy produced
by controllable sources, see Fig. 8.2, shows that the price of electricity
from the microgrid’s own sources is higher. But it is not fully the case.
Both gas microturbine and engine are cogeneration units which, in case
of no connection to district heating system, are the most efficient heat
sources. In cogeneration, the efficiency of burning fuel is high and the cost
of not using electricity for heating should be subtracted from the cost of
producing electricity. What is more, the microgrid’s own power sources
have no additional fees for distribution of power or the maintenance of
connection. In addition, the internal production of energy is necessary
in island mode operation. The combination of renewable and fuel-based
controllable power sources allows to maintain fairly stable microgrid in case
of blackout in the external power grid. Due to the fact that the renewable
power sources are almost cost-free, the combination of renewable power
sources and gas microturbine may give overall average prices that are much
lower than any tariffs with the national power grids.

The assumption of the system was to keep the exchange of power be-
tween external power grid and microgrid minimal. The cost of power from
the external power grid is set to 0.9 PLN/kWh for the energy taken from
the grid, whereas sending energy to the grid brings 0.05 PLN/kWh of profit.

Battery The model of the microgrid includes battery and flywheel as a
power storage units. The battery is a device that requires control at any
point of its operation; in the simplest situation it needs the information
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whether it shall be in charging or discharging mode. The battery can be
treated by the EMS in two ways: either as a device that takes part in the
balancing, changing its operating point (setting charging or discharging
mode) to supply power or consume power; or as an intermediary device
that is only a buffer between the producers and consumers. The flywheel
is a device that only works as a buffer of energy due to its inability to store
the energy for long time. That is why it is not considered as a storage unit
that can be managed by the system.

The cost comparisons were done without the presence of a battery in
either the agent based EMS or the optimal operating points calculator.
The reason for this, is that there needs to be some prediction of the future
power consumption and production so that the management system can
decide whether or not it is a good time to charge the battery. This decision
is impossible to make from just looking at the current power supply and
demand situation. When the system has knowledge about the future energy
supply and usage, ideally, the battery should be charged when there will be
a surplus of energy to prepare it for discharging when there will be a deficit
of power. Such knowledge can only come from a predictor that has a prior
information about typical profiles. If the same predictor were to be used in
either the agent based EMS or in the optimal operating points calculation,
the battery will behave very similar. In the end, this would not influence
the cost calculation differently from adding a consumer or producer, but it
would complicate the calculations and the visualization.

A battery is very useful in the situation of variable prices in external
power grid, especially when the prices follow some averaged profile (e.g.
represented by multiple tariffs, peak/off-peak prices). The storage device
can include in its profiles and predictions the prices of power from external
power grid and set its state (charging/discharging) to use mostly cheaper
energy.

Hydroelectric power plant A hydroelectric power plant is a renewable
power source, but in the EMS it is treated differently as its operating point
can be controlled. Considering the cost of power is close to zero (as was
mentioned earlier, the cost of amortization is not considered) the optimal
course of action is, unless the microgrid is in island mode, to always maxi-
mize the production of hydroelectric power plant. The maximum operating
point of the power plant depends on the level of water in the river, which
becomes the real limitation for the power output. It is a controllable source
that has almost zero cost, so for cost-comparison it does not introduce a
difference between the methods. For this reason, for presented tests, the
hydroelectric power plant is switched off.
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8.4 Utopian optimization

The most appropriate benchmark for multi-agent Short-Time Energy Bal-
ancing system is the system that simulates the optimal operating points for
all controllable devices in the microgrid. It is assumed that it has informa-
tion about the demand and supply of power in every moment in time. As
such, it has enough knowledge to decide on switching on or off controllable
power sources, which in some cases may be optimal. In the considered EMS
the decision about switching on or off the controllable source is made by
different module, the Planner, which uses the prediction of electricity and
heating requirements to decide when and which devices should be active.
The tests considered only the Short-Time Energy Balancing system and
experiments were run without the Planner, thus without the possibility for
switching off controllable sources.

The algorithm for calculating the optimal operating points requires a
list of all active nodes (consumer nodes and power sources) and information
about their operation at all times. The program calculates the operating
points for equal time periods with the chosen interval. In the considered
utopian optimization, this interval was set to 1 minute for two reasons.
First, all devices report their power usage once per minute: if an operating
point changes, there will not be a change within one minute. As the Short-
Time Balancing System uses the power usage as reported by the devices, it
cannot see changes faster than this. Choosing a lower value for the utopian
optimization would result in a benchmark that has less restrictions than
the Short-Time Balancing System has. The second reason is that the 1
minute interval also matches the resolution of data representation in the
presented examples, making the graphs easier to interpret.

