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Foreword

In response to the move in Europe towards a more sustainable, reliable, and cost-
efficient society, European energy policy has set ambitious goals for the European
electricity system, fixing the objective of at least 80% decarbonization by 2050.

Distribution networks represent 95% of the electricity grids in Europe. They are
therefore a precondition for the retail markets (and also for wholesale) and for the
sustainable development of cities and communities, new jobs, and growth.

The transition to a low-carbon society will boost Europe’s economy thanks to
increased innovation and investment in clean technologies and low- or zero-carbon
energy. A low-carbon economy implies a much greater need for renewable energy
sources (RES), which are often geographically distributed (90% of the RES in the
European Union (EU) are connected to the distribution networks), and also the integra-
tion of electric vehicles, which will represent a big shift in demand. Complementary IT
solutions are being introduced to electricity networks at both the transmission and the
distribution level, adding communication, sensors, and automation to actively manage
the new and variable generation and demand. We call these Smart Grid technologies.

Distribution system operators (DSOs) and transmission system operators (TSOs)
are responsible for the security of supply and the quality of service on their respective
networks. It is EU policy that is driving the need for a reengineering of our electricity
networks. New system challenges, including at the distribution level, lead to new
network challenges for the pan-European transmission network. Hence, each DSO
and TSO in the EU will have to evolve progressively from a “business as usual
approach” to a “proactive approach” in order to avoid becoming a bottleneck in the
future European electricity system.

It is perhaps surprising that the technologies required to address the new network
challenges are, for the most part, not where the research and development (R&D)
efforts are most needed. Overall, such inevitable evolution will also require the adap-
tation of existing regulatory regimes and business models more than technologies.

If the EU is to complete a real internal energy market, regulated companies must
play a market facilitation role. TSOs, DSOs, regulators, power generators, retailers,
traders, industrial consumers, and storage and RES project developers are all playing
key roles in delivering an efficient electricity market. To reach the right setup, however,
will involve a multidisciplinary approach to research activities, whereby network



xii Foreword

operators, manufacturers, and economists must cooperate closely in addressing the
many barriers that have been identified - regulatory barriers being an important hurdle
to jump.

National regulation still in operation continues to be based on the former design
of electricity systems: predictable, controllable, and centralized energy generation,
delivering power one-directionally through transmission and then distribution lines,
with network charges calculated according to this split.

Now, more and less predictable sources of energy such as wind and solar are being
generated locally and connected directly to distribution and sometimes transmission
networks (larger plants). This means less controllable generation of energy, the need
for bidirectional power flows and the transformation of ordinary consumers to “pro-
sumers.” One of the key objectives of network operators, therefore, is to be able to
use innovative approaches that are applicable in multivendor environments.

To expand on this last point, the extension and reinforcement of networks in the
volume and at the rate required in the lead-up to 2020, 2030, and 2050 will be a
costly endeavor. As a result, the DSO–TSO community has identified a number of
grid users – demand-side response, electricity storage modules, large consumers, and
even aggregated household consumer generators – as potential offerers of what are
called system flexibility services, which could, in conjunction with smart technologies,
reduce the need for investment in traditional assets.

It is not, however, so easy to make use of such flexibility services under the
relatively new laws of the Third Energy (Liberalization) Package, which have imposed
a separation of all market activities (generation and retail) and energy networks
(transmission and distribution). If one considers this in the context of developing
a real market for such services, the need for R&D to address the possible setups
and business models becomes ever more apparent. Then there are difficult questions
around the funding of R&D and demonstrations of innovative developments under
the national regulatory frameworks (not at all available, in many cases).

The next step for the electricity networks R&D roadmap, under development from
2015, is the integration of R&D on storage technology applications into the existing
roadmap - storage being able to offer an important form of flexibility. The European
Commission is attributing an increasing amount of importance to the integration and
alignment of R&D efforts, as well as to its policies in general. This is why, before
influencing the calls under the EUs new R&D funding framework to 2020, Horizon
2020, the content of the roadmap is assessed alongside the R&D roadmaps for other
energy sectors under the umbrella of the European Commissions EUs Strategic Energy
Technology Plan (SET-Plan). The end result is the “Integrated Roadmap,” designed
as the feed-in document for the Horizon 2020 annual work programs.

Storage is therefore becoming an unavoidable part of the power system, to ensure
security of supply and as a crucial form of flexibility.

However, as indicated above, the regulatory frameworks in Europe are not adapted,
in the majority of cases, for network operators – and certainly not for DSOs – to
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integrate storage into their networks; and this despite the considerable economic
expenditure being devoted to research by these companies when allowed to do so by
the national regulatory authorities.

The costs also remain a main reason for the lack of storage integration in the
networks, and are still too high for a strong business case to be made at present.
However, in places with a high renewable energies (RES) penetration, storage will be
needed whatever the cost. Especially for DSOs, grid-optimized storage can help to
address RES peak production and therefore congestion.

The question as to whether network operators will be able to own storage under
strict regulation for high-risk and emergency situations, but operated by the market
in all normal circumstances, is an issue that is and will continue to be the subject of
interesting discussions for some time to come.

Ms. Ana Aguado Cornago
Secretary General of the European Distribution System Operators

for Smart Grids (EDSO)
Brussels, June 2015





Preface

From the outset, the electric power system has been designed to maintain a balance
between generation and consumption in real time. This implies severe constraints
regarding the short- and long-term operation of the system in terms of security, sta-
bility, and the sizing of the units. The current design paradigm is now challenged by
the massive rollout of storage units in the power system. In recent years, the electric
power system has been undergoing a transition caused by the massive introduction
of intermittent renewable generation, which causes a need to incorporate advanced
supervision and control features into the classical network operation. With the expo-
nentially increasing numbers of units to be supervised and controlled, advanced
computational methods combined with intelligent algorithms will enable the future
Smart Grid. Energy storage has not been an initial driver that has triggered the Smart
Grid, but it is now definitively a key part of the Smart Grid, not only facilitating the
change of technology and design, but also the overlying business models.

The Smart Grid is somehow a starting point that is enabling the massive rollout
of storage, leveraging the participation of novel players in the electricity markets
who have different business objectives. One important feature of energy storage in
power systems is the ability to smoothen intermittent renewable generation, both for
large and small-sized operations. The massive rollout of renewables will drive the
use of different (centralized or decentralized) storage solutions, which will create a
sufficient market size for the storage technology and push the development of the
technology.

The origin of this book can be traced back to 2009, when Francisco joined the
Catalonia Institute for Energy Research (IREC) to start his doctoral thesis. Andreas
and Oriol became his supervisors, and rapidly decided to focus the efforts on the
utilization of energy storage technologies in wind power plants. We had gained some
experience working in the Centre d’Innovació Tecnològica en Convertidors Estàtics i
Accionaments, Technical University of Catalonia (CITCEA–UPC) and IREC on elec-
trical systems and on grid integration of wind farms in some projects with Ecotecnia
(which was acquired by Alstom, becoming the wind division of the Alstom group).
At that time, we started to move away from the concept of the wind farm to the more
appropriate term “wind power plant.” Wind power was no longer a fancy green alter-
native source of energy, which could generate power when the wind blew. It was now
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part of a massive business, which already bore a very serious level of responsibility
in the operation of the whole power system. Transmission system operators were
drafting very demanding grid codes, in which wind farms were treated as dependable
power plants.

We remember having discussions with some engineers in Ecotecnia (Alstom
Renewables, wind division) about the possibility of incorporating energy storage
in the wind turbines in order to provide ancillary services. Additionally, these devices
could be used for other purposes, as power smoothing, correction of production
forecasts, and energy market operations. While the potential of energy storage was
evident, there were differing opinions on where to locate the storage, what technol-
ogy to use, and how to size such energy storage systems. Some engineers supported
the idea of wind turbines equipped with energy storage devices that could allow the
smooth provision of power adjusted to the forecasted production levels and that could
eventually provide ancillary services to the grid. Others argued that it made more
sense to operate a single, larger energy storage device at the wind power plant level
and provide the same services in an aggregated manner. Other colleagues stressed
that eventually energy storage should be deployed on the demand side, close to the
consumer, and that it should be combined with demand-side management. Finally,
other engineers defended the idea that the optimal solution was to locate the energy
storage devices in the distribution substations.

During the realization of the doctoral thesis, some contributions were made on
the modeling and control of energy storage systems, especially flywheels combined
with wind power plants. Francisco built a scaled test rig with which he could gain
some practical experience and demonstrate the possibility of power smoothing using
a flywheel. We also realized that there were some impressive advances in the devel-
opment of energy storage technologies and also on different applications in electric
power systems. For example, energy storage was being considered as the only possi-
ble solution for preventing rapid power drops in large photovoltaic power plants and
in renewable power plants in general. Energy storage was also the backbone of the
microgrid concept (which is absolutely necessary to balance power flows) and the
lung of the Smart Grid of the future.

By the time the thesis came to an end and was successfully defended in September
2013, we realized that we were starting to understand the potential of energy storage
in power systems with a high penetration of renewable energy. Our beliefs regarding
the huge potential of energy storage utilization in future power systems triggered the
idea of expanding the work done in the doctoral thesis, and in other projects that we
had been developing, and start the adventure of writing a book on the topic. At that
time, we probably did not appreciate the massive amount of work that was awaiting
us when we began the preparation of this book in April 2014.

Let us move forward to spring 2015, at which time we were working to sub-
mit the manuscript to the publisher on time. We were writing this preface in the
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hope and belief that this book could provide some useful guidance to engineers and
professionals interested in the utilization of energy storage in power systems that
are rich in renewable energy sources. Nowadays, we often hear news stories about
paradigm shifts and energy revolutions that will eventually change the way in which
we understand electric power in our society. In all these communications, energy
storage is part of the equation. We are not certain how future electrical energy systems
will be shaped, but we trust that energy storage will play an important role.

According to the scope of the book, its contents are divided into eight main chap-
ters. Chapter 1 first introduces readers to modern power systems. Electric power
systems are experiencing a dramatic transformation from the conventional vertically
integrated approach with few control actors, towards a system with a high penetration
of renewable (and intermittent) generation and, as a consequence, a highly controlled
system at any voltage level. As previously noted, such a transformation suggests the
introduction of the term “Smart Grid,” and this is one of the main concepts under-
pinning future power system architectures. The Smart Grid architecture is defined in
terms of domains, zones, and layers, and these are presented in the chapter. After
the presentation of the power system architecture, the chapter continues with the
presentation of energy management systems and the fundamentals of power system
analysis. In this regard, basic concepts on optimization methods and optimal power
flow computational techniques are presented. Viewed together, this results in a didac-
tic approach to an understanding of the fundamentals of power systems. Moreover,
though, the chapter also includes a practical example on load-flow calculation.

One of the main drivers of power system transformation is the field of renewable
generation, and as such this is presented in Chapter 2. The chapter first discusses
the contribution of the various forms of renewable energy in the worldwide energy
mix. After this presentation, the chapter classifies the renewable power generation
technologies into those based on rotative electrical generators, mechanically coupled
to turbines or similar devices (e.g., wind turbines and hydropower); and those based
on static power generation sources, producing electricity without any moving devices
(e.g., photovoltaics). With regard to the former, the chapter describes wind turbine
topologies in detail, and offers two numerical examples on the calculation of the
power generated by both fixed- and variable-speed turbines. Finally, with regard to
static renewable-based generating technologies, the chapter introduces the concept of
photovoltaic generation and proposes a calculation on the analysis of PV panels. The
chapter concludes with a brief presentation of the grid code requirements for the grid
connection of renewables.

With the stepwise displacement of conventional generating plants by nonsynchro-
nized renewable-based ones, the net level of synchronous power reserves in the
system becomes reduced, and this can affect the frequency control in the system. For
such reasons, and according to some European grid codes, wind power plants are
required to provide power reserves in the same way as conventional generating units.
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As a contribution to the description of the requirements for the grid connection of
renewables, Chapter 3 presents an extensive literature review on the European grid
codes with regard to frequency support. While the chapter looks specifically at wind
power plants, the results can be exported to other renewable energy generation tech-
nologies. Apart from discussing on grid codes, the chapter includes an extensive
literature review on control methods for operating wind turbines, so that they can
maintain a predetermined level of power reserves, thus enabling them to participate
in tasks related to frequency control.

The three chapters described above serve as a good introduction to electric power
systems and renewable generation. These subjects are quite pertinent, and even some-
how unavoidable, for a proper understanding of the concepts presented in the rest of
the book, which are all centered around energy storage technologies in power systems.

The first chapter on energy storage is Chapter 4. This chapter offers a review
of the energy storage technologies that can be potentially included in the electric
power system. The chapter covers a great number of technologies, such as pumped
hydroelectric storage, compressed air and hydrogen-based systems, secondary batter-
ies, flow batteries, flywheels, superconducting magnetic storage, supercapacitors, and
even (although tangentially) the field of thermal storage and the power-to-gas con-
cept. For each technology, the description includes the operating principles, the main
components, and the most relevant technical characteristics. The chapter emphasizes
the main differences amongst the technologies in a comprehensive manner, including
some tables and graphics based on the data collected from several publications and
from manufacturers’ datasheets. The final part of the chapter discusses power conver-
sion systems for grid connection and the control of storage not synchronized with the
network.

Following the description of the technology in Chapter 4, the book tackles the
formulation of cost models for the economic assessment of storage technologies. A
cost model considering capital, operation and maintenance, replacement, and also
end-of-life costs is introduced, based on the literature. The model is demonstrated
by means of a numerical example. In this example, the life-cycle costs of different
storage systems – both in themselves and while providing various services in the
power system – are calculated and evaluated.

The study of the inclusion of storage technologies in the power system usually
requires the development of simulation platforms to virtually validate various con-
cepts centered on the design and operation of the technology prior to the commission-
ing of the system. Accordingly, Chapter 6 presents averaged dynamic models, based
on electrical equations, for different storage technologies such as batteries, superca-
pacitors, and flywheels, as well as for their corresponding power conversion systems.
Ultimately, the contents of this chapter can be adopted as a practical approach to the
modeling of storage systems. To demonstrate the correctness of the models and of
the corresponding control algorithms for the power conversion systems to which the
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storage containers are attached, the chapter includes various numerical examples.
These examples plot the behavior of the storage systems modeled in charge and
discharge processes.

In this way, Chapters 4–6 describe the basis for storage technologies and/or offer
tools for studies related to the application of the technology. The last two chapters,
Chapters 7 and 8, deal specifically with the applications that energy storage systems
could potentially provide in the electric power system. Since the power systems of
the future will surely be characterized by increasing penetration rates of renewables,
most of the storage applications discussed in these chapters are closely related to
renewable generation. Chapter 7 presents the potential for short-term applications;
that is, for those applications requiring storage in order to rapidly inject or absorb
power, over short periods of time, for different purposes. Conversely, Chapter 8 refers
to potential mid- and long-term applications: that is, those applications requiring the
storage systems to continuously exchange power with the network over periods of
hours or even days, for balancing and generation time-shifting purposes.

Both chapters include a numerical example, thus contributing to the practical scope
of the book. With regard to short-term applications, a specific example on wind power
smoothing with flywheels is offered. This example includes the formulation and solu-
tion of an optimization problem, which determines the theoretical optimal operation of
the flywheel while providing this service. From the results of this optimization prob-
lem, a control algorithm for the flywheel to be executed in real time is derived and
also validated using laboratory-scale equipment. Ultimately, the proposed exercise is
a good example of the combination of different analytical tools; that is, modeling,
optimization, and experimental validation. Finally, the example in Chapter 8 proposes
the sizing of a battery bank and its attached power conversion system, building up an
isolated power system with PV generation.

For us, writing this book has required tremendous personal effort, but it would
not have been possible without the invaluable support received from a number of
colleagues, in various forms. We would first like to acknowledge, with thanks, the
support received from our colleagues at IREC and CITCEA–UPC: this work is the
product of our professional activity over recent years, and throughout this time we
have gained experience and knowledge from all of them.

Particularly related to the book, we thank Cristina Corchero and Joana Aina Ortiz
for providing us with data for simulations. We thank Jordi Pegueroles and Fernando
Bianchi for the design of control algorithms; José Luı́s Domı́nguez, Mikel de Prada,
and Eduardo Prieto for the figures in Chapter 2; and Gerard del Rosario and Ramón
Gumara for the information on laboratory equipment.

In addition, we would like to thank Ms Ana Aguado Cornago for writing the
foreword to this book.

Finally, we are also grateful for the permissions received from many authors, insti-
tutions, and companies to use figures in the book. In particular, we like to acknowledge
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the permissions received from IRENA, Redflow Limited, Beacon Power, the World
Energy Council, and Knut Erik Nielsen.

We hope that the book will prove to be useful for researchers and engineers.
Comments from, and discussions with, readers with diverse backgrounds will be
highly appreciated.

Francisco, Andreas, and Oriol
Barcelona, June 2015



1
An Introduction to Modern
Power Systems

1.1 Introduction

Power systems are complex structures composed of an enormous number of different
installations, economic actors, and – in smaller numbers – system operators. In the
traditional approach, the system is dominated by economies of scale. This means that
for steadily increasing consumption, a large power generation capacity is installed,
mainly nuclear, coal- or gas-fired thermal, and hydroelectric. In order to guarantee
the reliability of such a system, a meshed transmission grid at high voltage has to
be installed, into which the generators feed. Underlying this transmission system,
function of the distribution grid is to conduct the power flow at lower voltage levels
to customers, at medium or low voltage. The described power flow is mainly uni-
directional, from the generators to the customers, who are connected at medium or
low voltage. Only a few customers are connected at high voltage, due to their high
loads. Such a system is easy to control, as most of the players (the customers) are
passive, only a few actors (generators and system operators) are needed to centrally
control the system, and the interfaces are well defined. The most extended economic
model in this context is the vertically integrated utility. However, some of the deep
fundamentals on which this structure is based can be envisioned, moving from these
vertically integrated utilities to the Smart Grid distribution system [1]:

� Economies of scale are no longer applicable to the power system generation, due
to the dramatic growth of distributed generation.

� The costs of the various renewable energy technologies have declined steadily due
to technological advances.

� Increased environmental concerns on the part of customers and legislators.
� Regulation is enabling the emergence of different players on the electricity market

(retailers, energy service providers, etc.)

Energy Storage in Power Systems, First Edition. Francisco Dı́az-González, Andreas Sumper and Oriol Gomis-Bellmunt.
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2 Energy Storage in Power Systems

These fundamental changes are causing a shift from the vertically integrated approach
with few control actors towards a system with a high penetration of renewable (and
intermittent) generation and, as a consequence, a system that needs to be highly con-
trolled at all voltage levels. The increasing use of renewable energy not only helps
to alleviate fuel poverty, but also promotes decentralized power generation, thereby
reducing the dependence on conventional grid-based energy sources. It provides elec-
tricity from small-scale generation and microgeneration; working towards reducing
the increasing electricity consumption and supplying any surplus generation to the
grid. Therefore, microgeneration is a key power generation trend for smart commu-
nities, both rural and urban. Distributed generation from micro–combined heat and
power (CHP) installations and renewables such as small-scale wind turbines and solar
photovoltaics (PV) plays a strong role in this ecosystem. New generation units from
renewable energy sources must be established; however, as a result of stochastic gen-
eration, those energy resources are intermittent, and possible output fluctuations have
to be balanced [2]. Energy storage applications will be used to cope with this problem
[3]. All of this leads to the approach to make the grid intelligent: the Smart Grid.
A Smart Grid is an electricity network that can intelligently integrate the actions of
all of the users connected to it – generators, consumers, and those that do both –
in order to efficiently deliver sustainable, economic, and secure electricity supplies
[4]. A Smart Grid uses sensing, embedded processing, and digital communications
to enable the electricity grid to be observable (able to be measured and visualized),
controllable (able to be manipulated and optimized), automated (able to be adapted
and to self-heal), and fully integrated (fully interoperable with existing systems, and
with the capacity to incorporate a diverse set of energy sources) [5].

One prominent set of actors in modern power systems are “prosumers” (“proac-
tive consumers”). Prosumers are common consumers who become active to help to
personally improve or design the goods and services available in the marketplace,
transforming both it and their own role as consumers [6]. The strategic integration
of prosumers into the electricity system is a challenge. As prosumers are acting out-
side the boundaries of the traditional electricity companies, ordinary approaches to
regulating their behavior have proved to be insufficient. The aggregated potential of
flexibility makes the role of the prosumer important for energy systems with high
and increasing shares of fluctuating renewable energy sources. To involve different
prosumer segments, both utilities and policy need to develop novel strategies. The
benefits for prosumers in modern power systems can be summarized as follows:

Economic. The Smart Grid offers the possibility of involving customers,
their flexibility being used as an instrument to shed loads and secure
stability. It is assumed that customers will allow the distribution system
operator (DSO) access to their home automation systems, and that a value
chain that links households with the transmission system operator (TSO)
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via the DSO will be created in such a way that the flexibility can be used
systematically, as can the compensation flowing in the other direction.

Incentives. Incentives may attract customers into a demand–response
regime and into distributed energy resources (DER) programs without
the need for a proper compensation structure. Poor quality of supply can
also be a trigger, especially when there is only one utility operating. Local
DER solutions are thus a good option, although the levelized energy costs
could be much higher than the supply costs from a centralized utility. Other
incentives, such as environmental and social sustainability concerns, com-
fort, convenience, and so on, could also be drivers.

Technical. Energy storage for electricity is the main key to assuring the
stability of a system with intermittent generation, at least for short periods.
Ownership models and options for placement in the grid will drive very
different solutions. It will be possible for electric cars to supply to the grid
(vehicle to grid), which will add to the additional power system storage
capability. As long as the distribution operator is in control of, or owns,
these facilities, they will be operated in a different manner than if the storage
is owned and operated by the community or by a third party working partly
on their behalf.

The community. With DER and Smart Grid technologies, communities
will gain substantial market power. Traditionally, the utility was in charge
of upgrading the infrastructure in order to cater for a sufficient supply
capacity and to assure quality. To build a community solution for local
supply by means of Smart Grid technologies and DER seems to be the
solution for future expansion, at least in rural areas.

Market and trading. New local markets and trading will arise, based
on real-time trading, in order to balance the system. The flexibility of
customers, local generators, and storage systems will create value on the
market to balance the intermittency of renewable generation.

Social. A new form of social cooperation and commitment can be created.
For example, customers could start to cooperate to assure that surplus
energy that cannot be fed into the system is provided to neighbors and
others who are in a position to benefit.

1.2 The Smart Grid Architecture Model

The Smart Grid Architecture Model (SGAM) framework has been developed by the
Joint Working Group on standards for Smart Grids, from CEN/CENELEC/ETSI.
Its methodology is intended to present the design of Smart Grid use cases by a
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Figure 1.1 The European Conceptual Model, modified from NIST.

holistic architectural definition of an overall Smart Grid infrastructure. Apart from
addressing the system architecture through a reference architecture, it also provides an
overarching standardization process. The major elements of the described reference
architecture are as follows:

1. A high-level framework model (the European Conceptual Model) that is an adapted
version of the US NIST (National Institute of Standards and Technology) model,
and which bridges between the two models, as shown in Figure 1.1.

2. The SGAM framework as a three-dimensional model with interoperability layers
and Smart Grid zones and domains, and that will assist in the architectural design
of Smart Grid use cases.

3. Representations of stakeholder views of Smart Grids.

The core of the framework is the Smart Grid plane. In this plane, the power system
equipment and energy conversion (electrical processes) viewpoints are linked with
the information management viewpoints. These viewpoints can be divided into the
physical domains of the electrical and energy processes and the hierarchical zones (or
levels) for their management. Figure 1.2 shows the domains and zones of the Smart
Grid plane in two dimensions.
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Figure 1.2 The Smart Grid plane.

The different domains represent the power system equipment and energy conversion
factors divided into the following subgroups:

1. Bulk generation. This domain represents the bulk generation of electricity by
power plants. It embodies “classical” power system generation, such as by thermal,
nuclear and hydropower plants, as well as large-sized renewable generation such as
offshore wind farms and large-scale PV power plants. These facilities are typically
connected to the transmission system.

2. Transmission. This domain represents the necessary infrastructure and organiza-
tion for the transmission of large amounts of power over great distances.

3. Distribution. This domain represents the necessary infrastructure and organization
for the distribution of electricity to the final customers.

4. DER. This domain represents generation by means of distributed energy resources,
typically using small-scale generation technologies based on renewable energy
resources. The range of such generators is typically from 3 kW up to 10 MW;
they are connected directly to the distribution grid and can be controlled by the
DSO.
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5. Customer premises. This domain includes the industrial, commercial, and home
facilities where the electricity users interact with the distribution system. In the
classical approach, this is where the consumers are located (households, industrial
plants, shopping malls, etc.). In the prosumer approach, small-scale generation,
electric vehicles, demand response, batteries, and so forth can also be hosted.

The Smart Grid plane is also divided into different zones as described below. The
idea behind the introduction of zones in the plane is the fact that in modern power
systems there are different viewpoints of the same basic processes. Therefore, the
aggregation of processes into a particular zone does not interfere with the functionality
of the other zones. Apart from the process zone, all of the zones represent information
management. The zones are enumerated as follows:

a. Process. This zone includes both the primary equipment of the power system, such
as the generators, transformers and substation equipment, and the transmission
and distribution lines, and loads. It basically represents the classical understanding
of a power system. This also includes the equipment for the physical conversion
of energy between electricity, solar, heat, water, wind, and so on.

b. Station. This zone represents the aggregation level for fields; for example, for
data concentration or substation automation.

c. Operation. This zone hosts the power system control and operation modules for
the respective domains; for example, for the distribution domain, the distribution
management system (DMS), for the generation and transmission domain, the
Energy Management System (EMS), and so on.

d. Enterprise. This zone represents the commercial and organizational processes
of an enterprise, including the services (staff training, customer relations man-
agement, billing and procurement, etc.) and asset management of the various
actors.

e. Market. Finally, this zone reflects the possible market involvement of the various
actors along the whole production chain.

To complement the Smart Grid plane, five abstract layers are added in order to
represent the different viewpoints of the system. This will provide a clear presentation
and simple handling of the presented architecture model, enabling the interoperability
of the system. Figure 1.3 shows the layer structure above the Smart Grid plane. The
different layers are specified as follows:

A. Components. In this layer, the physical distribution of all the components par-
ticipating in the Smart Grid is represented (sensors and actors): system actors,
applications, power system equipment, protection and control devices, network
infrastructure, and so on.
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A Components

LAYERS

Figure 1.3 The layers of the Smart Grid.

B. Communication. This layer describes the communication protocols and mech-
anisms for exchange of information (connectivity). This layer is important to
guarantee interoperatibility.

C. Information. This layer represents data that are used and exchanged between
functions, services, and components: data concerning power quality, power flow,
and protection, from DERs, customers, and meter readings, and so on.

D. Function. This layer contains the definition of the functions and services and their
relationships from an architectural viewpoint. It describes how the functions or
services are performed independently of actors and physical implementations,
systems, or components.

E. Business. This layer represents the business view of the Smart Grid. It can be
used to encompass the market, regulatory, and economic structures, as well as
the policies, business models, products, and services of the market participants.

The SGAM is a very holistic view of the whole Smart Grid architecture, including
widespread viewpoints on the power system. The classical approach to power engi-
neering (i.e., all the domains of the process zone of the component layer) is enriched
by the information management zones and all the other layers. The complementary
zones and layers are defined in order to provide a clear description and to enable inter-
operability. This does not mean that they did not exist before; they were integrated in
the power system engineering approach. In separating them, the clarity of the solution
is enhanced.
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1.3 The Electric Power System

1.3.1 The Structure of the Power System

The way to organize the electricity system is shown in Figure 1.4. From the SGAM
viewpoint, we will focus on all the domains of the process zone of the component
layer. The system is divided into generating plants at 6–20 kV (the Bulk Generation
domain); a high-voltage transmission grid using 66, 110, 132, 220, 400, 500, and 700
kV (the Transmission domain); the distribution grid, from 3 to 36 kV; the low-voltage
grid (the Distribution domain); and consumption (the Customer Premises domain);
with the associated protection and control systems. Substations in transmission grids
are one of the fundamental components and they have mainly three functions: the
first is interconnection of the lines; the second is the power transformation to feed
the distribution networks that reach consumers; and, third, they are centers where
measurement, protection, interruption, and dispatch operations take place. However,
nowadays this structure is complemented by novel approaches to grid structures. Basi-
cally, this originated with the need to integrate renewable energy generators at different
levels in the power grid. In this sense, there are two approaches that complement the
rollout of renewable energy. On the one hand, there is massive connection of small-
scale renewable generators at the distribution level (low and medium voltage), mainly
photovoltaic installations in households or small-scale generation in light-industrial or
commercial facilities (the DER domain). On the other hand, utilities and big investors
are increasing their portfolio with renewable generation assets. These plants are at the
scale of several megawatts up to hundreds of megawatts. They are considered to oper-
ate like traditional power plants and therefore TSOs are asking for compliance with
grid codes. In order to intergrade remotely located renewables (in the most common
case, offshore wind) in the system, high-voltage direct current (HVDC) technology
is employed to connect such plants to the transmission grid (the Bulk Generation
domain). HVDC has been employed in the past to perform long-distance transmis-
sion using thyristor-based line-commutated converter (LCC) technology. In recent
years, voltage-source converter (VSC) technology has been available, which allows
better controllability of the link. Nowadays, point-to-point HVDC links using both
LCC and VSC technology are the state of the art, and are fixed parts of the power
system structure. A logical step is to interconnect the DC lines and create a DC grid
in order to increase the reliability of the system.

1.3.2 The Fundamentals of Power System Analysis

The analysis of power systems is fundamentally related to the time horizon with
which a certain problem is analyzed. Figure 1.5 shows the relationship between the
time horizon and the problem to be analyzed. Table 1.1 shows a small literature sample
classified by the time horizon of the problem. We are aware that there are plenty of
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Figure 1.5 A time-horizon perspective of power system studies.

good references that we cannot cite in this book. Readers may take into account the
fact that this book is focused on storage application in power systems. In this sense,
this chapter aims to provide useful references to literature (see Table 1.1) if readers
need to deepen their knowledge of some aspects of power systems.

Power system transients. This type of analysis deals principally with tran-
sient events such as switching, faults, and lightning, and covers response
frequencies from DC to MHz. The nature of transients is that they have
high-frequency components (with rapid attenuation) and also that large
voltages and currents can occur. To analyze transients in power systems,
it is important to understand their nature through the collection of good
data, to form a detailed mathematical model of the system and to solve the
resulting coupled differential equations.

Power system dynamics. This type of analysis treats the dynamic proper-
ties of electrical machines (synchronous machines), networks, loads, and
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interconnected systems on a scale of milliseconds to seconds. It includes
control of turbines, power exchange between networks, the behavior of
machines in the event of disturbances, transient stability, the equal area
criterion, models for small disturbances, voltage control, and the dynamic
behavior and control of flexible AC transmission systems (FACTS) devices.
The resulting differential equations are solved by analytical or numeri-
cal methods, including stability analysis, using approaches from control
theory.

Power system operation. This type of analysis includes steady state anal-
ysis, automatic generation control (AGC), economic dispatch and optimal
power flow, and unit commitment. In steady state analysis, basically a sta-
ble operation (no time frame is defined) of the power system is analyzed
in order to determine voltage drops in the system, loading of the network
components, and generator dispatching. AGC is a system for adjusting the
power output of multiple generators at different power plants in response
to changes in the load on a scale of seconds to minutes. Economic dispatch
determines the best way to minimize the overall generator operating costs
of a set of generators with differing respective cost functions, over periods
ranging from hours to days. The objective of an optimal power flow to
combine the power flow with economic dispatch in order to minimize the
cost function of the overall system, such as the operating cost, taking into
account realistic constraints such as line loads and generation limits. The
unit commitment problem involves finding the least-cost dispatch of the
available generation resources to meet the electrical load in a long-term
perspective.

Maintenance and operational planning. In this type, strategies for the
maintenance of electric power equipment are treated, and operational plan-
ning for normal and emergency situations is considered. Its time horizon is
typically from weeks up to a year. It includes testing (such as of insulating
materials and failure modes, and the impact of maintenance on arc-flash
hazards) and various maintenance strategies (corrective, preventive, and
reliability-centered maintenance).

Power system planning. This is typically carried out over a period of
years. As for most planning situations, it is modeled as an optimiza-
tion problem and the decision-making process is based on both techni-
cal and economic considerations. Both generation expansion planning
and network expansion planning are treated. With regard to network
analysis, steady state analysis techniques (AC or DC load flow, reactive
power load flow, etc.) are employed and attention is also paid to security
issues.
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Security requires special attention in the analysis of power systems. It is defined
as the degree of risk in its ability to overcome disturbances (contingencies) without
interruption of customer supply [7]. Contingencies refer to outages such as the sudden
and unscheduled loss of service of one or more of the main power system components
[7]. Usually, power systems are operated according to the deterministic N − 1 crite-
rion. This means that the permanent loss of one power-system component should not
affect the stable operation of the rest of the system. No time frame can be assigned to
this kind of analysis.

1.4 Energy Management Systems

An Energy Management System (EMS) is a system that uses computer-aided tools
to monitor, control, and optimize the performance of the electric power system.
Figure 1.6 shows a schematic of an EMS and its potential application. In utilities,
they are used for the generation, transmission, and distribution systems, as well as
for monitoring and control functions (where they are usually known as supervisory
control and data acquisition, or SCADA, systems). A range of drivers are affecting
this development: energy and climate policy, technology in general, and consumer
needs. For an EMS, this means local renewable electricity generation such as PV and
wind, infrastructure for measuring and managing electricity generation and usage,
and new types of energy resources characterized by rapid pivoting and new output
profiles. New consumption profiles are a consequence of electric vehicles, induction
cookers, and the instant heating of tap water. These developments result in completely
new challenges for an EMS in terms of increased dynamics and unpredictability in
distribution. Novel needs also include balancing intermittent generation, the difficulty
of predict its generation, and capacity problems in distribution systems due to the
increased demand. The traditional approach to this type of challenge is to increase the
capacity of the generation and power grids. In modern EMS approaches, the optimal
operation of such systems can delay these investments.

An alternative approach is to leverage the flexibility of electricity systems by the
end users; that is, households, commerce, and industry. The flexibility can come
from relocation or reduction of electricity consumption, the use of energy storage,
and active management of the generation and conversion of electricity. To achieve
this, one must depend on effective decision models for the prediction of electricity
consumption (e.g., charging requirements for electric vehicles), electricity generation
in buildings and industrial facilities, the monitoring of available flexibility, and opti-
mization models for the utilization of the available sources of flexibility. Furthermore,
new technical possibilities are emerging due to the use of energy storage systems
(ESSs). Various technologies, such as flywheels, supercapacitors, compressed gas, or
battery banks are already being used in the electric power system to offer solutions for
peak-load reduction, ancillary services transmission, system reliability, and support
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for renewables. Moreover, small-ESS technologies are also expected to grow in a
distributed fashion along the electric power system, due to the falling price of storage
technologies. Such small storage solutions would be mainly based on electric bat-
teries, which would offer additional controllability to the EMS. A large amount and
broad distribution of batteries would decouple generation from consumption, opening
up new energy management scenarios and opportunities, and also offering new market
rules and possibilities for grid operators.

1.5 Computational Techniques

The recent achievements in computational techniques and the scientific developments
in rigorous methodologies for the solution of generic problems enable the power sys-
tem research community to incorporate such technologies to solve specific problems.

1.5.1 Optimization Methods and Optimal Power Flow

Problems in power systems are complex and are usually associated with a large data
set. The diversity and versatility of optimal power flow (OPF) formulations does not
allow us to find a single optimization technique to solve all OPF problems. Therefore,
the solution algorithms that are developed are specifically tailored for the specific
problem that needs to be solved. The types of solution algorithm can be divided into
deterministic and heuristic methods. Deterministic algorithms provide exact solutions
and are designed to guarantee that they will find the optimal solution in an acceptable
period of time. However, for very difficult optimization problems (e.g., the so-called
“NP-hard” problems), the full resolution increases exponentially with the dimension
of the problem. The heuristics do not guarantee an optimal solution; however, they
usually find “good” solutions in a “reasonable” amount of time. Generally, heuristic
algorithms are very specific and problem-dependent. In order to apply a heuristic algo-
rithm in a problem-independent algorithmic framework, meta-heuristic algorithms
have been developed. They provide a set of guidelines or strategies for the develop-
ment of heuristic optimization algorithms. The deterministic solution techniques for
OPF problems are continuous nonlinear programming (NLP), linear programming
(LP), quadratic programming (QP), mixed integer linear programming (MILP), and
mixed integer nonlinear programming (MINLP). The heuristic solution techniques
applied to OPF problems are ant colony optimization (ACO), artificial neural net-
works (ANN), bacterial foraging algorithms (BFA), chaos optimization algorithms
(COA), various evolutionary algorithms (EAs), particle swarm optimization (PSO),
simulated annealing (SA), and tabu search (TS). Furthermore, storage elements imply
large investments and high operational costs besides the operating constraints, which
must be considered in attempts to find optimal solutions. The optimization tools cho-
sen must be tailored to the nature of each case and each system. It is important to
emphasize that once storage devices are included in a system, several variables, such
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as the location, cost, benefit, and charging scheduling, must be also considered in the
optimization algorithm alongside the system requirements and constraints.

1.5.2 Security-Constrained Optimal Power Flow

Recent changes in power systems are influencing the way in which they are planned,
operated, and controlled. A large penetration of renewable energy generation implies
greater uncertainty in systems operation. For instance, in a system with a large pene-
tration of offshore wind, the intermittency of this power generation can compromise
its secure operation, as the wind power is not always available when needed to
react to an outage, and therefore the accomplishment of the N − 1 contingency cri-
terion in some cases (or, better, in some instances) is not guaranteed. The European
transmission system is being extended by combining both AC and DC technologies.
New devices installed in power grids, such as HVDC or FACTS, increase the con-
trollability of situations but also their complexity. With the increased complexity,
the reliability decreases. Therefore, novel methodologies are needed to extend the
contingency operations with novel control functionality, taking security aspects into
account. Some recent research has been done regarding a method called Security Con-
strained Optimal Power Flow (SCOPF), which takes the integration of intermittent
generation into account. Aragüés et al. [18] analyse the secure and optimal operation
of hybrid HVAC–HVDC connected systems with a large penetration of offshore wind,
taking into consideration the system’s spinning reserves. The operation and economic
consequences of requiring higher or lower security are investigated. The SCOPF for
hybrid AC–DC power systems allows us to optimize a specified objective function
while guaranteeing all the equality and inequality constraints limiting the electrical
variables. Security constraints are included, and both the preventive and corrective
actions of the TSO can be used to ensure security. Additionally, the SCOPF algorithms
must also deal with novel trends in electric power systems, such as the integration of
ESSs. Combining renewables and storage could improve grid security and stability.
As the penetration of renewables increases, TSOs are asking renewable plants for
provide support to the electric power system. As a result, grid codes are starting to
regulate generation, imposing technical challenges that could be surmounted through
the integration of storage. In such a way, energy storage would allow us to provide
voltage regulation, frequency regulation, fault support, ramp rate restrictions, and also
power curtailments.

1.6 Microgrids

Microgrids are conceived as self-contained electricity systems with the ability to
operate independently of the grid. They could be stand-alone systems; or if tied to
the grid, they could be operated by islanding from the grid. Microgrids are also



An Introduction to Modern Power Systems 17

characterized as the “building blocks of Smart Grids.” The organization of microgrids
is based on the control capabilities over the network operation offered by the increasing
penetration of distributed generators. In general, microgrids are an integration platform
for supply-side (microgeneration) storage units and demand resources (controllable
loads) located in local distribution grids. In the microgrid concept, there is a focus
on the local supply of electricity to nearby loads. A microgrid is typically located
at the LV level, with a total installed microgeneration capacity below the MW range
(with some exceptions). The improvement in storage technologies is also enhancing
the horizon regarding microgrid performance. Energy storage is a very important
requirement in microgrids, as it allows us to manage energy efficiently but also
incorporates new technological possibilities. With the integration of small storage
systems in a distributed fashion, close to the point of consumption, new grid structures
and topologies can be glimpsed. In this way, these new configurations will lead to
new grid concepts, such as prosumers, and also to small grid segments incorporating
the storage capacity of electric vehicles into the grid facilities (V2G). Microgrids are
normally capable of operating in both grid-connected and emergency (islanded) states.
The majority of the future microgrids will be operated mostly in grid-connected mode
because of the advantages of bidirectional power interchange. Long-term islanded
operation requires large storage sizes and capacity ratings of microgenerators to
guarantee the load supply. Demand flexibility and demand response also enable such
operation conditions. The difference between microgrids and passive grids penetrated
by microsources lies mainly in the management and coordination of the available
resources. Operation in islanded mode presents an important challenge, and further
research is needed in order to coordinate the power electronic interfaces between
resources to guarantee voltage and frequency stability. Usually, hierarchical control at
four levels is proposed, based on their bandwidth. The upper level is also called tertiary
control or EMS: it is responsible for power flow management and can determine both
the active and reactive power, the voltage levels, and the power exchanges with
the main grid. The EMS and lower-level controls of the microgrid are responsible
for guaranteeing the voltages and power transfer limits inside the microgrid, and
therefore the EMS must take the electrical constraints into consideration when it
comes to generating power references for the local control units.

1.7 The Regulation of the Electricity System and the Electrical
Markets

The electricity markets are described as a very important zone in the Smart Grid plane.
Markets are a way of organizing the distribution of commodities in an efficient manner
such that the conditions can enhance perfect competition between the actors. However,
electricity is not a simple commodity. In order to ensure the reliable and continuous
delivery of significant amounts of electricity, the system needs bulk generation plants,
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transmission and distribution grids, and various control and monitoring functions to
maintain the system in a technically feasible state. The simple fact that there is a limited
amount of storage capability in the grids (for technical and economic reasons) makes
the electricity market unique. The technical differences of the “electricity” commodity
have a profound effect on the organization and rules of the electricity markets. Several
models of competition have been discussed [12] and are listed below:

Monopoly. This model describes the traditional monopoly utility. In some
cases, the utility integrates the generation, transmission, and distribution
of electricity; while in other cases, the generation and transmission are
integrated in one utility, which provides the electricity to distribution com-
panies that operate within a local monopoly.