To find the optimal solution, the program calculates the sum of the con-
sumption in a given period, counting all active nodes. Then, it calculates
the sum of the production of power from renewable power sources in this
period (this is the sum from all photovoltaic panels and wind turbines).
The difference between the production and consumption is what really has
to be balanced. With this knowledge, it is possible to calculate the oper-
ating point of controllable producers in a way to cover all imbalances (no
controllable consumers are assumed to exist in the microgrid). The idea
is to first use to the maximum operating point of the cheaper sources and
then use the more costly devices in order of cost. The remaining imbal-
ances, if any remain, are assigned to the external power grid. The costs of
production from the controllable power sources are calculated, according
to the equations presented in section 8.3. The cost of power from external
power grid is calculated using fixed price per kWh and from it is subtracted
the income from selling energy to the external power grid.



140 CHAPTER 8. COST ANALYSIS

Figure 8.3: The example of the operating point choice by the utopian optimal
algorithm with full knowledge.

In Fig. 8.3 the example solution of the optimal algorithm is presented
for a given simulation. The amount of imbalance is first growing, then
falling and then gradually rising again till around 750 minute when the
decline starts. The cheapest energy source is used first, which can be
seen by the fact that the reciprocating engine’s power output (dark line)
increases as the difference (light line) increases. When the engine reaches
maximum capacity (the limit is till 50 kW), the gas microturbine increases
its operation point to balance the increasing difference. The difference
between power consumption and production from non-controllable power
sources during last two hundred minutes of the simulation is negative, which
means that there was more power produced than consumed: this surplus
of power is put to the external grid: it is the only device that can operate
as a controllable consumer (take power from the microgrid).

8.5 Optimization with predefined profiles

The utopian optimal operating points are calculated knowing exactly the
state of the microgrid in every moment in time. That is a perfect, but not
possible situation. One practical approach is to set the operating points of
the controllable sources from historical knowledge: data from several weeks
or months can be averaged and possibly even combined with forecasts for
the weather conditions. Such knowledge allows for setting the operating
points of controllable devices ahead, assuming that the prediction on the
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basis of historical profiles is good enough. The renewable sources as al-
ways produce according to the current weather conditions, the controllable
sources will produce at the set operating point for a fixed time (e.g. 1
hour), while the task of balancing the power of the microgrid is performed
by the external network: it needs to take power in case of overproduction
and supply power in case of lack of power.

The calculator of cost for this approach was developed; the concept
is very similar to the algorithm of the utopian optimal operating points
calculator. The main difference is that the operating point of controllable
producers is calculated beforehand. The operating points of the control-
lable sources will be adjusted once per hour; this is an arbitrary but re-
alistic choice. In the calculation, the same assumption as before is made:
the exchange of power between external power grid and microgrid should
be minimized. This basically means that the amount of produced energy
should match, on average, the amount of consumed energy.

In a realistic situation, historical data would be used to calculate the
operating point for each controllable source in every one hour interval.
Lacking historical data on usage (all available data is simulated), it was
decided to derive the operating points using the day that is simulated. This
is a simplification which results in a profile that, for every hour interval,
contains the perfect average for the power in that hour interval. While
it is not possible to do this for a realistic situation, for the experiment
considered, it results in a profile that is in general the best possible average.
As the cost of this profile will serve as an upper limit, the best possible
average results in a more restrictive benchmark, compared to the cost of a
profile made using historical data.

In Fig. 8.4, the example solution of the microgrid management with
predefined profiles is presented. Because of the choice of the average profile
over the same day, the amount of power produced by controllable sources
during the entire day matches the amount of the optimal profile. Despite
this, the optimization with the predefined profile performs worse, as it does
not necessarily choose optimal sources or optimal operating points at each
step. The profile is therefore the best possible averaged profile for this day,
which provides an upper limit to the total cost. As can be seen in Fig. 8.4,
the system uses the power from the external power grid more extensively,
simply to maintain the balance.

8.6 Short-Time Energy Balancing system

The mechanism of Short-Time Energy Balancing system was thoroughly
explained in 6, below the most important aspects of the algorithm are
summarized for clarity of the cost calculation. The devices present in the
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Figure 8.4: The example of the operating point choice by the optimization with
predefined profiles.

microgrid are grouped by nodes; for the Short-time Balancing System, a
node will be the smallest participant. The balancing mechanism is initiated
by either a node containing energy consumer or a node containing an un-
controllable source, whose operating point changes: a light gets switched on
or off, or the output of a photovoltaic panel increases or decreases. When
the operating point of a consumer increases, the effect on the system is the
same as if the operating point of an uncontrollable source decreases: there
will be a deficit of power (a negative imbalance), and additional power
needs to be supplied. The reverse happens when the operating point of a
consumer decreases or that of an uncontrollable source increases. At this
point, the node that causes the imbalances signals to all other devices that
an imbalance occurs and requests offers from devices to solve this imbal-
ance. The only devices that are a possibly capable of dealing with the
imbalance are the controllable sources, they answer the request for offers:
for a negative imbalance each controllable source provides the amount of
power it can supply and the cost, for a positive imbalance this will be the
amount of power they can decrease and the profit. From this list of offers,
the node that caused the imbalance chooses the option with the lowest
cost or highest profit, potentially selecting multiple devices to cover the
imbalance.

That way of choosing is a realization of a greedy algorithm for power
production optimization, which should give the optimal solution when im-
mediate communication between the agents is considered. However, in real
experiments, when there are multiple devices that cause imbalances and
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Figure 8.5: An example of the balancing mechanism where the not-optimal
distribution of power occurs.

multiple devices that can cover it, a sub-optimal behavior is observed. It
is connected to the asynchronous operation of the multi-agent system and
the delays in message sending between the agents. Consider the example
in Fig. 8.5: there are two consumers and three controllable sources. Their
operating points are specified in the respective columns OP. At one point
in time, an uncontrollable device 1 requests for an additional 20 kW. This
can be covered by the two cheapest controllable sources. They report how
much they can cover (2 kW and 20 kW respectively), and increase their
provisional operating point (POP) - this is the operating point that they
would have if the offer is accepted. Before the uncontrollable device ac-
cepts the offer, a second uncontrollable device causes an imbalance of 15
kW. As the provisional operating point of the cheapest controllable source
is at maximum, it cannot send an offer. The second controllable source
sends an offer for 5 kW, the third controllable source sends an offer for 15
kW. When the first uncontrollable device accepts the offers it got, this al-
ters both the operating points and provisional operating points of the first
two sources, this however does not change the offers that were sent to the
second uncontrollable device. It accepts the offers it got, employing the
more expensive source while leaving the second source still with a reserve
of 2 kW. This is not the optimal situation; it can only occur when there
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Figure 8.6: The example operation of Short-time Balancing System.

are three or more controllable sources with different prices. In this case,
it only occurs when a controllable device is near its maximum or mini-
mum and an imbalance cannot be solved by one of the controllable sources
alone. In reality, unlike in the example, the imbalances are of much smaller
magnitudes so the non-optimality occurs at a smaller scale. Furthermore,
future imbalances will again prefer to cheaper source, which also causes this
sub-optimal situation to be quickly resolved, so this behavior is limited in
time.

In Fig. 8.6 the outcome of the Short-Time Energy Balancing system
for the same simulated data as in Fig. 8.3 and Fig. 8.4 is presented. As
can be seen, the system also first uses the power from the cheapest source
and when it cannot produce more power more expensive sources are used.

8.7 Cost comparison

The presented solutions have the same aim, work on the same data of
weather conditions and face the same consumption profile. The solutions
were compared and overlaid on a graph in Fig. 8.7. In the figure, only the
controllable power sources are shown, as there the difference can be noticed.
The pairs of devices (the reciprocating engine and gas microturbine) from
each solution are represented with the same shade of gray, but with different
style of line.
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Table 8.1: Comparison of costs using Short-Time Energy Balancing system, the
utopian optimal calculation of operating points and the solution with predefined
profiles.

Short-Time
Balancing

Optimal
solution

Predefined pro-
files
solution

cost of gas [PLN] 1276.79 1276.54 1276.295
cost of power
from external
power grid

-2.369 -2.838 6.670

total cost 1274.421 1273.703 1282.959

The solutions clearly follow the same pattern, which means that all
solutions set the operating points close to the utopian optimal profile. The
solution with predefined profiles deviates the most, as it uses the external
network for balancing rather than the available controllable sources. The
Short-Time Energy Balancing system solution very closely resembles the
optimal solution. It has some small delays in changing the operating point,
but that is due to the fact that it is the only EMS that was simulated in
real time: some time is needed to detect an imbalance.