Purchasing agency. In this model, independent power producers are inte-
grated into the system, competing between each other and with utility-
owned generators. The utility acts as a purchasing agent, buying the best
generator offers, and distributes the energy to the customers in a monopoly
transmission and distribution system.

Wholesale competition. This model is a hybrid, because there is com-
petition at the generation level but not at the retail level. In this model,
distribution companies purchase the electricity directly from generating
companies on a wholesale electricity market that takes place mainly at the
transmission level. The distribution companies retain a monopoly at the
retail level. Large consumers are the exception to this system, because they
can purchase electricity directly on the market.

Retail competition. This model allows all consumers to choose their sup-
plier freely. In practice, only large consumers will participate in the whole-
sale market directly. To enhance the complex participation in the electricity
market of small and medium consumers, those consumers purchase their
electricity via retailers that are operating in the wholesale market. In this
model, the distribution activity is separated from the energy sales to create
competition on the retail side, with the objective of reducing electricity
prices for consumers. For physical reasons, the transmission and distribu-
tion remain as monopolies, regulated by the governmental agencies, and
their costs are charged to the consumers.

The introduction of competition in electricity supply has been accompanied by the
privatization of utilities. However, privatization is not a condition for the introduction
of competition – all of the models described above can also run with public ownership.
A market is a mechanism for matching the supply and the demand for a commodity
by finding an equilibrium price. Markets can be organized in different ways; each
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type is complementary to the others and therefore they can be combined. The various
types are described as follows:

Spot market. In a spot market, the seller delivers the goods immediately,
with no conditions regarding delivery. The buyer also pays for the goods
immediately and no party can withdraw once the deal has beendone.

Forward contracts. Forward contracts fix the price and quantity for a
future delivery of a commodity, in order to share the price risk.

Future contracts and futures markets. This type is a secondary market,
in which the producers and consumers buy or sell forward contracts.

Options. In this type of contract, the contract holder can decide whether
or not to make use of the contract. The “call option” gives the holder the
right to buy a given amount of a commodity at a price, and the “put option”
gives its holder the right to sell a given amount at a specified price.

Given these elementary ways to regulate the electricity system and the available
market structures, they can be applied to the electricity system. Due to the particular
technical implications of the commodity, the operation of the electricity market is
basically organized using the following models:

Bilateral trading. In this type of trading, two partners (a buyer and a
seller) agree on a transaction of electricity at a certain price.

Electricity pools. In this type of trading, a centralized pool is created, in
which all producers and consumers act. There, all participants are buying
and selling electricity, regardless of who might be the final supplier or
consumer. This type of trading is well established in power systems, as
the transactions and the physical commodity exchange (power flow) are
decoupled from each other.

The managed spot market. Electricity systems need to handle imbalances
between generation and loads. Therefore, an organized spot market has to
be established in order to adjust the daily schedule by means of short-term
trading. Since the spot market is the last resort for electrical energy, it
strongly affects the other markets.

For secure and reliable operation of the power system, certain “ancillary services”
have to provided. These services maintain the quality of the supply in an accept-
able range by regulating the frequency, or providing a spinning reserve or power
to compensate for imbalances. Typically, these tasks are performed by very flexible
generation plants. Also, the TSO could ask for generator schedules to be modified for
security reasons, in order to handle the overloading of power lines or transformers. All
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these commercial transactions have to be settled between all participants and market
types as well as with the ancillary services. This process is very complex for the
electricity system, and for this reason the settlement system for electricity markets is
typically centrally organized.

1.8 Exercise: A Load-Flow Algorithm with Gauss–Seidel

The load-flow study is the most important numerical analysis to determine the flow
of electric power at steady state in meshed power systems. This study aims to obtain
the magnitude and phase angle of the voltage at each bus, and the real and reactive
power flowing in each line for a given load and generation scenario. There are sev-
eral numerical algorithms that solve such problems [19]; for example, Gauss–Seidel,
Newton–Raphson, and the fast decoupled method. In this exercise, a given hypotheti-
cal grid (Figure 1.7) should be solved by means of computer programming, applying
the simplest load-flow method, namely Gauss–Seidel. A simple case will be treated:
a six-bus system with only one slack generator, with the rest of the buses being PQ
nodes. The following solution has been written in MATLAB

®
and is presented in a

number of steps:

1. For given bus data, a function is created that shows the data in “per unit” (pu)
related to the buses of the system, specifying the bus number, the bus active power
generation, the bus reactive power generation, the bus active power load, and the
bus reactive power load, respectively:

function data = busdata()
% | Bus | PGi | QGi | PLi | QLi |
data = [ 1 0.0 0 0 0;

2 0.8 0.4 0 0;
3 0.7 0.3 0 0;
4 0.0 0 0.6 0.3;
5 0.0 0 0.5 0.2;
6 0.0 0 0.9 0.5];

2. Next, the power lines or transformers are identified by the following function
containing the line data matrix. First, the bus numbers from where the line is
coming and to where the line is going are identified. Then, the resistance, reactance,
and susceptance of the line, in pu, are introduced:

function data = linedata()

% | From | To | R | X | B/2 |
% | Bus | Bus | | | |
data = [ 1 2 0.10 0.20 0.02;

1 4 0.06 0.20 0.02;
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1 5 0.07 0.30 0.03;
2 3 0.05 0.27 0.03;
2 4 0.06 0.12 0.01;
2 5 0.11 0.32 0.02;
2 6 0.07 0.20 0.03;
3 5 0.12 0.26 0.03;
3 6 0.03 0.10 0.01;
4 5 0.18 0.39 0.04;
5 6 0.11 0.32 0.03;];

3. After that, a function to generate the admittance matrix is created by applying the
following equations:
� Diagonal elements:

Yii =
n∑

i=1

admittances: connected to bus i

where n is the number of buses in the grid.
� Off-diagonal elements:

Yij = −
∑

admittances connected between bus i and bus j.

where i ≠ j.

function ybus=ybusfct();
lines= linedata(); %Read the line data
fb=lines(:,1); %Read the from bus data
tb=lines(:,2); %Read the to bus data
r=lines(:,3); %Read the resistance data in pu
x=lines(:,4); %Read the reactance data in pu
b=lines(:,5); %Read the susceptance data in pu
zl=r+i*x; % Calculate the line impedance
yl=1./zl; %Calculate the admittance
bl=i*b; %Calculate the susceptance
nbus=max(max(tb), max(fb)); %Read the max. number of buses
nlines=length(fb); %Read the max. number of lines
Y=zeros(nbus,nbus); %Create an empty admittance matrix
for k=1:nlines %Admittance matrix creation algorithm for
off-diagonal elements

Y(fb(k),tb(k))=Y(fb(k),tb(k))-yl(k);
Y(tb(k),fb(k))=Y(fb(k),tb(k));

end
for m=1:nbus %Admittance matrix creation algorithm for diagonal
elements

for n=1:nlines
if fb(n)== m
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Y(m,m)=Y(m,m)+yl(n)+b(n);
elseif tb(n)== m

Y(m,m)=Y(m,m)+yl(n)+b(n);
end

end
end
ybus=Y;

4. Calculation of the voltages from the given data, using the Gauss–Seidel method.
The voltage of each bus for iteration m + 1 can be calculated from the active power
Pi and the reactive power Qi, the admittance matrix values, and the voltages from
the iteration m by

Vi(m+1) =
Pi − jQi

YiiV
∗
i(m)

−
n∑

k≠i

Yik

Yii

Vk(m), (1.1)

i = 2… n.

The value of the starting voltages for buses 2–6 is assumed to be 1 pu (flat start).
For simplification of the algorithm, the voltage calculation can be performed by

YV =
n∑

k≠i

YikVk(m)

Vi(m+1) =

Pi − jQi

V∗
i(m)

− YV

Yii

, (1.2)

i = 2… n.

The following code is the main program that has to be executed in the same folder
where all the other functions are saved:

ybus=ybusfct();
bdata = busdata(); %Read the bus data
bus=bdata(:,1); %Read the buses
GenP=bdata(:,2); %Read the generation active power
GenQ=bdata(:,3); %Read the generation reactive power
LoadP=bdata(:,4); %Read the load active power
LoadQ=bdata(:,5); %Read the load reactive power
nbus=max(bus); %Read the number of buses
P=GenP-LoadP; %Calculate the active power injection
Q=GenQ-LoadQ; %Calculate the reactive power injection
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V=ones(nbus,1); %Initialvoltages. Flat start at 1\,pu
Viter=V; %Storing the voltage of the current iteration
tol=1; %initial value of the tolerance
iter=1; %number of iterations
while ((tol> 0.00001)& (iter<100))

for i=2:nbus;
YV=0;
for k=1:nbus %Calculation of the sum of YV

if i ~ =k
YV=YV+ybus(i,k)*V(k);

end
end
V(i)=((P(i)-j*Q(i))/conj(V(i))-YV)/(ybus(i,i)); %Gauss Seidel
algorithm

end
iter=iter+1; %Iteration counter
tol= max (abs(V-Viter)); %Tolerance calculation
Viter=V; %Storing the result of the current iteration

end
display(iter);
display(abs(V));

An additional function is provided to convert the polar coordinates of the complex
number into rectangular coordinates:

function rect = pol2rect(mag,angle)
rect = mag*cos(angle) + j*r*sin(angle);

The resulting voltages are obtained after 38 iterations and are displayed in
Figure 1.7 (from bus 1 to bus 6, in pu).



2
Generating Systems Based
on Renewable Power

2.1 Renewable Power Systems

Renewable power has been used by humankind for several millennia. In fact, until the
Industrial Revolution, renewable power (including hydropower, wind power, biofuels,
and solar power) was actually the only energy source available. The Industrial Revo-
lution in the eighteenth century led to the dawning of an era of a new generation of
energy sources, which spawned great developments for civilization, but also caused
(some decades afterwards) a tremendous increase in the planetary pollution levels
and in global warming. One of the side effects of the Industrial Revolution was that
renewable energy was abandoned, since it was far less practical and powerful than the
“new” machines powered by coal.

Some decades later, the development of electrical engineering in the nineteenth
century allowed engineers to design systems that were able to generate, transmit,
and distribute electrical energy to the loads. The first electric power plants were
powered by coal or water. Later, fossil fuels derived from oil and nuclear fuels were
increasingly used.

In recent decades, we have realized that we need to rethink the way in which we
humans generate and use energy in order to reduce pollution, halt planetary global
warming, and mitigate the risks of nuclear accidents. The scientific evidence of such
problems has created alarm in society, which in turn has pushed decision-makers to
take strong actions. These actions have facilitated the development of forms of renew-
able energy, mainly hydroelectric, wind power, and photovoltaic (PV) solar power.

Actual power systems have an increasing share of the renewable energy sources.
While some decades ago renewable energy was considered as alternative energy,
nowadays there is a massive industry in the field of renewables, and the energy
mix of most developed and developing countries shows a substantial penetration of
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renewable energy. Such increased penetration presents a number of technical and
economic challenges related to the integration of such renewable energy sources into
the grid. The uncontrollability of these resources has motivated the development of
advanced operational strategies for ensuring the safe and secure operation of power
systems, thus giving a boost to a profound change in the development of modern
power systems, which need to include power electronic converters, flexible and man-
ageable demand, energy storage, intelligent communication networks, and advanced
controllers.

According to the International Renewable Energy Agency (IRENA) [20] (Fig-
ures 2.1 and 2.2), in 2013 the cumulative worldwide installed capacity of renewable
generation was above 1600 GW, where 1138 GW corresponded to hydropower plants,
311 GW to onshore wind, 7.5 GW to offshore wind, 136 GW to PV plants, 3.4 GW
to solar thermal, 73 GW to solid biomass, 12 GW to biogas, 11.7 GW to geother-
mal, and 0.5 GW to tide, wave, and ocean power. In Figure 2.3, it is shown that
China is leading worldwide in terms of installed capacity, followed by the United
States (US), Brazil, and Germany. It is clear that the development of renewables is
being experienced worldwide, not only in some specific countries. According to the
World Energy Council [21], future trends (Figure 2.4) show an increasingly important
role for solar thermal power plants, also with a strong development of onshore and
offshore wind.

An important feature of renewable energy is that the capacity factor (which can
be defined as the ratio of the net MWh of electricity generated in a given year to the
electricity that could have been generated at continuous full-power operation) tends
to be much lower than the capacity factor of conventional generation sources. This
is due to the fact that the resource is not always available (clearly for wind and solar
energy). Figure 2.5 shows that for wind or solar power, a given power capacity leads
to a more reduced level of energy production.

The cost of the energy produced by renewable energy sources (RES) has been
decreasing in recent decades. A study from the World Energy Council [21] analyzes
the cost of the different energy sources, including a comprehensive comparative study
of the costs of producing electricity from a wide range of conventional and nonconven-
tional sources. The study provides reference costs based on real project information,
focusing on the leading forms of renewable energy (wind, solar PV and solar thermal,
marine, biomass, hydroelectric, and geothermal) and conventional technologies across
different geographical locations worldwide. The costs considered include the capital
expenditure (CAPEX), which includes the total cost of developing and constructing
a plant, excluding any grid-connection charges, the operating expenditure (OPEX),
which includes the total annual operating expenditure, and the capacity factor [21].
The various technologies are compared using the levelized cost of electricity (LCOE),
which can be defined as the US$/MWh value that represents the total life-cycle cost
of producing a MWh of power using a specific technology.
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Figure 2.4 The cumulative installed power generation capacity (GW). Source: World
Energy Council (2013) World Energy Perspective: Cost of Energy Technologies, http://www.
worldenergy.org/publications/2013/world-energy-perspective-cost-of-energy-technologies/
(accessed May 28, 2015).

Figure 2.6 shows that renewable energy technologies such as flash geothermal,
hydroelectric, and onshore wind are reaching very competitive costs, compared to
conventional energy sources. PV power plants have higher costs (between 100 and
150 US$/MWh). Solar thermal costs are above 200 US$/MWh and ocean energy
(wave and tidal) above 450 US$/MWh.
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Figure 2.5 The installed electricity capacity versus net generation, 2011. Source: World
Energy Council (2013) World Energy Perspective: Cost of Energy Technologies, http://www.
worldenergy.org/publications/2013/world-energy-perspective-cost-of-energy-technologies/
(accessed May 28, 2015).

http://www.worldenergy.org/publications/2013/world-energy-perspective-cost-of-energy-technologies/
http://www.worldenergy.org/publications/2013/world-energy-perspective-cost-of-energy-technologies/
http://www.worldenergy.org/publications/2013/world-energy-perspective-cost-of-energy-technologies/
http://www.worldenergy.org/publications/2013/world-energy-perspective-cost-of-energy-technologies/


Generating Systems Based on Renewable Power 31

Global LCOE range500

450

400

350

300

250

200

150

100

50

0

1
0

5
9

M
a
ri

n
e
 –

 w
a
ve

M
a
ri

n
e
 –

 t
id

a
l

S
T

E
G

 –
 L

F
R

S
T

E
G

 –
 t
o
w

e
r 

a
n
d
 h

e
lio

s
ta

t

S
T

E
G

 –
 t
o
w

e
r 

a
n
d
 h

e
lio

s
ta

t 
w

/s
to

ra
g
e

S
T

E
G

 –
 p

a
ra

b
o
lic

 t
ro

u
g
h
 +

s
to

ra
g
e

S
T

E
G

 –
 p

a
ra

b
o
lic

 t
ro

u
g
h

F
u

e
l 
c
e
lls

P
V

 –
 t
h
in

 f
ilm

P
V

 –
 c

-S
i 
tr

a
ck

in
g

P
V

 –
 c

-S
i

B
io

m
a
s
s
 –

 g
a
s
ifi

c
a
ti
o
n

B
io

m
a
s
s
 –

 i
n
c
in

e
ra

ti
o
n

B
io

m
a
s
s
 –

 a
n
a
e
ro

b
ic

 d
ig

e
s
ti
o
n

L
a
rg

e
 h

yd
ro

S
m

a
ll 

h
yd

ro

N
u
c
le

a
r

C
H

P

N
a
tu

ra
l 
g
a
s
 C

C
G

T

C
o
a
l 
fir

e
d

L
a
n
d
fil

l 
g
a
s

G
e
o
th

e
rm

a
l 
–
 b

in
a
ry

 p
la

n
t

G
e
o
th

e
rm

a
l 
–
 f
la

s
h
 p

la
n
t

W
in

 –
 o

ff
s
h
o
re

W
in

 –
 o

n
s
h
o
re

M
u
n
ic

ip
a
l 
s
o
lid

 w
a
s
te

8
6
1

5
3
1

Regional scenarios

Q1 2013 central

Q2 2013 central

Figure 2.6 The globalized LCOE for Q2 2013 (US$/MWh). Source: World Energy Council
(2013) World Energy Perspective: Cost of Energy Technologies, http://www.worldenergy.org/
publications/2013/world-energy-perspective-cost-of-energy-technologies/ (accessed May 28,
2015).

While hydropower can obviously be considered the main renewable energy source,
the present book is concentrated on PV solar and wind energy, which have some
specific characteristics that make them of greater interest: their instantaneous avail-
able power cannot be controlled (although it can be forecasted), they are typically
connected to the grid using power electronic converters, and they are dominating
worldwide in terms of new installed power plants.

http://www.worldenergy.org/publications/2013/world-energy-perspective-cost-of-energy-technologies/
http://www.worldenergy.org/publications/2013/world-energy-perspective-cost-of-energy-technologies/
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2.1.1 Wind Power Systems

In the early development of wind power, it was basically used for milling and water
pumping purposes, directly converting wind power to mechanical power. There are
contradictory theories about the location of the first windmills, including Egypt,
China, Tibet, India, Afghanistan, and Persia, but there seems to be evidence that
the first windmills were vertical-axis wind turbines. In the Middle Ages, numerous
horizontal wind turbines were installed in Europe, which are the historical Dutch,
Greek, or Spanish windmills.

The first wind turbines capable of producing electricity were developed in Denmark
by Paul La Cour in 1891. He was followed by other engineers, such as the Jacobs
brothers in America in 1922, who produced battery-charging wind turbines. The first
MW wind turbine was the Smith–Putnam wind turbine (installed at Grandpa’s Knob,
near Rutland, Vermont, in the early 1940s), which was the largest in the world between
the 1940s and and 1980s [22].

In the 1950s and 1960s, larger wind turbines of up to 3 MW were developed in
Denmark and Germany. They operated at a fixed speed and included pitch control.
Until the 1990s, it was considered that the wound rotor induction generator (WRIG)
was an almost obsolete technology for generation. During the 1990s, this technology
was developed with doubly fed induction generators (DFIG), with a power electronic
converter for variable-speed operation. Since the late 1990s, this technology has been
dominating the onshore wind market worldwide.

With the new millennium, there was an increasing trend to go offshore for a
number of reasons, including higher and smoother wind speeds, the possibility of
installing larger wind turbines (less in the way of logistical restrictions), the existence
of additional locations for countries with saturated onshore locations, and less social
opposition. Offshore wind turbines have reliability and availability as their main tech-
nology drivers. Therefore, the technical solutions that allow us to reduce or eliminate
the most critical elements seem to be favored. The gearbox has been identified as the
most critical element, resulting in wind turbine designs that try to reduce the genera-
tor speed using multipolar generators. Offshore wind turbines can be based on DFIG
concepts (high speed – large gearbox) or also designed as full power converter (FPC)
wind turbines, connected to an induction (high speed – large gearbox) or permanent
magnet (low or medium speed, reduced gearbox, multipolar generator) synchronous
generator.

While, some decades ago, wind was seen as an alternative energy source, nowadays
it can be considered as a mature technology that is being developed massively. Accord-
ing to the Global Wind Energy Council [23], at the end of 2013, the total amount
of installed wind power worldwide exceeded 318 GW (see Figure 2.7). During 2013
alone, more than 35 GW of wind power was installed. Based on the information of the
Global Wind Energy Council [23], Figure 2.8 shows the cumulative and new installed
wind power.
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With regard to the situation in Europe, according to the EWEA [24], more than
11.5 GW of wind power capacity (worth between €13.1 billion and €18.7 billion) was
installed in the European Union (EU) during 2014. Wind power was the generating
technology with the highest rate for new installations in 2014, accounting for 43.7% of
the total 2014 power capacity installations. Renewable power installations accounted
for 79.1% of new installations during 2014: 21.3 GW out of a total 26.9 GW of new
power capacity, up from 72% in the previous year. The share of wind energy in the
EU power generation mix has moved from 2.4% in 2000 to 14.1% in 2014. According
to the EWEA [24], out of the total EU electricity consumption of 2798 TWh, 9.1%
is provided by onshore wind and 1.1% is provided by offshore wind, resulting in a
contribution from wind of 10.2%.

2.1.2 Solar Photovoltaic Power Systems

The basic principle of the conversion of light to electricity was first observed in 1839 by
Becquerel. In 1883, the first solar cells made from selenium wafers were described by
Fritts. The first patent on solar cells was awarded in 1888, to Edward Weston in the US.
In 1901, Nikola Tesla received a US patent for a “method of utilizing, and apparatus
for the utilization of radiant energy” [25]. It was Albert Einstein who provided a theory
on the photoelectric effect, which established the basis for future development. In the
US in 1954, Bell Laboratories discovered that silicon had photoelectric properties.
They developed solar cells of 6% efficiency and deployed them in the early satellites.
Since then, there has been a tremendous advance (supported by numerous subsidies
from various governments) in the technology of the cells and all the associated PV
power plant components. Massive PV power plants of several hundreds of MW are
being commissioned nowadays and the cost of PV technology has been significantly
reduced.

While, some decades ago, PV was seen as an alternative energy source, nowadays
it can be considered as a mature technology, which is being exploited massively.
According to the IRENA [20], at the end of 2013, there was a total amount of installed
PV capacity worldwide of more than 135 GW (see Figure 2.9). During 2013 alone,
more than 37 GW of PV power was installed.

2.2 Renewable Power Generation Technologies

Renewable power generation technologies are highly dependent on the nature of the
source of the renewables. Most of the renewable generators are based on rotative elec-
trical generators, which are normally mechanically coupled to turbines or equivalent
devices that provide the mechanical power to the generator. Another option is to have
static power generation sources, which can produce electricity without any moving
parts, as in the case of photovoltaic generation systems. The various technologies are
examined in this section.
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Figure 2.10 A conceptual scheme of renewable power generation technology based on
rotative electrical generators (top) without and (bottom) with a gearbox.

2.2.1 Renewable Power Generation Technology Based on Rotative
Electrical Generators

Renewable power generation technology based on the use of rotative electrical gen-
erators can basically be classified into two main groups:

� Generators directly connected to the grid. Some renewable sources can be connected
to the grid using conventional synchronous generators (Figure 2.10). This is the case
for hydropower plants, solar thermal power plants, and thermal power plants that use
biofuels. In all of these power plant concepts, there is a turbine that is mechanically
coupled to a generator, which in turn is connected to the main grid via a transformer.
The rotational speed of the generator and turbine is dictated by the electrical grid
frequency, which results in a constant speed for the overall system. The excitation
of the generator can be used to control the exchange of reactive power and provide a
voltage control capability. While this is the usual concept for hydro- or solar thermal
power plants, some present-day wind turbine manufacturers propose to utilize this
concept, to achieve wind turbine variable-speed operation using a nonelectrical
principle.
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Figure 2.11 The conceptual scheme of renewable power generation technology based on
rotative electrical generators with power electronics converters.

� Generators connected to the grid by means of power electronic converters (Fig-
ure 2.11). Power electronic converters allow us to control the voltage, current, and
frequency of the generator, thus allowing the renewable energy generators to oper-
ate at variable speed, while providing support to the grid where they are connected.
Most wind turbines are based on this technology, which is also preferred for ocean
energy sources (wave or tidal). Power converters can decouple the generator from
the grid, which can be very advantageous in terms of fault behavior, but this is also
accompanied by additional costs and concerns about reliability.

The present section focuses on wind turbine technology, since this is considered
the most relevant technology for the development of renewable energy using devices
equipped with a rotating generator. Similar technologies can be utilized by other RES
based on nondispatchable fluid power sources, including ocean energy (waves and
tidal) or micro- or mini-hydropower plants.

2.2.2 Wind Turbine Technology

Various wind turbine concepts have been developed in recent decades. Wind turbines
can classified into those that feature a vertical axis, such as the Savonius, Darrieus, or
Giromill rotors, or horizontal-axis turbines. Nowadays, the dominant concept is the
well-known horizontal-axis turbine with a three-bladed rotor.

Figures 2.12 and 2.13 show conceptual schemes of onshore and offshore wind
turbines. The rotor is the main rotating element, and it is composed of the hub, the
blades, and the mechanical shaft. The blades capture energy from the wind, and
transfer it to the generator by means of the shaft. The pitch system allows us to limit
the incoming power from the wind by changing the blade angle, in order to keep the
machine within its power limits. Usually, wind turbines include a gearbox in order to
adapt the slow angular speed of the rotor blades to the high speed of the generator.
This gearbox can also be removed in some topologies, if the generator is modified
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Figure 2.12 The conceptual scheme of the horizontal-axis onshore wind turbine.

so that its rotor speed can be adapted to the speed of the electrical generator; in, for
instance, multipolar schemes.

The high-speed gearbox output shaft (the fast axis) is directly connected to the gen-
erator, where the mechanical-to-electrical power conversion is performed. The gener-
ator is an induction or synchronous machine. Depending on the generator installed and
the turbine concept considered, power electronics converters could be connected at
the machine rotor or stator terminals. By means of this converter, the generator can be
controlled, achieving better wind power extraction, together with proper integration
into the grid. The generator output is connected to a transformer in order to adapt the
voltage level and its corresponding switchgear is placed ahead of the connection to
the wind power plant collection grid.

The previous component description applies to both onshore and offshore wind tur-
bines. The main difference between them is the support structure employed. Onshore
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Figure 2.13 The conceptual scheme of the horizontal-axis offshore wind turbine.

wind turbines are installed over a conventional concrete basement, whereas offshore
wind turbines demonstrate different possibilities. Two main offshore structures can be
differentiated, the foundation and floating types. Foundation structures are based on
supporting the wind turbine by means of a structure attached to the seabed. Floating
structures employ buoyancy or ballast techniques.
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Figure 2.14 The SCIG fixed-speed wind turbine, with a multiple-stage gearbox.

Wind turbine types can be classified as follows:

� Type 1. Fixed-speed wind turbine
� Type 2. Limited-speed wind turbine
� Type 3. Variable-speed with partial-scale converter
� Type 4. Variable-speed with full-scale converter
� Type 5. Variable-speed with a nonelectrical conversion principle – generator directly

connected to the grid using synchronous generators with excitation.

2.2.2.1 Fixed-Speed Wind Turbines

Fixed-speed wind turbines dominated the European market in the 1980s and 1990s.
Known as “the Danish concept,” these devices are usually feature a three-bladed rotor,
a multiple-stage gearbox, and a squirrel-cage induction generator (SCIG), connected
directly to the grid by means of a transformer [26] (Figure 2.14). This machine topol-
ogy is operated over and near the synchronous speed, where the induction machine
works as a generator.

The SCIG needs to absorb reactive power to magnetize the machine, which is
usually provided by a capacitor bank. With regard to the power control, these turbines
usually include a thyristor-based soft-starter, which is used to start up the machine
when it is connected to the grid in order to avoid large currents. A possible technical
solution is to incorporate a generator with two possible different numbers of poles
to modify the synchronous speed, increasing the wind power extraction possibilities.
These machines can be divided into three different types, depending on the power
limiting system implemented; that is, passive or active stall, and pitch [27].

The main advantages of fixed-speed generation are the robustness of the system, the
relatively low production costs, and its straightforward control [28]. These advantages
were the main reasons that prompted the manufacturers to install this technology in
the first wind farms. However, it also presented several important disadvantages
that have forced the change to other topologies. The first drawback is related to
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Figure 2.15 The SCIG limited variable-speed turbine, with a multiple-stage gearbox.

the constant-speed operation of the generator, which does not allow the machine to
extract the maximum available power from the wind. Also, a fixed speed implies high
mechanical stress, considering that any wind speed fluctuations are transmitted in
terms of torque, causing possible failures of the drivetrain. Other drawbacks were the
requisites imposed by the grid operator, such as voltage/frequency support and the
fault ride-through requirements. Not only cannot the SCIG provide voltage support
by injecting reactive power, but it also needs to absorb it during its normal operation.
Regarding the fault ride-through capability, SCIG wind turbines are connected directly
to the grid and it is difficult to avoid a disconnection due to a high current flowing
through the generator during a voltage sag [28].

2.2.2.2 The Limited Variable-Speed Wind Turbine

During the 1990s, the limited variable-speed turbine was proposed, changing the
generator type from the conventional SCIG to a WRIG [29]. This technology (Fig-
ure 2.15), also known under the commercial name Optislip (Vestas manufacturing),
introduced a variable rotor resistance to increase the operational speed range (typi-
cally from 0 to 10%). By changing the value of the rotor resistance, through a power
electronic converter, the slip (and speed) of the machine can be modified. However,
in order to achieve this level of control, some power has to be lost in the wound rotor
resistances. In summary, these machines partially solved the demand of the need for
a variable speed to increase the aerodynamic efficiency, but they still mainly suffered
from the same problems as the fixed-speed concept. This was one of the first steps
towards the variable-speed concept, which dominates the wind turbine market today.

2.2.2.3 Variable-Speed Wind Turbines with a Partial-Scale Converter

The variable-speed concept appeared in order to fulfill the grid operator’s requirements
and also to increase the operational performance of wind turbines. This concept
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Figure 2.16 The DFIG variable-speed turbine, with a multiple-stage gearbox.

(Figure 2.16) consists of a WRIG generator connected to the grid directly by the
stator and through the rotor by a partial-scale power converter, resulting in the so-
called doubly fed induction generator (DFIG) [30]. This power converter allows us
to control the machine in a wider speed range (typically from −40% to +30%) than
the fixed- or limited-speed topologies. Using the converter, proper active and reactive
power control can be carried out in order to optimize the wind power extraction of the
machine.

With regard to integration into the grid, the partial-scale converter increases the pos-
sibilities of the system. The grid-side part, operated independently from the machine
side, can be controlled to achieve a better ride-through capability of the wind turbine
[31] and for voltage support.

However, this concept suffers from various drawbacks [27]. Slip rings, one of the
components that cause operational machine failures, are needed in order to extract
the power from the rotor. Moreover, the stator is still connected directly to the grid,
so during grid faults it is complicated to manage a proper ride-through operation and
to avoid mechanical overloads in the gearbox during electrical disturbances.

2.2.2.4 Full-Scale Converter Wind Turbines

Variable-speed wind turbines with full-scale converters electrically decouple the gen-
erator and the grid completely. Additionally, they also maximize the operational speed
range of the wind turbine. Therefore, the maximum available power from the wind can
be extracted within the rated limits. The grid operator’s requirements can be satisfied,
with proper grid-side converter control. These systems can give support to the grid
voltage and frequency and they can incorporate fault ride-through capability. Usually,
a DC chopper is included in the DC bus to ride through voltage sags without chang-
ing the mechanical torque of the turbine, thus avoiding mechanical overloads in the
wind turbine. This concept can be implemented for different types of generator: the
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Figure 2.17 The SCIG variable-speed turbine, with a multiple-stage gearbox.

SCIG, the permanent magnet synchronous generator (PMSG), and the wound rotor
synchronous generator (WRSG) [32].

The SCIG
The drivetrain is composed of a SCIG and a full power converter [33] (Figure 2.17).
This concept is not available without a gearbox, due to the inconvenience in con-
struction of having multipolar SCIGs [34]. The gearbox raises concerns for offshore
applications, since it may compromise the wind turbine’s reliability, availability, and
maintainability, which are very critical offshore. Another drawback is the relatively
low efficiency of the global system, considering the generator, gearbox, and full power
converter losses [26].

The Direct-Drive WRSG
The drivetrain is composed of a WRSG with DC rotor excitation connected to the grid
by means of a back-to-back converter (Figure 2.18). This type is implemented without
a gearbox through incrementing the number of poles of the rotor, thus obtaining a
directly driven system. The increment on the number of poles implies a large generator
diameter, resulting in a machine of larger dimensions [35]. On the one hand, the
associated costs of the gearbox are eliminated. On the other hand, the generator costs
are increased. Another interesting feature of this machine is the DC controllable

TransformerGrid filters
WRSGWind
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VSC back-to-back
converter

DC chopper

Figure 2.18 The WRSG variable-speed turbine, with direct drive.
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Figure 2.19 The PMSG variable-speed wind turbine, with direct drive.

excitation. Through the DC converter, the rotor flux can be controlled for different
purposes: field-weakening strategies for high-speed operation and loss minimization
techniques, amongst others. However, it must be taken into consideration that the
excitation control is performed by a converter, which is located outside the rotor
and is commonly connected to the machine windings through slip rings. This system
implies losses during operation due to the current flowing the DC windings, and also
regular maintenance must be considered if slip rings are used.

The Direct-Drive PMSG
Related to the previous WRSG concept, the PMSG direct-driven generator connected
to the grid by means of a full power converter may be used (Figure 2.19). This type
of generator is derived from the idea of substituting the wound-rotor DC excitation
by magnets, thus eliminating the excitation losses.

The PMSG concept, like all the concepts based on full-scale converters, allows
decoupling of the generator from the grid. PMSG rotors can also be constructed
with a large number of poles. However, PMSGs are smaller and lighter when a large
number of poles are included than the equivalent WRSG [35]; therefore, this topology
achieves a higher power density.

On the other hand, working with permanent magnets can be difficult during both
the manufacturing and operational stages. Also, the permanent magnet materials may
be expensive. While in recent years these costs have been reduced considerably [26],
there is some uncertainty concerning the future price evolution.

The fact that there is a constant flux in the rotor produced by the magnets may cause
large voltage values at the machine terminals for high speeds, forcing the converter to
apply larger voltages that are out of the voltage rating of the converter. In the WRSG,
the excitation could be weakened, in order to reduce the rotor flux, by reducing the
DC excitation voltage. In a PMSG, the flux cannot be reduced because the excitation
is permanent. Therefore, a flux-weakening technique must be employed to reduce the
terminal voltages at high speed [36]. At the same time, the flux-weakening current
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Figure 2.20 The PMSG variable-speed wind turbine, with a single-stage gearbox.

must be limited in order not to demagnetize the magnets. Demagnetization can be
caused by certain possible faults in the machine. Magnets are temperature-sensitive,
and therefore the temperature should be controlled during operation. There are many
different types of PMSG, which can be classified by their flux direction, the type of
rotor, the type of the magnets, and the winding layout.

The PMSG Wind Turbine with a Single-Stage Gearbox and a Medium-Speed
Generator
This concept combines a PMSG with a single-stage or a multistage gearbox system
in order to avoid constructing a large generator with a large number of poles [35]
(Figure 2.20). The single-stage topology does not achieve a high transmission ratio. It
is interesting because it combines a small gearbox (compared to a fast speed generator,
SCIG) with a relatively small generator with a small number of poles (compared to
multipolar concepts). Therefore, the generator does not need to be too large and
expensive, and the complexity of the gearbox can also be reduced. The generator is
operated with medium speed and torque characteristics.

2.2.2.5 Example 1: A Power Computation for Fixed-Speed Wind Turbines

A 3.2 MW wind turbine with a rotor diameter of D = 100 m and a gearbox ratio of
Ngb = 80 based on an induction generator (with two pole pairs) is connected to a 960 V
50 Hz grid. An air density of 𝜌 = 1.225 kg/m3 and a power coefficient expression of
Cp = 0.0045(100 − (𝜆 − 10)2) can be assumed. Neglecting slip (assuming that s = 0),
calculate the mechanical power generated for wind speeds of 5, 8, 11, and 14 m/s.

The mechanical power generated can be found using

Pmech = 1
2
𝜌CpAv3

w, (2.1)
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with an air density of 𝜌 = 1.225 kg/m3, areas swept by the rotor A = 𝜋D2∕4 with
diameter D = 100 m, and a power coefficient of Cp = 0.0045(100 − (𝜆 − 10)2), where
the tip speed ratio 𝜆 can be computed as

𝜆 =
𝜔tD

2vw
=

𝜔gD

2Ngbvw
, (2.2)

in which 𝜔t is the wind turbine speed (slow axis), 𝜔g is the generator speed (fast axis),
and Ngb is the gearbox ratio.

The previous expressions can be combined as

Pmech = 0.0045
2

𝜌(100 − (𝜆 − 10)2)Av3
w, (2.3)

Pmech = 0.0045
2

𝜌

(
100 −

(
𝜔gD

2Ngbvw
− 10

)2
)

v3
w𝜋D2∕4, (2.4)

where all the quantities are known except for the generator speed 𝜔g. The generator
speed depends mainly on the slip s and the synchronous speed 𝜔s:

𝜔g = (1 − s)𝜔s = (1 − s)
2𝜋f

p
, (2.5)

where the p are pairs of poles. Assuming s = 0,

𝜔g = 𝜔s = 2𝜋50∕p = 𝜋50 rad∕s. (2.6)

Therefore, the mechanical power can be computed as follows:

Pmech = 0.0045
2

𝜌

(
100 −

(
𝜔sD

2Ngbvw
− 10

)2
)

v3
w𝜋D2∕4, (2.7)

Pmech = 0.0045
2

1.225

(
100 −

(
𝜋50 × 100
2 × 80 × vw

− 10

)2
)

v3
w𝜋1002∕4, (2.8)

The following results are obtained:

� 𝜔e = 3.141592653589793e+002 rad/s
� 𝜔s = 1.570796326794897e+002 rad/s
� 𝜔g = 1.570796326794897e+002 rad/s
� 𝜔t = 1.963495408493621 rad/s
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� 𝜆 = 19.634954084936204
� Cp = 0.032254469015270
� P = 1.939527243080785e+004 W.

The calculations can be extended to the other wind speeds, obtaining:

vw = 5 8 11 14 m/s
𝜔s = 314.1593 314.1593 314.1593 314.1593 rad/s
𝜔g = 157.0796 157.0796 157.0796 157.0796 rad/s
𝜔t = 1.9635 1.9635 1.9635 1.9635 rad/s
𝜆 = 19.6350 12.2718 8.9250 7.0125 –
Cp = 0.0323 0.4268 0.4448 0.4098 –
P = 1.9395e+004 1.0511e+006 2.8480e+006 P = 3.2 MW W

where it can be noted that when the mechanical power exceeds the nominal power
(3.2 MW), the pitch system must reduce the mechanical power to its nominal value.

The MATLAB® code that can be used for the analysis

clear;clc;
vw=[5 8 11 14]
ss=0;rho=1.225;N=80;D=100;poles=2;Ugrid=960;f=50;
we=2*pi*f;
ws=we/poles;
wg=ws*(1-ss);
wt=wg/N;
lam= wt*(D/2) ./ vw
Cpp= 0.0045 * (100 - (lam-10).ˆ2)
P1=0.5*rho*Cpp*(pi*(Dˆ2)/4).*vw.ˆ3

results in

vw = 5 8 11 14
lam = 19.634954084936204 12.271846303085129
8.924979129516457 7.012483601762931
Cpp = 0.032254469015270 0.426774214688213
0.444799485576112 0.409836355966191
P1 = 1.0e+006 *
0.019395272430808 1.051148578283138
2.847988990930852 5.409916510373950

The Cp–𝜆 curve can be plotted using the following code (the results are shown in
Figure 2.21):

%% Develop a Matlab program to locate the operating
points in the Cp-lambda curve.
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Figure 2.21 The Cp–𝜆 curve.

lam1=0:.1:20;
Cpp1= 0.0045 * (100 - (lam1-10).ˆ2);
plot(lam1,Cpp1);hold on;grid on;
plot(lam,Cpp,’ko’);
for ii=1:1:4
txt{ii}=[’v_w = ’ num2str(vw(ii)) ’ m/s’];
text(lam(ii),Cpp(ii),txt{ii},’FontSize’,18);
end;
xlabel(’\lambda’,’FontSize’,18);
ylabel(’C_p’,’FontSize’,18);

The power curves can be analyzed as follows (the results are shown in Figure 2.22):

%% Develop a Matlab program to plot the power
%% generated for different wind speeds. Include
%% a comparison between the obtained power and
%% the maximum available power.

figure(2);
vw2=0:.1:15
lam2= min(20,max(wt*(D/2) ./ vw2,0));
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Figure 2.22 The generated power curve.
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Cpp2= 0.0045 * (100 - (lam2-10).ˆ2)
P2=0.5*rho*Cpp2*(pi*(Dˆ2)/4).*vw2.ˆ3;
P2a=min(0.5*rho*Cpp2*(pi*(Dˆ2)/4).*vw2.ˆ3,Pn);

h=subplot(1,1,1);
plot(vw2,P2,’:k’);hold on;grid on;
plot(vw2,P2a,’k’);
plot(vw,P1,’ko’);
for ii=1:1:4
txt{ii}=[’v_w = ’ num2str(vw(ii)) ’ m/s’];
text(vw(ii),P1(ii),txt{ii},’FontSize’,18);
end;
xlabel(’v_w’,’FontSize’,18);
ylabel(’P’,’FontSize’,18);
set(h,’FontSize’,18);

figure(3);
lam2b= 10;
Cpp2b= 0.45;
P3=0.5*rho*Cpp2b*(pi*(Dˆ2)/4).*vw2.ˆ3;
P3a=min(0.5*rho*Cpp2b*(pi*(Dˆ2)/4).*vw2.ˆ3,Pn);

h=subplot(1,1,1);
plot(vw2,P2,’:k’);hold on;grid on;
plot(vw2,P2a,’k’,’LineWidth’,3);
plot(vw,P1,’ko’);
plot(vw2,P3,’:r’);
plot(vw2,P3a,’r’);

for ii=1:1:4
txt{ii}=[’v_w = ’ num2str(vw(ii)) ’ m/s’];
text(vw(ii),P1(ii),txt{ii},’FontSize’,18);
end;
xlabel(’v_w’,’FontSize’,18);
ylabel(’P’,’FontSize’,18);
set(h,’FontSize’,18);
axis([3 15 0 6e6]);

2.2.2.6 Example 2: A Power Computation for Variable-Speed Wind Turbines

A 3.2 MW variable-speed wind turbine with a rotor diameter of D = 100 m
and a gearbox ratio of Ngb = 80 based on an induction generator (with two
pole pairs) is connected to a 960 V 50 Hz grid. An air density of 𝜌 = 1.225
kg/m3 and a power coefficient expression of Cp = 0.0045

(
100 − (𝜆 − 10)2) can be

assumed. Calculate the mechanical power generated for wind speeds of 5, 8, and
11 m/s.
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The mechanical power generated can be found using

Pmech = 1
2
𝜌CpAv3

w, (2.9)

with an air density of 𝜌 = 1.225 kg/m3, areas swept by the rotor A = 𝜋D2∕4 with
diameter D = 100 m, and a power coefficient of Cp = 0.0045(100 − (𝜆 − 10)2), where
the tip speed ratio 𝜆 can be computed as

𝜆 =
𝜔tD

2vw
=

𝜔gD

2Ngbvw
, (2.10)

in which 𝜔t is the wind turbine speed (slow axis), 𝜔g is the generator speed (fast axis),
and Ngb is the gearbox ratio.