At 240 minutes, it seems the Short-Time Energy Balancing system
changes the operating point earlier than the other solutions. This is a
side effect of aggregating the data in time: the devices set or report their
operating point once per minute, but this interval is not synchronized be-
tween devices. When aggregating the data to unify the time scale of the
all solutions, to be able to depict it on a graph, may yield the effect which
appears at the 240 minute mark.

The cost of operation was calculated, using the equations presented in
section 8.3. The results of cost comparison are presented in Table 8.1. It
can be seen the Short-Time Energy Balancing system does not differ much
from the optimal solution. The cost of fuel (in this case gas) is very similar
in all three approaches, because, as can be seen in Fig. 8.7, the total fuel
needed for all controllable sources during the day are very similar. The
operating point of optimization with predefined profiles is an average of
the optimal profile, so its gas usage is very similar. Because the solution
with predefined profiles uses the external power grid for balancing, its cost
for this is visibly higher.

Compared to other solutions, the Short-Time Energy Balancing system
is suffering from delays in first detecting the change and then reacting to
it. These delays always occur, both with increase and decrease of power,
consequently over long time they partially even out, drawing the cost closer
to the cost of optimal solution. It is however worth to notice that the



146 CHAPTER 8. COST ANALYSIS

utopian solution can not be used in a real microgrid. On the other hand,
the Short-Time Energy Balancing system provides a much better solution
than the practically possible optimization with predefined profiles.

The actual cost of operation of the microgrid depends on many factors
(the prices of gas and power from external power grid). The distributed
system can set operating points to almost optimal values. Moreover, it
is much more flexible to be adapted to different conditions and, thanks
to its agent architecture, to changing structure of energy producing and
consuming devices.
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Chapter 9

Conclusion

The topic of this thesis emerged from the current technological changes in
electricity grid structures and new concepts like smart grids and microgrids.
The project of the Research Center of the Polish Academy of Sciences ’The
Conversion of Energy and Renewables’ in Jabłonna gave the direction of
the research, as it is a specific case of a facility that has both controllable
and renewable power sources present. In that context, it was justified
to consider the Energy Management System (EMS) of a different scope
than in case of households. The presented EMS is a complex approach to
optimizing the power production and usage in the considered microgrid.

The most important contribution of the thesis is the development of
a distributed computer system, which is a part of EMS, that manages
the controllable devices to actively balance power in the microgrid. In
addition to balancing, this system also optimizes the employed sources in a
way that is near-optimal for given criteria. The system has no centralized
controller, and each device works without knowledge of the details of the
inner workings of the other devices. To describe such a system, the multi-
agent paradigm is very appropriate and this was therefor used. Devices
are represented by agents, and a market based auction mechanism was
used. Apart from the design, the thesis also includes an implementation of
the system, which allowed for testing and verifying the performance of the
system. Experiments show that imbalances can be solved very quickly; for
the test case of the Research and Education Center, using normal hardware,
the balancing times were well below the maximum allowed balancing times
for the devices in the microgrid.

To fully understand the problems that the presented EMS and Short-
Time Energy Balancing system had to face, the systems had to be presented
in the wider context, that is why this thesis is covering different aspects
and topics like the problem of deciding on the supplied amount in a sit-
uation of limited knowledge, the behavior of specific devices, the island
mode operation, the simulation of weather conditions for renewable energy
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sources and the simulation of human behavior regarding use of power. The
following sections shortly summarize the most important elements of the
thesis.

First, the problem of balancing was considered in this thesis from a the-
oretical point of view: what are simple decision problems that reflect the
balancing problem? In literature, the El Farol Bar Problem and Potluck
Problem are considered to be the closest related. In chapter 2, the author
of the thesis illustrated the shortcomings of these logic problems in reflect-
ing the expected behavior of the participants in a balancing problem. As
shown, expressing power balancing as a simplified problem is not straight
forward, as the goal is not just balancing, but also satisfying additional
conditions which are not general: one can balance in the cheapest possible
way, to minimize peaks in the external network, use as much green energy
as possible, etc. Typically the conditions imposed on balancing will be a
combination of these.