The previous expressions can be combined as follows:

Pmech = 0.0045
2

𝜌(100 − (𝜆 − 10)2)Av3
w, (2.11)

Pmech = 0.0045
2

𝜌

(
100 −

(
𝜔gD

2Ngbvw
− 10

)2
)

v3
w𝜋D2∕4, (2.12)

where all the quantities are known except for the generator speed 𝜔g.
The main difference compared with the previous example is that in the present

exercise a variable-speed wind turbine is considered. Therefore, the speed of the wind
turbine depends on the optimal operation point and not on the electrical grid frequency.
The optimal operation point can be found by differentiating the expression for Cp:

dCp

d𝜆
=

d
[
0.0045

(
100 − (𝜆 − 10)2)]

d𝜆
= −0.0045 × 2 (𝜆 − 10) = −0.009 (𝜆 − 10) ,

(2.13)

dCp

d𝜆
= 0 → 𝜆opt = 10, (2.14)

d2Cp

d𝜆2
= −0.009 < 0 → 𝜆opt = 10 → maximum. (2.15)

The wind turbine speed can be calculated as

𝜔t =
2𝜆optvw

D
(2.16)
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and the generator speed as

𝜔g = N𝜔t. (2.17)

The following results are obtained:

vw 5 8 11 m/s
𝜆opt 10 10 10
Cp 0.45 0.45 0.45
𝜔t 1 1.6 2.2 rad/s
Pmech 0.27059 1.1084 2.8813 MW

The wind speed that reaches nominal power (assuming two operational regions,
partial power and maximum power) can be calculated as

Pmech−nom = 1
2
𝜌Cp−maxAv3

w → vw = 3

√
2Pmech−nom

𝜌Cp−maxA
= 11.391 m∕s. (2.18)

Above this wind speed, how is the wind turbine operated? Calculate the turbine
speed, the power coefficient, the tip speed ratio, and the mechanical power generated
for a wind speed of 14 m/s.

The wind turbine speed is maintained constant at the nominal value and the pitch
system is used to maintain the power at the nominal value. It can be assumed that
the nominal speed is the turbine speed for the wind speed of the previous section.
Therefore

𝜔t =
2𝜆optvw

D
= 2.278297808332945 rad∕s. (2.19)

For a wind speed above 11.39 m/s, the mechanical power will be the nominal power
of 3.2 MW. The Cp for a wind speed of 14 m/s can be calculated from

Pmech = 1
2
𝜌CpAv3

w → Cp =
2Pmech

𝜌Av3
w

= 0.242420809374220. (2.20)

The tip speed ratio cannot be obtained from the expression for Cp, since this
expression does not take the pitch angle into consideration. As the wind turbine
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rotational speed has been previously calculated, the tip speed ratio can be also
calculated as

𝜆 =
𝜔tD

2vw
= 8.136777886903376. (2.21)

2.2.3 Photovoltaic Power Plants

PV power plants can be considered as renewable power generation technology based
on static devices. There a number of different PV generation plants that can be consid-
ered and they are of very different natures. PV can be used in domestic applications,
in both grid-connected and off-grid configurations. In the off-grid case, the PV gen-
erator plant will need to be complemented by other renewable generators, energy
storage devices, and/or backup diesel generators. Also, large PV power plants are
being designed, covering several km2 of ground surface and reaching a peak power
of several hundred MW. As can be seen in Figure 2.23, a PV power plant is based
on various strings, trackers, or groups of PV panels, which are connected to a power
converter to inject the power into the AC collection grid. A substation collects all
the power from the different inverters and injects it into the main grid. There are
several possible combinations and arrangements for a PV power plant, including DC
collection grids and the utilization of smaller inverters. Figures 2.24, 2.25, and 2.26
show PV power plants based on central, string, or module inverters, respectively. The
decision regarding the configuration depends on the total cost of the plant and also
on the expected losses associated with loss of power due to eventual shadows, and
availability and reliability issues.

Figure 2.23 The conceptual scheme of a PV renewable generation system.
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Figure 2.24 A PV power plant based on a central inverter.

Figure 2.25 A PV power plant based on string inverters.

Figure 2.26 A PV power plant based on module inverters.
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Figure 2.27 The PV panel model.

The energy capture basically depends on the radiation and the temperature (as
discussed in the following example). In order to maximize the energy capture, PV
systems can be equipped with trackers that orientate the panels to the sun. The trackers
can allow rotation around one or two axes. If no trackers are used, the panels will be
oriented depending on the application. For grid-connected systems, the panels will
be oriented in order to maximize the annual energy production. For off-grid systems,
the panels will be oriented so as to ensure demand provision in the season with the
lowest energy production.

2.2.3.1 Example 3: The Analysis of Photovoltaic Panels

Using the model of Walker [37], an example of a PV model from Solarex can be
analyzed and the V–I and P–I characteristics can be obtained. The model used is
sketched in Figure 2.27. The various currents can be calculated as

I = IPV − V0

[
exp

(
V + RsI

Vta

)
− 1

]
−

V + RsI

Rp
,

IPV =
(
IPV,n + KI

(
T − Tn

)) G
Gn

,

I0 =
Isc,n + KI

(
T − Tn

)
exp

(
Voc,n + KV

(
T − Tn

)
aVt

)
− 1

,

(2.22)

where the shunt and series resistances can be calculated as

Rs,n = Ns

Np
Rs, Rp,n = Ns

Np
Rp. (2.23)
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Figure 2.28 The simulation model employed for the analysis of PV modules.

The following MATLAB® script introduces all of the parameters and makes some
initial precalculations for later use in the Simulink model sketched in Figure 2.28.
The results obtained are shown in Figure 2.29.

Temp=298; %Temperature K
Gsol=1000; % Radiation W/m2
Rs=0.008; % Rseries
Rsh=200; % Rshunt
A=1; % Form factor
Kboltz=1.38e-23; % Boltzman constant
Qcharge=1.6e-19; % Electron charge
QAK=Qcharge/(A*Kboltz); % Constant including Q, A and K

% Solarex module data from Walker
T1 = 273 + 25;
Voc_T1 = 21.06 /36;
Isc_T1 = 3.80;
T2 = 273 + 75;
Voc_T2 = 17.05 /36;
Isc_T2 = 3.92;

Id0=Isc_T1/(exp(QAK*Voc_T1/T1)-1);
K0=(Isc_T2-Isc_T1)/(T2-T1);
Vg=1.12; % depn del material
ILConst= 3.8e-3; % Constant I/G - [A/(Wm-2)]

% Run the simulink model for 3 different
% % temperatures or radiations
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for i=1:1:3;
%Gsol=100+300*i;
Temp=243+30*i;
sim pvmodel;
dat{i}=[V I P Voc t];
dat_txt{i} = [’G=’ num2str(Gsol) ’ W/m2,
T=’ num2str(Temp) ’ K’];
end;

%Generate Figure
subplot(2,1,1);
plot(dat{1}(:,1),dat{1}(:,2),dat{2}(:,1),
dat{2}(:,2),dat{3}(:,1),dat{3}(:,2),’LineWidth’,2);
grid on;legend(dat_txt);axis([0 0.6 0
1.1*max([dat{1}(:,2);dat{2}(:,2);dat{3}(:,2) ])]);
xlabel(’V [V]’);ylabel(’I [A]’);

subplot(2,1,2);
plot(dat{1}(:,1),dat{1}(:,3),dat{2}(:,1),
dat{2}(:,3),dat{3}(:,1),dat{3}(:,3),’LineWidth’,2);
grid on;legend(dat_txt);axis([0 0.6 0
1.1*max([dat{1}(:,3);dat{2}(:,3);dat{3}(:,3) ])]);
xlabel(’V [V]’);ylabel(’P [W]’);

2.3 Grid Code Requirements

The increasing penetration of renewables in actual power systems has motivated the
establishment worldwide of various grid codes, which have been elaborated to ensure
the proper system operation. Grid codes for generating systems based on renewable
power include the following key requirements:

� Fault ride-through requirement. The generation system must remain connected to
the grid in a range of fault conditions, including low-voltage or high-voltage faults.
Some grid codes also demand a reactive current to be injected in these situations.

� Voltage support. The renewable power plant can have the responsibility of main-
taining the voltage at the connection point by adjusting the reactive power. Addi-
tional equipment, such as flexible AC transmission systems (FACTS) devices, can
help to achieve the demanded level of reactive power. Depending on the grid codes,
the actions required in voltage regulation can be selected from reactive power,
power factor, or voltage reference methods.

� Ramp rate. Renewable power plants can be asked not to change the active power
injection any faster than a given maximum rate. For some renewable sources, such
as PV power plants, energy storage systems (ESSs) may have to be able to fulfill
this requirement.
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� Frequency support. Renewable plants can be ordered to adjust their active power
injection depending on the grid frequency in order to provide balancing power to
ensure system stability. The usual approach is to define a droop characteristic that
links the frequency to the required power injection. Normally, it will be simple to
reduce the power injection when there is a frequency increase. For the case of a
frequency decrease and the need to inject additional power, various solutions can be
adopted, including operation with some level of power reserve and the utilization
of ESSs.

� Other. Other requirements are being discussed in some countries, including virtual
inertia emulation or an oscillation damping capability.

2.4 Conclusions

Nowadays, renewable forms of energy is contributing significantly to the energy mix
in some countries worldwide. In the future, a substantial increase is expected to be seen
in the penetration of renewable energy systems, which may lead to power systems
mainly based on renewable energy. Hydro-, wind, and PV solar power plants are
leading in terms of installed capacity and energy production, but there are also other
renewables that have a promising future (geothermal and solar thermal) and others that
are in earlier stages of research and development. Future power systems that include
a high penetration of renewables will face some important challenges related to the
uncontrollability of some of the main renewable energy sources. One of the main
options for tackling this challenge is the utilization of energy storage technologies
and active demand-side management. Furthermore, renewable power plants will have
to provide ancillary services in order to ensure overall system stability.

Electric power systems are being radically transformed in order to be capable of
absorbing all the renewables, while ensuring reliable power system operation. Modern
power systems need advanced control and communication systems (the Smart Grid)
and also strong actuators (power electronics) to ensure the proper power flows and
voltages throughout the system. In this new power system framework, electrical energy
storage systems face the challenge of balancing the overall energy flows, allowing
electrical grids to be run with affordable costs and enhanced reliability.





3
Frequency Support Grid Code
Requirements for Wind
Power Plants

This chapter presents the specific case [38] of the participation of wind power plants
(WPPs) in system frequency control. While the chapter looks specifically at WPPs,
the results can be exported to other renewable energy generation technologies.

For the stable operation of an electrical network, system frequency control is essen-
tial. It ensures a continuous adaptation of power generation to power consumption.
The power balance in the electrical network is interrelated with the network frequency
via all of the synchronous generators connected to it; for example, an increase in the
load decelerates the synchronous generators and thus leads to a frequency drop. As
frequency is uniform throughout the interconnected network, it is convenient to use
it as a control variable for a decentralized control system: the network frequency
control. This makes use of the power plants in the network, which – according to their
abilities and agreements – adapt their active power feed-in according to the current
system requirements. Thus, the power plants involved require a certain level of active
power reserves. Traditionally and still typically, it is conventional generation plants,
such as hydroelectric and thermal power plants, that are used for frequency control.
The ability of a system to maintain its frequency within a certain tolerance band is
called the frequency stability.

Another important function of conventional power plants for frequency control is
the passively provided so-called instantaneous power reserve. Any imbalance between
power generation and consumption is instantaneously balanced due to the physical
principles of the synchronous generator. The large inertia of the rotating generator set
works as buffer storage, with any usage leading to the above-mentioned change in
rotational speed and thus in system frequency. The larger the synchronized inertia in
the system, the slower is the change of frequency [39].

Energy Storage in Power Systems, First Edition. Francisco Dı́az-González, Andreas Sumper and Oriol Gomis-Bellmunt.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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The stepwise replacement of conventional generating units by wind and photo-
voltaic power plants will have a significant impact on the behavior of the system fre-
quency. First, the grid loses the active power reserves of the conventional plants. And,
second, it loses the instantaneous power reserves, because wind turbine generator sets
are operated decoupled from the system frequency, which allows for aerodynamically
efficient operation. In detail, the turbine’s synchronous or asynchronous generators
are connected to the grid via fast controlled power electronics [40–42].

Studies carried out by the Irish regulator have established that, with 60–70% of the
total instantaneous power generated from WPPs, system frequency stability could be
compromised [43].

In order to maintain system frequency stability in a network with an increasing
share of wind power, wind turbines will have to take on more and more tasks of
conventional power plants related to frequency control. This is reflected by the gradual
development of more stringent requirements by system operators in regard to the
integration of WPPs into network frequency control [44]. According to some system
operators – for example, the Irish operator [45] – WPPs are already needed to provide
power reserves. Also, future regulations will appear with the development of new
requirements regarding synthetic inertia by WPPs [44].

Even though the power output of wind turbines depends on the unreliable wind
speed, which is difficult to predict, and the generator set does not provide a passive
instantaneous power reserve, there are methods by means of which WPPs can actually
provide power reserves and thus participate in grid frequency control. Such abilities
will be crucial for the successful integration of WPPs into the grid.

This chapter presents a review of selected European grid codes and future trends
regarding the tasks of WPPs related to participation in frequency control. It also
offers a literature review of the proposed methods for enabling wind turbines to
provide active power reserves. Furthermore, the possibilities for wind turbines to
provide instantaneous reserves are discussed.

3.1 A Review of European Grid Codes Regarding Participation
in Frequency Control

Due to the island location of Ireland and the United Kingdom (UK), frequency control
is a particularly challenging task in these electrical networks, since they do not have
access to the large power reserves in the interconnected networks of continental
Europe. Thus, the requirements for WPPs are significantly stricter in these networks
than in the continental grid. However, the rising share of wind power will also lead to
stricter requirements in continental Europe.

Accordingly, this section first gives the definition and nomenclature for differ-
ent types of active power reserves. Second, deployment times of power reserves
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for selected European grid codes are depicted. Then, particular requirements WPPs
regarding frequency control according to the grid codes of Ireland and the UK are
presented. Finally, future trends based on the latest ENTSO-E Network Code [44] are
discussed.

3.1.1 Nomenclature and the Definition of Power Reserves

Power reserves can be defined as the additional active power (positive or negative) that
can be delivered by a generating unit in response to a power imbalance in the network
between generation and consumption. Four different reserve levels can be defined:
instantaneous, primary, secondary, and tertiary power reserves. This terminology is
widely accepted; however, the nomenclature can vary from one country to another.
The following paragraphs provide the definition of each power reserve.

Instantaneous power reserves refer to the physical stabilizing effect of all connected
synchronous generators due to their inertia. In the event of a generation drop in
the network, the instantaneous reserves balance the power due to this stabilizing
and passive effect. Their electric power Pelect increases rapidly, which provokes an
electromechanical imbalance in the generator set according to

Pmech − Pelect = J𝜔g

d𝜔g

dt
, (3.1)

where Pmech is the mechanical power developed by the generator, J is the moment of
inertia referred to the generator shaft, and 𝜔g the mechanical speed of the generator.
The electrical rotational speed of the generator 𝜔r is deduced from the number of
pairs p and 𝜔g as

𝜔r = 𝜔g
p

2
. (3.2)

As a result of the power imbalance, the rotational electrical speed 𝜔r decreases.
This reduction also takes place in the interrelated frequency of the system. The rate
of change of the system frequency (ROCOF) depends on the amount of available
instantaneous power reserves and thus on the inertia of the system. Low levels of
system inertia – that is, high levels of ROCOF – can provoke the tripping of sensible
loads, generating units, and relays (implemented to avoid islanding), thus affecting
the system frequency stability.

For studies related to power systems, it is a common practice to define the inertia
constant H. The inertia constant, in seconds, determines the duration for which the
generating unit may theoretically provide its rated power using only the kinetic energy
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stored in its rotating parts. It can be mathematically expressed as half of the mechanical
acceleration time constant 𝜏acc (in seconds):

H = 1
2
𝜏acc =

1
2

J
(𝜔nom

g )2

Ptotal
nom

, (3.3)

where 𝜔nom
g is the nominal mechanical generator speed in rad/s, Ptotal

nom is the nominal

power of the generating unit, and J is the moment of inertia in kgm2, referred to the
generator shaft. For further details regarding the definition of the inertia constant,
see Kayikci and Milanovic [39] and Ackermann [46]. It is important to note that
wind turbines do not have inertia from the electrical system point of view, since the
rotor is not synchronized with the network but connected through power electronics.
According to Lalor, Mullane, and O’Malley [41], the ROCOF will increase under
system frequency disturbances as wind generation displaces conventional generation,
due to the decoupling of the rotor of the generators due to their fast controlled power
electronics [39]. However, this does not happen with squirrel-cage asynchronous
generators, since they provide a naturally inertial response, being directly connected
to the grid [47].

The primary reserve is intended to be the additional capacity of the network that
can be automatically and locally activated by the generator’s governor after a few sec-
onds at most of an imbalance between demand and supply of electricity in the network
[48]. The aim of the primary reserve is to quickly balance the consumed and generated
power in the system and thus stabilize the frequency at a certain level. These primary
reserves are typically activated automatically by frequency droop controllers of gen-
erating units, building up the so-called primary frequency control. Primary reserves
must be delivered until the power deviation is completely offset by secondary or
tertiary reserves. With the aim of harmonizing the nomenclature related to power
reserves, in June 2012 the European Network of Transmission System Operators for
Electricity (ENTSO-E), which is the association of transmission system operators
(TSOs) in continental Europe, defined primary reserves as frequency containment
reserves [49]. Prior to the publication of this document, in the ENTSO-E’s Opera-
tional Handbook [48], this reserve level had been set as the primary control reserve.
This book considers both above-mentioned publications (due to their complementary
and nonexclusive character), in order to depict the ENTSO-E’s recommendations
regarding system frequency control and reserve power levels.

Secondary reserves are activated to restore the rated frequency of the system, to
release primary reserves, and to restore active power interchanges between control
areas to their setpoints [48]. They are activated by the TSOs by modifying the corre-
sponding active power setpoints of the generating units within each respective control
area. In June 2012, ENTSO-E proposed the term frequency restoration reserves to
define secondary reserves [49].
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Finally, the aim of tertiary reserves (or replacement reserves, according to the most
recent the ENTSO-E proposal [49]) is to replace the secondary reserves and restore
the frequency to its rated value if the secondary reserves are insufficient. Furthermore,
the tertiary reserves are used for economic power dispatch [50], considering system
constraints such as the current limits of the transmission lines. These reserves are
activated manually and centrally at the TSO’s control centers in the event of observed
sustained activation of secondary reserves or in anticipation of a response to expected
imbalances [48].

The general rules and technical recommendations regarding reserve power levels
and their associated control performance are set out in the ENTSO-E’s Operational
Handbook [48]. Despite these general guidelines, specific rules for the provision and
control of power reserves for grid frequency control must be determined by the TSOs
in their own grid codes.

3.1.2 The Deployment Sequence of Power Reserves for Frequency Control

Figure 3.1 depicts the principal behavior of the system frequency after a sudden lack
of power generation in the network, with all the above-mentioned power reserve levels
being involved. Some annotations on their activation are included, according to the
ENTSO-E [48].

In the event of a generator trip in the network, the system frequency starts to drop
and thus the instantaneous reserves of the synchronous generating units help to restore
the power balance in the network due to the stabilizing effect of the inertia. Then, as
soon as a certain frequency level is reached, the primary power reserves are activated;
the driving mechanical power of the generators increases. As equilibrium between the
developed electrical and mechanical power in the generators is achieved, the system
frequency stops dropping; in other words, the frequency nadir is achieved. Next, a
further increase of the primary reserve power accelerates the generator sets and the
system frequency increases up to a new steady state below its rated value.

The slope of the primary power – frequency droop characteristic has a major
influence on the achieved frequency nadir and on the frequency stabilization level
[39,51]. In this sense, it can be concluded that the slower the response of the governor
of the generating unit, the lower is the frequency nadir.

The activation of the secondary reserves allows the normal operating frequency
levels to recuperate and thus deactivates the primary reserves. The secondary reserves
are operated until they are fully replaced by the tertiary reserves. Proper explanations
of the parameters presented in Figure 3.1 are as follows [48]:

� fmin and fmax. The minimum and maximum expected instantaneous frequencies
after a reference incident (loss of generation or loss of load), assuming predefined
system conditions.
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� fdst min and fdst max. The minimum and maximum steady state frequencies. They
define the tolerance band for the quasi-steady state system frequency after the
occurrence of a reference incident, assuming predefined system conditions. Outside
this interval, all the available primary reserves remain activated. This means that
the droop controllers of all of the units that are providing primary reserves should
be set to deploy all of their contracted or obligatory primary reserve capacity.

� fc min and fc max. The limits of the frequency deadband for the activation of pri-
mary reserves. These limits define an interval in which primary reserves do not
need to be activated. This allowed frequency deviation usually corresponds to the
accuracy of the frequency measurement and the insensitivity of the controller. That
notwithstanding, a greater deadband is also permitted in accordance with the TSO.

� tip, tis and tit. The maximum starting time for the activation of the primary, secondary,
and tertiary reserves from the event detection time.

� tfp 50% and tfp 100%. The maximum deployment times for 50% and 100%, respec-
tively, of the total primary reserves from the event detection time.

� tfs 100% and tft 100%. The maximum deployment times for 100% of the total sec-
ondary and tertiary reserves, respectively, from the event detection time.

� tfp end, tfs end and tft end. The minimum capabilities of actuation of the primary,
secondary, and tertiary reserves, respectively.

Accordingly, Table 3.1 presents specific values of the above-listed frequency levels
and time frames from the ENTSO-E’s recommendations in its Operational Handbook
[48], as well as particular data from selected European grid codes. It must be noted
that the values indicated apply to conventional generating units participating in system
frequency control.

As can be noted in Table 3.1, the specified frequency levels in both the German [52]
and the Spanish [53,54] Grid Codes mainly match the ENTSO-E’s recommendations
[48]. In fact, the deployment sequence for the power reserves does not differ essentially
from one country to another within the interconnected continental European networks.
This permits us, for instance, to conclude that in continental European networks, the
primary reserves need to be fully activated 30 s at most after the detection of a
frequency deviation.

The deployment sequence for power reserves in islanded grids is quite different from
those for continental European networks. For instance, the Irish Grid Code requires a
faster response time in full activation of power reserves (see Table 3.1). Despite the fact
that we were unable to find a particular value for the response time in full activation
of primary reserves in the Irish Grid Code, the activation time for secondary reserves
is set to at most 5 s after the detection of a frequency deviation, which is a shorter time
than that provided for the full activation of primary reserves in continental European
networks. Furthermore, it is remarkable that the concept of secondary reserves does
not exist in the UK’s electrical network, which hence distinguishes itself from the
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rest of the European networks considered. This is because frequency control in this
network is done just by using the primary governors of the generators.

Apart from setting the deployment times for the power reserves, the regulations
also specify the power reserve needs for each control area of the network, so that
the stability of the system can be ensured. The required primary reserves in the
synchronized European network to stabilize system frequency are defined on the basis
of the so-called referent incident. This referent incident is the maximum expected
power deviation between generation and consumption in a network. The primary
reserves must be able to offset the power imbalance caused by a reference incident.
For continental Europe, this referent incident, or primary reserve need, is estimated at
3000 MW [48]. This total power reserve is allocated throughout the network, attending
to the specificities of the grid of each country.

Usually, the providers of power reserves (mostly primary and secondary power
reserves) are power plants with relatively high ramp power rates and short time
responses, due to the required fast dynamics for regulating their power output for tasks
related to frequency control. In this regard, open- and combined-cycle gas turbine–
based power plants, as well as hydropower plants, are the most suitable technologies.

In fact, hydropower is a mature technology, which nowadays represents more than
80% of the total renewable energy generated worldwide. In Germany, for example,
the total hydropower capacity installed is very high, at around 4.3 GW, providing
principal power reserves to ensure the stability of the continental European network.
Some figures illustrating the high ramp power rates of such installations have been
published by First Hydro Company [56]. This company reports the main features of
a pumped hydroelectric storage installation able to move from 0 to 1320 MW power
output in just 12 s, managing six motor-generators of 330 MW activated by reversible
Francis water turbines. The major drawback of hydropower is the environmental
aspects resulting from the required civil construction work, which affects the natural
flow of rivers. The scarcity of suitable sites for installation of the power plant, which
are commonly natural and in areas that are difficult to access, and the need to install
new transmission lines to transport the electricity generated to the consumers, are also
viewed as important environmental impacts to be taken into consideration.

Gas turbine–based power plants are also very flexible, so they can be activated
quickly to provide power reserves when needed. They are also used for other purposes,
such as providing the service of peak shaving during periods of high demand. The fact
that these power plants are non–CO2 neutral is a major drawback for this technology in
comparison with hydropower plants. On the other hand, both the capital expenditure
and the operating and maintenance expenditures of such installations are lower than
in the case of hydropower-based plants, as depicted in [57].

Finally, it is important to note that the valorization schemes for the provision of
power reserves can also vary from one country to another, according to the various
grid codes and rules for the differing electrical markets. For instance, according to
the German Grid Code [52], it is mandatory for just conventional generating units
with a rated power greater than 100 MW to provide primary reserves to the system.
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Smaller generators may also be employed upon agreement with the TSO [52]. The
participation in this service is remunerated, as is the provision of secondary and tertiary
reserves. Unlike the German Grid Code, the Spanish Grid Code [53,54] specifies that
all synchronized generators must provide primary reserves, but this participation is
not paid for. Only the provision of secondary and tertiary reserves is market-regulated.

Each country sets different rules for the operation of its electrical energy markets.
Apart from the day-ahead and intraday markets, in which the majority of the electricity
consumed daily is negotiated, there are other markets for the provision of power
reserves, as well as for the provision of other ancillary services to the network. In this
regard, and following the example of Spain, the secondary and tertiary power reserve
needs are negotiated in the so-called secondary and tertiary markets. The providers
of these reserves participate in the corresponding markets by presenting their bids,
specifying the offered reserve level (in MW) with the corresponding price (in € /MW),
for each operating period of the following day. Thus, the assignation of the providers
of the reserves is done in advance, so as to ensure the provision of sufficient reserves
for proper operation of the network during the day.

European trends in this regard are devoted to the integration of markets such as
the day-ahead, intraday, and others for the provision of ancillary services, as this is
intended to be a source of flexibility for the future European electrical networks [58].
Flexibility is essential to enhance the accommodation of growing amounts of renew-
able (and thus variable) generation. Other measures that will transform the markets
of the future are, for instance, the reduction of the common hourly basis operation
of the electrical markets down to quarter-hourly or even a real-time basis. This will
reduce forecasting errors for the generation and demand in the network. Forecasting
errors compromise the proper dispatch of the generators and the determination of the
required power reserve levels.

Previous paragraphs refer to the provision of power reserves by conventional gen-
erating units in different European countries. This serves as a starting point for the
introducion of the specificities for the provision of power reserves by WPPs in the
following sections.

The grid codes of islanded European networks, such as those for the networks of
Ireland and the UK, set specic requirements for renewable generating units regarding
the provision of primary reserves in case of both underfrequency and overfrequency
events. In contrast, in continental European networks with a high penetration of
renewable-based power plants, as in the case of Germany and Spain, the current
grid codes do not require renewable generating units to provide primary reserves
for their participation in tasks related to frequency control. Nevertheless, renewable
generating units are needed within the German network to reduce their output for
frequency control purposes at system frequencies above 50.2 Hz1 and they can also
provide primary reserves, but are not required to do so [59].

1 In the transmission code, section 3.3.13.3, page 35 in the German version, figure 3.4.
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Accordingly, the subsequent sections set out the most relevant aspects regarding
system frequency control support by WPPs in keeping with the Irish and UK Grid
Codes [45,55]. A brief note about secondary reserves according to the Irish regulations
are also included, as this is considered particularly interesting for the purpose of this
chapter.

3.1.3 A Detailed View on the Requirements for WPPs in the Irish Grid Code

The Irish regulations detail, amongst other contents, a specific set of requirements for
WPPs regarding some aspects concerning their controllability and behavior during
grid disturbances and their participation in frequency and voltage control. There
are some differences between the ENTSO-E [49] and the Irish terminology regarding
power reserves. The Irish Grid Code adopts the term operating margin. This represents
the power reserve to be sustained to meet the expected system demand for limiting
and correcting deviations from the system frequency. The operating margin includes
the so-called operating reserve, the replacement reserve, the substitute reserve, and
the contingency reserve. The operating reserve is defined as “the additional power
output provided by generating units realizable in real time operation to limit and
correct system frequency deviations to an acceptable level.” This operating reserve
consists, in turn, of the primary operating reserve, the secondary operating reserve,
the tertiary operating reserve band 1, and the tertiary operating reserve band 2. Each
of these operating reserves applies over different time frames up to 20 min following
an event.

Moreover, and continuing with the description of the terminology differences,
frequency control is carried out by means of using the operating reserves and occurs
on two timescales: primary frequency control and secondary frequency control.

Figure 3.2 summarizes the equivalences between the ENTSO-E and Irish termi-
nologies regarding power reserves. Moreover, it also depicts the equivalences with
the different terminologies adopted by the rest of the European grid codes considered
in this chapter. According to the Irish terminology, WPPs are required to participate
in system frequency control with the provision of primary reserves and secondary
reserves.

As set out in Table 3.1, primary reserves take place in the period of up to 30 s after
the detection of a frequency deviation. They are achieved by automatic corrective
responses, which include governor droop actions of generators and automatic load
shedding. Only power plants based on synchronous machines, with a rated power
greater than 60 MW, have to regulate their primary reserves in response to a frequency
deviation between 49.8 Hz and 50.2 Hz. In contrast, a wind farm control system has
to present the capabilities shown in Figure 3.3 regarding the activation of primary
reserves. Points PA to PE, and fA to fE, are determined by the TSO before the start of
operation of the unit. The activation of the power reserves is carried out by automatic
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Figure 3.3 The droop characteristic for the activation of primary reserves according to the
requirements set out by the Irish regulations for WPPs. Source: Adapted from EirGrid, 2013
[45].

local controllers. As can be noted, at the rated system frequency, a WPP is required
to feed in less than its available active power. This derated operation allows the WPP
to provide both positive and negative power reserves; that is, to ramp power both up
and down in response to deviations in the system frequency. The primary reserves
should be activated immediately after the detection of a frequency deviation from the
specified deadband, without any control signal from the TSO.

Secondary reserves come into play in the time range from 5 s up to 10 min after
the frequency deviation is detected. Secondary frequency control is carried out by a
combination of automatic and manual actions (dispatch instructions from the TSO).
The active power setpoint comes from the TSO, and a time delay of up to 10 s from
receiving this setpoint is allowed for their activation.

As for active power ramp rates for the activation of both primary and secondary
reserves, the response rate of each available wind turbine must be at least 1% of its
rated capacity per second. Moreover, the TSO limits the active power ramp rate to the
WPP. In this sense, it has to be possible to vary the active power ramp rate between
1 MW/min and 30 MW/min.

3.1.4 A Detailed View on the Requirements for WPPs in the UK Grid Code

Each WPP (both onshore and offshore) with a registered capacity over 50 MW must
be capable of participating in frequency control by continuously adjusting its active
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power output. This active power control can be performed by applying two operating
modes, the so-called frequency-sensitive mode and the limited frequency-sensitive
mode.

In the latter operational mode, the generating units must be capable of maintaining
a constant level of active power output for system frequency changes between 49.5 Hz
and 50.5 Hz. In the case of WPPs, the active power output has to be independent of the
system frequency in this range. Moreover, from below 49.5 Hz to 47.0 Hz, a possible
active power drop due to frequency decay must not exceed 5%. This operating mode
applies to WPPs with a rated capacity both less than and greater than 50 MW.

Participation in frequency control according to the frequency-sensitive mode is part
of the formulated ancillary services, which are categorized into the so-called system
ancillary services and commercial ancillary services. System ancillary services refer
to the provision of mandatory services in respect of reactive power and frequency
control support. Commercial ancillary services include aspects related, for example,
to the fast start capability, the black start capability, and the programmed tripping
of generating units to prevent abnormal system conditions such as overvoltage and
system instability caused by, for instance, system faults.

Therefore, by performing in the frequency-sensitive mode, WPPs provide a system
ancillary service. Only WPPs with a rated power greater than 50 MW must have the
capability to provide this ancillary service, and thus no longer be operated in limited
frequency-sensitive mode, but in frequency-sensitive mode upon instruction from the
TSO.

The term “frequency-sensitive mode” is the generic description of a mode of
operation that includes the provision of the primary response, and/or the secondary
response and/or the high-frequency response. The so-called primary and secondary
responses refer to negative frequency deviations, while the high-frequency response
refers to positive frequency deviations. These frequency response capabilities are
activated by automatic controllers in the generating unit. Consequently, and according
to the terminology used in this chapter, the primary, secondary, and high-frequency
response capabilities can be intended as primary reserves. Each response capability
must be tested by inducing a ramp to the frequency control device from 0 to a 0.5 Hz
change over a period of 10 s. This frequency deviation must be sustained thereafter.

The primary response capability of a generating unit is the minimum increase in the
active power between 10 and 30 s after the start of the induced frequency deviation
ramp to the controller. The secondary response capability is the minimum increase
in the active power output between 30 s and 30 min after the activation of this ramp.
Finally, the high-frequency response capability is the decrease in active power output
within 10 s after the induction of, in this case, a frequency ramp with a positive slope.
These concepts are depicted in Figure 3.4.

Being operated in frequency-sensitive mode, WPPs should not extract the maximum
available power from the wind but instead have to be derated, so that they can ramp
up their output and down according to the frequency of the network. The minimum
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Figure 3.4 A representation of the primary, secondary, and high-frequency response capa-
bilities according to UK Grid Code. Source: Adapted from National Grid plc, 2012 [55].

power output change required of a WPP operated in frequency-sensitive mode can be
found in Figure 3.5.

As shown, the change in the generation level depends on the actual loading of the
unit. A generating unit must be capable of providing a frequency response at least
up to the indicated boundaries, depending on its loading. Since the indicated power
change levels correspond to a frequency deviation of 0.5 Hz, a directly proportional
change in the power level has to be determined for smaller frequency deviations; that
is, according to a power – frequency droop control. For instance, if we assume that
the wind speed is such that the wind turbine could generate 75% of its registered
capacity (i.e., the loading is 75%), it should be operationally derated enough to be
able to ramp up its power output by 10% of its registered capacity for primary and
secondary responses (see Figure 3.5).

Moreover, in Figure 3.5, two operational limits are highlighted: the designed min-
imum operating level and the minimum generation level. The latter defines the mini-
mum stationary part-load level at which it must be possible to sustain the generating
unit. This level should not exceed 65% of the rated power (for further explanation,
see [55], page CC-68). For instance, a wind turbine, or a thermal power plant, must
be capable of working at 65 or 60% of its rated capacity in steady state. The former
concept, the designed minimum operating level, bounds the minimum generation
level at which the generating unit must provide a high-frequency response; that is, at
which it must activate negative primary reserves at grid frequencies above 50.0 Hz.
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Figure 3.5 The minimum active power regulation levels for primary, secondary, and high-
frequency response capabilities (i.e., activation of primary reserves) for WPPs in the event of a
system frequency deviation of 0.5 Hz according to the UK Grid Code. Source: Adapted from
National Grid plc, 2012 [55].

The generating unit would also have to provide a high-frequency response under the
designed minimum operating level, but only considering frequencies above 50.5 Hz.
Besides, it should be noted that the deadband of the frequency control devices in
frequency-sensitive mode must be ±0.015 Hz at most.

From Figure 3.5, and as previously noted, we can conclude that in frequency-
sensitive mode, similar to the Irish case, a continuous power derating should be
applied to WPPs in order to be able to transiently increase their output according
to the requirements for the provision of primary reserves (provided that no energy
storage devices are included in the WPP).

3.1.5 Future Trends Regarding the Provision of Primary Reserves and
Synthetic Inertia by WPPs

In order to harmonize the connection requirements for the generating units of the
European power system, the ENTSO-E presented its first network code [44] in June
2012 (see Section 3.1.1). The code applies to all grid-connected generators. Generating
units are classified into different types according to the voltage level at their grid
connection point and their rated power and region. Despite the fact that the code
does not refer explicitly to the terms “primary reserves,” “secondary reserves,“ and
“tertiary reserves,” it details specific requirements for generating units regarding their
participation in frequency control.
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The most restrictive requirements regarding frequency control are borne by the
generating units categorized as type C. This category covers, for instance, WPPs with
a rated power above 50 MW in continental Europe, above 10 MW in the UK, and
above 5 MW in Ireland. These WPPs must be equipped with a power control system
for frequency response. There are two operational modes for this control system: the
limited frequency-sensitive mode and the frequency-sensitive mode.2

In the latter operating mode, the control system is in charge of ramping the active
power output of the generating unit up and down in the event of over- and underfre-
quency, according to a power – frequency droop characteristic. The limited frequency-
sensitive mode, as a particular case, just requires the generating unit to increase its
power output while the frequency lies between 49.5 and 49.8 Hz. These concepts are
depicted in Figure 3.6.

As shown, in frequency-sensitive mode a WPP must be capable of regulating its
power output according to the system frequency within a given range around the
currently available power. The required range can be defined between 1.5 and 10%
of the nominal power of the plant. The droop characteristic is saturated at predefined
frequency levels, which must be determined in accordance with the relevant TSO. The
droop characteristic must present a slope of between 2 and 12% and could include
a deadband up to 0.5 Hz (in accordance with the relevant TSO). Finally, taking
into account inevitable frequency measurement errors, there is a tolerance for the

2 The ENTSO-E definition of these terms is differs from that in the UK regulations. The ENTSO-E code
requires a WPP to ramp up its active power output during underfrequency events, but the UK regulations
(see Section 3.1.4) require the WPP to maintain a constant active power output.
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frequency measurement of 10–30 mHz. The maximum admissible time delay for the
activation of primary reserves must be determined in accordance with the relevant
TSO (in Table 4 of the network code, on page 20, they note “maximum 2 s” for type C
generating units), while the full activation time is 30 s at most [44]. This active power
surplus has to be provided for 15–30 min, depending on the type of generating unit
and the agreement achieved with the TSO.

Apart from the requirements regarding primary reserves, the network code intro-
duces the concept of synthetic inertia [44]. Synthetic inertia means replicating the
inertia of a synchronized generating unit using a nonsynchronized generating unit; in
other words, a WPP. The provision of synthetic inertia using the methods available
today is not identical to instantaneous reserves. However, it is an approximation,
which is helpful and may be crucial for system stability.

With the aim of contributing to the frequency stability of the electrical system,
ENTSO-E is encouraging TSOs to set, in the future, requirements for WPPs (both
onshore and offshore) for the provision of synthetic inertia under low-frequency
events. In particular, this implies injecting power proportional to the “severity”3 of
the disturbance in a very short time (200 ms) [44].

Hydro-Québec TransÉnergie have recently carried out research on synthetic inertia
needs [60]. The analysis quantifies the impact on frequency performance and stability
of the inclusion of a new 2000 MW of wind power capacity in the Hydro-Québec
transmission system. Simulation results show that in order to maintain the system
frequency within its operating limits under a low-frequency disturbance (58.5 Hz) and
thus to avoid automatic load shedding, wind farms have to participate in frequency
regulation by providing synthetic inertia. It is worth highlighting that the minimum
duration of the active power contribution for synthetic inertia is set at 10 s (taking a 6%
active power increase into consideration) in order to expand the contribution beyond
the frequency nadir. This is important, since ending the provision of synthetic inertia
in the first few seconds of the frequency disturbance, before the frequency reaches
a new steady state after the disturbance, could increase the frequency nadir further,
as it can be viewed as a further loss of generation during the transient. The results
of this research are consistent with those of Gonzalez-Longatt [61], which determine
that the synthetic inertia provided by wind turbines can help to avoid the activation
of underfrequency automatic load shedding, as higher-frequency nadirs are registered
during a frequency disturbance.

In addition to synthetic inertia, another option for wind turbines to at least partly
compensate for missing instantaneous reserves in the system is a very fast frequency
response (according to a power – frequency droop characteristic) with a very short
time response and time delay [62]. The next section will review and discuss methods
for the provision of both primary frequency control and synthetic inertia.

3 This requirement is not defined in further detail in the grid code [44].
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3.2 Participation Methods for WPPs with Regard to Primary
Frequency Control and Synthetic Inertia

3.2.1 Deloading Methods of Wind Turbines for Primary Frequency Control

Conventionally, wind turbines are operated at maximum aerodynamic efficiency, so
that they can maximize the power extracted from the wind. In the partial-load region,
the speed of the turbine is controlled by the regulation of the aerodynamic torque (or
power) [63], leading to the so-called optimal torque rotor-speed curve. In particular,
the optimal aerodynamic power is computed as follows:

P∗ = Kcp(𝛽) × 𝜔2
t , (3.4)

where 𝜔t is the speed of the turbine, and Kcp is the so-called optimal aerodynamic
torque coefficient, which depends on the aerodynamics of the turbine and the pitch
angle 𝛽. Usually, this curve is implemented using a lookup table in the controller of
the machine-side power converter of the wind turbine, leading the so-called maximum
power tracking algorithm (MPT).

For maximum power generation, 𝛽 is maintained constant at zero degrees in partial-
load operation of the turbine. In contrast, in full-load operation, the generator torque is
kept constant and the pitch control is activated in order to limit the power captured from
the wind, and thus to ensure that it does not exceed the turbine rated power [64–67].
The pitch angle can be regulated by, for example, by a PI controller, which is governed
by the difference between the turbine rated power and the actual measurement [68].
Controlling the rotor speed at constant torque can also be a possibility for driving this
PI controller [69]. Furthermore, it is interesting to note that the pitch angle may also
be varied cyclically in order to mitigate the mechanical loads of the turbine [70].

As noted in Section 3.1, WPPs are required to participate in primary frequency
control by ramping their output up and down according to a power – frequency droop
characteristic and over a certain period of time. This means that wind turbines either
have to be operated in a deloaded mode or a suitable energy storage device has to be
available. This chapter focuses on solutions for the first method. Various approaches
can be found in the literature on the subject of deloading methods for wind turbines and
they can be classified into two main categories: pitching techniques and overspeeding
techniques [40, 71].

Both methods are based on the idea of achieving a suboptimal working point on
the torque–rotor-speed curve of the turbine (or, analogously, on the power–rotor-
speed curve). As can be noted in Figure 3.7, deloading is then realized by using C
(overspeeding the turbine) or B (pitching the blades) as standard operating points and
switching between point A and additional deloaded points.

While applying pitching techniques, the rotational speed of the turbine is kept
constant (point B). Conversely, while applying overspeeding techniques, the turbine
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Figure 3.7 Power–rotor-speed curves for various values of the pitch angle and deloaded
options for a 1.5 MW wind turbine (wind speed 10 m/s).

is operated at a higher rotor speed, while keeping the pitch angle constant (point C).
One main difference between these two strategies is the fact that overspeeding can only
be applied in variable-speed wind turbines (i.e., DFIG-based and full-converter-based
wind turbines).

The application of underspeeding techniques is not recommended. A deceleration of
the rotor from point A in order to reduce the active power output would lead transiently
to an increase of the active power. This is due to the fact that the rotor releases kinetic
energy. At the same time, when moving to point A from an underspeed level, the rotor
would transiently consume active power for acceleration. Small-signal stability could
be also endangered (unlike the situation with respect to pitching techniques) [72].

Depending on the wind speed level, either the one method or the other (pitching
or overspeeding) is advantageous. Three different operating regions for wind turbines
can be considered in this sense: the low, medium, and high wind speed ranges. In the
low wind speed range, wind turbines operate at partial load. Thus the rotating speed
of the turbine does not reach its rated value at any time, allowing the application
of overspeeding techniques. In the medium wind speed range, wind turbines mostly
operate at partial load but they can achieve their rated rotational speed transiently,
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Table 3.2 Considerations regarding deloading strategies of wind turbines.

Overspeeding techniques:
� Method preferably applied below rated wind speed levels [71].
� Wind speed measurements are usually required for determining the maximum power that a wind

turbine could extract from the wind while applying the deloaded power – rotor speed curves. The
accuracy and reliability of this wind speed measurement are crucial [73].

� Considering the DFIG, the percentage of power transmitted through the set of back-to-back power
converters becomes greater with greater values of slip. This limits the overspeeding of the wind
turbine in order not to overcome the ratings of the power converters [71, 74].

� Danger of excessive mechanical stress in the rotor shaft due to the fast deloading through the fast
torque control for speed regulation. Need to apply limits to the rate of change of torque [72].

� Rotor speed regulation is only possible in variable-speed wind turbines.
� Due to the inertia of the rotor, the power ramping is not linear.

Pitching techniques:
� Method preferably applied above the rated wind speed [71].
� Excessive pitch control actions may lead to wear and tear of the mechanism [67,72]. Moreover, pitch

angle regulation could affect the fatigue life of the blades, as it affects their dynamic loads [69, 70].
� Larger time responses than in overspeeding techniques due to pitch servo time delays [74].
� Usually, no wind speed measurements are required [75].

and thus the pitch controller may be activated. In this region, a combination of
overspeeding and pitching techniques may be a good option for deloading the wind
turbine. And finally, the in high wind speed range, pitch control becomes a key factor
for both limiting the power extracted from the wind in order not to exceed the ratings
of the generator and for applying deloading strategies. Instead of only limiting the
power, pitch control can be used for ramping power up and down. Overspeeding
strategies generally do not fit well in this region. Apart from the limitations regarding
wind speed for applying the above-mentioned deloading strategies, further related
considerations can be found in the literature that must be taken into account for
application of the deloading strategies mentioned. A brief summary of some of these
is presented in Table 3.2.

The following subsections deal with a literature review regarding the application
of each of the above-mentioned strategies.

3.2.1.1 The Control Basis of Overspeeding and Pitching Techniques for the
Deloaded Operation of Wind Turbines: An Example

Figure 3.8 visualizes a general example for a controller structure that allows deload-
ing and participation in frequency control by means of pitching and overspeeding
techniques. It serves as the basis for the literature overview of the proposed methods.
Considering low wind speeds and rotor speeds below rated, deloaded operation is
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Figure 3.8 An example of a control scheme for a wind turbine for primary frequency control
support. It includes the primary frequency control droop, the pitch control, and the rotor speed
control.

preferably carried out by means of overspeeding techniques (i.e., by affecting the
power reference to the power converters of the wind turbine). For wind speeds near
or above nominal, when the maximum rotor speed is reached, the pitch controller is
additionally activated.

As shown in Figure 3.8, the deloaded power reference Pref of the wind turbine
can be obtained from the sum of the available active power of the turbine (which
depends on the wind), Pav, and the output of a primary frequency control droop ΔP.
The computation of Pav can be carried out using the internal signals of the turbine and
will not be discussed in detail here.

A decision algorithm coordinates the activation of the pitching and overspeeding
techniques. It transfers the reference Pref to the pitch control when it is being used,
and it also translates Pref and Pav into the requested power margin reference x, which
is the reference value for the applied overspeeding technique. It is important to note
that even while regulating the pitch angle, it is still necessary to control the power
extracted through the converters of the wind turbine, so it is still necessary to determine
a reference x consistent with the reference Pref for the pitch control.

When deloading the wind turbine through pitching techniques, the pitch angle
is driven by a PI controller, which tries to minimize the difference between the
measurement of the generation level and the deloaded power reference Pref .

The so-called deloaded optimum power curves are the key aspect for the imple-
mentation of overspeeding techniques. The following paragraphs explain the basis of
this element; see Figure 3.9. Applying the conventional control approach according
to Equation (3.4), the target operating points lie on the optimum power curve in the
power–omega (P–𝜔) diagram. In contrast, for deloading and participation in frequency
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control, the target operating points lie on a deloaded curve, which corresponds to the
requested power margin x. The power curves can be precalculated. Thus, the power
reference to the generator controller is retrieved from the measured turbine speed 𝜔t,
the required power margin, and the power curve diagram.

The principle of deloaded optimum power curves is adopted in de Almeida, Cas-
tronuovo, and Peças-Lopes [73], de Almeida and Peças-Lopes [76], Zertek, Verbic,
and Pantos [77, 78], Ramtharan, Ekanayake, and Jenkins [79], and Zhang et al. [80].
The deloaded power curves as depicted in Figure 3.9 can be precalculated as fol-
lows. The active power setpoint of the wind turbine Pdelopt

is related to the maximum
available power Popt, which is computed from Equation (3.4), and the required power
margin x, as follows:

Pdelopt
= Popt(1 − x). (3.5)

For this desired power level, a corresponding suboptimal power coefficient Cpdel
can

be computed for a specific wind speed as follows:

Cpdel
=

Popt(1 − x)

0.5𝜌Av3
w

= Cpdel
(vw,𝜔t, 𝛽). (3.6)
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The power coefficient of a wind turbine is a function of the pitch angle, wind, and rotor
speed. Thus, for a given pitch angle and wind speed, a rotor speed can be determined
that corresponds to the required suboptimal power coefficient. By means of these
operations, a family of deloaded optimum P–𝜔 curves can be defined, as plotted in
Figure 3.9.

The torque reference can be also computed instead of the active power reference
by applying torque–omega (T–𝜔) curves instead of P–𝜔 curves.

3.2.1.2 A Review of Overspeeding and Pitching Techniques for the Deloaded
Operation of Wind Turbines

The previous section presented the basis for overspeeding and pitching techniques
for wind turbines, whereas this one reviews the literature on control techniques for
enabling wind turbines to participate in tasks related to frequency control. The studies
introduced cover several aspects, such as various methods to perform the required
speed and pitch angle regulation for wind turbines, the combination of both techniques
for various wind speed regions, and the coordination of the power reserves of several
wind turbines by WPP central controllers.

In Moutis, Papathanassiou, and Hatziargyriou [74], a lookup table containing the
curves shown in Figure 3.9 is used to determine the power setpoint that drives the
low-level active power control system of the rotor-side converter of the generator
while applying overspeeding techniques. This lookup table takes the required power
margin and the rotor speed measurement as inputs. No wind speed measurements
are needed. The determination of the power setpoint in the above rated wind speed
region is carried out by means of a second lookup table, which takes into account the
required power margin and the pitch angle measurement. It also takes into account
cubic interpolation between close pitch angles, due to their large influence on the
aerodynamic behavior of a wind turbine. Finally, it is noteworthy that overspeeding
and pitching actions are not carried out at the same time, but overspeeding only applies
when the pitch angle is set to zero.

Approaches that take the wind speed measurement as input can also be found in
the literature. For instance, de Almeida, Castronuovo, and Peças-Lopes [73] propose
to access the optimum power curve using wind speed as input and determine the
optimum power reference Popt and its corresponding optimum rotor speed 𝜔opt. From
these signals and the required power margin x, one can determine the deloaded
optimum generating point. In this way, the accuracy and reliability of the wind speed
measurements become key issues for the implementation of the proposed control
strategy. However, wind speed measurement on top of the nacelle is not really reliable
when it comes to representing the free wind speed, due to the influence of the rotor.

Another approach proposes combining rotor speed and pitch angle regulations at
the same time in the below rated rotor speed range [77]. The idea is to control the
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above-mentioned parameters in order to maintain the required deloaded level of the
wind turbine. Thus, when a frequency drop occurs, the wind turbine shifts both the
reference pitch angle and the reference rotor speed towards their optimal values (i.e., it
shifts the pitch angle to a minimum value and the rotor speed according to the optimal
power curve of the wind turbine). It is worth pointing out how the setpoints of the rotor
speed and pitch angle are determined in order to provide the required power reserve.
Given a required deloaded power level, the deloaded aerodynamic power coefficient
Cpdel

(vw,𝜔t, 𝛽) can be determined by applying Equation (3.6). For each wind speed,
Cpdel

(vw,𝜔t, 𝛽) is influenced by the selected combination of 𝜔t and 𝛽, and there is
more than one possible combination. This allows a combination with maximized 𝜔t
to be chosen, which means maximizing the kinetic energy stored in the rotor. This is
realized by means of an optimization procedure. As this procedure is complex and
time-consuming, the results obtained offline were extrapolated to a suitable online
strategy. It is worth highlighting that wind speed measurements are needed in order
to implement this control algorithm. When a frequency drop occurs, and due to the
high initial rotor speed, the speed regulation of the wind turbine sends a large amount
of the injected kinetic energy into the grid in the first few seconds of the frequency
excursion. This strategy only applies to the below rated rotor speed range. For near or
above rated wind speed levels, in order to avoid exceeding the rated rotor speed level,
only pitch control is used to realize the turbine power reference. As a result of the
maximization of the kinetic energy injected in the first few seconds of the frequency
disturbance, the frequency nadir is delayed in time and its value is higher than in the
case of applying a deloaded strategy without this kinetic energy support. However,
it is worth noting that the fast power regulation means large loads on the shaft of the
turbine.

The idea of taking advantage of the kinetic energy stored in the rotating parts of
a wind turbine while in deloaded operation is further investigated by Zertek, Verbic,
and Pantos (authors of [77]) in a second paper [78]. Here, new control algorithms are
presented for both the pitch angle and the rotor speed that allow the maximization
of the kinetic energy in the rotor in order to improve the frequency control support.
It is worth noting that both articles conclude that using the kinetic energy stored
in the wind turbine reduces the need for deloaded operation while still providing
the required amount of power in a short time frame, which is considered to be the
maximum deployment time of 100% of the primary reserves according to the ENTSO-
E’s requirements [48]; that is, 30 s (see Table 3.1).

Deloaded operation of wind turbines that also take into account the interaction
with wind farm central controllers are examined in Rodriguez-Amenedo, Arnalte,
and Burgos [81], Abdelkafi and Krichen [82], and de Almeida, Castronuovo, and
Peças-Lopes [73]. It is worth noting that reliable and fast supervisory control and
data acquisition (SCADA) systems with a sampling rate of 1–3 s for frequency
measurements should be adequate, considering the desired reaction time of wind
turbines [72].
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In de Almeida, Castronuovo, and Peças-Lopes [73], the dispatch function of a wind
farm central controller is based on the solution of an optimization problem, which
sets adjustments of the active and reactive power setpoints for each wind turbine so
as to optimize the power flow within the wind park; that is, to minimize the active
power losses while participating in tasks related to frequency control.

A wind farm active and reactive control system that provides power setpoints for
each wind turbine is also considered in Rodriguez-Amenedo, Arnalte, and Burgos
[81]. Once the local controller of a wind turbine receives the active power setpoint
from the central controller, two situations may arise. It could be that the wind speed
is high enough to make it possible to achieve the required generation level. Then, a PI
controller is driven by the error between the active power setpoint and the measured
power signal. The output of this PI is the required pitch angle. Therefore, the turbine
is always operated at the maxima of the pitch angle curves of Figure 3.7, while the
PI controller chooses the pitch angle curve. While computing the pitch angle, an
MPT algorithm computes a speed reference from the measured power generation.
Since the output power is reduced by the pitch controller, the MPT algorithm outputs
a speed reference below its optimal value, yielding reduced values of the tip speed
ratio and the Cp power coefficients and then, helping the wind turbine to reduce its
generation level. On the other hand, if the wind speed is not high enough for the
required generation level to be achieved, the pitch angle is saturated at its minimum
value, hence maximizing the power extracted from the wind. It can be deduced that
deloaded operation can also be carried out using the control techniques presented in
this article. Note that this article does not analyze the stability issues derived from
the interaction between the PI controller for pitching the turbine and the central
control system of the WPP that sets out the active power reference for the wind
turbines.

The following paragraphs focus on the description of pitching techniques according
to a literature review. A pitching technique for deloaded operation is presented in
Holdsworth, Ekanayake, and Jenkins [83]. Pitch regulation is defined for two regions,
denoted as A (above rated power output) and B (below rated power output). In region
A, the active power output of the turbine is usually limited to its rated value by setting
a nonminimum pitch angle. However, the turbine is deloaded in this case through a
further pitch angle increment. In this manner, it is possible to ramp the output of the
turbine up and down for frequency regulation. In region B, the active power control
scheme of the rotor-side converter controller is commonly commanded by a MPT
algorithm [63] (considering variable-speed wind turbines). In this region, the pitch
angle is usually set to its minimum value in order to extract the maximum power
from the wind. However, in this article the pitch angle is also regulated, in response
to the measured frequency, to a change in frequency in a narrow band of ±2 degrees.
In detail, a frequency – pitch angle droop characteristic is applied. This narrow pitch
angle regulation band deals up to 400 kW of power spill for a 2 MW DFIG-based
wind turbine.
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In Moutis et al. [75], the proposed deloaded technique is applied to DFIG- and
PMSG-based wind turbines. As the power extracted from the wind is linearly depen-
dent on the power coefficient Cp, a defined percentage reduction of power generation
can be achieved by reducing in the same proportion Cp (see Section 3.2.1.1). The
wind turbine is always operated with an optimal tip speed ratio 𝜆opt (and thus with an
optimal Cp when no deloaded operation is commanded). This means that a reduction
in Cp from its optimal value can be achieved by determining a nonminimum pitch
angle 𝛽. This pitch angle is mathematically computed using the following relation:

Cp(𝜆opt, 𝛽) = (1 − x)% × Cp,opt(𝜆opt, 𝛽min). (3.7)

Given known values of the desired load percentage reduction x, 𝜆opt, and Cp,opt, the
desired value of Cp(𝜆opt, 𝛽) can be determined. Again, with given 𝜆opt, the required
pitch angle 𝛽 can be determined. Below the rated wind speed, the required power
margin is achieved by applying the calculated pitch angle. Above the rated wind
speed level, this computed pitch angle is added to the conventional PI pitch controller,
which is in charge of limiting the rotor speed to its rated level.

Finally, it is important to note that the contribution of offshore WPPs to main grid
frequency control support is also investigated. For instance, Haileselassie et al. [84]
consider an offshore WPP connected to the grid via a voltage source converter–based
high voltage DC link (VSC-HVDC). The WPP is composed of full-converter wind
turbines. The objective is to regulate the output of the wind farm in response to main
grid frequency variations. The power output of the wind turbines is governed by the
offshore-side VSC of the HVDC transmission and this converter does not receive
any measurement of the main grid frequency. In order to communicate information
on the main grid frequency, the VSC terminal on the onshore side ramps the voltage
level of the HVDC transmission up and down proportional to the frequency deviation.
The results show that the offshore WPP can lend considerable support to the grid
frequency control during grid disturbances. The deloading method used for the wind
turbines is not discussed.

3.2.2 Synthetic Inertia

As discussed in Section 3.1.5, in order to promote high penetration levels of wind
power into the grid without compromising frequency stability, WPPs may in future be
required to provide synthetic inertia [62]. Providing this means replicating the behavior
of synchronized generating units with respect to power imbalances in the grid. This can
be achieved by introducing control schemes that detect grid frequency variation and
command according to active power feed-in. Both the dynamics and the dependency
on frequency should be similar to the behavior of synchronous generators. However,
the details have not been clearly defined as yet. As described in Equation (3.2), the
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additional electric power fed in by synchronous machines during frequency changes
(i.e., generator deceleration) is proportional to the derivative of their mechanical
rotational speed 𝜔g. This means that for wind turbines, the additional active power (or
torque) should be proportional to the derivative of the grid electrical frequency df∕dt.

According to Morren, Pierik, and de Haan [85] and Keung et al. [86], typical wind
turbine inertia constants are between 4 and 6 s. These values are comparable with
the normalized inertia constant of conventional generating units (between 2 and 9 s,
depending on the type of generator). Using the fact that the rotor speed of variable-
speed wind turbines is not coupled to the grid frequency, the deceleration of the
rotor can be chosen by the controller. This allows a tradeoff between the additionally
provided power and the duration. The generator speed of conventional synchronous
generating units varies directly with frequency; that is, for variations between 47.5
and 52.5 Hz, it stays within 0.95–1.05 pu. In contrast, the generator speed of wind
turbines can vary down to 0.7 pu. This means that wind turbines can use more than four
times the capacity of regulation of the kinetic energy of conventional synchronized
generating units [40]. However, a recovery strategy for the proper rotational speed of
the wind turbines after their deceleration for synthetic inertia is required.

The initial loading – that is, the initial rotor speed of wind turbines – has a great
influence on their provision of synthetic inertia, as the kinetic energy depends on
the square of the rotational speed (see Equation (3.3)). Additionally, the ratings of
the converters of the turbine [39] have to be taken into account for the evacuation of
the kinetic energy through these power electronics.

In normal operation, the torque of a wind turbine is governed by the maximum
power tracking (MPT) algorithm, which does not react to changes in system frequency.
However, the following paragraphs discuss several control approaches for torque to
respond to the system frequency in order to provide synthetic inertia.

In Ramtharan, Ekanayake, and Jenkins [79], a control system for synthetic inertia is
proposed. Figure 3.10 depicts its topology. As shown, the upper path (MPT) contains
the conventional determination of the generator torque reference as explained in
Section 3.1. Moreover, the loop L1 is in charge of additionally providing an offset
torque signal proportional to the ROCOF; for example, a positive, decelerating torque
signal if the frequency drops. This decelerating torque signal lasts until the frequency
stabilizes. Then, without the support of any additional control action, the overall
torque reference T∗

elec would decrease, as the purpose of the MPT is to lead the system
back to the optimal curve. This would obviously reduce the power injected to the
grid transiently and thus take back the frequency support provided directly. Even
though recovery of the original turbine speed is necessary, the process should be
carefully planned. In particular, recovery should happen slowly, with enough time for
the primary frequency controllers in the grid to react.

In order to avoid this reacceleration of the turbine, the control system under con-
sideration also includes a second loop, L2. It is worth noting that this is not, however,
commonly found in the literature. This is responsible for providing an additional
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Figure 3.10 The determination of the electromagnetic torque setpoint from an MPT algo-
rithm and an additional control loop for synthetic inertia. Source: Adapted from Ramtharan,
Ekanayake, and Jenkins, 2007 [79].

torque signal proportional to the frequency deviation Δf , so its output lasts until the
nominal frequency level is recovered. Note that this loop L2 is not actually the same
as the droop of the primary frequency control, as it provides a torque (not a power
reference) depending on Δf .

Conroy and Watson [87] adopt the previously presented control system for synthetic
inertia. It can be noted, talking in terms of Figure 3.10, that both K1 and K2 are varied
with regard to the load level of the wind turbine. This is done because, as discussed
in the article, inadequate control parameters can cause unstable operation of the wind
turbine. For instance, an excessive value of the proportional parameter K2 under low
wind conditions can cause the wind turbine to stall because of excessive extraction of
kinetic energy. The control scheme also considers a recovery strategy for the wind park,
to lead the turbines back to their initial operating point. This recovery strategy is based
on instructing each wind turbine to switch off its frequency support at a different time.

Two different control methods for synthetic inertia are proposed in Haileselassie
et al. [84]. The first method is composed of simply the control loop L1 shown
in Figure 3.10. However, a low-pass filter is added after obtaining the frequency
derivative signal. The aim of this filter is to avoid high rates of change in the torque
setpoint obtained due to noise in the frequency measurement. These undesirable
excessive torque variations cause mechanical loads in the drivetrain and may also
exceed the current limits of the power converters of the wind turbine. The second
control method comprises the second loop, L2, shown in Figure 3.10. This article is
devoted to comparing the performance of the above-mentioned control methods in the
event of a system frequency disturbance. It is concluded that the droop control of loop
L2 determines a lower increase in active power than the synthetic inertia provided by
loop L1. This results in lower overcurrents and less mechanical stress for the wind
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turbine. Needless to say, this assertion depends on the considered magnitude of the
parameters K1 and K2.

A new synthetic inertia approach is offered in Mauricio et al. [88]. This method
relies on a conventional primary frequency control scheme, but performed in a fast
manner. Therefore, the aim is not explicitly to let the wind turbine behave similarly to
a conventional generating unit. However, the turbine does provide frequency support
in the same time frame as would synthetic inertia. To do that, a droop characteristic
(in MW/Hz) is used to obtain a power reference signal, which is added to the output
of the conventional MPT algorithm. In this article, a washout filter is applied to the
signal Δf (in order to reject the constant component of the signal), so the input of the
power – frequency droop characteristic is zero as soon as the steady state is achieved.

It is worth pointing out that this article also considers the interaction of the fast
power regulation of wind turbines with the primary frequency controllers of their
near conventional generating units. The fast response of wind turbines following a
network power imbalance can slow down the response of conventional generators
to some extent. This is because the fast additional power injection of wind turbines
partly compensates the power network imbalance (affecting the network frequency).
However, their support lasts for a few seconds and then conventional generators, which
do not track the real magnitude of the power imbalance from the beginning of the
disturbance, are needed to act to recover the network balance by full activation of their
power reserves. In order to overcome this response delay of conventional generating
units, a communication scheme is proposed between them and the wind turbines.

This article also offers a comparison with the previously mentioned synthetic inertia
depicted in Ramtharan, Ekanayake, and Jenkins [79]. In regard to this comparison,
care should be taken in setting the above-mentioned proportional characteristic K2 (see
Figure 3.10), as higher values of this parameter can affect the oscillatory modes of an
interconnected system. On the contrary, the implementation of the washout filter for
the frequency in Mauricio et al. [88] favors the mitigation of these oscillatory modes.

Finally, in Keung et al. [86], an approach for provision of synthetic inertia by a
wind farm is proposed. Despite the fact that partial-load conditions are considered for
the analysis, the active power output of wind turbines is adjusted by both the pitch
angle and the power converters. In the event of a derivative of frequency, the park
controller orders an increment in the active power setpoints to the local controller
of the power converters of each wind turbine. Three seconds after the activation of
this power increase, a slow recovery process to the initial state of the wind turbines
is performed. This slow recovery process is carried out by delaying the particular
recovery process of each individual wind turbine. Accordingly, each wind turbine
injects an increased level of power for a specific time frame. This strategy smooths
the net power injected by the wind farm during the recovery process, which can last
for up to 30 s. It is worth noting that no aggregated model of the wind farm is used in
order to allow an individual recovery process for each wind turbine and also to take
advantage of the spatial smoothing effect of the wind farm.
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3.3 Conclusions

The following conclusions can be drawn from this chapter:

� The current grid codes of islanded European networks such as those of the UK and
Ireland already consider the participation of WPPs in primary frequency control. In
this sense, they require wind turbines to be operated such that they do not extract the
maximum available power from the wind. They have to be operated in a deloaded
mode instead, in order to be able to ramp their output up and down in the event of
a frequency deviation.

� On the other hand, other regulations of the strong European electrical grids, such
as the German grid, do not consider the operation of wind turbines in a deloaded
mode in normal operating conditions. For instance, the German Grid Code only
requires that wind turbines reduce their power injection in the particular case of
overfrequency.

� Future trends for European regulations, such as the recent European Network Code
developed by the ENTSO-E, indicate the need for deloading of wind turbines to
participate in primary frequency control. Therefore, it is concluded that in the near
future the provision of power reserves by wind turbines for their participation in
tasks related to frequency control will be required not only for islanded grids, but
also for the strong continental grids.

� Currently, the grid codes of the islanded European networks require that wind
turbines be derated by up to 20% of the theoretically available power, and for
periods of time up to 30 min, in the event of a negative frequency deviation. When
the frequency level is within the normal operating limits, the wind turbines have to
maintain a deloaded level of up to 10% of the maximum available power.

� In the literature, two major methods for deloading wind turbines can be found:
pitching methods and overspeeding methods. Both methods are based on the idea
of achieving a suboptimal working point with respect to power extraction from the
wind.

� Each of the above-mentioned strategies fits best with a different wind speed level.
For low and medium wind speed levels, considering that the rated rotor speed is
not achieved, overspeeding techniques are preferable. Pitching techniques are best
suited considering that the rated rotor speed is achieved.

� Among the articles consulted in the review of literature, approaches can be found
that consider the measurement of the wind speed for developing overspeeding tech-
niques. As this measurement is typically not reliable, its application is considered
problematic. Moreover, when applying overspeeding and pitching techniques, addi-
tional mechanical stresses have to be considered for turbine components, such as
the generator shaft and the pitch actuators.





4
Energy Storage Technologies

4.1 Introduction

Electrical energy can be converted to many different forms for storage [89]:

� as gravitational potential energy with water reservoirs
� as compressed air
� as electrochemical energy in batteries and flow batteries
� as chemical energy in fuel cells
� as kinetic energy in flywheels
� as magnetic fields in inductors
� as electric fields in capacitors.

In this chapter, we review several available energy storage technologies that can
be used in electric power systems. Among other aspects, the operating principles,
the main components, and the most relevant characteristics of each technology are
detailed. In order to obtain an overview of the main characteristics of the energy
storage technologies presented in this chapter and the differences between them in a
comprehensive manner, some tables and graphics, based on the data collected from
several publications and manufacturers, are shown. For the sake of completeness,
the chapter tangentially addresses other storage technologies, such as thermal storage
through molten salts and the “power-to-gas” concept. Figure 4.1 graphically depicts
the storage classification presented above.

Finally, the last part of the chapter discusses power conversion systems com-
monly utilized for the grid connection and control of those forms of storage
installations that are not synchronized with the network, such as flywheels, super-
capacitors, superconducting magnetic energy storage (SMES), batteries, and flow
batteries.

Energy Storage in Power Systems, First Edition. Francisco Dı́az-González, Andreas Sumper and Oriol Gomis-Bellmunt.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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Figure 4.1 The catalog of storage technologies.

4.2 The Description of the Technology

This section covers the description of several storage technologies that can be used for
stationary applications. The technologies described include energy storage in pumped
hydroelectric installations, such as compressed air, in conventional and flow batteries,
by hydrogen-based technologies, in flywheels, in superconducting magnetic devices,
and in supercapacitors. These descriptions are mostly based on our previous work.
For further details, see Dı́az-González et al. [42].

4.2.1 Pumped Hydroelectric Storage (PHS)

PHS is the most mature storage system amongst those considered in this work. In fact,
it is the most used technology for high-power applications [90]. Its operating principle
is based on managing the gravitational potential energy of water, by pumping it from
a lower reservoir to an upper reservoir while consuming power from the grid, or by
releasing water from the upper reservoir to the lower one when energy needs to be
injected into the grid (Figure 4.2). The energy stored is proportional to the volume of
water in the upper reservoir and the height of the waterfall. So,

EPHS = 𝜌gHV , (4.1)
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Figure 4.2 The operating principle of pumped hydroelectric storage (PHS).

where EPHS is the stored energy, in joules, 𝜌 is the density of the water, equivalent
to 1000 kg/m3, g is the acceleration due to gravity, equivalent to 9.8 m/s2, H is the
height of the waterfall (in meters), and V is the volume of water stored in the upper
reservoir.

There is a huge global hydro-storage potential nowadays, estimated at approxi-
mately 3000 GW [91]. In the European Union (EU) there is about 7400 MW of new
PHS installations projected, which is a 20% increase in the EU’s installed capacity
[92].

The technology used in pumped hydroelectric installations includes highly devel-
oped reliable devices such as electric generators and hydraulic turbines that allow the
system to regulate vast power levels with high ramp power rates. For example, an
installation by the First Hydro Company [56], commissioned in 1984, is capable of
moving from 0 to 1320 MW power injection in only 12 s. The lifetime of pumped
hydroelectric installations is around 30–50 yr, with an acceptable round-trip efficiency
of 65–75% and power capital costs of (€ 500–1500)/kW and (€ 10–20)/kWh [93].
This cost estimation can be greatly affected by the fact that the construction of a
pumped hydroelectric system commonly depends on the availability of a very hilly
geographical environment, as at least 100 meters of waterfall between the upper and
lower water containments is needed. The preservation of the natural environment and
the possible absence of electric transmission lines in places with suitable topography
for the installation of pumped hydroelectric systems must be taken also into account
in their commissioning.
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4.2.2 Compressed Air Energy Storage (CAES)

CAES systems are based on conventional gas turbine technology. Energy is stored in
the form of compressed air in an underground storage cavern, at pressures between
40–70 bar at near-ambient temperature. Another possibility is to store the air in
above-ground tanks. The air is additionally mixed with natural gas and combusted for
increased efficiency. When energy needs to be injected into the grid, the compressed
air is drawn from the storage cavern, heated, and then expanded in a set of high-
and low-pressure turbines, which convert most of the energy of the compressed air
into rotational kinetic energy. Then, the rotational energy is converted into electrical
energy in a generator. While driving the electrical generators, the turbine exhaust is
used to heat the air in the cavern. Figure 4.3 shows a descriptive schematic of the
system.

The lifetime of CAES installations is approximately 40 yr, with an energy efficiency
of 71%. Since the self-discharge of the system is very low, CAES systems compete
with pumped hydroelectric installations as long-term storage systems. The latest
technological advances are focused on the development of advanced-adiabatic CAES
(AA-CAES). In this system, the air is adiabatically compressed and then pumped
into an underground cavern. The effectiveness and the economics of the required heat
exchangers for the adiabatic compression, the compressor, and the expander trains are
the main concerns for the success of AA-CAES.

The availability of suitable underground caverns is a key aspect for the installation
of CAES systems. As an example, the Iowa Stored Energy Park [94], which was
considering the installation of a 270 MW CAES system for storing wind power during
periods of low demand, recently cancelled the project for this reason. In particular,
geological studies of the site showed that the storage reservoir was not suitable for
the scale of the project. There are just two CAES installations in the world so far, one
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in Germany, with a rated power of 290 MW and the other in Alabama, United States,
with a rated power of 110 MW.

4.2.3 Conventional Batteries and Flow Batteries

4.2.3.1 Basic Concepts

A battery energy storage system (BESS) converts electrical energy into potential
chemical energy while charging, and releases electrical energy from chemical energy
while discharging. In general terms, it is based on reduction and oxidation reactions
(commonly called redox reactions). An electrochemical reduction reaction is one that
allows the component involved to gain electrons, while an oxidation reaction allows
the component to lose electrons. Redox reactions yield new active electrochemically
active substances with nonneutral electric charge, and hence ions.

A battery cell is just a device that provides the conditions for redox reactions to
happen, thus generating a flow of ions and electrons between the areas in which
these occur. The flow of electrons and ions exists as long as there is an energy
difference between the electrochemically active substances involved in the reduction
and oxidation reactions. To enable this flow of ions and electrons, the battery cell has
two circuits, one external and the other internal. The internal circuit is comprised of
the battery cell itself, and provides the path through which the resultant ions flow.
The electrical circuit is closed by adding the external circuit, thus providing the
path through which the electrons resulting from the redox reactions can flow. This
external path is provided by the external system (either a load or an energy source)
to which the battery is connected. The battery cell is comprised of the following
components:

� The electrodes. While discharged, oxidation reactions occur in the anode of the
battery (the negative electrode), which is the electrode that captures the electrons
lost by the component. Conversely, reduction reactions occur in the cathode of the
battery (the positive electrode), which is the electrode that provides the electrons
gained by the reduced component.

� Two pairs of electrochemically active substances. There is one in the anolyte
region while the other is in the catholyte region. The materials composing the anolyte
electrode and the component or substance surrounding it have to react, yielding an
oxidation reaction (while discharged). Analogously, the electrochemical interaction
between the materials comprising the catholyte electrode and the substance or
component surrounding it yields a reduction reaction. The above defines the two
pairs of electrochemically active substances.

� The electrolyte. Apart from causing the two pairs of electrochemically active
substances to gain or lose electrons, the redox reactions yield ions (and hence
particles with a nonneutral electric charge). To ensure the equilibrium of charge
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between the anolyte and catholyte electrochemically active substances, these ions
are exchanged between them. This ion transport is enabled by the electrolyte, which
is a solid or liquid electronically insulating substance.

� The separator. There is an electrical potential between the electrochemically active
substances in the anolyte and catholyte regions. The separator avoids direct contact
between them, thus preventing the battery from an internal short circuit.

� The container. Batteries are composed of several cells, either in series or in parallel
to achieve the desired electrical characteristics. In the container, they are all packed
into a controlled and isolated environment.

Having presented the main components of a battery cell, now it is much easier to
understand the operating principle, and this is graphically supported by Figure 4.4. As
can be noted, the battery cell is composed of two electrodes, made up of two materials
called Y0 (for the anode) and X0 (for the cathode). They are both surrounded by the
electrolyte, Z. Also, the anode (negative electrode) is surrounded by the substance
or component Y1. Similarly, the cathode is surrounded by the component X1. The
materials X0–X1 and Y0–Y1 define two pairs of electrochemically active substances.
The difference in energy state of the two pairs of electrochemically active substances is
translated into a voltage difference. While charged, the voltage between the electrodes
of the cell is at a maximum and varies between 1 and 4 volts, depending on the
technology used, yielding the so-called open-circuit voltage of the cell.

By adding an external load between the electrodes, the electrical circuit is closed.
Then, the battery is being discharged, and this means that redox reactions start to occur,
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yielding an electric current through the load. The electrons flow from the negative
electrode (the anode, the region with the maximum energy state) to the positive one (the
cathode, the region with the minimum energy state). These electrons, and the positive
ions Y2+, are the result of the oxidation reaction between substances Y0 and Y1.
The electrons are collected by the catholyte electrode, yielding a reduction reaction
between substances X0 and X1, which in turn results in the ion X2−. The internal circuit
allows the ionic exchange. The ion(s) exchanged depend on the technology used and
are usually those presenting the highest mobility. As a result of this process, each of
the pairs of electrochemically active substances is weakened, so the electric potential
between them is diminished. The electrical potential between the two electrodes can
be restored by reversing the flow of the electric current, and hence by applying an
external energy source to charge the battery.

The electric potential derived from the chemical reactions by the two pairs of
electrochemically active substances, measured in the full charge state of the cell when
disconnected from any circuit, is called the open circuit voltage V0. This voltage
determines the free energy of reaction (the Gibbs free energy) of the electrochemical
reactions in the battery cell.

The open-circuit voltage can be measured with a voltmeter, and it corresponds to
equilibrium conditions. This means that the open-circuit voltage cannot be measured
immediately after a battery charging process is completed but only a few hours later,
thus permitting the battery to “relax” after the process (this time depends on the
battery type and the method of charging). Another method to estimate the open-
circuit voltage is a statistical one, based on evaluating several voltage curves during
the charging process using a decreasing sequence of currents, as explained in Snihir,
Rey, and Verbitskiy [95].

It is quite important to differentiate concept of the the open-circuit voltage from the
voltage measured in the cell during the discharging process, as commonly presented
in manufacturers’ datasheets. These graphs show the voltage profile during discharge
at determined current rates (see Figure 4.5).
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Figure 4.5 A typical voltage–discharge profile for a battery cell.
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Due to the internal resistance of the cell and the electric current flowing through it,
there is a voltage drop in the cell, so one should not consider the cell voltage measured
at the beginning of the discharging process (and hence under full charge conditions)
to be equal to the open-circuit voltage. By discharging the cell, the voltage decays
from its maximum value when fully charged to the so-called cutoff voltage, which
defines the usable voltage range of the cell. From this point on, the voltage decays
dramatically, strongly limiting the usability of the device.

Manufacturers usually indicate a “nominal cell voltage.” This is just an averaged
value between the maximum and the cutoff voltage. This average cell voltage, though,
in conjunction with the discharge current rate, serves for the calculation of the equiv-
alent internal resistance of the cell.

The discharge voltage profile of the cell depends on many factors, such as pressure
and temperature, since they affect the performance of the chemical reactions in the cell.
The cell voltage and the discharge current rate are somewhat related, thus affecting
the energy capacity. This is why manufacturers are supposed to indicate the capacity
of the cells for different discharge current rates, also indicating the applied control
discharge method [96]. Figure 4.6 shows typical voltage trends for battery cells at
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different current discharge rates. As can be noted, the higher the current discharge
rate, the lower are the maximum and the cutoff voltage of the cell, thus decreasing the
energy storage capacity.

The energy capacity of batteries is defined as the usable energy at a defined discharge
rate. This term is commonly indicated in amperes per hour (Ah). It is important
to understand the specific nomenclature commonly used while defining the energy
capacity. For example, we could read in datasheets that a battery is rated at 10 Ah at
2 C, or 10 Ah at C/5. In the second case, the battery will provide 10 Ah/5 h = 2 A
over 5 h, until reaching its cutoff voltage. Similarly, in the first case, the battery will
provide 10 Ah/0.5 h = 20 A for 30 min.

The ratio between the remaining energy capacity and the rated capacity of the
battery (at a defined discharge rate) determines the state of charge (SoC) of the
system. The charging and discharging processes are not ideal, but they account for
losses that are translated into voltage drops and temperature rises. Thus, the energy
efficiency can be formulated in terms of the cell voltage and the theoretical maximum
voltage produced in the chemical reaction in the cell; the so-called thermodynamic
voltage. While charging, the energy efficiency in the cell is defined as

𝜇c = V∕Vth, (4.2)

and during discharging, it can be formulated by

𝜇d = Vth∕V , (4.3)

where Vth is the thermodynamic voltage and V is the voltage between the cell terminals.
These metrics are formulated differently since the voltage in the cell is higher than
the thermodynamic one in discharge, and lower during the charging process. This
is because of the effect of the internal resistance of the cell (for further details on
electrical battery models, see Chapter 6).

With regard to the definition of the energy efficiency, and the dependency of the
voltage cell on the SoC (see Figure 4.5), it can be derived that the discharging efficiency
increases with the SoC. Looking at this the other way round, the charging efficiency
decays with the SoC. Therefore, to maximize the overall efficiency throughout a full
charge and discharge loop, an optimal average SoC should be calculated. This duty is
usually assigned to battery management systems (see Section 4.3.4 for further details).