The agent approach is applied in the designed system as it allows for a
better understanding of presented concepts. Agents represent devices that
actively try to maintain an energetic balance; the behavior of the agents
can be defined depending on the capabilities of the device, to optimize the
way in which the device takes part in the balancing. The use of an agent
architecture allows for a robust system. The definition of agent used in this
thesis is presented in chapter 3.

The EMS consists of a number of systems that work together in order
to achieve energy balancing. Models of the devices and of the microgrid
are the base to perform power optimization. The Planner realizes the
scheduling of the defined tasks to realize partial demand side management
and also to collect data about the power usage. This is the first phase
of the optimization that would set the initial, optimal operating points of
the controllable devices to match the predicted situation. The system for
energy trading is a basic attempt to model a still non-existent market for
power trading between microgrid and external power grid. The model and
analysis of the reliability of the microgrid is an important and challenging
research that can lead to minimizing the cost of hardware failures in the
grid.

The Short-Time Balancing system is a multi-agent, distributed system
that manages the controllable sources (including the connection of external
power grid) to balance the power almost real-time. In this system, every
node (grouping one or more devices) in the microgrid is represented by
an agent. In literature, the scenarios without controllable sources domi-
nate (like in [128]), in which case the agents of the consumption devices
either request a load-level, or are imposed a load level. Contrary to those
approaches, the presented approach includes controllable energy sources
which also take part in the negotiation process: the consumption devices
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change their load level, send a signal that they cause an imbalance, after
which it will decide which production device(s) will change its output to
compensate for it. The mechanism of selecting which power source has to
be used is based on a sealed reversed auction scheme: the device causing
the imbalance (which can be a consumer or non-controllable source) trig-
gers an imbalance and requests offers of the devices that can compensate.
It will then choose the best option. What constitutes the best option is
determined by the relative prices: these can be set to prefer greener en-
ergy sources, cheaper energy sources or any other preference relation. The
addition of energy storage facilities (batteries) impose an additional com-
plication to the system: they can act both as consumer and as producer,
but they have to be charged before they can be used. This functionality is
also fully modeled and implemented using the agent concept.

To test the operation of the system, data about production and con-
sumption were needed; for the simulation of the production of the renew-
able sources, weather data had to be generated. The method for simulating
data should be general enough to reflect the statistical properties of water
flow, wind speed and irradiance levels. The author used the Matched-Block
Bootstrap method and modified it to be applicable on the considered data.
This method has been used for the hydrological data, not only to generate
time series but also to analyze the properties of rivers. Even though there
are many methods for modeling wind speed data [80], it was verified that
the developed modified method can successfully be employed for generat-
ing random wind data which exhibits the desired statistical properties and
therefor are useful for wind simulation. The modified approach has proved
to work well even for irradiance data, which are especially hard to model
because of the lack of sunshine during the night (long series of zeros) and
little data concerning cloud coverage (which can be extremely changeable).

The data on the consumption side were also simulated, taking into ac-
count realistic usage and random human behavior. The author identified
four ways of generating usage profiles. The first constitutes a direct appli-
cation of fixed usage patterns, called daily profiles; the other three ways
derive a profile using different specifications of occurring randomness. This
resulted in three profile generators: a first using the probability of activa-
tion, a second using a rule driven system and a third using a combination
of rules with single activation. Devices, such as computers and lights, were
assigned to one of those categories, and an appropriate usage pattern was
derived. The simulator is limited by those four categories, but it can fast
generate a large number of different consumption profiles for defined de-
vices, which was sufficient for testing the EMS.

The simulators for production and demand side, combined with the data
of the devices of the research facility, resulted in a virtual test environment
on which the balancing method could be verified. The author performed a
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number of simulations, on a wide range of hardware configurations, in order
to test the performance of the balancing method. In chapter 7, the author
explains the details on the experiments that highlight specific aspects of
the balancing behavior and problems recognized during simulation. The
chapter also concludes that the approach is very feasible on normal hard-
ware, and that the requirements to the hardware scale with the number of
devices in the microgrid. Apart from managing to balance, the author veri-
fied in chapter 8, on a simplified example, how well the balancing approach
matches the imposed conditions. In this case, the aim was to operate the
microgrid with minimizing the exchange of power with the external power
grid and at the lowest possible cost (considering the prices imposed). The
cost was compared with the optimal performance (considering a utopian
case) and with a practical approach that uses simplified power profiles.
The utopian optimal calculation does not suffer from the delays of first
having to detect the occurrence of an imbalance: it knows the best operat-
ing points at all times and is therefore a theoretical optimum that can never
be achieved. Experiments showed that the total cost using the author’s im-
plementation is well below the practical approach of using simple balancing
profiles and is very close to the optimal costs. The Short-Time Energy Bal-
ancing system manages to balance without using any prior knowledge or
predictions. Introduction of the Planner in this system means introducing
prior knowledge and would allow for preemptively setting of the operation
points to its predicted optimal values.