Further principal magnitudes for energy storage in general, and for batteries in
particular, are the specific energy and the power. These magnitudes relate the energy
and power capacity to the battery weight. Only cell reactants are involved in the
calculation of these metrics, thus leaving out other structural components, cell
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separators, and wiring, for instance. The energy capacity can be calculated as fol-
lows [97]:

Esp(Wh∕kg) =
nFVth

3.6
∑

Mi

, (4.4)

where n is the number of electrons transferred in a chemical reaction, F is the Faraday
constant in coulombs per mole, Vth is the theoretical thermodynamic voltage of the
cell, and

∑
Mi is the sum of the molecular weights of the reactants of the cell.

Thus, to optimize the specific energy, one should maximize Vth and minimize∑
Mi. The latter is achieved by configuring cells based on reactants with low atomic

weights. The former is obtained by building up the two pairs of electrochemically
active substances with a highly electropositive element and a highly electronegative
element. When that is done, the chemical reactions will yield a high thermodynamic
potential Vth.

Finally, the specific power determines the maximum power that the cell can deliver
in relation to its weight. According to Ehsani, Gao, and Emadi [97], it depends on
the open-circuit voltage of the cell, V0, and an internal resistance Rint, apart from the
ohmic resistance of conductors, Rc. Thus

Psp(W∕kg) =
V0

4(Rc + Rint)
. (4.5)

This variable internal resistance, usually called the overpotential, models a voltage
drop in the cell and depends on the amount of current drawn. Chapter 6 provides an
in-depth treatment of the modeling of battery cells.

Looking at the electrochemistry, and with the aim of maximizing the specific
energy, one can come up with several types of battery cells. As previously noted, the
electrochemically active substances used for building up battery cells provide different
open-circuit voltages. Other characteristics – such as, for instance, the cyclability, the
time response, the operational temperature range, and ageing – vary considerably with
the technology used. That is why research and development (R&D) is so intensive in
this field.

The oldest battery type is the lead–acid one, for which R&D activity has been
carried out for more than 140 yr. But there are other several technologies that are
gaining importance in different stationary and nonstationary fields of application.
These are, amongst the most popular types, the nickel–cadmium (Ni–Cd), sodium–
sulfur, and lithium-ion (Li-ion) types, and the so-called flow batteries. The principal
specificities of each technology are presented in the following sections.
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4.2.3.2 Lead–Acid Batteries

Research involving lead–acid batteries has been conducted for over 140 yr. There are
two major types of lead–acid battery: flooded batteries, which is the most common
topology, and valve-regulated batteries, which are the subject of extensive R&D.

Commonly, lead–acid battery cells are built up of several lead plates arranged in
parallel. These are alternatively polarized, so that the cathodic plates are coated with
lead dioxide PbO2 and the anodic plates with porous lead Pb. The plates are immersed
in the electrolyte, which is made up of sulfuric acid H2SO4.

The global oxidation and reduction reactions in the cell can be summarized as
follows:

Pb + SO2−
4 ⇔ PbSO4 + 2e− (anode),

PbO2 + 4H+ + SO2−
4 + 2e− ⇔ PbSO4 + 2H2O (cathode),

Pb + PbO2 + 2H2SO4 ⇔ 2PbSO4 + 2H2O (total).

During the discharging process, the porous lead anode reacts with the sulfuric acid,
yielding lead sulfate PbSO4 and an excess of electrons, which are transmitted through
the external circuit of the cell (the connected external load) to the cathode. These
electrons, among with the sulfuric acid, react with the lead dioxide to also form lead
sulfate PbSO4. In addition, water is formed in this process. Since the electrolyte is
consumed in the reactions, the specific gravity serves as a guide for estimating the
SoC of the battery. The electrical potential between the two electrodes of the cell due
to the reactions described above results in around 2.04 V.

Lead–acid batteries suffer from some problems as a result of the way in which they
are charged and discharged, one of which is the so-called sulfation. This occurs when
the battery is deprived of periodic full-charge processes. In this case, large lead sulfate
crystals are formed, which cannot be reversed in the porous lead and lead dioxide in
the electrodes of the battery, thus decreasing the battery’s capacity. Sulfation is also
exacerbated by exhausting the energy stored in the battery, so very deep discharges
are not recommended. Another common problem arises when the applied charging
voltage surpasses the admissible or recommended level. In this case, the water in the
electrolyte can be exhausted by forming hydrogen gas, with the consequent risk of
explosion due to its high flammability.

One of the main differences between flooded and valve-regulated lead–acid batteries
lies in the way they manage the gases formed in the chemical reactions in the cells. In
flooded batteries, hydrogen gas is naturally evacuated from the cell, and the electrolyte
can easily be replaced. Valve-regulated batteries are sealed, so these operations are
not possible. However, they ensure no electrolyte and gas leakages, thus accounting
for any need for a mechanism to recombine the hydrogen formed into water dissolved
in the electrolyte.



104 Energy Storage in Power Systems

Lead–acid batteries present the poorest cycle life, just 200–1800 cycles depending
on the depth of discharge (DoD) and the operating temperature, among the different
types of batteries considered in this work. In addition, it is worth noting the need
for periodic water maintenance (of flooded batteries) and the low energy and power
densities of this type of battery. In spite of the above-mentioned drawbacks, their
use is widespread in both stationary and nonstationary applications. One of the most
important advantages of lead–acid batteries is their low cost (up to € 270/kWh [93])
compared to the costs of other types of batteries.

4.2.3.3 Nickel–Cadmium Batteries

Nickel–cadmium (Ni–Cd) batteries are used in both portable and general stationary
industrial applications. In portable applications the battery is in its sealed form, and
in industrial applications it is in flooded form. It is worth noting that Ni–Cd batteries
compete with NiMH in the field of alkaline batteries.

Ni–Cd batteries are primarily produced using nickel and cadmium hydroxide. These
materials are then polarized into nickel oxyhydroxide NiO(OH) cathodic plates, and
anodic plates of porous cadmium. The battery cells are immersed in an electrolytic
aqueous alkaline solution based on potassium hydroxide KOH [98].

To prevent short circuits between adjacent anodic and cathodic plates in the cell,
a separator is used. This is generally based on polystyrene or polypropylene, but
other options are suitable, such as fibrous polyamide. The selection of the separator is
critical, as it can constrain the easy mobility of ions produced in chemical reactions
between the electrodes, and this is translated into an increment in the internal resistance
of the cell [98].

The global oxidation and reduction reactions in the cell can be summarized as
follows [99]:

Cd + 2OH− ⇔ Cd(OH)2 + 2e− (anode),

2NiOOH + 2H2O + 2e− ⇔ 2Ni(OH)2 + 2OH− (cathode),

2NiOOH + Cd + 2H2O ⇔ 2Ni(OH)2 + Cd(OH)2 (total).

During the discharging process, the porous cadmium Cd in the anode reacts with
the ion OH−, yielding Cd(OH)2 and the electrons that are transmitted through the
external circuit of the cell to the cathode. These electrons, along with the water in
the electrolyte, react with NiO(OH) to form Ni(OH)2 and the ion OH−. The electrical
potential between the two electrodes of the cell due to the reactions described above
results in around 1.2 V, and hence in a lower potential than in lead–acid batteries.
It is interesting to note that the electrolyte KOH is not consumed, so its density (or
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specific gravity) in the aqueous electrolytic solution does not serve as a measurement
of the SoC of the cell.

Ni–Cd batteries present good characteristics with regard to cyclability (more than
3500 cycles [98], and even 50 000 cycles at 10% of DoD), high ramp power rates, and
low maintenance. On the other hand, they present three major drawbacks that limit
their commercial success. First, the cost of Ni–Cd batteries is very high compared to
the cost of lead–acid batteries (more than ten times). Second, cadmium and nickel
are toxic heavy metals that can cause health risks in humans. For this reason, the
European Commission proposed recycling targets of at least 75% for this type of
battery in November 2003. Third, Ni–Cd batteries suffer from the memory effect.
When a Ni–Cd battery is repeatedly recharged before becoming fully discharged, a
sudden voltage drop in the cell is experienced. According to Broussely and Pistoia
[98], this voltage drop is not a sign of a real capacity fade in the cell. However, since the
resultant voltage at this point is lower than that needed for the proper management of
the associated power conversion, the memory effect is actually regarded as a capacity
fade. Furthermore, the memory effect is experienced in sealed Ni–Cd batteries, but
not in flooded ones.

4.2.3.4 Sodium–Sulfur Batteries

Sodium–sulfur (NaS) batteries are one of the most promising technologies for sta-
tionary high-power applications. The low atomic weight of sodium and the high
thermodynamic voltage configure sodium-based battery cells with a high specific
power. The cell construction is rather different from those presented so far. The elec-
trodes of NaS battery cells are liquid, while the electrolyte, which in turn acts as
a separator, is solid. The negative electrode (liquid sodium) is surrounded by the
electrolyte, which is shaped in a tube fashion (see Figure 4.7). The material of the
electrolyte is ceramic beta-alumina, and the material for the positive electrode is liquid
sulfur (usually embedded in a carbon felt). To bring the electrodes to their liquid state,
they have to be melted, imposing operating temperatures for NaS batteries of around
300–400 ◦C. At this temperature, the ceramic electrolyte is a good conductor of the
ions produced in the chemical reactions inside the cell.

The global oxidation and reduction reactions in the cell can be summarized as
follows [101]:

2Na ⇔ 2Na+ + 2e− (anode),

xS + 2e− ⇔ S2−
x (cathode),

2Na + xS ⇔ Na2Sx (total).

During the discharging process, the sodium in the anode is oxidized into sodium
ions, which flow through the electrolyte to the cathode. Then, they combine with
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Figure 4.7 A schematic of a NaS battery cell and module. Source: The cell graph on the left
is adapted from NGK Insulators, Ltd, http://www.ngk.co.jp/english/ (accessed April 22, 2015)
[100]; and the photograph of the battery module on the right is courtesy of Wen, Z., Cao, J.,
Gu, Z., et al. (2008) Research on sodium sulfur battery for energy storage. Solid State Ionics,
179, 1697–1701 [101]. Reproduced with permission of Elsevier.

reduced sulfur anions to generate sodium polysulfide, all of this yielding the above
cell reaction. The electrical potential between the two electrodes of the cell due to
the reactions described above (the open-circuit voltage) results in around 2.075 V at
350 ◦C.

Sodium–sulfur batteries are relatively recent technology. Among other character-
istics, the major advantages are related to their high energy efficiency (85%) and
their energy density (151 kWh/m3) [102], in conjunction with very low self-discharge
rates, low maintenance, and almost 99% recyclability. An important feature of these
batteries is their high operating temperature, around 350 ◦C [98]. In this regard, it
is convenient to note that since the cell reactions are exothermic, the energy input
needed to maintain a proper operating temperature is low and, therefore, the efficiency
of the battery is not substantially reduced. These characteristics, in conjunction with a
relatively low capital cost (comparable with the cost of conventional lead–acid batter-
ies), define the NaS battery as one of the most promising technologies for high-power
storage applications. Amongst the main drawbacks of this young technology, we can
highlight the continuing need for intensive R&D to overcome, for example, problems
such as cracking of the ceramic electrolytic tube and corrosion due to sulfur, both of
which reduce the lifetime of the battery [103].

4.2.3.5 Lithium-Based Batteries

Lithium-ion batteries are currently attracting much attention and are viewed as promis-
ing solutions in the field of buildings, electromobility, and renewable generation. For
instance, batteries from Tesla Motors [104] are considered to be quite attractive for

http://www.ngk.co.jp/english/
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multiple applications, even taking into account that the manufacturer has yet to start
rolling out product deliveries at the time of writing this book. The active material in the
cathode (positive electrode) of Li-ion cells is usually lithium metal oxide, in the form
of lithium cobalate (LiCoO2). The negative electrode is mainly carbon (C) and lithium
atoms are actually in the electrode. The electrolyte is an organic solution containing
lithium-based dissolved salts, such as LiClO4 and LiPF6 [105]. Finally, the electrode
areas are separated by porous separators based on polyethylene or polypropylene. A
schematic of an Li-ion battery is shown in Figure 4.8.

The global oxidation and reduction reactions in the cell can be summarized as
follows [106]:

Li(C) ⇔ Li+ + e− (anode),

Li+ + e− + CoO2 ⇔ LiCoO2 (cathode),

Li(C) + CoO2 ⇔ LiCoO2 (total).

During the charging process, lithium ions Li+ are extracted from the cathode of the
cell and get inserted into the graphene sheets in the graphite (the negative electrode).
As always, the electrons resulting from the chemical reactions flow, in this case, from
the positive electrode to the negative electrode through an external energy source,
thus closing the electric circuit. The electrical potential between the two electrodes of
the cell due to the reactions described above (the open-circuit voltage) reaches up to
3.7 V.

This high open-circuit cell voltage and the low weight of lithium yield a very high
specific energy (around 75–125 Wh/kg) [105]. The energy density also proves to
be very high, at around 170–300 Wh/l, and thus Li-ion batteries are well suited for
portable applications, such as mobile phones and electronic devices. Other noticeable
features are their fast charge and discharge capability and the relatively high round-
trip efficiency of 78%. Among the drawbacks of the technology, it is important to
note the required narrow voltage and temperature ranges for proper operation, which
motivate the need for protection circuits [107]. In addition, the use of flammable
organic electrolytes raises issues about security and environmental issues. Nowadays,
great efforts are being made in the field of material technology in order to make the
Li-ion battery suitable for high-power stationary applications and use in the field of
the electromobility.

4.2.3.6 The Flow Battery Energy Storage System (FBESS)

As in the case of conventional batteries, the operating principle of flow batteries
(FBESS) is based on the electrochemical reactions that occur in electrochemical cells.
However, flow batteries differ from conventional ones in the fact that the electrolyte
is not permanently stored in the cells but, instead, two aqueous electrolytic solutions
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Figure 4.8 A schematic of an Li-ion battery cell (top) and a Saft Li-ion battery pack in the
IREC laboratory (bottom). Source: Scheme courtesy of Bruce, P.G. (2008) Energy storage
beyond the horizon: rechargeable lithium batteries. Solid State Ionics, 179, 752–759 [106].
Reproduced with permission of Elsevier. Bottom photograph courtesy of IREC, Catalonia
Institute for Energy Research, http://www.irec.cat/ (accessed April 22, 2015) [108].

http://www.irec.cat/
http://www.irec.cat/
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Figure 4.9 The operating principle of flow batteries.

(A and B) are contained in separate tanks. During the charging process, these aqueous
solutions are pumped through the electrochemical cells, where the electrochemically
active material dissolved in electrolyte A is oxidized at the anode, and the electro-
chemically active material in electrolyte B is reduced at the cathode. The discharge
cycle comprises the reverse process [109]. Figure 4.9 depicts the operating principle
of flow batteries.

This section concerns three main types of flow batteries: the vanadium redox battery
(VRB), the zinc–bromine battery (ZBB), and the polysulfide bromide battery (PSB).
The principal materials and chemistry for the above-mentioned flow battery cells are
illustrated in the following paragraphs.

The Vanadium Redox Battery
Both the anode and cathode of the cells are composed of catalyzed graphite. The
aqueous electrolyte for both the anodic and the cathodic regions is based on sulfuric
acid H2SO4, in which vanadium sulfates are dissolved as active chemical species. The
anodic and cathodic regions are separated by a polymer membrane, which permits
ion exchange between the two electrodes.

The global oxidation and reduction reactions in the cell can be summarized as
follows [110]:

V2+ ⇔ V3+ + e− (anode),

VO+
2 + 2H+ + e− ⇔ VO2+ + H2O (cathode),

V2+ + VO+
2 + 2H+ ⇔ V3+ + VO2+ + H2O (total).
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As can be noted, during the discharging process, V2+ is oxidized in the anode,
yielding V3+. The electrons that are lost flow through the external load to which the
cell is connected. In the positive electrode, V5+, in the form of VO+

2 , accepts the
electrons from the anode, thus yielding the ion VO2+. Hydrogen ions are exchanged
through the membrane, closing the electrical circuit. The electrical potential between
the two electrodes of the cell due to the reactions described above (the open-circuit
voltage) reaches up to 1.6 V.

The Zinc–Bromine Battery
As in the case of the VRB, the electrodes of ZBB cells are based on a carbon–
plastic composite. The separator between the anodic and cathodic regions is made up
of polyolefin sheets. The electrolyte is aqueous, containing dissolved zinc bromide
salts (see Figure 4.10). Zn is the active chemical species at the anode (the negative
electrode), while Br is located at the cathode (the positive electrode).

The global oxidation and reduction reactions in the cell can be summarized as
follows [111]:

Zn(s) ⇔ Zn2+
(aq) + 2e− (anode),

Br2(aq) + 2e− ⇔ 2Br−(aq) (cathode),

Zn(s) + Br2(aq) ⇔ 2Br−(aq) + Zn2+
(aq) (total).

The Zn is dissolved – oxidized from a solid state attached to the surface of the
negative electrode – into Zn2+ ions. In turn, the bromide (Br2(aq)) is converted into

Figure 4.10 The zinc–bromine flow battery shown on the right builds up to the containerized
system shown on the left. Source: Redflow Limited (2015) [113], http://www.redflow.com.au/
(accessed April 22, 2015). Reproduced with permission of Redflow Limited.

http://www.redflow.com.au/
http://www.redflow.com.au/
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bromine Br−, all of which yields the global cell reaction indicated above, providing
an electrical potential between the electrodes of around 1.7 V. As can be noted,
ideally the Zn and Br should not react directly. If this happens, it will be translated
into battery self-discharge. The separator prevents the bromide ions from reaching the
negative electrode. Also, the cathodic electrolyte is enriched with organic components
of diverse nature [112, 111], with the aim of capturing and forming, with bromide,
an emulsion that is insoluble in water, and that sinks to the bottom of the positive
electrolyte tank. Reactions that are the reverse of those described above take place
during the battery charging process.

The Polysulfide–Bromide Flow Battery
In PSBs, the electrodes are based on a carbon–plastic composite. The separator
between the anodic and cathodic regions is made up of polyolefin sheets. The aqueous
electrolytes are based on sodium polysulfide Na2Sy in the anodic region, and sodium
bromide NaBr in the cathodic one.

The global oxidation and reduction reactions in the cell can be summarized as
follows [114]:

2Na2S2 ⇔ Na2S4 + 2Na+ + 2e− (anode),

NaBr3 + 2Na+ + 2e− ⇔ 3NaBr (cathode),

2Na2S2 + NaBr3 ⇔ 3NaBr + Na2S4 (total).

As can be noted, during the discharging process the sodium polysulfide in the anode
is oxidized, losing electrons that serve to reduce the active chemical species in the
cathode. The polymeric separator permits the exchange of sodium ions, 2Na+. The
electric potential between the electrodes of the cell can achieve 1.5 V.

In general terms, flow batteries are easily scalable, since the volume of the stored
electrolyte determines the energy capacity of the system. The power capacity depends
on the number and size of the electrochemical cells [115]. Also, they are suitable for
storing energy over long periods of time due to their very low – and even negligible –
self-discharge.

Flow batteries can be fully discharged without any damage, and in terms of cycla-
bility, they present better characteristics than conventional batteries. For instance,
the VRB can achieve 13 000 charge and discharge cycles at 100% of DoD, with a
relatively high energy efficiency of 78%.

Turning now to the economics, the cost of these batteries is comparable to that of
NaS batteries (around 500 US$/kWh in the case of the ZBB, for instance [116]). In
fact, in general they are cheaper than Li-ion or Ni–Cd batteries.

Another common characteristic of these types of batteries is the fact that they require
very low maintenance, specially in the case of the VRB, as it uses the same electrolyte
in the anode and the cathode, avoiding the risk of cross-contamination of the aqueous
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solutions. Electrolyte cross-contamination exists in PSBs, though, because of the
exchange of sodium ions. In terms of greenness, flow batteries are basically made of
recycled plastics, allowing low-cost production and high recyclability. However, in
the case of the PSB it is worth noting that toxic bromine gas would be expelled in the
event of tank failure [115].

The operating temperatures of the reviewed flow batteries are in the range of
10 to 40–45 ◦C [113]. Without any doubt, the major limitation of the technology
is its relatively low specific energy (in Wh/kg), which restricts its use to stationary
applications. In this regard, it is worth noting that the specific energy for the ZBB is
logically higher than for the VRB. Indicative figures are around 25–35 Wh/kg for the
VRB [112] and 70–90 Wh/kg for the ZBB [117].

Finally, we should note that this is not a mature technology yet, especially in the
case of the PSB. In fact, amongst the three types of flow batteries reviewed in this
chapter, the PSBs are the least developed, with just a couple of pilot plants worldwide.
In 2003, Regenesys Technologies built a pilot plant in South Wales, rated at 15 MW/
120 MWh. However, with a project budget of around $250 million, the system was
never fully commissioned. VRB Power Systems, Inc., founded in 2004, was acquired
by Prudent Energy in 2009 [118]: currently, no specific reference to PSB technology
can be found in the company’s product brochure.

4.2.4 The Hydrogen-Based Energy Storage System (HESS)

The most common option for the production of hydrogen is from coal or other fossil
fuels [119]. However, it can also be obtained by means of water electrolysis, from
various forms of renewable energy, and from gasifying biomass. Once the hydrogen
has been produced, it can be transported through pipelines to the users to produce
electricity, or stored in order to be used later in fuel cells. The so-called regenerative
fuel cell (RFC) [117] comprises the production process of hydrogen using a water
electrolyzer, a hydrogen storage medium, and a fuel cell system, which allows the
production of electricity from the stored hydrogen. This is the considered topology
in this work for the HESS. In this case, the electric power from wind facilities could
be used to feed the electrolyzer to produce the hydrogen. Figure 4.11 depicts the
presented concept.

Some of the principal elements of RFCs that are attracting much attention nowadays
with regard to R&D are the electrolyzer and the fuel cell, since their performance is
critical in order to maximize the overall energy efficiency. As previously noted, the
electrolyzer, by using an electricity source, converts water (e.g., 1 mole) into hydrogen
(1 mole) and oxygen gas (a half-mole). Then, this hydrogen serves as a “’fuel” in the
fuel cell, in conjunction with oxygen gas, to produce electricity, water, and heat, as
products of the electrochemical reaction in the cell. Thus, the electrolyzer and the fuel
cell perform the same reactions but in opposite directions. This is why some fuel cell
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Figure 4.11 The concept of the RFC.

technologies are also used as electrolyzers by reversing the electric current flowing
through them.

As electrochemical cells, fuel cells are comprised of two electrodes and an elec-
trolyte, which enables ion exchange between them. The anodic and cathodic regions
are separated by a polymeric membrane. The types of electrolyte are diverse and
determine the performance of the cell; for example, the pressure of the hydrogen
produced and the operating temperature. Electrolytes can be liquid or solid. Con-
ventional electrolyzers use liquid alkaline electrolytes, while modern ones use solid
electrolytes. The latter type is known as the proton exchange membrane fuel cell
(PEMFC). Depending on the sizing of the system, different types of fuel cells can
be used. For instance, the PEMFC, which is the most used technology (it operates at
80 ◦C), is preferable for industrial applications, as stacks of 100 kW of rated power
can easily be found on the market. For high-power applications (in the range of MW),
the so-called solid oxide fuel cell (SOFC) – which operates at 650 ◦C – is a good
option, as 2 MW stacks can be found on the market.

For illustrative purposes, the electrochemical reactions in a fuel cell using PEM are
depicted as follows:

H2 ⇔ 2H+ + 2e− (anode),

1
2

O2 + 2H+ + 2e− ⇔ H2O (cathode),

H2 +
1
2

O2 ⇔ H2O (total).
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As can be noted, the hydrogen gas (the fuel) stored in the tanks, or in another storage
medium, is reduced in the anode. The electrons delivered flow through the external
load to which the system is connected, while the hydrogen protons travel through the
polymeric electrolyte to the cathode. There, they combine with oxygen gas to form
water. As an exothermic reaction, this also delivers heat. The thermodynamic voltage
in the cell is 1.227 V. However, in practice, such a voltage is not achieved because
of the efficiency of the cell. According to Harrison et al. [120], a PEMFC operating
at standard operating conditions – that is, using hydrogen and oxygen at 25 ◦C and
1 atmosphere – provides a cell voltage of around 0.8 V, yielding a voltage efficiency
of around 0.8/1.227 = 0.65, or 65%.

It is important to note that there are several ways to store hydrogen [121]: it can
be stored in gaseous or liquid form. The storage of hydrogen gas in metal tanks is
currently the most mature, cheapest, and most reliable method. In this way, hydrogen
can be stored for several hours (up to 30 h) without noticeable losses.

Modular designs of RFC can be built up to 100 MWh/10 MW storage systems.
As flow batteries, the energy capacity of the system depends on the stored volume
of, in this case, hydrogen. This means that RFCs are able to inject or absorb power
continuously for several hours. The remarkable characteristics of this technology are
its high ramp power rates, even at partial load, and its great cyclability, which is
greater than the cyclability of flow batteries and conventional batteries. On the other
hand, the high flammability of hydrogen gas must be properly addressed by adequate
safety measures. The major drawback of the technology, however, is its low energy
efficiency. Assuming energy efficiencies for the electrolyzer and the fuel cell of about
60 and 70%, respectively, the round-trip efficiency of the system falls to 42% [122].

For an overview of the various energy storage systems (ESSs) described in this
chapter, see Figures 4.12 and 4.13 and Tables 4.1 and 4.2.

4.2.5 The Flywheel Energy Storage System (FESS)

Flywheels store kinetic energy in a rotating disk that is mechanically coupled to the
shaft of an electrical machine. When the machine accelerates – that is, operates as a
motor – energy is transferred to the flywheel and stored in the form of kinetic energy.
In opposite terms, the flywheel is discharged when the electrical machine regenerates
through the drive; that is, when the speed of the system is reduced [123]. Thus, the
energy stored by flywheels can be expressed by

Efw(joules) = 1
2

J𝜔2, (4.6)

where J (in kgm2) is the inertia of the rotating parts – that is, the flywheel itself and
the rotor of the machine to which it is connected – and 𝜔 is the rotational speed, in
rad/s. Figure 4.14 depicts the topology of the system.
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Figure 4.12 The discharge time at rated power of the considered ESSs. Source: Dı́az-
González et al., 2012 [42]. Reproduced with permission of Elsevier.

The energy capacity of the system is thus limited by the maximum and minimum
operating speeds of the flywheel. The power capacity is limited by the maximum
torque produced at the shaft of the electrical machine, which is directly translated
into an electric current. Therefore, the ratings of the electrical equipment bound the
maximum or peak power of the system.

Nowadays, flywheels are high-tech systems. All rotating parts are supported by
advanced magnetic bearings in order to reduce friction at high speeds. Also, with
the aim of reducing wind shear, the structure is placed in a vacuum. Moreover,
advanced lightweight but high-strength composite materials are used in the rotating
disk. In addition, an advanced high-speed electrical machine is included in the system.
Commercially, axial-flux and radial-flux permanent magnet machines are most often
used in flywheels. And, finally, the electric power exchanged with the grid at the
connection point of the system is run through controlled electronic power converters.
All this technology is used to configure two types of flywheels, depending on the
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Figure 4.13 A comparison of the energy efficiencies for various kinds of storage, according
to the data presented in Table 4.2.

rotational speed range. Low-speed flywheels operate in the range of thousands of
revolutions per minute (rpm), while high-speed flywheels can reach speeds in the
range of tens of thousands.

The major advantages of flywheels are their high efficiency (around 90% at rated
power), their very long cycling life (up to 107 cycles), their very high ramp power
rates, and their high power and energy density [115, 123]. On the other hand, the use
of flywheels is limited to short-term storage applications, as the self-discharge rate of
the system is around 20% of the stored capacity per hour. In fact, flywheels are only
able to inject or absorb power at full load for a few minutes.

4.2.6 Superconducting Magnetic Energy Storage (SMES)

In this type of system, the energy is stored in a magnetic field. This magnetic field
is created by a DC current flowing through a superconducting coil at cryogenic
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Table 4.1 The specific energy and power, as well as the cycling capability and life in years,
of ESSs

Technology
Specific energy
(Wh/kg)

Specific power
(W/kg) Cycling capability Life (yr)

PHS – – 2×104–5×104 [124] 30–50 [93],
50 [102]

HESS 100–150 [117],
400–1000 [117]

– 2×104 [117] 15 [117]

CAES 3.2–5.5 [107] – 104–3×104 [124] 30 [125],
40 [126]

VRB 20 [126],
25–35 [112]

166 [127] 1000 [110],
13 000 [128]

10 [118],
15–20 [129],
20 [126, 112]

ZBB 60 [110],
70–90 [117],
75–85 [109]

45 [130] 2000 [131],
2500 [128]

8–10 [129]

PSB – – – 15 [112]
NaS 100 [110],

175 [132]
115 [130],

90–230 [114]
2500 [101] 12–20 [102],

10–15 [93]
Lead–acid 30 [107],

35–50 [133]
180 [107],

200 [130]
200–300 [134],

500 [135],
1200–1800 [107],
1800 [136]

5–15 [107]

Ni–Cd 30–40 [137],
50 [107, 110],
45–80 [133]

100–150 [137],
160 [130]

3500 [138][98] 13–16 [129],
20 [133, 98]

Li-ion 80–150 [107],
100–150 [110],
160 [133],
120–200 [139]

245–430 [137],
400–500 [132],
500–2000 [107]

1500 [107],
3500 [140]

14–16 [129]

SMES 10–75 [141] – 104–105 [223] 20 [130]
FESS 20 [117],

5–80 [142],
5–100 [107]

11 900 [143] 105–107 [107] 20 [169]

SCESS 2–5 [139],
5.69 [144],
1–10 [145],
10 [142],
5–15 [90],
30 [146]

800–2000 [90],
2000–5000 [139],
10 000 [107, 145],
13 800 [144],
23 600 [147]

5×105 [107],
106 [145]

8–10 [90],
12 [107],
17 [148]

temperatures. Superconductor materials present almost negligible resistance while at
cryogenic temperatures, so the magnetic field in the coil can be created and maintained
with a very small amount of current flowing through it; very little energy is dissipated
by ohmic losses. Figure 4.15 presents the topology of the system.
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Table 4.2 The energy efficiency, daily self-discharge, and manufacturers of ESSs

Technology Energy efficiency (%)

Daily
self-discharge
(%) Manufacturers

PHS 65–75 [93], 67 [102],
75–80 [107][126]

No [102] First Hydro Company [56],
MWH [149]

HESS 35 [90], 40 [125],
35–40 [150], 42 [122]

No [151] Fuel Cell Energy, Inc. [151]

CAES 70 [90], 71 [126],
73 [107]

No [102] Dresser–Rand [152]

VRB 65–75 [118], 76 [126],
75–85 [109],
78 [128], 72–88 [136]

Very low [118] Prudent Energy Corporation
[118], Vionx Energy [153]

ZBB 68 [128], 70 [154],
80 [112], 75–85 [109]

No [113] Redflow [113], ZBB Energy
Corporation [155]

PSB 60–65 [129], 75 [112] No [112] –
NaS 75–85 [93], 80 [98],

85 [102], 84–87 [107]
No [101] NGK [156]

Lead–acid 75–80 [93], 70–80 [136] <0.1 [107],
0.1 [89, 157],
0.2 [154]

Alcad [158], Exide
Technologies [159]

Ni–Cd 72 [160] 0.2 [157],
0.3 [107]

Saft [161], Alcad [158],
Harding Energy, Inc. [137]

Li-ion 78 [140], 88 [162] 1 [89], 5 [107] A123 Systems [163], Li-Tec
Battery GmbH. [164],
Harding Energy, Inc. [137]

SMES 80 [89], 90 [223],
95 [165]

10–15 [166] Superconductor
Technologies, Inc. [167]
SuperPower, Inc. [168]

FESS 85 [90] 100 [107] Beacon Power [169], Active
Power [170], Piller [171]

SCESS 65 [154], 80 [89, 286],
90 [172, 173]

5 [90],
10–20 [89]

Maxwell [148], EPCOS
[174], NEC–Tokin [175]

The energy stored is determined by the self-inductance of the coil L (in henries)
and the square of the electric current I (in amperes). Thus,

ESMES(joules) = 1
2

LI2. (4.7)

There are two types of SMES systems, depending on the working temperature of
the coil: SMES systems based on high-temperature coils (HTS) and low-temperature
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Figure 4.14 The illustrative topology of a flywheel-based ESS.

Figure 4.15 The illustrative topology of an SMES system. The liquid helium is contained in
the two tanks on the left, while the tank on the right contains the superconducting coil. Source:
Nielsen, 2010 [176]. Reproduced with permission of K.E. Nielsen.
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coils (LTS). The former work at temperatures around 70 K, while the latter work at
temperatures around 5 K. Therefore, a key aspect for proper operation of the latter
system is to maintain these low operating temperatures. However, due to the very
low energy consumption of the system’s cryocoolers, the energy efficiency of SMES
systems is very high, at around 90% [223, 273].

The major advantage of SMES systems is related to their ability to inject or
absorb vast amounts of energy in a very short time. In fact, in this regard they
compete with supercapacitors (see Section 4.2.7). We can establish an analogy
between the charge/discharge temporal profiles of supercapacitors and SMES sys-
tems: while the charging time constant of supercapacitors is proportional to the
equivalent resistance of the electrolyte and the capacity of the supercapacitor cell,
in SMES devices it is proportional to the resistance of the coil and its self-inductance.

Also, the cyclability of the system is very high, at up to 105 cycles at 100% of
DoD. On the other hand, the use of SMES devices is limited to short-time storage
applications, as the self-discharge rates of the system are relatively high, in the range of
10–15% of the rated energy capacity per hour. Also, it is worth noting that this type
of storage device becomes completely discharged in a very short time, discharging at
full load (in the range of seconds up to few minutes).

Intensive R&D activities are still pending around SMES, with the objective of
making this technology technically and economically implementable. Few demon-
stration projects can currently be found worldwide. One example is that carried out by
SuperPower, Inc., in collaboration with ABB, Inc., Brookhaven National Laboratory,
and the Texas Center for Superconductivity, at the University of Houston [168]. The
project was focused on the development of a 20 kW/MJ SMES device.

4.2.7 The Supercapacitor Energy Storage System

Supercapacitors are based on electrochemical cells that contain two conductor elec-
trodes, an electrolyte and a porous membrane that permits the transit of ions between
the two electrodes. Thus, the presented layout is similar to the electrochemical cells of
batteries. The main difference between supercapacitors (or ultracapacitors, or double-
layer capacitors, depending on the literature) and batteries lies in the fact that no
chemical reactions occur in the cells, but the energy is stored electrostatically in the
cell [145, 177].

In supercapacitors, the electrodes and the electrolyte are electrically charged (the
cathode is positively charged, the anode is negatively charged, and the electrolyte
contains both positive and negative ions). At each of the electrode surfaces there is
an area that interfaces with the electrolyte, and it is in each of these areas where the
phenomenon of the “electrical double layer” occurs.

By applying a voltage between the electrodes, both the electrodes and the electrolyte
become polarized. This means that the positive charge of the cathode is transferred
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Figure 4.16 The illustrative topology of a supercapacitor, depicting the electrical double
layers at each electrode/electrolyte interface.

to the area interfacing with the electrolyte, forming a layer of positive ions. In turn,
the negative ions of the electrolyte are transferred to the same electrolyte/cathode
interface, forming a negative charge-balancing layer of ions. These two layers build
up an “electrical double layer.” The mechanism behind the operating principle of such
a double layer can be explained using the Helmholtz model. The model establishes
that the two layers are separated by a layer of solvent molecules of the electrolyte,
called the inner Helmholtz plane. This layer of solvent molecules actually separates
the positive and negative charges of the electrode and electrolyte, thus acting as
a dielectric. Ultimately, there is a potential difference between the two layers of
positive and negative ions derived from the electric field within them, and the double
layer can be taken to resemble a capacitor (the described double-layer concept can be
observed in Figure 4.16; see also Figure 4.17).

Therefore, the magnitude of the electrical potential V (in volts) between the two
layers of positive and negative ions at each electrode/electrolyte interface, in conjunc-
tion with the resultant capacitance F (in farads), determines the energy stored in the
supercapacitor. Thus,

Esc(joules) = 1
2

CV2. (4.8)

The voltage generated in the cell is dependent on the strength of the electric field
between the layers building up each of the “electrical double layers” described above.
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Figure 4.17 Supercapacitor modules from Maxwell Technologies, Inc., in a configuration
on a test bench in the IREC laboratory. Source: Adapted from IREC, 2015 [108].

This electric field is, in turn, proportional to the amounts of positive and negative ions
located at the electrode/electrolyte interface. So to avoid transfer of ions between the
two layers of positive and negative ions, thus decreasing the voltage within the double
layers, the breakdown voltage of the dielectric should be maximized. As noted before,
this dielectric is provided by solvent molecules of the electrolyte. In this way, the
selection of the electrolyte is key to ensuring the maximum energy capacity. Usually,
both aqueous and organic electrolytes are commonly found, the latter being the most
common type. With aqueous electrolytes, a cell voltage of around 1 V can be obtained,
while it can be increased up to 2.5 V by using organic types [178].

As stated in Equation (4.8), the second factor affecting the energy capacity of
supercapacitors is the capacitance of the cell. The capacitance C (in farads) of a
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capacitor is given by the quotient between the stored charge Q (in coulombs) per unit
of voltage V (in volts), so

C = Q∕V . (4.9)

In addition, it can be expressed as a function of the permeability of the dielectric,
its thickness, and the area holding each of the layers of the electrical double layer.
Then,

C = 𝜀𝜀0
A
d

, (4.10)

where 𝜀 is the dielectric constant, 𝜀 is the permittivity of a vacuum, A is the effective
area of the surface of the electrode, and d is the dielectric thickness.

In order to maximize the capacitance, different metal-oxide electrodes, electron-
ically conducting polymer electrodes and activated carbon electrodes, are used in
industry. These materials are porous, so they can maximize the effective area of the
electrode in which ions can be allocated. The most common types are the ones based
on activated carbon, since they can lead to supercapacitors with a high energy density
and capacitances around 5000 F [145]; that is, capacities up to 1000 times per unit
volume more than those of conventional electrolytic capacitors.

With regard to the distribution of capacitance between the two electrical double
layers in the cell, we can distinguish between symmetrical and unsymmetrical super-
capacitors. Symmetrical ones are those with the same effective area in both electrodes.
Since the cell can be considered to resemble two capacitors in series (given by the
two double layers at each electrolyte/electrode interface), the total capacitance can be
formulated as

Ceq =
C1C2

C1 + C2
, (4.11)

where C1 and C2 are the equivalent capacitances in each electrical double layer.
As mentioned, the electrolyte and electrode materials have a fundamental influence

on the energy and power capacity of the supercapacitor, and also on its dynamic
behavior. To be precise, and with reference to the supercapacitor dynamics, one
defining parameter is the so-called charge/discharge time constant, 𝜏. This is given
by the product of the equivalent series resistance (ESR) of the supercapacitor and its
capacitance. Thus,

𝜏 = RC. (4.12)

The time constant is the time needed to discharge 63.2% of full capacity with a current
limited only by the internal resistance – or the ESR, as it is commonly known – of the
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Figure 4.18 The capacitance and the ESR as temperature-dependent characteristics. Source:
Adapted from Maxwell Technologies, Inc., 2015 [148].

supercapacitor. The ESR weights the losses in the supercapacitor while charging and
discharging; that is, those associated with the movement of ions within the electrolyte
and across the separator. The ESR is normally in the range of milliohms [179] and is
a temperature-dependent parameter, as presented in Figure 4.18.

Apart from the ESR and the capacitance, the third characteristic parameter for the
supercapacitor is the leakage resistance, which weights the self-discharge of the cell.
This resistance is much higher than the ESR. All three parameters – the capacitance,
the ESR, and the leakage resistance – can be found in manufacturers’ datasheets,
and from them, averaged models for supercapacitors can be built (as presented in
Chapter 6.

In summary, supercapacitors are characterized by offering high ramp power rates,
high cyclability (comparable with the cyclability of flywheels), high round-trip effi-
ciency (of up to 80%), and a high specific power, in W/kg, and power density, in W/m3

(10 times more than for conventional batteries). The latter characteristic defines super-
capacitors as well suited for applications that impose major volumetric restrictions.

On the other hand, major drawbacks of the technology are related to its high self-
discharge rates (of up to 20% of the rated capacity in only 12 h) and its limited
applicability to situations where high power and energy are needed. In fact, the devel-
opment of supercapacitors is mostly focused in fields such as automotive and portable
devices. Finally, it is worth noting that as a short-timescale ESS, supercapacitors are
unsuitable in that they are expensive in comparison with other competitors such as
flywheels. Their cost is estimated as 10 times the cost per kWh of flywheels.
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Supercapacitors are, in general, young technologies. The first prototypes were
developed in 1957 by H.I. Becker (General Electric). However, the first related stud-
ies were carried out in the nineteenth century by Helmholtz, who discussed the
electrical behavior of a metal surface while immersed in an electrolyte. Currently,
intense research activity is under way to scale up supercapacitor size, and to improve
their performance, so that they will be suitable for both stationary and nonstationary
applications – such as, for instance, in the field of electromobility.

4.2.8 Notes on Other Energy Storage Systems

To extend the catalog of storage technologies previously presented, this section tan-
gentially approaches the field of thermal storage. In particular, the case of thermal
storage in molten salts, widely used in solar plants and in the field of renewable gen-
eration, is explained. The second technology to be approached here is the so-called
“power-to-gas” (P2G) concept. Again, its description is included here since – apart
from attracting much attention from industry and the energy sector in general – this
technology can be associated with the storage of wind power.

4.2.8.1 Molten Salts as a Thermal Storage Medium

Thermal energy is usually stored at the moment of being produced, so as to avoid
energy losses due to conversion of other types of energy (e.g., electrical energy) to
thermal energy. So by thermal energy storage technologies, we mean systems that
absorb, store, and release thermal energy, in a controlled manner, for application for
other purposes. The field of thermal energy storage is very extensive. Nevertheless,
we can classify the available technologies into three main categories: sensible heat
media, latent heat media, and chemical heat media [180].

The energy storage capacity in sensible heat media depends on the specific heat
characteristic (ce, expressed in kJ/kgK) of the particular medium – solid, liquid, or
gas – which is properly and thermally isolated so as to reduce heat losses. Therefore,
the regulation of the stored energy is through the management of the mass media,
and also through its temperature. For example, a sensible storage medium can be as
primitive as a heated rock. Imagine that it is contained inside an oven, which is turned
off during the night. In these conditions, the progressive temperature decay of the
rock during the night is directly translated into thermal energy that can be used to heat
the food inside the oven. Sensible heat media are the most utilized thermal storage
systems due to the relative simplicity and maturity of the technology [181].

While thermal energy transfer mechanisms in sensible heat media are based on
temperature variations, the temperature is kept constant in latent heat media. Here,
the thermal energy is released or stored by a material during phase change processes
(e.g., from solid to liquid) [182]. Finally, chemical heat storage media are those based
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on exothermic chemical reactions in a substance that, as a result of that process, is
separated into two components. The resultant two components can be associated again
by reversing the process and applying heat, thus performing an endothermic reaction.

In solar power plants, molten salts are widely used as sensible heat media. There
are several practical examples of such systems worldwide [181]. Normally, the salts
utilized can be either organic or inorganic: examples include sodium nitrate, potas-
sium nitrate, and lithium salts. The operating temperature of the salts, and there-
fore, of the thermal storage system, oscillates between 292 and 386 ◦C [181].
The particular example of the Andansol I to III solar power plants (in Granada,
Spain) is reported in Solar Millennium AG [183]. As presented in that article,
28 500 tons of molten salts are heated, using part of the heat collected from the
sun by the solar field and transmitted by a heat transfer fluid (HTF) to a HTF/molten
salts heat exchanger. Through this exchanger, “cold” molten salts from one of the
two storage tanks are heated and stored in the “hot” molten salts tank. This hot
molten salts are used to heat the HTF, which in turn is used to run the turbine–
generator system and therefore generate electricity. Figure 4.19 shows the system
topology.

In this way, thermal storage can be used in the plant for various purposes. Amongst
the possible applications, the stored thermal energy can be used to prevent steam tur-
bines from being shut down due to intermittent steam production from solar isolation

Gen

Cooling tower

Steam

turbine

Hot salt tank

Cold salt tank

Solar field
Energy storage 

system
Power block

Figure 4.19 The topology of a solar power plant with a storage system based on molten salt.
Source: Adapted from Solar Millennium AG, 2015 [183].
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in cloudy periods. Also, the stored energy can be used to run a steam turbine during
hours with no sun, thus time-shifting the electricity production when required. In the
particular case of the Andasol plant, the capacity of the storage system permits the
plant to continuously generate electricity for up to 7.5 h of no sun.

4.2.8.2 The Power-to-Gas Concept

Power-to-gas refers to the conversion of electricity (normally from renewable genera-
tion) into a gas that can be used as a fuel in various applications (e.g., the tertiary sector,
the gas grid, mobility, and industry). This gas can be hydrogen or synthetic methane,
which can be delivered to final users by relying on the huge gas transport capacity of
gas pipelines (in the order of TWh in energy) [184]. This concept is considered one of
the most promising strategies for renewable integration and decarbonization of large
interconnected power systems.

When hydrogen gas is obtained, it is produced by an electrolyzer, and hence by
means of water electrolysis (see Section 4.2.4). In this case, an excess of renewable
generation that cannot be injected into the power system can be transformed into
chemical energy, in the form of hydrogen gas, which in turn can be stored in tanks
to be used later for other purposes (e.g., as fuel for a fuel cell to produce electricity
again, or as a fuel gas to fire a gas turbine). Moreover, the hydrogen can be used not as
a gas for generating electricity, but as an industrial fuel and for vehicles, for example,
or it can be injected into natural gas pipelines for transport for other uses. However,
this last option is limited by the fact that due to the high flammability of hydrogen,
its total volume stored in pipelines is limited by European regulations to between
0.2 and 12% of the total natural gas transport capacity, depending on the country
[185].

Moreover, hydrogen can be used, in conjunction with CO2, to produce synthetic
methane by means of a catalytic process called methanation. This is based on the
Sabatier principle, and yields the following chemical reaction [184]:

CO2(gas) + 4H2(gas) ⇔ CH4(gas) + 2H2O(liq.).

As can be noted, carbon dioxide and hydrogen gas react to create methane and liquid
water. The process is exothermic, yielding 165 kJ/mol of thermal energy per mass unit.
The efficiency of this process proves to be between 70 and 85%, with the remainder
emitted as heat [186]. The carbon dioxide can be obtained from the atmosphere,
from biomass or biogas, or fossil fuel driven power plants equipped with carbon
capture.

The overall energy efficiency can vary dramatically depending on the number
of energy conversions involved in the process. As a figure of merit, it is worth
noting that the electricity/hydrogen gas conversion efficiency is around 70%;
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Figure 4.20 The power-to-gas concept. Source: Adapted from Grond, Schulze, and Holstein,
2013 [186].

electricity/electricity using hydrogen gas can fall to 40% (see Section 4.2.4); and
electricity/hydrogen gas/methane gas conversion results in around 50–60%. These
percentages also depend on the storage media (e.g., metallic tanks in which hydrogen
can be stored at pressures up to 350 bar [42]), on the losses incurred during transport
in gas pipelines, and on the technology of electrolyzers, amongst other factors.
Figure 4.20 graphically depicts the power-to-gas concept explained above.

This technology, although very attractive from the point of view of the design and
operation of large power systems, is still incipient. However, several demonstration
projects can be found at the European level. The largest was commissioned in 2013 by
Solar Fuel GmbH, in Germany, at the behest of vehicle manufacturer Audi AG. This
plant produces hydrogen and synthetic methane from electricity, water, and carbon
dioxide (which comes from a nearby biogas plant). The gas produced is to be injected
into the local gas distribution grid, with the aim of feeding compressed natural gas
for vehicles. The capacity of the installation can reach up to 6.3 MW in electricity
consumption, yielding 360 Nm3 per hour of synthetic methane [186].

As further proof of the interest that this technology is attracting, we note here
European platforms such as dena’s Strategieplattform Power to Gas [187] (in
Germany) and the North Sea Power to Gas Platform [188], which aim to conduct
dialogs with politicians, disseminate the concept of the technology, and promote col-
laboration between industry, associations, and science, altogether around the power-
to-gas concept.
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4.3 Power Conversion Systems for Electrical Storage

The power electronics used are diverse and depend on the type and final application
of the storage system. Accordingly, the objectives of this section are twofold: (i) to
provide a general view of the topology of power conversion systems, addressing the
type of storage container; and (ii) to present actual examples of representative power
conversion systems utilized in different fields of application. Finally, some notes on
battery management systems (BMSs) are presented, since they are closely related to
the power electronics discussed here for batteries, as they act as an interface between
the storage technologies and the electrical systems to which they are connected.

4.3.1 Application: Electric Power Systems

4.3.1.1 A General Description

Those storage technologies not synchronized with the network are connected through
and managed by power electronics. Regardless of the specificities of the various
storage technologies, the power conversion systems for all forms of storage can be
made to resemble the topology presented in Figure 4.21. As can be noted, the power
conversion systems for all kinds of storage include a common part, composed of
switchgear, a coupling transformer, an inductive filter, and the so-called grid-side
converter (GSC). This converter interfaces the AC grid voltages with the DC link.
The aim of this converter is to ensure a constant and stable voltage at the DC link, to
ensure that the control algorithm of the storage-side converter (SSC) works properly.

The topology of the SSC can vary between a three-phase inverter and a buck
DC–DC converter. The former relates to flywheels, while the latter is employed for
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Figure 4.21 The normal topology for power conversion systems for storage not synchronized
with the network.
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Figure 4.22 The normal topology for the GSC.

batteries, flow batteries, supercapacitors, and SMES devices. The aim of the SSC is
to actually manage the electric power absorbed or delivered by the storage container.

The type of the GSC usually corresponds to a three-phase, two-level H-bridge
structure, as depicted in Figure 4.22. This mature architecture is widely proven for
configuring bidirectional power converters that can handle a few megawatts, assuming
that both the AC and the DC voltage levels are in the range of kV. To further increase the
ratings of the converter, such a structure should consider paralleling and/or serializing
power switches (which are usually IGBTs).

There are other options, though, such as multilevel converters [189, 190] (see,
e.g., Figure 4.23). The main advantage of these converters compared to two-level

DC link Grid-side converter
Inductive 

filter

Figure 4.23 The three-level neutral point clamped inverter.
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Figure 4.24 Buck DC–DC converters for energy storage.

H-bridge structures is the ability to provide more output voltage levels, higher voltage
amplitudes, and a larger output power.

Furthermore, another interesting option is those based on multiple module con-
verters. The idea behind this concept is to connect several modules or converters
in parallel and/or in series to increase their capability and reliability. The cascaded
configuration is also known as the modular multilevel converter (MMC). It consists
of several interconnected modules, each one of which, configured into a single-phase
H-bridge (or half-bridge), has its own capacitors, enabling different voltage levels
on each module. It is worth remarking that such designs are well established on the
HVDC transmission systems market, as they allow us to reach tens and even hundreds
of kV [191]. ABB, Siemens, and Alstom have their own concepts, called HVDC
Light, HVDC plus, and HVDC MaxSine, respectively. Their application in the field
of storage is still under discussion.

As previously noted, the type of SSC varies between DC–AC and DC–DC structures
depending on the storage container. For flywheels, the SSC can present the same
structure as for the GSC. In this case, both the GSC and the SSC would be used to
configure a symmetrical AC–DC–AC power conversion system, with two converters
in a back-to-back arrangement.

Conversely, for DC–DC SSCs, the type of converter can vary depending on the
final application. Accordingly, some structures are described in the following sections.
Buck DC–DC architectures are widely employed for storage in electric power systems
(see Figure 4.24).

4.3.1.2 Examples of Real Systems

Normally, the energy and power capacity needed for storage systems in applications
related to power systems are huge. For instance, the storage facility would be required
to exchange tens of MW over a period of several hours while being supposed to
compensate mismatches between generation and demand in the network.

Such huge outputs can be provided by a few particular forms of storage, such
as pumped hydroelectric installations. However, there is no battery or flywheel on
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Figure 4.25 A graphical representation of the Siemens SIESTORAGE containerized solu-
tion. Source: Adapted from Siemens AG, 2015 [192].

the market able to match this performance. Thus, modular and scalable designs are
necessary to reach the required ratings, and these are just realizable with the proper
power conversion system design.

On the market, we can find several modular battery-based solutions, designed to
be connected in medium-voltage networks. Siemens’ example [192] is called the
SIESTORAGE system. This system packs up to 16 Li-ion battery modules, reaching
up to 96 kW/24 kWh, into a cabinet. The output voltage of the battery modules is
around 60 V DC, so the cabinet includes an inverter, which steps up the voltage to
400/230 V AC. Then, a coupling transformer can be connected to further increase
the voltage to the MV range in order to connect the system to the power system. A
schematic of the system is shown in Figure 4.25.

The rating of the system can be further increased by paralleling the cabinets
described above. The resultant is a containerized solution rated at up to 2 MW/500 kWh
of power and energy capacity.
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Such modularity and scalability can be also observed in Alstom’s example [193],
called MaxSineTM eStorage. This system can reach 1.25 MW per module. A project
reference using this technology is reported by the manufacturer [194]. In this case,
the MaxSineTM technology was used to configure a 1 MW/560 kWh installation at
the primary substation of a microgrid in the municipality of Carros (French Riviera),
for peak-load management.

ABB’s alternative is called DynaPeaQ® [195]. This system is based on voltage
source converters building flexible AC transmission systems (FACTS) for application
in transmission and distribution networks. ABB claims that ESSs based on this tech-
nology can be rated at 50 MW/50 MWh and beyond. These ratings are not achieved
by paralleling containerized independent modules rated at 1–2 MW, all equipped
with storage and dedicated power inverters (as in the Siemens and Alstom examples).
Instead, a single power converter can be rated at a multi-megawatt scale by proposing
the use of converter topologies employing series-connected high-power IGBTs. Doing
this, power converter branches can withstand higher electrical potentials between their
terminals, thus increasing the power capacity of the device. Such multi-kilovolt elec-
trical potential on the DC side of the GSC is supposed to be directly provided by
strings of several Li-ion batteries connected in series, so SSCs are not needed.

An example of the application of this system is reported in Wade et al. [196]. This
work, written prior to the commissioning of the system, discussed the optimal location
and operation. The storage system was rated at 200 kW/200 kWh (so in this case, the
authors were not configuring a multi-megawatt system). The ratings of the converter
were increased to 600 kVA to also exchange reactive power. The final application of the
system is in a meshed medium-voltage network (11 kV) with distributed generation.
The storage system is composed of a string of Li-ion battery modules, which provide
up to 5.8 kV DC. An inverter and a step-up transformer connect the system to the
electrical network. Figure 4.26 depicts the topology of the system.

To complete the description of actual examples of power conversion systems for
storage in the electric power system, the following paragraphs present a modularized
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Figure 4.26 ABB’s example of a multi-megawatt medium-voltage energy storage solution.
Source: Adapted from Wade et al., 2009 [196].



134 Energy Storage in Power Systems

Figure 4.27 A flywheel-based storage plant for frequency control (20 MW/5 MWh). Source:
Beacon Power, LLC, 2015 [169]. Reproduced with permission of Beacon Power, LLC.

solution for flywheel-based storage installations. The adopted example is a flywheel
plant for frequency regulation in New York, commissioned by Beacon Power [169].
The system is comprised of 200 flywheel units of 100 kW/0.025 MWh, connected in
parallel to increase the ratings of the plant up to 20 MW/5 MWh. Figure 4.27 shows
the actual installation.

As mentioned above, all 200 flywheel units are connected in parallel. Accordingly,
the power conversion system of the storage plant is comprised of 200 AC–DC–AC
bidirectional power converters, one per flywheel unit, all connected on the grid side
in a single common coupling with the external network.

4.3.2 Other Applications I: The Field of Electromobility

Energy storage technologies are key in the field of electromobility, where they are
used for both stationary and nonstationary applications. The topologies of the related
power conversion systems are reported in what follows.

As discussed in the previous section, the topology of power conversion systems
for storage applied in medium-voltage power systems corresponds to modularized
and containerized solutions, able to reach multi-megawatt output levels. The required
high-power ratings, and also the need to control reactive power, suggested the use
of high-power IGBTs for power converters. Moreover, all power conversion systems
presented so far are bidirectional, so as to charge and discharge the storage system as
requested by the network.
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Figure 4.28 A thyristor-based battery charger and DC power supply system. Source: Adapted
from Schaefer, Inc. catalog; Schaefer, Inc., 2015 [197].

Now, looking at power converters for storage in the field of electromobility, bat-
tery chargers based on thyristors, which are able to exchange hundreds of kilowatts,
are also usually found. Unidirectional power conversion systems for battery charg-
ers can also be considered. For instance, such battery chargers are applied at both
railway onboard and trackside sites. An example of such a system is reported by
Schaefer, Inc. [197]. Briefly, and as figures of merit, it is worth noting that the
input voltage of such a converter is about 230 V (single-phase) / 480 V (three-
phase) AC, depending on the system. On the DC side, the output voltage varies from
12 V DC up to 400 V DC. The output (DC-side) current can reach 3250 A, alto-
gether bringing the power up to 500 kW. The topology of the converter is shown in
Figure 4.28.

One important remark at this point is that the blocking of thyristors is performed
when the waveform of the current flowing through the device is zero, so it is not fully
controlled as in the case of IGBTs. Therefore, ultimately, the alternating currents on
the AC side of the converter may not be in phase with the voltage waveform, resulting
in reactive currents. In this way, both active power factor correction (switching algo-
rithms) and passive strategies (the inclusion of ancillary components such as shunt
capacitor filters) need to be applied for this purpose.

In the portfolio of the manufacturer SMA [198], battery chargers for the field of
electromobility can also be found [199]. These chargers interface the battery with
the DC power supply system of the train or catenary. Therefore, this DC–DC power
converter steps the voltage input (e.g., around 530 V DC) down to suitable levels for
battery charging (e.g., 90 V DC). Since protection is needed against short circuits, this
DC–DC converter is based on a hard-switching half-bridge topology with galvanic
isolation, provided by a medium-frequency transformer. Figure 4.29 depicts such a
topology.

Apart from trains, one increasingly important market nowadays for battery chargers
in the field of electromobility is electric vehicles. For this purpose, there are several
types of battery charger, depending on the charge applied (fast or slow, one-directional
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Figure 4.29 An IGBT-based half-bridge DC–DC converter with galvanic isolation.

or bidirectional) and the type of vehicle (hybrid, pure electric, fuel cell, etc.), amongs
other factors.

Battery chargers for electric vehicles can be unidirectional or bidirectional. With
regard to unidirectional topologies, the simplest version can be comprised of a step-
down low-frequency transformer, coupling the main low-voltage grid with a single-
phase (or three-phase) full-wave diode rectifier, equipped on the DC side with a step-
down chopper [200]. Although cheap, such a converter does not provide controlled
battery charging, thus yielding poor performance and also reducing the battery life.
Figure 4.30 shows the topology of the converter.

While in the charging station, an electric vehicle can be viewed by the network
operator as a storage capability, so the operator may make use of the energy stored
in the battery to provide services to the grid. If so, bidirectional charging points are
needed, enabling bidirectional power flows between the grid and the vehicle. All these
related aspects are known as “vehicle-to-grid.” Suitable topologies for bidirectional
chargers can be those presented in Figures 4.31 and 4.32.

As can be noted, in Figure 4.31, the converter is coupled to the grid through a LV/LV
low-frequency transformer, which provides galvanic isolation for device protection
against short circuits in the network. The AC low voltage is rectified in a three-phase
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Figure 4.30 An uncontrolled single-phase unidirectional battery charger. Source: Adapted
from Davis et al., 1999 [200].
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Figure 4.31 A vehicle-to-grid charging point topology with a buck/boost DC–DC converter.

IGBT two-level inverter, which in turn is coupled to a buck/boost DC–DC structure
to step the voltage down to the required levels for battery charging and discharging.
The use of IGBTs enables the management of bidirectional power flows in the above-
mentioned scheme. One option to avoid the use of the buck/boost converter on the
DC side of the arrangement is to step down the AC voltage prior to feeding the
AC–DC inverter, as depicted in Figure 4.32. However, this bounds the magnitudes
of the AC voltages that can be obtained on the AC side of the inverter. In this case,
a transformer is used to step the voltage up to suitable levels for integration into the
grid. The values presented in Figure 4.32 correspond to a laboratory-scale test bench
in the IREC laboratory (see Figure 4.33).

4.3.3 Other Applications II: Buildings

Electrical energy storage also finds several applications in buildings, such as in config-
uring uninterruptible power supply systems (UPSs) for critical loads. The importance
of such systems is intensified, for instance, in data centers. Such installations are char-
acterized by having to manage a huge amount of consumption from critical computers
(e.g., web servers, bank databases, etc.), that have to be fed and cooled 24/7. In this
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Figure 4.32 A vehicle-to-grid charging point topology without a buck/boost DC–DC
converter.
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Figure 4.33 A vehicle-to-grid charging point topology without a buck/boost DC–DC con-
verter: the IREC test bench for research into second-life batteries from electric vehicles.

way, UPSs are key for ensuring the required performance and service level of the
installation [201].

An example of the topology of UPSs is presented in Figure 4.34. This topology is
usually called “double conversion UPS,” because the power coming from the main
AC grid is rectified by the grid-side converter (GSC) and then inverted back again
by the load-side converter (LSC). Data center operators do not rely on the “dirty”
– and subject to interruptions – supply from the main grid, so the above-mentioned
AC–DC–AC conversion ensures a fully conditioned power supply to critical loads. To
do so, the power converters of the UPS are normally based on controlled IGBTs, so
that, ideally, the output of the LSC feeding critical loads can be constant and “clean”
(without any voltage harmonics, flickers, frequency variations, voltage sags, and so
on). Alternatively, GSCs can also be based on thyristors [202]. However, this option is
not widely utilized in data centers, because a nearly unitary power factor at the input
of the converter cannot be guaranteed, as in the case of using IGBTs.

In normal operating conditions – that is, not experiencing mains failures – the
energy stored in the batteries should not be utilized. Therefore, they remain steadily
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Figure 4.34 The topology of a double conversion uninterruptible power supply (UPS) system.

charged and there is no power flow through either the batteries or the DC–DC power
converter interfacing the system with the DC link between the GSC and the LSC.
However, in the event of a mains failure, the energy stored in the batteries is fully
discharged through the DC–DC and LSC, so that the critical loads are not disrupted.

Finally, it is important to note that the DC–DC converter may be avoided, provided
that the voltage of the battery bank fits with the voltage requirements at the DC link.
If not, the DC–DC should be included, acting as a bidirectional buck/boost converter.

The ratings of double conversion UPSs can vary between tens of kVA up to hundreds
of kVA [202] and as building equipment, they are rated at low voltage (230 V AC
single-phase/400 V AC three-phase).

4.3.4 The Battery Management System (BMS)

The BMS is the system in charge of carrying out several functions related to battery
data acquisition, state monitoring, and control, so as to ensure proper and safe opera-
tion during the battery’s lifetime [203]. Therefore, the BMS is equipped with digital
and analog inputs and outputs to read and evaluate external signals such as voltages
and temperatures, and also to govern the power electronics of the battery to perform
charging and discharging processes. In fact, BMSs control parameters such as charge
and discharge parameters (mode, current, end-of-charge voltage, pulse current, DoD,
etc.), temperatures, and maintenance actuations, amongst others. By controlling all
these aspects, the BMS has a great influence on the battery lifetime [204].

The technology for building up BMSs varies with the battery pack type, size, and
final application. From a systems point of view, we can identify various architectures
for BMSs within a BESS, centralized and decentralized. In decentralized architectures,
each battery is equipped with a BMS performing precise data acquisition and state
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estimation functions, amongst others. In decentralized architectures, battery monitor-
ing and control is centralized by a central BMS or a high-level control system, which
receives data from the decentralized BMSs. This architecture is well suited for large
battery packs, as it is possible to perform better cell balancing and state estimation of
the system. On the other hand, centralized architectures for BMSs are well suited for
relatively small battery packs with less restrictive and demanding performance. One
of the main drawbacks of this architecture is the wiring between the central BMS and
each of the battery cells or modules configuring the battery pack.

As said previously, one of the main functions of the BMS is the state estimation of
the battery. The BMS determines the SoC and the state of health (SoH) of the battery.
In distributed BMSs, the individual BMS for each battery pack controls the battery by
varying the charging and discharging currents. Collectively, they inform the central
BMS about the SoC and SoH of each battery pack, and also about temperatures, cell
voltages, and other parameters. With this information, the central BMS allocates the
power demand for each battery pack, and computes individual setpoints for distributed
BMSs to improve the system performance, by minimizing temperature gradients
across battery cells, protecting the system from internal degradation and capacity fade,
ensuring optimal charging patterns, balancing cell charges, calculating electrolyte flow
in flow batteries according to the power demand, and so on. Therefore, the central
BMS is equipped with an optimizer algorithm which, apart from the already detailed
information, inputs exogenous signals such as those related to the final application
of the system (e.g., the active power demand for load balancing). This optimizer is
based on an embedded battery model, and the optimization algorithm used can be of
different nature, including predictive and adaptive types. Figure 4.35 depicts a BMS
architecture as usually deployed in modular battery-based designs.
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Figure 4.35 The concept of a BMS.
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4.4 Conclusions

In this chapter, the operating principles as well as the main characteristics of several
storage technologies and their related power conversion systems have been described.
In conclusion, it is worth making the following final remarks:

� Currently, there is an extensive catalog of storage technologies covering systems of
various natures and with various operating principles. The performance of all kinds
of storage can be expressed in terms of principal characteristics such as power and
energy capacity, cyclability, time response, and efficiency, amongst others. There
are no ideal storage media – each technology is best suited for different systems
and for different purposes – so any technology selection process should be based
on the above-mentioned metrics.

� Power conversion systems play a key role in the development and deployment of
storage technologies. The chapter has summarized the normal topologies for those
types of storage that are not synchronized with the external grid, but are connected
through power electronics. This review has demonstrated that power conversion
systems need to be adapted to the characteristics of the storage media, and also to
the final application of the system. Finally, to highlight the importance of power
electronics, the brief industrial benchmark carried out has demonstrated that, indeed,
scalability and modularity are currently driving the development of containerized
industrial solutions reaching multi-megawatt capacities.

� Nowadays, tremendous efforts are being made to improve the capabilities and
efficiencies of the available storage technologies, as well as to reduce their capital
costs. The aim of this research is to make ESSs economically suitable for different
fields of application.





5
Cost Models and Economic
Analysis

5.1 Introduction

The techno-economic feasibility assessment of energy storage technologies, as for any
other type of technology, is subjected not only to aspects inherent to the technology
itself (e.g., capital costs, energy efficiency, maturity, and so on), but also to exogenous
factors related to final application (e.g., electricity price, regulations and limitations
for usage, etc.). Therefore, one should take all these factors into account so as to come
up with the right decision on whether or not the inclusion of an storage system is
beneficial for the provision of particular services in specific environments.

Ultimately, the total expenditure of the project should take into account aspects
such as the capital costs of the technology, the operating and maintenance costs, and
the possible replacement costs of components during the lifetime of the system, as
well as those costs derived from the disposal and recycling processes. The sum of
all these factors yields the so-called “total life-cycle cost” of the system. Such a total
cost is preferably expressed in annualized form, to give yearly figures over the entire
life span of the system. In this way, these annualized costs can be intended as the
expenditure that the system operator is supposed to pay yearly, considering all of the
operations around the technology (e.g., purchase, installation, operation, repayment
of loans, and interest). Since the value of money will vary throughout the life span
of the project, the annualized costs are levelized, and hence adjusted by taking into
account future costs at a predicted discount rate. The discount rate is, precisely, the
most critical parameter for determining important financial metrics of the project such
as the net present value and the internal rate of return. For decision-making, and while
performing financial evaluations for investment, the discount rate should be defined
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Figure 5.1 The concept of life-cycle costs.

by the investor and, in general terms, this decision should take into consideration the
risk that money may be lost in investment and in terms of the opportunity cost of
the project compared to other alternatives. In any event, the discount rate is based
on market interest rates and can be nominal or real; that is, considering the effect of
inflation rates or not, respectively. Nominal discount rates are preferably adopted by
developers, while real discount rates are preferred by governments and policy-makers.

Taken together, all this makes up the “annualized life-cycle cost” CLC (in €/kW-yr),
as we call it hereinafter. Note that this magnitude is expressed per unit of power
delivered by the storage system. Figure 5.1 graphically depicts the concepts presented
above.

For decision-makers, the annualized life-cycle cost thus becomes an useful metric
with which to address the economic feasibility of the project. Moreover, dividing CLC
by the number of yearly operating hours of the system, one can determine a second
metric, which is the widely utilized “levelized cost of energy,” LCOE, expressed in
c€/kWh. The LCOE gives the economic resources that the storage operator (e.g., a
utility), needs to charge the storage system per energy unit that it delivers, hence
covering all costs around the technology. The LCOE is thus calculated as follows:

LCOE = 100
CLC

n × h
, (5.1)

where n is the number of discharge cycles per year and h is the discharge time, in hours.
This approach is adopted in Zakeri and Syri [205]. Another option for calculating the
LCOE is offered in Schoenung and Hassenzahl [206], as an alternative in the event
that the values of n and/or hd are not known. Such an alternative is formulated as
follows:

LCOE = 100
CLC

hd × d
, (5.2)
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where hd is the number of operating hours per day and d is the number of operating
days per year.

The rest of the chapter introduces a model for the economic assessment of storage
technologies, including the metrics presented above. The model will be also tested by
discussing a numerical example.

5.2 A Cost Model for Storage Technologies

This section presents a cost model for energy storage technologies. As previously
mentioned, cost models usually consider capital, operation and maintenance, and
replacement, as well as disposal- and recycling-related costs as the main life-cycle
cost components. Such an approach is adopted and discussed in several works (e.g.,
[93, 205, 206]). The model presented in this section is just the result of a synthetic
analysis of the above-mentioned works.

First, tackling the model description, the “annualized life-cycle costs” CLC (in
€/kW-yr) are formulated as

CLC = CI + CO&M + CR + CEoL, (5.3)

where CI weights the capital costs, which are associated with the acquisition and
installation of the system, CO&M are the operating and maintenance costs during the
system’s lifetime, the term CR represents the expected replacement costs due to wear,
and CEoL computes the disposal and recycling costs at the end of the lifetime of the
system. All these terms are expressed in annualized form, and hence in €/kW-yr. Each
of the identified main cost components is described in the following sections.

5.2.1 The Capital Costs

The capital costs considered mainly comprise the cost of the storage container, CSTO
(e.g., a battery pack), the cost of power conversion systems, CPCS (e.g., electronic
power converters), and the cost of the so-called balance of plant components, CBoP
(e.g., elements such as power transformers, protection, cooling systems, buildings,
and others). Considering all of these components, the estimated capital costs mainly
comprise the principal elements that are used to build up the energy storage system
(ESS), including not only the storage containers but also all the elements necessary
to interface the system with the grid, as well as to ensure its controlled and secure
operation. Thus, the total capital costs are computed as follows:

CT
I = (CSTO + CPCS + CBoP). (5.4)

Since it represents the initial investment for purchasing and installation, CT
I is

expressed in monetary units. However, such expenditure should be annualized over
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the time horizon of the project, Y (in yr), and expressed per unit of power rating, P
(in kW), for consistency with the rest of the costs contributing to CLC (see Equation
(5.3)). The annualization can be performed by affecting total capital costs – per unit
of installed power – by the so-called capital recovery factor (CRF) term, which is
formulated as follows:

CRF = i(1 + i)Y

(1 + i)Y − 1
, (5.5)

where i is the real discount rate. This term is widely utilized in financial assessments,
and concerning costs, can be considered as an annual payment, as a percentage of
the amount owed. Expressed in terms of the CRF, the annualized capital costs can be
calculated by means of

CI =
CT

I

P
CRF. (5.6)

The cost of the storage container is usually proportional to its storage capacity.
Thus,

CSTO = ce
E

𝜇 × DoDmax
, (5.7)

where ce is the specific cost per capacity unit (in €/kWh), E is the storage capacity in
kWh, 𝜇 is the round-trip energy efficiency – which is given by the quotient between
the electricity output at the point of connection of the system and the electricity input –
and DoDmax is the maximum depth of discharge (DoD) of the technology. The latter is
added to consider any possible unusable capacity in storage containers. For instance,
such capacity can be related to the remaining energy stored in battery cells at the point
at which the minimum operating voltage for the attached power converters is reached,
or the remaining capacity in flywheels when the minimum operating rotational speeds
for the system are reached.

The cost of the attached power conversion systems is computed as

CPCS = cpP, (5.8)

where the coefficient cp is the specific cost per power unit (in €/kW), and P is the rated
power of the system. The cost CPCS represents, for instance, the cost associated with
the electronic power converters managing the battery packs; the cost of the power
converters and the electrical machine regulating the energy stored in a rotating disk
in flywheel-based systems; and the cost of the turbine and the electrical generator,
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converting the gravitational potential energy of the water in pumped hydroelectric
storage (PHS) reservoirs into electrical energy.

Finally, the balance of plant costs, CBoP, refer to the costs associated with elements
such as power transformers, protection, and other equipment for grid connection and
integration, as well as ancillary systems such as cooling, monitoring, and environ-
mental isolation. According to Schoenung and Hassenzahl [206], such costs can be
expressed with reference to the power rating of the system, and thus in €/kW, and
they are highly dependent on the size of the installation. For instance, for bulk storage
systems such as PHS, the balance of plant costs are quite important, since dedicated
buildings for control and monitoring – as well as electrical equipment for grid connec-
tion and integration, such as transformers and even transmission lines – are needed.
On the other hand, medium and relatively small technologies such as battery banks
or storage for power-quality issues can be included in already existing substations or
generating installations, thus minimizing the capital costs in a dedicated balance of
plant equipment for the ESS. The total balance of plant costs can be estimated as
follows:

CBoP = cBoPP, (5.9)

5.2.2 Operating and Maintenance Costs

The operating and maintenance costs can be divided into fixed and variable categories.
The fixed costs are those that do not depend on the usage of the system throughout
its life span. For instance, the fixed costs can be those derived from the contracting of
maintenance services for ESSs.

Annualized fixed operating and maintenance costs, CO&MF
, are usually expressed

in €/kW-yr. Since they are annualized, they are affected by the annualizing factor Lm,
which can be formulated as follows:

Lm = CRF
x=Y∑
x=1

(1 + dcf)
x

(1 + i)x
, (5.10)

where dcf is the rate of variation of the operating and maintenance fixed costs. Thus,
CO&MF

can be formulated as follows:

CO&MF
= cfLm, (5.11)

where the term cf (in €/kW-yr) is the operating and maintenance fixed costs coefficient.
For just short-term ESSs, another important fixed cost is that of purchasing electrical

energy to compensate self-discharge losses while providing power quality services.
For most of the time, these systems are in the standby state, so they actually exchange
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electrical energy with the rest of the power system to which they are connected for
very short periods of time; for example, in the event of a mains failure while building
up “uninterruptible power supply” devices. Thus, continuous provision of energy is
necessary to maintain the required SoC. This cost is not considered for mid-term or
long-term ESSs, since they are not supposed to be in steady state conditions for the
majority of the time, but injecting and absorbing energy to or from the external grid
over periods of hours. For such storage installations, the losses due to self-discharge
are included in the round-trip efficiency, 𝜇, thus affecting the variable operating and
maintenance costs. Ultimately, for short-term ESSs, the annualized fixed operating
and maintenance costs can be formulated as follows:

CO&MF
= cfLm +

cel

100
d
24
𝜈Lel, (5.12)

where cel is the electricity cost in c€/kWh, d is the number of operational days per
year, and 𝜈 is the daily self-discharge ratio, expressed per unit of the energy storage
capacity. Finally, Lel weights the annualizing factor for the cost associated with the
electricity purchased, and can be formulated as follows:

Lel = CRF
x=Y∑
x=1

(1 + e)x

(1 + i)x
, (5.13)

where e is the yearly variation rate for the electricity price.
The variable operating and maintenance costs are those that depend on the usage

of the storage system throughout its life span. Apart from the costs of possible
eventualities of various kinds, such costs mostly represent the economic expenditure
of purchasing electrical energy (and also natural gas for compressed air energy storage,
CAES) over the life span of the system. For the sake of clarity, the cost of the electrical
energy for compensating parasitic or self-discharge losses is not included here. Instead,
within the variable operating and maintenance costs, we consider the energy consumed
by ESSs while being actively charged and discharged to provide different services,
such as load following or peak shaving.

The variable operating and maintenance costs, CO&MV
, are expressed in €/kW-yr.

Just including the cost for purchasing electrical energy, CO&MV
can be computed as

follows:

CO&MV
=

cel

100𝜇
n × h × Lel =

cel

100𝜇
hd × d × Lel, (5.14)

where Lel is the annualizing factor for the electricity price cel. As can be noted, the
terms n and h can be replaced by hd and d.
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CAES systems also consume natural gas apart from electricity, so this should be
reflected as a variable operating and maintenance cost. This results in

CO&MV
=
(

cel

100𝜇
Lel +

cgas

106
rgasLgas

)
n × h =

(
cel

100𝜇
Lel +

cgas

106
rgasLgas

)
hd × d,

(5.15)

where cgas is the cost per gas unit, in €/GJ, rgas is the gas consumption rate per unit of
electrical energy provided by the plant, in MJ/kWh, and Lgas is the annualizing factor
for the gas price, which can be formulated as

Lgas = CRF
x=Y∑
x=1

(1 + b)x

(1 + i)x
, (5.16)

where b is the inflation rate for the gas price.

5.2.3 Replacement Costs

The components building up an ESS suffer from aging effects to an extent that depends
on the required service level and the type of technology. For instance, the expected
lifetime of batteries depends on the applied DoD and the discharge rate, the operating
temperature, and the charging method, as shown in Figure 5.2.
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Figure 5.2 The relationship between the lifetime of a lead–acid battery, expressed in terms
of cyclability, and the DoD. Source: Adapted from Power-Sonic Corporation, 2015 [207].
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Since the lifetime of the majority of storage containers (e.g., all battery types) is
usually less than the time horizon for the project, replacement costs will be incurred,
and these are foreseen by setting up a sinking fund. The total amount of economic
resources is usually proportional to the energy storage capacity of the system, and
hence expressed in terms of €/kWh. This is because the parts to be replaced during the
project time horizon are usually those related to the storage containers (e.g., battery
cells). Conversely, the lifetimes of the power conversion systems and the balance of
plant equipment are not so critical and could cover most of the time horizon of the
project.

Replacement costs could be spread out over each unit of energy output from the
ESS. However, such an approach is better adopted while formulating a dynamic
model, hence taking into account the energy charged and discharged at each time
step over the system’s life span. For the purposes of this chapter, though, annualized
replacement costs (in €/kW-yr) are estimated by a simple formula, as

CR =
cr × h

𝜇
k × Lr, (5.17)

where cr is the replacement cost coefficient, in €/kWh. This cost is usually quite similar
to the specific cost per storage capacity, ce. The term 𝜇 is the round-trip efficiency
of the system, h is the number of hours it takes to discharge the storage container in
the expected operating conditions, and k is the number of replacements during the
project’s lifetime. Finally, the annualizing factor Lr is formulated as

Lr = CRF
x=k∑
k=1

1
(1 + i)x×𝛾 , (5.18)

where 𝛾 is the replacement period.
For hydrogen-based systems, the most critical components to be periodically

replaced are the electrolyzer and the fuel cell, and these are valued in terms of
installed power capacity, so for such ESSs it is rather more preferable to calculate CR
in terms of €/kW, so that

CR = cr × k × Lr, (5.19)

where cr is now expressed in €/kW.

5.2.4 End-of-Life Costs

To complement the life-cycle cost model, it is important to consider the costs asso-
ciated with the disposal and recycling of the technology at the end of the system’s
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life span. Energy storage systems use expensive metals, synthetic and organic mate-
rials, as well as rare earths, so the environmental impact and economic expenditures
associated with their treatment at the end of life of the system should not be neglected.

However, recycling is not a widely implemented practice in the field of storage
as yet. With the aim of promoting this practice, in 2006 the European Commission
published Directive 2066/66/EU, under which Member States became committed to
collecting 25% of the total amount of batteries consumed in each country and in each
year by September 2012, and 45% by September 2016. What is important with regard
to this directive for storage technology operators is that technology manufacturers are
supposed to incur the expenses related to the collection, treatment, and recycling of
batteries. Thus, such costs may not be considered for storage operators while evaluat-
ing the techno-economic feasibility assessment of the project with regard to installing
and operating a storage system. However, they should be considered quantitatively
or qualitatively – as for several other aspects, such as social considerations – so as
not only to make the decision about technology selection on the basis of economic
criteria, but also to adopt a holistic point of view. Apart from the costs associated
with the recycling of technology, other unavoidable costs at the end of the project
are those related to dismantling the system. Such costs can be especially important in
bulk ESSs such as CAES and PHS.

It is not straightforward to determine realistic cost estimates for the aforementioned
concepts. In any case, such costs should be integrated into the present cost model in
annualized form and in terms of the power capacity of the installation, and hence in
€/kW-yr, yielding the following mathematical expression:

CEoL = cEoLLm, (5.20)

where cEoL the end-of-life cost coefficient (in €/kW) and CRF is the previously
presented annualizing factor.

5.2.5 The Synthesis of a Cost Model

To sum up, the previously described equations for the cost model are succinctly
presented in what follows.

Data:

Time horizon of the project Y (yr)
Specific cost per storage capacity ce (€/kWh)
Specific cost per power capacity cp (€/kW)
Fixed O&M cost coefficient cf (€/kW)
Replacement cost coefficient cr (€/kWh); (€/kW) for HESS



152 Energy Storage in Power Systems

End-of-life cost coefficient cEoL (€/kW)
Cyclability nc (cycles)
Electricity cost cel (c€/kWh)
Natural gas cost cgas (€/GJ)
Gas consumption rate rgas (MJ/kWh)
Round-trip efficiency 𝜇 (kWhout/kWhin)
Daily self-discharge ratio 𝜈 (pu)
Number of discharge cycles per year n (–)
Discharge time h (h)
Operating hours per day hd (h)
Yearly operating days d (d)
Number of replacements k (–)
Maximum DoD DoDmax (pu)
Nominal discount rate i (pu)
Variation rate for O&M fixed costs dcf (pu)
Variation rate for electricity price e (pu)
Variation rate for gas price b (pu)

Equations:

Annualized life-cycle costs CLC = CI + CO&M + CR + CEoL (€/kW-yr)

Total capital costs CT
I = CSTO + CPCS + CBoP (€)

Annualized capital costs CI =
CT

I
YP

(€/kW-yr)

Total cost of storage container CSTO = ce
E

𝜇DoDmax
(€)

Total cost of PCS CPCS = cpP (€)

Total cost of BoP CBoP = cBoPP (€)
Annualized fixed O&M costs CO&MF

= cfLm (€/kW-yr)

Annualized fixed O&M
(short-term)

CO&MF
= cfLm + cel

100
d
24
𝜈Le (€/kW-yr)

Annualized variable O&M
costs (I)

CO&MV
= cel

100𝜇
n × h × Lel (€/kW-yr)

Annualized variable O&M
costs (II)

CO&MV
= cel

100𝜇
hd × d × Lel (€/kW-yr)

Annualized variable O&M
costs CAES (I)

CO&MV
=(

cel
100𝜇

Lel +
cgas

103 rgasLgas

)
n × h

(€/kW-yr)

Annualized variable O&M
costs CAES (II)

CO&MV
=(

cel
100𝜇

Lel +
cgas

103 rgasLgas

)
hd × d

(€/kW-yr)

Annualized replacement costs CR = cr×h
𝜇

k × Lr (€/kW-yr)

Annualized replacement costs
(HESS)

CR = cr × k × Lr (€/kW-yr)
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Annualized end-of-life costs CEoL = CRF × cEoL (€/kW-yr)

Annualizing factor for O&M
fixed costs

Lm = CRF
x=Y∑
x=1

(1+dcf )x

(1+i)x (pu)

Annualizing factor for electricity Lel = CRF
x=Y∑
x=1

(1+e)x

(1+i)x (pu)

Annualizing factor for natural gas Lgas = CRF
x=Y∑
x=1

(1+b)x

(1+i)x (pu)

Levelized cost of energy (I) LCOE = 100 CLC
n×h

(c€/kWh)

Levelized cost of energy (II) LCOE = 100 CLC
hd×d

(c€/kWh)

5.3 An Example of an Application

This section presents an example of an application of the cost model introduced in
this chapter.