In general, the work performed in this thesis proved that short-time
energy balancing using a multi-agent based approach to control the pro-
duction side is feasible. The balancing is possible in fast enough time to
be usable in real grids, without having to resort to demanding hardware
configurations for computations. The fully distributed aspect allows for a
very modular configuration, where devices can be added and removed as
desired. The optimization criteria can also be easily changed in order to
achieve balancing under different conditions.

The work provides a basis for many future topics to be studied; the
most obvious continuation is making the step from simulated data to real
world data, and to real hardware rather than simulated hardware. To use
efficiently such system in real conditions it probably will be necessary to
reimplement the system to a more controllable environment and lower-level
programming language. JAVA and JADE framework have a lot of advan-
tages and have proved to manage in the given conditions, but the move to
more controllable and optimized programming language (e.g. C++) can
be beneficial for performance and could allow the approach to be run on
cheaper, dedicated hardware.

While the current approach does not include demand side response, it
is an interesting topic for further research. Introduction of more intelligent
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devices can make demand side management more efficient and allow for
more optimal usage of the power. It should be possible by distinguishing
consumers the same way as producers were distinguished: controllable and
non-controllable, and using the same price mechanism to determine the
operating points, but in this case from all controllable devices. Special
care should however be taken to ensure that the system helps optimizing
the power usage and does not limit the people present in the considered
Research and Education Center: switching off all devices would be most
energy efficient but not desired. The amount of savings and the level of
control of a device is still a subject of further research.

The work presented also provides a basis for other research; a small
step toward demand scheduling was made through the incorporation of the
Planner. This is a increasingly important research subject, see [12]. Where
the power storage units in the presented solution are mainly focused on
covering very short and small imbalances, they could actually also take
part in more long-term planning. The possibility of scheduling charging and
discharging batteries by the Planner might help in decreasing imbalances.
In addition to this, one can consider the inclusion of electric cars connected
to the facility and integrate them with the microgrid [94].

Predictions and forecasts are extremely important in the optimal plan-
ning (scheduling). That is why a number of projects are devoted to improve
accuracy of predictions in the microgrids, see review in [12]. An open ques-
tion is how much predictions could help the agents in optimal balancing.
The prediction of a short-time ahead can allow agents to preemptively
change the operating points of their devices. In case of good predictions,
this would make the imbalances smaller; however the processing of pre-
dictions comes at the cost of an additional communication between the
agents. This increases the workload on the agents and might slow down
the balancing if insufficient hardware is used. If the short-time prediction
is slowly changing, overall cost of the system may decrease, as the predic-
tion would be good and occurring imbalances would tend to be smaller.
However, if the short-time prediction is showing many fluctuations, it is
possible that the agents miss the optimal working point which would ac-
tually cause greater imbalances to occur. For some devices, the work cycle
could for example be used as a predictor.

While the thesis mentions the island mode of the microgrid, it was
merely considered as the situation where the external network plays no
part in the microgrid. This was not considered in more detail mainly due
to the inability to define the priorities of switching on and off of devices
in the situation of power shortages. Additional research should be done to
evaluate which devices have to be maintained operational in island mode
and what is the procedure of switching to this mode. Some devices require
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some time for safe switching off and others are of crucial importance, but
are resistant to short deficit of power.

Connected to this is trading with external network, which is the key
to optimizing the cost of power. In the project, the model of the power
market for small amounts of electricity was considered. The existing bal-
ancing system should be extended to consider the long-term deals between
the owner of microgrid and the power distributor, as this would allow ne-
gotiating possibly cheaper deals for power. Such scenarios have still to be
developed.

The Research and Educational Center has one owner, which eliminates
the problem of division of costs and gains. In the more general case, such
aspects should be considered. There is a number of works on that problem
[128], e.g. using game-theory approach, see [79, 105]. The combination of
negotiations between owners and the concept of making long term agree-
ments with both power providers and the power distribution grid is an
implementation of the virtual prosumer concept. This is a very promising
direction for future energy trading. The solution proposed in the thesis can
be extended to operate in the many-owner environment when an appropri-
ate objective function is agreed upon.