Considering the principal characteristics of each of the storage technologies pre-
sented in Chapter 4 (e.g., batteries, flow batteries, PHS, CAES, flywheels, and so on),
there is no doubt that each one is best suited for a different purpose. For instance,
the fast response and high cyclability of supercapacitors are quite pertinent for pro-
viding power quality services, such as flicker filtering and smoothing of the output
of renewables. However, their limited energy capacity makes them useless for peak
shaving purposes; conversely, PHS installations and CAES are well suited for that
service. Accordingly, the ESSs presented in Chapter 4 can be classified into three main
categories, addressing their suitability for providing one type of service or another.
This facilitates the evaluation of results and supports their credibility. In particular, the
three categories are defined below in terms of the required energy and power capacity
for ESSs while providing particular services:

� Long-term, high-power storage. In this category, ESSs are rated at 100 MW/
600 MWh, so they are able to provide huge amounts of power continuously, for up
to 6 h. Such a high capacity defines ESSs as suitable, for instance, to time-shift the
output of renewables when convenient, according to market and/or technical power
system constraints, and even to store energy seasonally. For a description of the
applications that ESSs can provide in the electric power system, see Chapter 8. The
storage technologies included in this category are PHS and CAES.

� Mid-term, mid-power storage. In this category, ESSs are rated at 10 MW/10 MWh.
The capability to inject or absorb multi-megawatt power for up to 1 h defines the
ESSs included in this category as suitable for helping renewables to meet their
output targets, and to help the network operator to continuously ensure the required
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balance between generation and demand, among other applications. The storage
technologies included in this second category are batteries, flow batteries, and
hydrogen-based technologies. Although PHS and CAES are also well suited for
providing the above-mentioned services, they are not included in this category
because their ratings normally exceed those prescribed here. Similarly, flywheel-
based plants, although well suited for providing a multi-megawatt output for a
relatively long period of time (for up to 30 minutes [169]), are not included in
this category, because they normally are best suited to providing services related to
power quality.

� Short-term, low-power storage. To complete the classification, this third category
concerns those ESSs rated around 1 MW/3 kWh. The key characteristics of the
ESSs included here are their high cyclability, their short time response, and their
limited energy capacity. In fact, the capability to regulate power continuously for
less than a minute limits their applicability to services related to power quality
(e.g., power smoothing of the output of renewables, flicker filtering, support under
grid faults, and so on). Accordingly, the technologies included here are principally
flywheels, supercapacitors, and superconducting magnetic energy storage (SMES).
Despite the fact that advanced devices such as lithium-based batteries and flow
batteries could provide the services considered in this category, they are left out
because their energy storage ratings usually exceed those prescribed here.

This section presents the results obtained from the application of the cost model
concerning the ratings for ESSs as defined in the above classification. First, though,
and for evaluation of the cost model, the required technical data are presented and
discussed in the following subsection.

5.3.1 The Collection of Data for Evaluation of the Cost Model

This section offers a set of cost data for different types of storage technologies. The
cost data are utilized to perform a rough economic analysis of various ESSs while
providing particular services for the electric power system, and hence building up
stationary storage facilities. The data used are summarized in Tables 5.1, 5.2, 5.3,
and 5.4, which have been deduced from the tables summarizing storage technology
characteristics in Chapter 4.

In addition, Table 5.1 lists the adopted values for the project time horizon, the
electricity price, the real discount rate, the electricity cost variation rate, and O&M
fixed costs variation rate. These cost data are common to all ESSs.

The parameters for evaluation of the cost model with regard to long-term ESSs
are summarized in Table 5.2. As can be noted, for such installations, we consider
the application of peak shaving (for more information, see Chapter 8). Briefly, this
means that ESSs will be discharged once per day during peak hours, so as to avoid
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Table 5.1 Cost data common to all ESSs.

Parameter Value

Y (yr) 20
cel (c€/kWh) 5
i (pu) 0.085
e (pu) 0.010
dcf (pu) 0.0

the activation of conventional peak power plants based on fossil fuels or gas. In
doing that, the ESSs will be discharged n = 365 times per year. Ultimately, the total
number of discharge cycles during the Y = 20 yr project lifetime will not surpass
the cyclability of the storage plants, so the replacement costs will be minimized.
Analyzing the parameters in Table 5.2, it is important to note that the specific cost per
energy unit is relatively inexpensive. On the other hand, the specific cost per power
unit is much higher, reflecting the high capital costs of electrical equipment, turbines,
heat exchangers (for CAES systems), and so on.

Table 5.2 Data for long-term ESSs.

PHS CAES

ce (€/kWh) 20 5
cp (€/kW) 600 400
cBoP (€/kW) – –
cf (€/kW) 8.5 13
cr (€/kWh) – –
k (–) 0 0
nc (–) 5×104 3×104

𝛾 50 40
𝜇 (pu) 0.75 0.71
𝜈 (pu) 1×10−5 1×10−5

n (–) 365 365
h (h) 6 6
hd (h) 6 6
d (d) 365 365
DoDmax (pu) 0.9 0.6
cgas (€/GJ) Not applicable 9.97
rgas (MJ/kWh) Not applicable 4.43
b (pu) Not applicable 0.03
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Table 5.3 Data for mid-term ESSs.

HESS VRB ZBB NaS
Lead–
acid Ni–Cd Li-ion

ce (€/kWh) 10 600 500 350 150 780 750
cp (€/kW) 1180 150 150 150 150 150 150
cBoP (€/kW) 0 50 50 50 50 50 50
cf (€/kW) 23.6 5 5 5 5 5 5
cr (€/kWh) 413 €/kW 300 250 350 150 780 750
k (–) 1 1 2 2 3 2 2
nc (–) 1×104 1×104 2.5×103 2.5×103 2×103 3×103 3×103

𝛾 10 10 7 7 5 7 7
𝜇 (pu) 0.42 0.85 0.74 0.82 0.75 0.72 0.90
𝜈 (pu) 1×10−5 1×10−5 1×10−5 1×10−5 2×10−3 3×10−3 3×10−2

n (–) 365 365 365 365 365 365 365
h (h) 1 1 1 1 1 1 1
hd (h) 1 1 1 1 1 1 1
d (d) 365 365 365 365 365 365 365
DoDmax 1 1 0.8 0.8 0.8 0.8 0.8

Table 5.4 Data for short-term ESSs.

SMES FESS SCESS

ce (€/kWh) 72×103 90×103 57×103

cp (€/kW) 300 150 150
cBoP (€/kW) 150 125 25
cf (€/kW) 5 5 5
cr (€/kWh) 72×103 90×103 57×103

k (–) 1 0 1
nc (–) 5×105 1×106 5×105

𝛾 10 20 10
𝜇 (pu) 0.90 0.90 0.85
𝜈 (pu) 0.1 1 0.2
n (–) 5×104 5×104 5×104

h (h) 0.003 0.003 0.003
hd (h) 0.38 0.38 0.38
d (d) 365 365 365
DoDmax (pu) 0.8 0.8 0.75
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Table 5.3 summarizes the parameters for mid-term ESSs. As for long-term storage,
we consider the application of peak shaving, so that ESSs are fully discharged once per
day until their cyclability is exhausted. Then, the storage containers (i.e., the battery
cell stacks) should be replaced, incurring important replacement costs. The lifetimes
for power conversion systems are usually much longer than for storage containers.

Further analyzing the data in Table 5.3, it is worth noting that all battery types
feature the same specific cost per power unit, of cp = 150 €/kW. This is because
similar technology for the power conversion systems – that is, the electronic power
converter interfacing the main grid with the battery pack – is intended. This specific
cost is obtained from the supplier’s quotations.

For hydrogen-based systems, the term cp is much higher. This is representative
of the cost associated with the electrolyzer and fuel cell of the system (for more
information about the system topology, see Chapter 4). The value presented here
was derived from the National Renewable Energy Laboratory (NREL) [208, 209],
which reports data on capital costs for a PEMFC electrolyzer rated at 2.33 MW,
also including the associated power electronics. While cp makes a major contribution
to the capital costs of the system, the cost per energy storage capacity, ce, is quite
inexpensive, mostly representing the cost of metallic hydrogen gas containers.

Looking now at the balance of plant costs, cBoP, these are assumed to be approxi-
mately around one third of the cost associated with the power conversion components
for all systems. Moreover, low operating and maintenance fixed costs are assumed.
The value indicated in the table for secondary and flow batteries is obtained by
referring the salary of a technician (around 50 k€/yr) to the installed capacity (i.e.,
10 MW).

Replacement costs are directly related to the cost of storage containers for flow
and secondary batteries, but not for hydrogen-based systems. For secondary batteries,
the replacement costs equal the specific cost per energy capacity unit, ce. For flow
batteries, though, the replacement costs are just around 50% of ce, as indicated by the
ZBB manufacturer Redflow [113]. This difference between ce and cr represents the
fact that ce includes the cost of both cell stacks and electrolyte containers, but it is
just the cell stacks that have to be periodically replaced. As noted in Section 5.2.3, the
replacement costs for hydrogen-based systems are expressed in €/kW. To summarize,
note that the number of replacements k for all technologies is computed by comparing
the cyclability of cell stacks with the yearly discharge cycles.

Finally, it is important to note that the indicated DoD is in accordance with the
assumed cyclability. For instance, and according to the manufacturer’s information,
lithium-ion (Li-ion) batteries can be discharged just a few thousand times, down to
20% of their storage capacity, but the technology allows up to 400 000 cycles to
be performed at 2.2% DoD. Moreover, it is important to note that although some
technologies can be fully discharged without incurring cell damage (as for flow
batteries, and Li-ion and Ni–Cd batteries), the minimum state of charge for the
operability of the power converter has been limited.
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The parameters for short-term storage are presented in Table 5.4. Here, the ESSs are
configuring uninterruptible power supply systems. Thus, they are not frequently fully
discharged, but only in the event of mains failures. In normal operating conditions, the
ESSs are continuously charged and discharged over a short period of time to filter out
harmonics, voltage flicker, and other issues related to power quality, so as to protect
the equipment of sensible consumers. The same operating principle of active filtering
can be applied when included in a renewable-based generating plant, looking at its
grid connection.

Briefly, it is important to note that the balance of plant costs are much higher for
SMES and FESS than for secondary batteries because of the need to include vacuum
and cryogenic systems. On the other hand, the balance of plant costs for ultracapacitors
are considered lower than for secondary batteries (around 50 €/kW; see Table 5.3)
because of the simplicity of the state estimators [210] (the SoC is directly proportional
to the voltage in the supercapacitor cell). Energy Management Systems (EMSs) for
batteries are much more complicated and expensive.

Moreover, it is convenient to note that the calculation of the number of equivalent
yearly full discharge cycles, n = 50 000, was performed by dividing the cyclability of
flywheels (1 million cycles) by its lifetime (20 yr). Considering the resultant value, as
well as addressing the life span of SMES and supercapacitors, it has been concluded
that these storage containers are to be replaced once during the project time horizon.

5.3.2 Analysis of the Results

This section presents the results obtained from the evaluation of the cost model while
applying the parameters introduced previously. The comparison of technologies is in
accordance with the proposed classification shown above; that is, long-, mid-, and
short-term ESSs.

5.3.2.1 Results for Long-Term Storage Installations

Here, the evaluation of the results is concentrated on PHS and CAES systems.
Figure 5.3 compares the life-cycle cost breakdowns for both technologies.

As can be noted, the annualized cost per installed power capacity is presumably
lower for PHS than for CAES systems. Despite the fact that the capital costs are
higher for PHS, the electricity and fuel costs incurred for CAES systems boost the
annualized costs for this technology considerably.

Translating these results into an equivalent LCOE (see Table 5.5), it can be derived
that the cost of both technologies, under the assumptions of the present study and
while performing the previously indicated service, turn out to be quite similar to
the cost of conventional fossil-fuel power plants (around 12 c€/kWh) [94]). The low
LCOE of PHS explains its extensive deployment in the power system.
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Figure 5.3 The annualized life-cycle costs for long-term ESSs. The systems are rated at
100 MW/600 MWh, and are deeply discharged once per day throughout the project horizon.

5.3.2.2 Results for Mid-Term Storage Systems

Here, the evaluation of the results in concentrated on conventional batteries, flow
batteries, and hydrogen-based systems. Figure 5.4 compares the life-cycle cost break-
downs for these technologies.

As can be observed, the capital costs of secondary and flow batteries greatly impact
the system’s life-cycle costs. Furthermore, and because of the limited cyclability
of storage containers, they are to be periodically replaced, thus adding important
expenditure.

The presented costs breakdown also indicates that economic resources for purchas-
ing electricity (affecting the O&M variable costs) are less important than for the case
of bulk storage systems, as presented in the previous section. This is because of the
specificities of the final application that the storage systems are providing here (they
become deeply discharged once per day, and the discharge time is just 1 h). However,
it is worth noting that the expenditure for purchasing electricity for hydrogen-based

Table 5.5 Data for long-term ESSs.

PHS CAES

LCOE (c€/kWh) 11.4 15.6
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Figure 5.4 The annualized life-cycle costs for long-term storage systems. The systems are
rated at 10 MW/10 MWh, and are deeply discharged once per day throughout the project
horizon.

systems is comparatively higher than for batteries and flow batteries. This is because
of the relatively low round-trip efficiency (around 42%) of regenerative fuel cells, in
comparison with the other technologies.

Evaluating the global picture, we can conclude that the low capital costs of lead–acid
batteries define this technology as the one with the lowest life-cycle costs. However,
the high cyclability, life span, and low replacement costs of flow batteries (especially
for VRBs), configure them as promising alternatives for mid-term, multi-megawatt
systems. However, it is important to note that the low specific energy of flow batteries
mostly restricts their usage to stationary applications (so they are not quite suitable
for application in the field of electromobility, for instance).

Finally, we just remark that the still high capital costs of Li-ion batteries greatly
constrains their applicability, especially when configuring multi-megawatt systems.
Currently, there are other options that seem economically preferable. However, with
regard to the high performance and intensive research and development activities for
lithium batteries, the costs indicated here will presumably begin to diminish in the
near future.
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Table 5.6 Data for mid-term ESSs.

HESS VRB ZBB NaS Lead–acid Ni–Cd Li-ion

LCOE (c€/kWh) 60.9 38.5 51.4 44.9 36.9 93.9 74.1

If we now evaluate the LCOE indices (see Table 5.6), it is clear that lead–acid
batteries are viewed as the most economical alternative. Again, the results highlight
the necessity of reducing the costs for Li-ion (and also Ni–Cd) batteries.

5.3.2.3 Results for Short-Term Storage Systems

Here, the evaluation of the results is concentrated on SMES, and on flywheel-based
and supercapacitor-based storage systems. Figure 5.5 compares the life-cycle cost
breakdowns for these technologies.

As can be noted, the predominant cost concept contribution for all three technologies
is the capital cost. Furthermore, it can be derived that SMES life-cycle costs are
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Figure 5.5 The annualized life-cycle costs for short-term storage systems. The systems
are rated at 1 MW/0.003 MWh, taking 50 000 equivalent discharge cycles per year into
consideration.
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Table 5.7 Data for short-term ESSs.

SMES FESS SCESS

LCOE (c€/kWh) 72.5 57.5 45.1

presumably the highest amongst the presented alternatives. However, since SMES is
a young technology and there is a lack of literature reporting real system performance,
one should consider the high degree of uncertainty in the cost of SMES.

Moreover, it is important to note that the life-cycle costs for flywheel-based systems
are reduced by the fact that no replacement costs are incurred during the lifetime of
the project. If they were, the costs would be increased slightly.

Finally, LCOE values for all three technologies are presented in Table 5.7, which
also depicting similar costs for flywheel- and supercapacitor-based systems.

5.4 Conclusions

This chapter has presented a cost model for ESSs, which includes different cost terms
such as capital costs, O&M fixed and variable costs, replacement costs, and end-of-life
costs. This model provides a rough picture of the annualized life-cycle costs per power
installed capacity, and also provides the so-called levelized cost of energy, LCOE.

The metrics provided can be included in financial assessments to evaluate the
suitability of adopting an ESS for various purposes.

Regardless of the uncertainty with regard to a number of the cost concepts related
to storage systems, due to their still incipient usage as stationary multi-megawatt
technologies in power systems, the results of the cost model are, in general terms,
consistent with other reports in the literature. For instance, the cost model reflects
the relatively low life-cycle costs of PHS installations (with regard to bulk storage
systems), as well as lead–acid batteries and VRBs (with regard to mid-scale systems).
Also, it reflects the still high costs for high-performance Li-ion batteries.



6
Modeling, Control, and Simulation

6.1 Introduction

The study of the electric power system, together with the field of renewables and
also energy storage technologies, is a multidisciplinary field of knowledge, involving
electrical, mechanical, and chemical engineering, among others. Hence research in
this field requires a broad and deep grasp of several aspects of knowledge, which can
be difficult and can compromise success and advancement. Additionally, research in
this field is further affected by the fact that the subject matter is hardly reproducible,
for a number of technical and economic reasons. For instance, a high-voltage power
system is, for the majority of researchers, impossible to reproduce, even at laboratory
scale, due to the high cost of the technology. Few research institutions could develop
a test site including various kinds of real generators (e.g., fuel-based, photovoltaic,
wind turbines, etc.), differing types of load (e.g., passive and active), various types
of storage technology, and all the electrical equipment needed to build up a power
distribution layout – for example, power lines, transformers, and protection systems,
among others. Furthermore, a generator or a power line, once installed in the power
system, can hardly be tested, since it is actually supplying power to consumers, who
would not be willing to suffer the inconvenience of eventual interruptions to their
power supply.

The above-mentioned issues are some of the reasons that motivate the development
of simulation platforms. These allow us to represent, on the basis of mathematics,
real systems such as actual megawatt generators, high-voltage power lines, and stor-
age technologies, among others. Since they are based on mathematics, simulation
platforms allow us to test the behavior of the above-mentioned systems in different
environments and operating conditions, as if they were actually installed and running,
but at practically no cost (no real equipment has to be purchased) and avoiding any
inconvenience to final users – for example, the security of supply to final users is
not affected by the fact that a new power line has to be tested under short-circuit
conditions – among several other reasons.

Energy Storage in Power Systems, First Edition. Francisco Dı́az-González, Andreas Sumper and Oriol Gomis-Bellmunt.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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In this way, modeling and simulation are key factors for studies related to power
systems and storage technologies, and as such, they are the main subjects of this
chapter. In particular, the objectives of the chapter are twofold: (i) to provide an initial
idea about how to model energy storage systems (ESSs), depending on the objectives
of the simulation; and (ii) to present dynamic models, based on electrical equations,
for different storage technologies such as batteries, supercapacitors, and flywheels,
as well as for the attached power conversion systems. In addition, to effectively show
charging and discharging profiles, a broad range of the control schemes utilized for
power conversion systems are also presented and tuned.

6.2 Modeling of Storage Technologies: A General Approach
Orientated to Simulation Objectives

There are various ways to model energy storage technologies. For instance, one can
consider the storage system as a simple black box and apply simple mathematics
obtain a few steady-state magnitudes from the inputs or setpoints indicated. But one
can also model each of the components of a storage system in order to be able to
evaluate internal energy and mass fluxes that determine transient and steady-state
outputs of differing natures. Therefore, ultimately, models must be adapted to the
objectives of the particular study for which they are developed. The selection of the
type of model that should be applied in each case must take several aspects into
account, such as:

� The required input data and the output signals of the model. These determine,
for instance, the connectivity of the model with other systems.

� The required simulation time steps. These determine and constrain the events to
be represented by the simulation. For instance, small time steps (in the order of
microseconds) are usually needed to represent fast electrical transients in voltage
and current waveforms due to short circuits in a power line.

� The required simulation time horizons. For instance, long time horizons are
needed to evaluate the behaviour of an ESS on a daily basis, but they are not
required to evaluate fast electromagnetic transients.

� Other computational and functional constraints. The complexity of the models,
with regard to the calculus to be carried out in each simulation time step, may be
restricted to computational and functional aspects. For instance, sometimes models
should be executed on a real-time basis (e.g., in the case of hardware-in-the-loop
simulators [211]) and this means that the outputs of the simulation are continuously
being used by other computational environments and for other purposes. In such
cases, it is important for a simulation solver to converge to a solution in a very
restrictive and usually narrow time interval, and so the complexity of the model
should be adapted accordingly.
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With regard to studies related to power systems (also including here the field of
renewable generation and ESSs), one can roughly establish a relationship between the
characteristics of the models to be used and the objectives of the study. In particular,
three types of model are defined here: simplified, averaged, and detailed models.

Simplified models are characterized by the fact that they are based on simple math-
ematics, allowing the computation of mainly steady or averaged energy and mass
flows, given some operational conditions. In this manner, they provide a snapshot
of the state of the system, allowing the evaluation of averaged figures from a sys-
tems perspective. These models are very useful in the sense that they can even be
easily implemented using spreadsheets, thus enabling simplified techno-economic
parametric studies, among others.

Averaged models are intended here as those characterized by the fact that they allow
the development – with a good degree of complexity and fine detail – of both transient
and steady state calculations. With regard to those utilized in studies related to power
systems, such models are made up of differential equations, enabling the representa-
tion of electrical and mechanical transients. For instance, an averaged model for a wind
turbine could be one that represents the electrical transients by means of a fifth-order
model of the electrical generator to which the wind turbine rotor is attached [63].

Finally, detailed models are intended here as those able to not only reproduce the
behaviour of the system from a systems perspective, but also to represent the behavior
of its components at various levels (e.g., including mechanical, electrical, and electro-
magnetic transients) in detail. The capacity to reliably reproduce the electromagnetics
of the system is, indeed, one of the main differences between averaged and detailed
models, as far as studies relating to power systems are concerned. Such models can be
used to test the fast electrical and magnetic dynamics of various technologies under
disturbances such as short circuits. They can also be used to represent power quality
issues, such as voltage and current harmonic emission, and electromagnetic com-
patibility. The simulation of detailed models requires a high level of computational
effort because of the complexity of the mathematics involved and the very restrictive
time steps. For instance, one example of a detailed model is that able to represent the
switching of the transistors used to build up a electronic power converter.

The rest of the contents of this chapter discusses averaged models for batteries,
supercapacitors, and flywheels, also including their corresponding power conversion
systems for control and grid connection. For modeling purposes, all storage systems
are intended here to be connected to an AC external grid, which can be of either a
medium- or low-voltage type. With regard to medium-voltage networks, the storage
installations are connected through a step-down low-frequency transformer, and a
set of two power electronic converters, hence building up the power conversion
system. The first of these two converters is called the “grid-side converter” (or “GSC”)
hereinafter and is considered to always be a three-phase two-level inverter, which
interfaces the three-phase low-voltage AC external system with the DC voltage at
the terminals of an inner power converter. This second power converter, called the
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“storage-side converter” (or “SSC”) hereinafter, interfaces the AC or DC terminals of
the storage containers, depending on their type, with the DC side of the GSC.

Moreover, the duty of the GSC is to always keep the voltage on its DC side stable
and constant. It is also in charge of regulating the reactive currents exchanged with
the network. Conversely, the duty of the SSC is to always actively manage the state
of charge of the system.

Thus, to address the common features for each of the power converters of the
power conversion system for all storage installations, and to avoid any redundancy
in explanation, the contents are organized as follows. First, the modeling and control
of the bidirectional three-phase two-level power inverter used to build up the GSC
for all kinds of storage systems is explained in Section 6.3. Second, the modeling
and control of the storage containers, while attached to their corresponding SSCs,
is depicted in Section 6.4. The latter includes dedicated contents for the description
of the DC–AC rectifier – flywheel coupling and for the DC–DC converter – battery
coupling, as well as for the DC–DC converter – supercapacitor coupling. Finally, Sec-
tion 6.5 presents some simulation results depicting the performance of the previously
introduced models and controllers.

The presented approach is graphically depicted in Figure 6.1. Note that both
power converters are interfaced by a DC link, and that the GSC interfaces with the
external grid through an inductive filter. These components or parts are also included
in the model.

6.3 The Modeling and Control of the Grid-Side Converter

6.3.1 Modeling

As previously noted, the considered topology for the GSC is the three-phase two-level
inverter. The utilized power switches are IGBTs. As noted in Figure 6.1, the converter
is in charge of ensuring a stable and constant DC voltage, for the proper operation of the
SSC. Also, the GSC regulates the reactive currents exchanged with the main AC grid.

The inverter’s DC bus is charged and discharged through an inductive filter on
the AC side. Considering both the inverter and the external grid as ideal AC voltage
sources, the external grid – inductive filter – inverter system resembles the equivalent
circuit plotted in Figure 6.2. Note that by adopting this approach, possible high-
frequency effects such as harmonics, and diverse phenomena induced by the switching
of the IGBTs used to build up the power inverter, are not considered.

For modeling and control design purposes, it is usually preferable not to consider
time-varying magnitudes, such as sinusoidal voltages and currents, but steady ones.
This greatly simplifies the related mathematics and facilitates evaluation of the results.
Thus, in this regard voltages and currents are not treated as seen in a stationary frame
of reference, in which they appear as sinusoidal magnitudes that vary with the grid
frequency. Instead, they are weighted as seen in a rotating frame of reference with,
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Figure 6.1 The organization of the contents for describing the modeling and control of
various kinds of storage system attached to their corresponding power conversion systems.

usually, the grid frequency, such that time-dependent voltages and currents appear
to be constant in time – provided that their frequency matches that of the frame of
reference. The mathematical transformation that expresses time-varying magnitudes
seen in a stationary frame of reference in rotating form, synchronous with the grid
frequency, is known as the qd0, or Park’s transformation [213]. In this frame of
reference, the three-phase ABC magnitudes are expressed using three axes: the direct
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Figure 6.2 The modeling of the GSC circuit. The voltages ulabc correspond to the grid-side
terminals, while the voltages u

clabc
are at the converter terminals. Source: Dı́az-González et al.,

2013. Reproduced with permission of Elsevier.
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axis; the quadrature axis, which is shifted 90 degrees from the direct one; and the zero
sequence, which is zero for balanced three-phase systems.

Expressed in the qd0 synchronous frame, the voltage–current equations for the
system in Figure 6.2 can be formulated as follows:

ulq − uclq = rlilq + Ll
d
dt

ilq + 𝜔lLlild, (6.1)

uld − ucld = rlild + Ll
d
dt

ild − 𝜔lLlilq, (6.2)

where ulq and uld are the quadrature and direct components of the grid voltages,
in volts; uclq and ucld are the quadrature and direct components of the voltage at
the inverter AC terminals, in volts; rl, in ohms, and Ll, in henries, characterize the
inductive filter; 𝜔l is the grid frequency, in rad/s; and ilq and ild are the quadrature and
direct components of the grid currents, in amperes.

Moving forward, the link between the GSC and the SSC is modeled in what follows.
First, the power consumed by the capacitors of the DC link is the difference between
the power coming from the GSC, Pcl, and the power entering the SSC, Pcs. This power
balance is formulated as

Pcl − Pcs = PDC, (6.3)

where PDC is the power consumed by the DC-link capacitors. All terms are expressed
in watts. The output, Pcl, neglecting internal power losses into the converter, can
resemble its input on the AC side, yielding the following expression in terms of qd0
voltages and currents:

Pcl =
(3

2

)
(ucldicld + uclqiclq). (6.4)

In turn, the power consumed by the capacitors in the DC link is expressed by

PDC = 1
2

C
d
dt

E2, (6.5)

where C is the equivalent capacity, in farads, and E is the DC-link voltage, in volts.
Furthermore, the time-dependent value for E is computed as follows:

E(t) = E0 +
1
C ∫

t

0
(iDCcl − iDCs)dt, (6.6)

where E0 is the DC bus voltage at time t = 0; iDCcl is the DC current from the GSC;
and iDCs is the DC injected current to the SSC circuit.
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The set of equations presented so far builds up the model for the GSC, and also
includes the electrical circuits interfacing it with the external grid on the AC side,
and with the SSC on the DC side. Using these equations, what follows describes the
related control system for the converter.

6.3.2 Control

As previously noted, the GSC controller is responsible for keeping the DC-link voltage
stable and constant, according to a reference value. Also, it is in charge of regulating
the reactive currents exchanged with the external grid at the connection point. An
instantaneous power theory-based algorithm [63,214–216] is adopted to control these
magnitudes, yielding the control scheme shown in Figure 6.3.

As shown, the input measurements are the alternating currents flowing from the
converter, ilabc, the sinusoidal voltages at points of common coupling, ulabc, and the
DC-link voltage, E. The setpoints are the desired DC-link voltage, E∗, and the direct-
axis current component flowing from the converter, i∗ld, which is directly associated
with the reactive current, as discussed below. From these measurements and control
setpoints, the algorithm provides the setpoints for the sinusoidal voltage desired at
the converter terminals, expressed in a stationary frame u∗

cl𝛼𝛽 . These voltage setpoints
are the inputs to a space vector pulse width modulation (SVPWM) control scheme,
which governs the switching of the IGBTs. Since the converter is simply modeled as
three-phase voltage sources, according to the scope for averaged simulation models,
such a SVPWM control scheme is not implemented.

As presented in Figure 6.3, the control system is mainly composed of two cascading
control loops. The inner control loop ensures that the qd currents entering the converter
follow the indicated setpoints outputted by the outer control loop, which governs the
DC-link voltage dynamics. Both control loops are designed in what follows.

First, however, it is important to clarify that for control design, the qd0 magnitudes
are to be orientated, so that with regard to the d-axis voltage at the point of common
coupling of the system, uld is zero. If one does this, the formulation results are
simplified, as is the tuning of the controllers. The proper angle for expressing the abc
alternating magnitudes in a qd0 synchronous reference with the network frequency,
and orientated in a manner such that uld = 0 by applying Park’s transformation, is
provided by the phase-locked loop (PLL) module shown in Figure 6.3.

6.3.2.1 The Current Control Loop

This section presents the tuning of the PI controllers for iqd currents. According to
Equations (6.1) and (6.2), the q component of the GSC voltage uclq depends on the
d-axis component of the current flowing into the grid, ild. Similarly, the d-axis voltage
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component depends on the q-axis current component. Accordingly, Equations (6.1)
and (6.2) can be rearranged as follows:

uclq = −ûclq + ulq − 𝜔lLl, ild
⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟

Δuq

(6.7)

and

ucld = −ûcld + 𝜔lLlilq
⏟⏟⏟

Δud

, (6.8)

where ûclq and ûcld form a decoupled first-order type system G(s). Expressed in the
Laplace domain, this takes the following form:

ilqd =

( 1
rl+Lls

0

0 1
rl+Lls

)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

G(s)

ûclqd. (6.9)

A linear controller C(s) can now be proposed to regulate the qd currents in terms
of the simplified plant or the first-order decoupled transfer function G(s), as indicated
in Figure 6.4.

The prescription for controllers tuning into the direct synthesis design method
[217] indicates that the controller should be selected so that the resulting closed-loop
transfer function M(s) is as predefined by the designer. In this case, M(s) is needed
in the form of a first-order type transfer function, dependent on a parameter or time
constant 𝜆l:

M(s) = 1
1 + 𝜆ls

. (6.10)

M(s)

G(s)C(s)
i*lqd ilqduclqd

Figure 6.4 The block diagram for design of the current control loop.
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Thus, first addressing the q-axis controller, the transfer function for C(s) can be derived
by computing

C(s) = M(s)
G11(s)(1 − M(s))

=
Ll

𝜆l
+

rl

𝜆ls
= Kplq +

Kilq

𝜆ls
, (6.11)

where the one–one component of the matrix G(s) is given in Equation (6.9). The
transfer function for C(s) corresponds to that for a PI controller, with parameters Kplq
and Kilq, which are formulated as follows:

Kplq =
Ll

𝜆l
(6.12)

and

Kilq =
rl

𝜆l
. (6.13)

Analogously, the parameters for the d-axis current controller can be obtained as
follows:

Kpld =
Ll

𝜆l
(6.14)

and

Kild =
rl

𝜆l
. (6.15)

6.3.2.2 The DC-Link Voltage Controller

The aim of the DC-link voltage controller is to keep this voltage stable and according
to the setpoint E∗. The output of this outer control loop provides the q-axis reference
current i∗lq for the inner current control loop (see Figure 6.3). The design of this
controller is subject to a number of considerations or hypotheses: (i) the capacitor
of the DC link must be large enough for the DC voltage dynamics to be considered
as much slower than the dynamics of the inner current control loop; (ii) in turn, the
inner current control loop must be fast enough for the converter to resemble an ideal
three-phase current source; and (iii) losses in the power converter can be neglected.
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G(s)

CE(s)
ilq iDCcl

iDCm

1

Cs
3k / 2 EE*

Figure 6.5 The DC-link voltage control scheme.

Considering the hypotheses formulated above, and assuming ucld = 0 in Equation
(6.4), the current entering into the DC link from the GSC can be formulated as
follows:

iDCcl =
3
2

uclqilq
E

, (6.16)

which, if k = E∕uclq is considered as a constant value, results in

iDCcl =
3k
2

ilq, (6.17)

which depicts a linear relationship between iDCcl and ilq. Using this linear relationship
and Equation (6.6), we can build a transfer function G(s) for the DC link, which
provides the DC-link voltage E, given the inputs iDCs and ilq. The addition of a
controller C(s) for the voltage E results in the closed-loop control scheme depicted in
Figure 6.5.

Since iDCm is normally different to zero (because it represents the current consumed
or injected into the bus by an SSC), a proportional integral type controller is required
in order to obtain a zero steady state error. Thus, considering a PI controller with
parameters KpE and KiE, the closed-loop transfer function E∕E∗ can be formulated as
follows:

E
E∗ =

CE(s)G(s)

1 + CE(s)G(s)
=

3kKpE

2C
s + 3kKiE

2C

s2 + 3kKpE

2C
s + 3kKiE

2C

, (6.18)

which can be rearranged as

E
E∗ =

2𝜉E𝜔Es + 𝜔2
E

s2 + 2𝜉E𝜔Es + 𝜔2
E

. (6.19)
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Equations (6.18) and (6.19) determine the expressions for the PI control parameters,
as follows:

KpE =
4C𝜉E𝜔E

3k
(6.20)

and

KiE =
2C𝜔2

E

3k
. (6.21)

As can be noted, the control parameters depend on two degrees of freedom, 𝜉E and
𝜔E, which should be determined by the designer.

6.4 The Modeling and Control of Storage-Side Converters
and Storage Containers

The previous section presented the modeling for the GSC of power conversion systems
for storage technologies. As illustrated in Figure 6.1, the technology for this part of the
power conversion system has been considered common to all storage installations in
this chapter. Conversely, the SSCs are of different types, depending on the particular
storage container under consideration. Accordingly, this section presents the modeling
of various kinds of storage system, and also of the type and control method for the
SSCs to which the storage containers are attached.

6.4.1 Supercapacitors and DC–DC Converters

6.4.1.1 Modeling

Supercapacitors can be modeled by the equivalent electrical circuit shown in Figure 6.6
[97, 178].

As can be noted, the supercapacitor is characterized by the capacitance C and two
resistances: the series resistance, Rs, commonly called the equivalent series resistance

C

Rs

Rl

il
ut

uc

i

Figure 6.6 The equivalent electrical circuit of a supercapacitor.
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(ESR), which is the main contributor to power loss in charging and discharging
processes; and the dielectric leakage resistance, Rl. Both magnitudes can be derived
from manufacturers’ datasheets (for more information, see Chapter 4).

The voltage at the supercapacitor terminals can be deduced from the equivalent
electrical circuit in Figure 6.6. While charging, it can be formulated as

ut = uc + i × Rs. (6.22)

In turn, the voltage uc can be derived from

duc

dt
=

i − il
C

, (6.23)

where i is the current drawn through the load and il is the leakage current, which can
be computed by

il =
uc

Rl
. (6.24)

Therefore, substituting il in Equation (6.23) for the expression in Equation (6.24)
results in

duc

dt
=

i − uc

Rl

C
. (6.25)

While connected to the buck DC–DC converter, the topology of which was pre-
sented in Chapter 4, the coupling takes the form depicted in Figure 6.7.

If the voltage at the DC link, ui, is considered to be constant, the system in Figure 6.7
has two states: one referring to the voltage uc, and the other referring to the electric
current through the inductor of the converter. Equation (6.25) determines the dynamics

C

i

G
S

C

c
o
n
n
e
c
ti
o
n

ui

uo ut

uc

il

Rl

Rs

L

Figure 6.7 The equivalent electrical circuit of a supercapacitor connected to a DC–DC
converter.
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of the voltage in the capacitor. To solve the system, a second equation is needed to
address the dynamics of the electric current i, and this is formulated as follows:

L
di
dt

+ ut = d × ui, (6.26)

where d(t) is the applied time-dependent duty cycle for the converter. The duty cycle
varies between 0 and 1, and it relates the input and output voltages of the DC–DC
converter by

uo = d × ui. (6.27)

The duty cycle d serves as an input to the switching scheme for the power switches
of the converter; for example, a PWM switching scheme [218]. Ideally, the converter
could provide any magnitude between the boundaries for ut. However, due to practical
limitations and the performance of the controller, it is preferable to constrain operation
to the continuous-conduction operating region; in other words, to apply duty cycles
that are high enough to ensure that the current through the inductor does not reach
zero, thus entering into a discontinuous-conduction operating region. For more details
on buck/boost DC–DC converters, see Wu et al. [219] and Kazmierkowski, Krishnam,
and Blaabjerg [220].

Equations (6.25) and (6.26) can be used to build a dynamic averaged model for the
coupling DC–DC converter/supercapacitors.

6.4.1.2 Control

The dynamics of the capacitor voltage (governed by Equation (6.25)) are much slower
than the dynamics of the inductor current (governed by Equation (6.26)). This sug-
gests that a cascaded controller should be designed, in which the inductor current is
controlled by an inner fast control loop, which receives the current setpoints from the
output of an outer slow control loop for the capacitor voltage. Figure 6.8 depicts the
proposed topology for the control system.

The Current Control Loop
The design of the controller for the inductor current is based on Equation (6.26) [221].
In the Laplace domain, one can derive the transfer function, Gi(s), for the DC–DC
converter. This transfer function provides the inductor current, I(s), function of the duty
cycle, D(s), and the voltage between the supercapacitor terminals, Ut(s). The voltage
at the DC link, Ui, is considered to be constant. The addition of a controller, Ci(s), for
the current I(s) results in the closed-loop control scheme depicted in Figure 6.9.
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Gi(s) Ut(s)

1

Ls
I(s)

D(s)
I*(s) UiCi(s)

Figure 6.9 The inductor current control scheme.

Because of Ut(s), a proportional integral type of controller is required to obtain a
zero steady state error. Thus, considering a PI controller with parameters Kpi and Kii,
the closed-loop transfer function I(s)∕I∗(s) can be formulated as follows:

I(s)
I∗(s)

=
Ci(s)Gi(s)

1 + Ci(s)Gi(s)
=

(
Kpi +

Kii

s

)(
Ui

Ls

)
(

Kpi +
Kii

s

)(
Ui

Ls

)
+ 1

, (6.28)

which can be rearranged as

I(s)
I∗(s)

=
KpiUi

L
s + KiiUi

L

s2 + KpiUi

L
s + KiiUi

L

=
2𝜉i𝜔is + 𝜔2

i

s2 + 2𝜉i𝜔is + 𝜔2
i

. (6.29)

Thus, the control parameters can be formulated as

Kpi =
2𝜉i𝜔iL

Ui
(6.30)

and

Kii =
𝜔2

i L

Ui
. (6.31)

As can be noted, the control parameters depend on two degrees of freedom, 𝜉i and 𝜔i,
which should be determined by the designer.

The Voltage Control Loop
For the design of the capacitor voltage control loop, the equivalent circuit of the
capacitor system in Figure 6.7 can be simplified by neglecting the ESR, Rs, and the
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leakage resistance Rl. This is because the voltage dynamics will be mainly governed
by the capacitance C. By doing this, the following relation can be established:

C
dut

dt
= i, (6.32)

while in the Laplace domain, one can formulate the transfer function Guc, which
provides the supercapacitor voltage, Ut, function of the current I. Thus,

Guc(s) =
Ut(s)

I(s)
= 1

Cs
. (6.33)

According to Guc(s), the supercapacitor, or the plant, can be considered as a pure
integrator linear system, and it is proposed that this should be controlled by a PI
structure with transfer function Cuc(s). This controller will provide the reference
current for the inner current control loop, as a function of the error between the
desired, U∗

t (s), and the actual capacitor voltages. Together, this yields the closed-loop
transfer function M(s), which takes the following form:

M(s) =
Ut(s)

U∗
t (s)

=
Cuc(s)Guc(s)

1 + Cuc(s)Guc(s)
=

(
Kpu +

Kiu

s

)(
1

Cs

)
(

Kpu +
Kiu

s

)(
1

Cs

)
+ 1

. (6.34)

Rearranging terms, the above equation can be made to resemble a second-order
transfer function:

M(s) =
Kpu

C
s + Kiu

C

s2 + Kpu

C
s + Kiu

C

=
2𝜉u𝜔us + 𝜔2

u

s2 + 2𝜉u𝜔us + 𝜔2
u

. (6.35)

Now, the control parameters can be formulated by

Kpu = 2𝜉u𝜔uC (6.36)

and

Kiu = 𝜔2
uC. (6.37)

It is important to note that the voltage control system is equipped with an anti-
windup (see Figure 6.8) so as to reduce the output in the integrator of the PI controller,
in circumstances in which the output of this controller – that is, the reference current –
cannot be produced. This could happen in the event that the reference current needs
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to be limited to prevent the power electronics and the supercapacitor cells from
overcoming their current ratings.