The testing of the system was very important, but could only be done
using simple generators of demand and uncontrollable supply. More re-
search should be done in how people use their devices and how demand
is created, see also [12]. That is a crucial problem in creating microgrids
which are more volatile to the small changes in demand patterns than tra-
ditional big grids, where consumers are more aggregated.

The above research directions can extend applicability of the distributed
energy balancing and of the optimization presented in the thesis. The
obtained results proved already that further development of this solution
and its practical application would be highly advisable.
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Appendix – Source code of the
application

The source code with the created program is available for download from
the www.ibspan.waw.pl/ radzisze/BalancingMicroGrid.zip
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Appendix – Electric project of
the microgrid

The detailed project of the grid was made by the team from Warsaw Uni-
versity of Technology, the Institute of Power Engineering led by prof. M.
Parol. This project was a base of the construction of the mentioned pro-
grams, especially Short-time Energy Balancing system. Figures presented
in this appendix show the schema of the power grid (Figures 1–6) with the
nodes and their connections. Nodes presented here were the input for the
Short-Time Energy Balancing system and they are the ones represented by
agents. In Figures 7–17 the plans of electric installation are presented. The
information about the location of the nodes in the buildings is the base for
the Planner module.

The diagrams were published as internal publication of Systems Re-
search Institute Polish Academy of Sciences.
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Figure 1: Schema of the switchboard RG0W in SN\nn station (E-101).
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Figure 2: Schema of the switchboard RG0W in SN\nn station (E-102).
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Figure 3: Schema of the switchboard RG1W+RG1R in LST building (E-1.1).
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Figure 4: Schema of the switchboard RG2W+RG2R in MEB+LWPE building
(E-1.2).



184 Appendix

Figure 5: Schema of the switchboard RG3.1W in LECR building (E-1.3.1).
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Figure 6: Schema of the switchboard RG3.3W and RG3R in LECR building
(E-1.3.2).
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Figure 7: Plan of electric installation in building LST, ground floor (E-2.1.1).
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Figure 8: Plan of electric installation in building LST, first floor (E-2.1.2).
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Figure 9: Plan of electric installation in building LMEB+LWPE, ground floor
(E-2.2.1).
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Figure 10: Plan of electric installation in building LMEB+LWPE, first floor
(E-2.2.2).
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Figure 11: Plan of electric installation in building LECR (hotel), ground floor
(E-2.3A.1).
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Figure 12: Plan of electric installation in building LECR (hotel), first floor (E-
2.3A.2).
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Figure 13: Plan of electric installation in building LECR (hotel), second floor
(E-2.3A.3).
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Figure 14: Plan of electric installation in building LECR (laboratories), ground
floor (E-2.3B.1).
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Figure 15: Plan of electric installation in building LECR (laboratories), first
floor (E-2.3B.2).

Figure 16: Plan of electric installation in building LECR (laboratories), second
floor (E-.3B.3).
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Figure 17: Plan of electric grid of SN and nn (E-3).
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Abbreviation list

AI Artificial Intelligence
AMS Agent Management System
CGB Condensing Gas Boilers
CHP Combined Heat and Power
DEMS Distributed Energy Management System
DSM Demand Site Management
EMS Energy Management System
FIPA Foundation for Intelligent Physicl Agents
GUI Graphical User Interface
GM Gas Microturbine
JADE JAVA Agent DEvelopment Framework
kW Kilowatt
LAN Local Area Network
LECR Laboratory of Energy Consumption Rationalization
LMEB Laboratory of MicroCHP and Ecological Boilers
LPISE Laboratory of Power Industry Safety Engineering
LST Laboratory of Solar Techniques
LWPE Laboratory of Wind Power Engineering
LV Low Voltage
MABB Matched-block bootstrap
MAS Multi-agent System
MHPP Micro Hydroelectric Power Plant
MIP Mixed Integer Programming
ms miliseconds
MV Medium Voltage
MVT Micro Wind Turbines
P power
PHEV Plug-in hybrid electric vehicle
PV Photovoltaic panels
Q reactive power
RE Reciprocating Engine
s seconds
SMES Superconducting Magnetic Energy Storage
SOA System Oriented Architecture
U voltage
VPP virtual power plants
VP virtual prosumer
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