6.4.2 Secondary Batteries and DC–DC Converters

6.4.2.1 Modeling

There are several approaches for modeling batteries. Among them, electrochemical,
analytical, stochastic, and electrical circuit models [222] can be found in the literature.
Each type represents, to a greater or lesser extent, specific phenomena in the battery
cell; for example, the state of charge (SoC) and capacity variations, the temperature
dependency, aging effects, and so on. However, none of these approaches is currently
accurate enough to represent all of the factors affecting battery performance on its
own. Thus, the modeling should be adapted to the specificities and level of detail
needed for each case being studied.

Electrochemical models are based on complex nonlinear differential equations that
allow us to reproduce the chemical processes within battery cells. These models are
the most detailed ones amongst those considered, but also are hardly implementable
in dynamic simulation environments.

Stochastic models aim to reproduce cell capacity nonlinearities from probabilistic
methods based on the physical characteristics of battery cells. These models rely on
Markov chains, as in Jongerden and Haverkort [224]. Despite the accuracy of these
models, they are hardly implementable in dynamic simulation environments, as for
the case of electrochemical models.

Analytical models aim to reproduce cell capacity nonlinearities such as the capacity
rate dependency and capacity recovery phenomena using fewer equations and with
a lower order than those formulated for electrochemical models. This allows us to
successfully include these models in dynamic simulation environments in order to
predict the SoC. However, they cannot be used to represent I–V characteristics for
batteries or their dynamic behavior. Examples of analytical models are Peukert’s
law [225], the diffusion model [226, 227], and the Kinetic Battery Model (KiBaM)
[228].

Finally, models based on electrical circuits allow us to reproduce I–V characteristics
for batteries, and also their dynamic responses. To do so, these models are based
on controllable voltage and current sources, in combination with (usually) variable
resistances and capacitors. The limitation of these models is that they cannot estimate
the SoC of the cells, so they are usually employed in conjunction with analytical
models [229]. There are several approaches in the literature for models based on
electrical circuits. Williamson, Rimmalapudi, and Emadi [230] summarize some of
them. According to this work, the simplest approach could be that of modeling battery
cells as ideal voltage sources, the open-circuit voltages of which can be obtained from
field tests [231].
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One step forward is to include the internal resistance of the cell in the equivalent
electrical circuit [232,233]. In this model, the internal resistance may or may not vary
with the SoC and the electrolyte concentration. In any case, it is important to note that
this model does not serve to represent transient states for the system (the equivalent
electrical circuit can be formulated just through algebraic equations). Despite the
relative simplicity of this model, it represents one of the most frequently adopted
approaches for modeling battery cells. In this regard, the most representative example
is the Shepherd model [234]. Because of its wide implementation and maturity, this
model will be explained later in the chapter. Various updates for this model can be
found in the literature. A simplified version was presented in Nasar and Unnewehr
[235], and an important improvement of the model’s behavior under variable load was
presented in Tremblay and Dessaint [236].

Adding further complexity to the equivalent electrical circuit for the battery cell,
the so-called Thevenin model has been introduced [237]. This model is composed of
a voltage source in series with the internal resistance of the cell, but also includes
a third element, composed of a parallel-connected capacitance with a resistance.
This element represents the equivalent capacity provided by the parallel plates of
the battery cell, and the corresponding resistance between the electrolyte and the
aforementioned plates. All parameters characterizing the components of this scheme
may or may not be considered constant. By adopting varying parameters (the function,
for instance, of the SoC), several nonlinearities that occur in the battery cell can be
represented.

With the aim of improving the accuracy of the model, the Thevenin equivalent
circuit can be modified by adding additional lumped capacitive-resistive elements
[238]. The resulting generalized equivalent circuit of order n allows us to represent
specific phenomena in the cell with varying degrees of success.

Although Thevenin equivalent circuits are mainly based on lumped RC circuits,
the equivalent circuit for the battery cells can present a different topology, as deduced
from experimentation. For instance, the dynamic response of battery cells (of differing
technologies) can be represented by an equivalent impedance that can be determined
through the so-called equivalent impedance spectroscopy technique [239,240]. In this
case, the resulting equivalent impedance may resemble the Randles impedance [241]
or similar.

It is important to note that since capacitors are included in the Thevenin model and
in impedance-based models, these are able to represent transient states of the battery
cell (e.g., the rate of change in the voltage over time under sudden load variations for
the battery).

The problem with adding complexity to the model is to successfully determine its
parameters for all states of the system. Einhorn et al. [242] propose an optimization
algorithm that, using empirical data, determines the model parameters of a Li-ion
battery cell function of the SoC. In particular, several current steps are applied to
the real battery cell and the battery cell model. The difference between the real and
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simulated terminal voltages serves to iteratively run the optimization algorithm for
model parametrization. The method is applied to three models: the above-mentioned
model based on a voltage source in series with a resistance, and the Thevenin and
second-order Randles models, depicting an increasing amount of realism as the model
complexity increases. As a further example, the work performed in Dai et al. [243] is
taken in the same direction.

As noted before, another technique for model parametrization is the so-called
electrochemical impedance spectroscopy technique [239, 240, 244, 245]. Two modes
are intended for deploying this technique: the so-called galvanostatic and potentio-
static modes. In the former, the discrete Fourier transfer function for the equivalent
impedance of the cell is deduced from evaluation of the consequences for the AC cell
voltage of applying a small AC current through it. If this is done at different operating
points of the cell, nonlinearities for the equivalent impedance with the temperature
and the SoC can be identified. Conversely, in the latter mode, what is imposed for
experimental purposes is not the current flowing through the cell but the voltage at its
terminals.

Finally, a third (and simple) method to predict the model parameters is that based
on the manufacturers’ datasheets. To be certain, extracting the parameters in this way
will serve to build up relatively simple models (such as the Shepherd model), but this
is a straightforward and widely adopted strategy.

Figure 6.10 graphically summarizes the classification of battery models presented
so far.

The rest of this section briefly presents the formulation of the Shepherd model (and
the update performed by Tremblay and Dessaint [236]) in combination with Peukert’s
law [225], with the aim of providing a reference case or basic background on battery
modeling.

The Shepherd Model and Peukert’s Law
Because of their simplicity and maturity (this model was formulated in 1963), one of
the most utilized alternatives to build up an averaged dynamic model is the Shepherd
model [234]. The battery cell (or module) adopted in this model resembles a voltage
source connected to a series resistance. The magnitude of the voltage source is variable
and depends on the SoC and other nonlinearities. The terminal voltage of the battery
while discharging is computed by the following equation:

ut = Us − K

(
Q

Q − it

)
i

⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟
(i)

− R × i
⏟⏟⏟

(ii)

+ Ae−
B×it

Q

⏟⏟⏟
(iii)

, (6.38)
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Figure 6.10 A summary of battery models.

and for charging processes

ut = Us − K

(
Q

Q − it

)
i − R × i − Ae−

B×it
Q , (6.39)

where ut is the terminal voltage (in volts), i is the electric current (in amperes), Q
is the maximum amount of charge for the battery (in Ah), it is the actual battery
charge (in Ah), and Us, K, R, A, and B are Shepherd parameters. These Shepherd
parameters are labeled as follows: Us is the constant voltage (in volts); K is the
slope of the polarization curve, or the polarization resistance (in V/Ah); R is the
internal resistance of the cell measured in the charged state; and A and B are empirical
parameters.

In the Shepherd model, the electrical potential drop in the battery cell during the
discharging process is divided into three parts, each of which mainly depends on
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Figure 6.11 The discharge curve of a battery cell.

one term of Equation (6.38). Term (iii) depicts the nonlinear voltage drop at the
beginning of the discharging process, starting from the full charge stage. Terms (ii)
and (iii) determine the potential drop due to the internal resistance within the nominal
operating zone (see Figure 6.11). Finally, term (i) dominates the exponential potential
voltage drop while exhausting the cell charge; that is, while it approximates to Q.

As depicted, within the nominal operating zone, the voltage at the terminals is almost
constant and this permits a relatively easy connection and management by the PCS.
Finally, the dramatic voltage drop at the end of the discharge zone prevents the oper-
ation of the battery in this range, limiting the minimum operating SoC of the device.

The assumptions of the Shepherd model are as follows: (1) both the cathode and
the anode have active porous materials; (2) both the electrodes and the electrolyte
are homogeneous; (3) the electrodes are parallel and the current density is uniformly
distributed through them; (4) the temperature is constant, as well as the internal
resistance; (5) the polarization is linear over the range of discharge current densities;
and (6) the discharge current is constant. This last assumption greatly affects the
applicability of the model.

The model was modified by Tremblay and Dessaint [236] to extend its validity under
variable charging and discharging currents. This work modified Equations (6.38) and
(6.39) as follows:

ut = Us − K

(
Q

Q − it

)
i − K

(
Q

Q − it

)
it

⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟
(v)

−R × i + 𝜀
⏟⏟⏟

(iv)

, (6.40)
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and for charging processes

ut = Us − K

(
Q

it − 𝛼 × Q

)
i − K

(
Q

Q − it

)
it

⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟
(v)

−R × i + 𝜀
⏟⏟⏟

(iv)

, (6.41)

where the new term (v) is labeled as the polarization voltage. The addition of this term
allows us to correct the open-circuit voltage, which is a function of the battery’s SoC
and this has a great impact in the voltage cell under variable discharging and charging
currents. Finally, the exponential zone voltage in the Shepherd model is noted here
by the term 𝜀(t), which responds to the following nonlinear system:

d𝜀
dt

= B × |i| × (−𝜀 + A × u), (6.42)

where u is a binary variable that takes the value 1 for the charging mode and 0
otherwise. However, this expression is only valid for lead–acid and nickel–cadmium
(Ni–Cd) batteries. For lithium-ion (Li-ion) types, it takes the form

𝜀 = Ae−B×it. (6.43)

The model can be further modified from the Shepherd model by including the
parameter 𝛼 in the equation for the charging processes. According to Tremblay and
Dessaint [236], 𝛼 = 0.1 seems reasonable for all of the battery types considered; that
is, lead–acid, Li-ion, Ni–Cd, and nickel – metal hydride types. This value is obtained
empirically.

Finally, note that for Ni–Cd and Li-ion batteries, the polarization resistance term
(i) in the charge Equation (6.39) is further modified by computing the absolute value
of it, and so becomes |it|, instead of the actual value it, to take specific phenomena
into account while overcharged.

One important advantage of the Shepherd model and the adaptation by Tremblay
and Dessaint is the fact that the model parameters can be derived from manufacturers’
datasheets. In particular, the Shepherd parameters Us, A, and K can be solved by
evaluating the discharge Equation (6.38) at the points x, y, and z delimiting the full
charge state, the exponential voltage zone, and the nominal voltage zone. These points
are fully characterized in the manufacturers’ datasheets. Doing this yields a system
with three equations and three variables that can be solved analytically. More details
on this procedure can be found in Tremblay and Dessaint [236].

As previously shown, the Shepherd model [234] serves to compute the I–V char-
acteristics for the battery cell under steady state conditions; that is, under a constant
charge and/or discharge current. To extend the applicability of the model under vari-
able current conditions, the SoC should be properly estimated. Such an estimation can
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be derived by using Peukert’s law in combination with the Shepherd model. According
to Peukert’s law, the cell capacity and the current rate are interrelated, so the higher
the current rate, the lower is the capacity of the cell, and this can be clearly observed
in cell datasheets. The law translates this dependency by stating that the product of
the discharge current i raised to the power of n and the current discharge time constant
𝜏i is constant, so that

in × 𝜏i = constant. (6.44)

The parameter n depends on the battery type and varies during the battery’s life span,
so it should be determined experimentally. Using this relationship, the capacity of the
battery cell, Q1, can be adjusted as a function of the actual discharge current i1, as
follows:

Q1 = Q2

(
i2
i1

)n−1

, (6.45)

where Q2 is the capacity (in Ah) of the cell while steadily discharged at a current rate
i2 (in A).

The adjustment of the cell capacity to current rate conditions allows us to better
determine the SoC during the operation of the battery. However, the above relationship
can be applied under constant current rate conditions. For application under variable
operating conditions, time-dependent current profiles could be discretized so as to
consider the electric current constant within each considered time step. Doing this,
the SoC of the cell at the end of time interval k can be computed using

SoCk = SoCk−1 + ΔSoCk, (6.46)

and the net discharged ampere-hours result as

itk = itk−1 + Δitk. (6.47)

The two previous equations can be applied indifferently for both charging and
discharging processes. However, the computational expressions for the terms ΔSoCk
and Δitk need to be particularized for each case and this is discussed in what follows.

The cell voltage – ampere-hour discharge curves offered in datasheets express the
usable energy that can be extracted from the cell, and not the amount of energy
actually stored in it. For discharging processes, for which the adjustment of the
cell capacity is determined by Equation (6.45) – and this, in turn, is derived from
experimental discharge curves that take just usable energy into account – there is no
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need to consider any charging efficiency; this is already implicit in the calculation.
Thus, ΔSoCk and Δitk result as follows:

ΔSoCk = −
ik × Δt

3600 × Q2

(
ik
i2

)n−1

(6.48)

and

Δitk = ΔSoCk × Qk. (6.49)

Since Equation (6.45) is not applicable to charging processes, we somehow need
to consider the charge efficiency. Because of the difficulty of measuring the charge
and discharge energy efficiencies for battery cells separately, manufacturers usually
specify just an equivalent round-trip efficiency at the maximum depth of discharge.
If this is considered as a good approximation for charging processes, Δitk can be
calculated using

Δitk =
ik × Δt

3600
𝜇

100
, (6.50)

where 𝜇 is the round-trip efficiency. From Δitk, ΔSoCk results as follows:

ΔSoCk =
Δitk
itk−1

(1 − SoCk−1). (6.51)

For more details on Peukert’s law and its application, see Peukert [225] and Bumby,
Clarke, and Forster [229].

6.4.2.2 Control

As in the case of supercapacitors and DC–DC converters, a cascaded control system
based on PI controllers can be proposed for batteries. In such a structure, the inner
control loop would be in charge of controlling the currents exchanged by the battery.
The control loop topology and tuning are identical to those for supercapacitors, since
they solely depend on the inductor included in the DC–DC converter and the voltage
at the DC link that couples the SSC to the GSC. For further details of this controller,
see Section 6.4.1.2.

Conversely, the outer control loop is in charge of providing the inner one with
the reference profile of the current. The reference current is limited by the battery
management system (BMS) for protection purposes. The reference profile of a current,
and the design of the controller, greatly depend on the final application of the battery.
Current profiles are further differentiated for charging and discharging processes.

Since they are somewhat related to the proper management of battery chargers,
battery datasheets usually include voltage and current profiles to be applied at the
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Figure 6.12 The CC/CV charging method.

battery terminals for carrying out the so-called constant-current/constant-voltage
(CC/CV) charging. This charging method is widely applied in multiple applications
and as such is considered worth including here as reference or background knowledge.
Figure 6.12 depicts the voltage, current, and battery capacity while performing such
a charging method.

As noted, in constant-current charging mode, a constant current is applied at the
battery terminals – this is ensured by the current control loop of the DC–DC converter
to which the battery is attached. The battery cell should be properly monitored so as
to avoid overcharging and overdischarging. Once the cell voltage reaches the peak
charge voltage, the controller switches to the constant-voltage mode. In this control
mode, the controller aims to prevent the cell voltage from dropping from the level
attained. While in this control mode, the battery cell becomes completely charged
and thus the current entering in the cell drops progressively, down to a minimum
value. Charge cutoff occurs as soon as predetermined minimum current is reached,
indicating the full charge state of the cell. In practice, it is important to prevent the
cell from overvoltage, and for this reason the controller may switch from constant
current to constant voltage slightly prior to reaching the cell peak voltage.

As previously presented, the charging and discharging of the battery cell can be
governed by a cascaded control system based on PI controllers. The scheme of such
a structure is presented in Figure 6.13.

The tuning of the inner control loop was presented in Section 6.4.1.2. The following
aims to propose an easy methodology to tune the voltage controller, and hence the
outer control loop.

As presented in Section 6.4.2.1, the voltage at the cell terminals is affected by
several nonlinearities within the cell, such as the dependence of the capacity on the
rate of change of the current, the temperature, capacity recovery and fade, parameter
variation with the SoC, and so on. For the design of voltage controller tuning, it would
be desirable to characterize the system or the plant to control – that is, the battery
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cell – by an equivalent transfer function that allows us to calculate the cell voltage
from the electric current. However, such a task proves to be impracticable due to the
difficulty of considering all above-mentioned cell phenomena.

One simple approach is to liken the behavior of the battery cell voltage while in
the nominal operating zone (see Figure 6.11) to a large capacitor. Within the nominal
operating zone, the cell voltage drops linearly with the discharged capacity from u0
down to uT . Such a process takes T s. Now, considering that the cell is discharged
steadily at a given current, we could estimate the energy delivered, Ebat (in watts), by
the cell as

Ebat =
∫

T

0
i × u(t) dt, (6.52)

so that

Ebat =
1
2

i × T(u0 + uT). (6.53)

Now likening the cell voltage to a large capacitor, the terminal voltage of which
also drops from u0 to uT while discharged, the energy yielded in this process can be
computed as

Ecap = 1
2

C
(
u2

0 − u2
T

)
. (6.54)

Setting Equations (6.53) and (6.54) equal to each other, the equivalent capacity C
becomes

C =
i × T(u0 + uT)(

u2
0 − u2

T

) . (6.55)

Considering the battery as a capacitor, the tuning of the PI controller of the voltage
control loop for the battery proves to be identical to the tuning of that loop for
supercapacitors in Section 6.4.1.2. For further details on the tuning process, see the
above-mentioned section. As for the voltage controller for supercapacitors, the PI
structure for battery voltage control should be equipped with an anti-windup. This
prevents the integrator from accumulating an unbounded error while in constant-
current control mode.

6.4.3 Flywheels and AC–DC Converters

6.4.3.1 Modeling

An averaged model of a flywheel for studies related to power systems can serve to
represent the averaged and dynamic behavior of the storage container while interacting
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with the electrical network. Thus, such an averaged model should present electrical
magnitudes (voltages and currents) as input–output signals, so as to effectively enable
the integration of the model into the relevant electrical simulation platforms.

Although the topology of a flywheel-based storage system has previously been
presented in Chapter 4, it is convenient to recall here that it is composed of a rotating
disk, coupled to an electrical machine, which in turn is connected to the electrical grid
through a set of back-to-back power converters. In what follows, the modeling of the
mechanical part of the system and the electrical modeling of the rotating machine and
the storage-side power converter are introduced.

Since a flywheel stores electrical energy as mechanical energy, it is mainly charac-
terized by two quite different time constants: the mechanical time constant, determined
by the inertia of the system; and the electrical time constant, determined by the electric
and electronic parts of the technology. By modeling the mechanics of the system, one
can reliably represent the major parameters of the storage container, such as the SoC –
which is directly related to the speed of the flywheel – and the mechanical torque at
the shaft of the electrical machine to which the rotating disk is coupled. Furthermore,
by making some assumptions about the electrical efficiencies of the system, one could
derive the electric power actually exchanged with the system to which the storage is
connected; that is, the main grid.

The large time constant of the mechanics, governed by the inertia of the rotating
parts, mainly drives the dynamics of the system. The equation of motion of the
electromechanical system comprised of the electrical machine and the rotating disk
can be compared to that of a single-mass system as follows:

d𝜔r

dt
=

p

2

Te − Tl

J
, (6.56)

where 𝜔r is the electrical frequency of the machine, in rad/s, p is the number of poles,
Te is the electrical torque produced, in Nm, Tl is the mechanical torque at the shaft of
the machine, and J is the inertia of the rotating parts, in kgm2.

The mechanical torque Tl can be associated with frictional losses in the assembly
and is speed dependent, so

Tl = k1 × 𝜔m + k2, (6.57)

where k1 and k2 are parameters to be adjusted empirically and/or from manufacturers’
datasheets. The mechanical speed 𝜔m, in rad/s, can be expressed in terms of the
electrical frequency and the number of poles by

𝜔m = 𝜔r
p

2
. (6.58)
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The general equation for computing the electrical torque Te, which is valid for both
surface-mounted (or nonsalient pole) and salient pole machines, is

Te =
(3

2

)(p

2

)
(𝜓PMisq + (Ld − Lq)isqisd), (6.59)

where isqd are the stator currents, in amperes; and Lqd are the stator inductances, in
henries, which depend on leakage and magnetizing inductances, so that Lq = Lls + Lmq
and Ld = Lls + Lmd; and𝜓PM is the flux generated by the permanent magnets, in webers
(Wb).

Since a surface-mounted permanent magnet machine is being considered in this
case, the direct-axis and quadrature-axis inductances of the machine are approximately
equal: Ld ≈ Lq. Accordingly, the electrical torque can be expressed as follows:

Te =
(3

2

)(p

2

)
𝜓PMisq. (6.60)

The electric currents, magnetic fluxes, and inductances are associated with the
modeling of the electrical part of the system. This electrical model mainly comprises
the voltage equations for a permanent magnet synchronous machine (PMSM) – this
is one of the most widely utilized drivers for flywheels.

The voltage equations are usually introduced in Park’s qd0 coordinates [213],
instead of using alternative abc magnitudes. In the rotor’s frame of reference, with
stator currents in motor orientation, and expressing all magnitudes in SI units, the
voltage equations are formulated as follows:

usq = Rsisq + Lq
d
dt

isq + 𝜔rLdisd + 𝜔r𝜓PM, (6.61)

usd = Rsisd + Ld
d
dt

isd − 𝜔rLqisq, (6.62)

u0s = Rsi0s + Lls
d
dt

is0, (6.63)

where the usqd0 represent stator voltages, in volts, and Rs is the stator resistance, in
ohms.

The stator terminals of the PMSM are connected to an inductive filter, to filter the
harmonic components of the currents flowing into the servomotor. This inductive filter,
in turn, couples the servomotor to the SSC. Considering the converter as three ideal
voltage sources (ucsa, ucsb, and ucsc), the equivalent electric circuit of the machine-side
converter can be made to resemble that presented in Figure 6.14.
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Figure 6.14 The machine-side converter circuit.

In a synchronous qd0 frame of reference with the electrical frequency of the
servomotor, the mathematical modeling of the system presented in Figure 6.14 takes
the following form:

ucsq − usq = rlisq + Ll
d
dt

isq + 𝜔rLlisd, (6.64)

ucsd − usd = rlisd + Ll
d
dt

isd − 𝜔rLlisq. (6.65)

Substitution of Equations (6.61)–(6.62) in Equations (6.64)–(6.65) results in

ucsq = (rl + rs)isq + (Ll + Lq)
d
dt

isq + 𝜔r(Ll + Ld)isd + 𝜔r𝜓PM, (6.66)

ucsd = (rl + rs)isd + (Ll + Ld)
d
dt

isd − 𝜔r(Ll + Lq)isq. (6.67)

The set of equations presented above builds up the mechanical and electrical mod-
eling of the system.

6.4.3.2 Control

This section presents the design of the control system for the SSC of a flywheel-based
storage system. As previously introduced, this controller is in charge of managing
the speed of the flywheel, and thus, the energy injected or absorbed by the storage
container from the main grid. Also, the controller manages the reactive currents
flowing between the stator and the SSC terminals.

The control scheme adopted for these purposes is the so-called current vector
control algorithm for the PMSM [213, 246, 247], which is graphically presented in
Figure 6.15.

As can be observed, as for the GSC, the controller presents a cascaded architecture,
in which the outer loop contains the speed controller, feeding the q-axis inner current
control loop. The input measurements are the alternating currents flowing from the
converter, isabc, the rotor angle, 𝜃r, and the DC-link voltage, E. The control setpoints
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are the mechanical speed of the PMSM, 𝜔∗
m, and the d-axis stator current component,

i∗sd. The outputs of the algorithm are the voltage setpoints for the SVPWM scheme for
the converter [213], expressed in a stationary frame of reference as u∗

cs𝛼𝛽 .
As indicated in Equation (6.60), the electromagnetic torque produced by the

machine for acceleration and breaking is only dependent on isq, so this justifies
the association of the speed controller with, precisely, the determination of the q-axis
stator current setpoint, i∗sq.

On the other hand, the d-axis stator currents do not impact on the speed control,
provided that the machine does not overcome its rating speed. Thus, normally, i∗sd = 0
(no reactive currents are exchanged through the inductive filter between the SSC and
the stator terminals). However, with the aim of overcoming the speed ratings of the
machine, nonzero i∗sd can be applied, thus adopting the concept of flux weakening
[248, 249].

The following paragraphs address the design of the PI controllers, building up both
the outer and the inner control loops in Figure 6.15.

The Current Control Loops
As presented in Equations (6.66) and (6.67), the q-axis component of the stator voltage
usq depends on the d-axis component of isd. Analogously, the usd depends on isq. In
order to obtain a decoupled linear system, the following restructuring is proposed:

ucsq = ûcsq + 𝜔r(Ll + Ld)isd + 𝜔r𝜓PM
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Δuq

, (6.68)

and

ucsd = ûcsd − 𝜔r(Ll + Lq)isq
⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟

Δud

, (6.69)

where ûcsq and ûcsd describe a decoupled linear system, G(s), which takes the following
form in the Laplace domain:

isqd =
⎛⎜⎜⎜⎝

1
(rl+rs)+(Ll+Lq)s

0

0 1
(rl+rs)+(Ll+Ld)s

⎞⎟⎟⎟⎠
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

G(s)

ûcsqd. (6.70)
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M(s)

G(s)C(s)
i*sqd isqducsqd

Figure 6.16 The block diagram control methodology for the stator currents.

Since G(s) describes a linear system, a PI controller C(s) is proposed to control the
stator currents of PMSM, yielding the closed-loop structure block diagram shown in
Figure 6.16.

As for the tuning of the PI controllers for the GSC, the direct synthesis method [217]
is used for tuning these stator current controllers. As a reminder, this method consists of
determining the controller C(s), the transfer function of which is specified according to
the desired closed-loop transfer function M(s). With regard to the desired performance,
M(s) is preferred to be in the form of a first-order mathematical function dependent on
a parameter 𝜆s. Proceeding as in Section 6.3.2.1, the proportional and integral control
parameters for current control PI structures are as follows:

Kpsq =
(Ll + Lq)

𝜆s
(6.71)

and

Kisq =
(rl + rs)

𝜆s
. (6.72)

As presented in Figure 6.15, the output of the PI controllers, ûcsd, should be com-
plemented by the decoupling terms Δuq and Δud defined above, to determine the
control voltages ucsq and ucsd for the convertor’s SVPWM control scheme. In addi-
tion, the q-axis PI structure is also equipped with an anti-windup. This is added so
as to avoid instabilities in the SSC, which are eventually induced by the variable
DC-link voltages. To understand such instabilities, it is important to first note some
of the limitations of the SVPWM scheme.

In an SVPWM scheme, the modulus of the peak AC phase-neutral voltage, uref|,
that can be produced (within the normal linear modulation range) is dependent on
the magnitude of the voltage at the DC link. This linear dependency is formulated by|uref| ≤ E∕

√
3. In turn, |uref|, which can be made to resemble the magnitude of the

stator voltage of the PMSM, depends linearly on the speed of the machine. Thus, the
maximum speed of the PMSM could be bounded by the DC-link voltage E, provided
that this becomes reduced under certain circumstances.
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In other words, in the event of a deep drop in the DC-link voltage, the SVPWM
scheme would not be able to develop a high enough sinusoidal voltage at the stator
terminals to maintain the desired speed, thus causing the integrator of the PI controller
to fall into an oversaturated state. Once the DC-link voltage recovers, and due to the
oversaturated state of the controller, the servomotor will accelerate uncontrollably.
The addition of the anti-windup serves to limit the output of the integrator, thus
avoiding potential instabilities.

In practice, and as depicted in Figure 6.15, for the implementation of the anti-
windup scheme, the q-axis reference voltage u∗

csq determined by the PI controller is a
saturated function of E and u∗

csd, of the form

|usat
csq| =

√√√√√(
E√

3

)2

− (u∗
csd)2. (6.73)

In the event that the q-axis PI controller determines a reference voltage u∗
csq higher

than its threshold magnitude usat
csq – that is, in the event that a rotational speed for the

machine being demanded that is higher than that permitted according to the DC bus
voltage – the input for the integrator of the controller is diminished so as to avoid
this developing into an oversaturated state. The diminishing term e is proportional to
the difference between the voltage u∗

csq that the PI controller aims to achieve and the
maximum voltage that the converter determines as admissible, all affected by a factor
𝛼, which depends on the control parameters Kpsq and Kisq. In particular, the signal e
is computed as follows:

e = (u∗
csq − usat

csq)𝛼, (6.74)

where 𝛼 = Kpsq∕Kisq.

Speed Control
To complete the description of the SSC for a flywheel-based power conversion system,
this section introduces the design of the outer control loop for the above-mentioned
converter. This controller is in charge of regulating the speed of the flywheel (see
Figure 6.15).

The speed control is deployed by adjusting the torque of the PMSM. The reference
torque is proportional to the q-axis stator current isq, according to Equation (6.60).
An ideal orientation of the qd0-axis with the magnetic flux created by the magnets of
the rotor of the PMSM, and a current controller bandwidth well beyond the required
speed controller bandwidth, are assumed.

For controller design, the transfer function of the “plant” to be controlled mainly
corresponds to the Laplace representation of the mechanical dynamics of the system
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G(s)

Cω (s)
T*e p   1

2J   s
ω r* ω r

Tl

Figure 6.17 A rotational speed control scheme.

G(s), which were formulated in Equation (6.56). Graphically, the closed-loop repre-
sentation for the design of the speed controller is presented in Figure 6.17, in which
C𝜔(s) is the speed controller.

Provided that the torque losses Tl equal zero, the controller C𝜔(s) could take the
form of a proportional gain, affecting the error e = 𝜔∗

r − 𝜔r. Such a proportional
controller would cancel any steady state error in response to a step-profiled reference
speed 𝜔∗

r , since the open-loop transmittance C𝜔(s)G(s) features a pure integrator:

C𝜔(s)G(s) = Kp𝜔
p

2Js
. (6.75)

However, since Tl is not negligible, the speed regulator should also consider an inte-
grator to obtain a zero steady state error. Nevertheless, here, a proportional controller
is considered. In any case, it is important to note that the output of the controller
should be limited at the minimum value between the maximum admissible torque for
the PMSM and the maximum admissible currents for the converter.

Considering a proportional controller, the closed-loop transfer function of 𝜔r∕𝜔∗
r

results in

𝜔r

𝜔∗
r

=
C𝜔(s)G(s)

C𝜔(s)G(s) + 1
=

Kp𝜔p

2Js
Kp𝜔p

2Js
+ 1

= 1
2J

Kp𝜔p
s + 1

, (6.76)

which can be made to resemble a first-order transfer function:

𝜔r

𝜔∗
r

= 1
𝜆𝜔s + 1

. (6.77)

Finally, the proportional parameter of the controller is formulated as being dependent
on the value selected for the time constant 𝜆𝜔:

Kp𝜔 = 2J
p𝜆𝜔

. (6.78)
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6.5 An Example of an Application: Discharging Storage Installations
Following Various Control Rules

6.5.1 Input Data

This section depicts a simple example of an application, so as to demonstrate the
performance of the models and controllers previously presented for supercapacitors,
batteries, and flywheels. The adopted input data for the modelization are presented in
Tables 6.1, 6.2, and 6.3.

The parameters for the flywheel motor are listed in Dı́az-González et al. [250].
The supercapacitor storage container is built up from multiple modules from

Maxwell Technologies, Inc. [148]. Each module, with reference BMOD0058 E016

Table 6.1 Parameters for simulation (I/III).

System Component(s) Parameter Value

External grid Ul (V) 400
f (Hz) 50

GSC Inductive filter Ll (H) 0.005
Rl (Ω) 0.3

DC link E0 (V) 800
C (F) 0.01

Controllers KpPLL 1.0
KiPLL 1.0
Kilqd 300.0
Kplqd 5.0
KpE 0.2956
KiE 1.7055

Flywheel Mechanics 𝜔max(krpm) 3000.0
𝜔min(krpm) 1000.0
Taccmax

(Nm) 18.0
Taccmin

(Nm) −18.0
J(kgm2) 2.6145
c1 (Ws2/rad2) 0.0019
c2 (Ws/rad) 0.282

PMSM 𝜓m(Wb) 0.2465
Ld and Lq(H) 0.0029
Rs(Ω) 0.44
p 6
Prated(kW) 5.5

SSC Kpsqd 2.9
Kisqd 440.0
Kp𝜔 1.743
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Table 6.2 Parameters for simulation (II/III).

System Component(s) Parameter Value

Supercapacitor Modules C (F) 1.8125
Umax (V) 512
Umin (V) 250
Rs (Ω) 0.704
Rl (Ω) 1000
Prated (kW) 44.3

SSC L (H) 0.005
Kpi 2.5×10−4

Kii 0.0025
Kpu 7.25
Kiu 7.25

B02, offers 58 F of capacity and 16 V between its terminals. By connecting 32 mod-
ules in series, the system acquires the ratings presented in Table 6.2. It is important
to note that for series-connected modules, the equivalent capacity results from

C =
Cmodule

number of modules in series
(6.79)

and the ESR results from

Rs = (Rs module) × (number of modules in series). (6.80)

Table 6.3 Parameters for simulation (III/III).

System Component Parameter Value

Battery (Li-ion) Cell R (Ω) 0.005
umax (V) 3.95
uexp (V) 3.85
unom (V) 3.3
umin (V) 2.7
Q (at 0.33 C, in Ah) 41

SSC L (H) 0.005
Kpi 2.5×10−4

Kii 0.0025
Kpu 4.32×105

Kiu 2.16×105



Modeling, Control, and Simulation 201

The parameters for the battery cell correspond to model VL41M from Saft [161].
The voltages umax, uexp, unom, and umin have been derived from the discharge profile
in the product datasheet. These values correspond to the voltage at full charge state,
at the end of the exponential zone voltage, at the end of the nominal zone, and for the
minimum admissible operating voltage, respectively. In the case of having a battery
module with ns cells in series and nr cells in parallel, to determine the parameters
for the battery module, all voltages have to be multiplied by ns, all currents by nr, all
resistances by the factor ns∕nr, and all capacitances by ns × nr.

6.5.2 Discharge (Charge) Modes for Supercapacitors

This section presents the behavior of supercapacitors while discharged (charged) at
constant current, at constant power, and in voltage control mode (i.e., while governed
by the SoC controller).

The simulation results depict the voltage at the supercapacitor terminals,
the exchanged active power, and the electric current. Figure 6.18 presents the

20 40 60 80 100 120 140
200

300

400

500

600

V
o
lt
a
g
e
 (

V
)

 

 

20 40 60 80 100 120 140
–5

–2.5

0

2.5

5
x 10

4

P
o
w

e
r 

(W
)

20 40 60 80 100 120 140
–100

–50

0

50

100

Time (s)

C
u
rr

e
n
t 
(A

)

Terminal voltage

Reference

Figure 6.18 The voltage, active power, and current for the supercapacitor module while
charged and discharged in voltage control mode.
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behavior of the supercapacitor while discharged (charged) in voltage control mode.
As a reminder, the SoC of the system is directly proportional to the voltage between
the terminals of the supercapacitor module. As can be noted, the exchanged active
power increases with the voltage at the supercapacitor terminals (i.e., with the SoC
of the system). This relationship between the SoC and the power capability of both
supercapacitors and flywheels suggests that the SoC controllers for these storage sys-
tems should be designed taking the power demand profiles they should have to satisfy
into account. For instance, while building up uninterruptible power supply systems
(UPSs), supercapacitors and flywheels are required to be rapidly discharged at full
power capability in the event of a mains failure. So in this case, they should remain
fully charged in steady state conditions. Conversely, in applications related to power
smoothing, in which the storage containers are supposed to be continuously charged
and discharged (see Chapter 7, which describes one example in this regard), they are
better operated partially charged.

The simulation in Figure 6.19 depicts the behavior of supercapacitors while dis-
charged (charged) in current control mode. As shown, the temporal trends for the
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Figure 6.19 The voltage, active power, and current for the supercapacitor module while
charged and discharged in current control mode.
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Figure 6.20 The voltage, active power, and current for the supercapacitor module while
charged and discharged in power control mode.

terminal voltage, the power, and the current are quite similar to those obtained in
voltage control mode. Also, note the sudden voltage drop and increase at the time
when the charging and discharging processes finish, respectively, and so when the
current reaches zero. These abrupt changes are due to the voltage drop at the series
resistance of the supercapacitor module.

Finally, Figure 6.20 plots the behavior of the system while discharged (charged)
in power control mode. Note how the power exchanged is clearly dependent on the
terminal voltage of the supercapacitor module.

6.5.3 Discharge (Charge) Modes for Batteries

This section presents the behavior of a battery cell while charged in the CC/CV
charging mode. The battery parameters are presented in Table 6.2. The adopted
battery model is the Shepherd model as updated by Tremblay and Dessaint [236],
which was briefly presented in Section 6.4.2.
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Figure 6.21 A typical voltage-discharge curve for a battery cell (the discharge rate is 0.33 C).

First, however, Figure 6.21 presents the voltage-discharge capacity for the cell
while discharged in constant-current mode at 0.33 C. This discharge trend is quite
similar to that presented in the manufacturer’s datasheet [161] (as a reminder, the
battery cell simulated corresponds to Saft’s model VL41M).

The simulation results shown in Figure 6.22 depict the cell voltage, the current,
and the charged capacity. The cell is charged at 0.33 C up to approximately 94% of
maximum capacity.

As can be noted, the controller switches from constant-current to constant-voltage
mode once the cell has reached the voltage setpoint (around 4.05 V). From this point
on, the controller concentrates on preventing the cell voltage from dropping, and the
current decreases progressively up to the end of the charging process.

6.5.4 Discharge (Charge) Modes for Flywheels

This section shows the behavior of flywheels while discharged (charged) at constant
current (or constant torque), at constant power, and in speed control mode (i.e., while
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Figure 6.22 The battery voltage, current, and charge (in Ah) while being charged in CC/CV
charging mode.

governed by the SoC controller). These are the typical control modes for flywheels
while providing various services.

The simulation results in Figure 6.23 depict profiles for the rotational speed, the
active power, and the q-axis current (which is proportional to the torque) while charged
and discharged between admissible speed limits. As can be noted, and due to the large
inertia of the system, the mechanical dynamics are much faster than those for the
electric current of the servomotor. Also, it is interesting to note how the active power
exchanged by the system increases progressively with the rotating speed.

Figure 6.24 depicts the performance of the system while discharged and charged
under torque control. In this case, the q-axis electric current is always bounded by the
ratings of the servomotor and the active power increases with the rotational speed of
the flywheel. As shown, the obtained profiles are quite similar to those presented in
Figure 6.23, corresponding to the speed control mode.

The constant-power discharging mode is noticeably different to the previous control
modes. As shown in Figure 6.25, the system is able to follow the squared-profile
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Figure 6.23 The rotational speed, active power, and current for the flywheel while charged
and discharged in speed control mode.
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Figure 6.24 The rotational speed, active power, and current for the flywheel while charged
and discharged in constant-current (or torque) control mode.
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Figure 6.25 The rotational speed, active power, and current for the flywheel while charged
and discharged in power control mode.

reference power provided that the rotating speed does not fall below a certain level.
Under such circumstances, the power exchanged by the system decreases progres-
sively with the rotational speed, and the torque proves to be bounded by the electrical
ratings of the servomotor and the attached power electronics.

6.6 Conclusions

This chapter has presented averaged models for the dynamic simulation of various
storage technologies. The modeling covers both the storage containers and also the
design and tuning for the controllers of the associated power conversion systems to
which they are attached. As a result, the modeling of the storage systems presented
in this chapter (supercapacitors, batteries, and flywheels) has required knowledge in
various fields, such as electrical, mechanical, chemical, and control engineering. For
instance, the modeling of flywheels demands the representation of the mechanical
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dynamics of the rotating disk, the electrical modeling of an electrical machine, and
the design of control systems for power electronics.

Such a challenging task, however, allows us to come up with powerful simulation
environments to be used for a range of purposes. For instance, the level of detail of the
models presented here allows us to use them, for instance: for the design of low-level
control algorithms for power conversion systems; for the evaluation of dynamic per-
formance of high-level energy management algorithms for storage installations (SoC
supervisors); and for the evaluation of active and reactive power flows in electrical
networks with storage systems; among others. The selection of the model for each
case studied should be based on the specificities and the required level of detail.

Finally, it is important to note the numerous approaches for modeling batteries that
can be found in the literature. The numerous nonlinearities in battery cells suggest
several representations, with differing levels of detail. With regard to the objectives of
the chapter, the model described here can be intended as a well-established reference
case for the averaged electrical representation of a battery cell.



7
Short-Term Applications of
Energy Storage Installations
in the Power System

7.1 Introduction

This chapter describes potential short-term applications that energy storage systems
(ESSs) could provide in the electric power system. As discussed throughout the
book, the inclusion of energy storage installations in the power system is usually
motivated by the need to ensure the required balance between generation and demand,
as well as to satisfy the required power quality levels, regardless of the variability
of renewable energy sources. Since the electric power systems of the future will
surely be characterized by holding increasing penetration rates of renewables, most
of the applications for storage systems discussed hereinafter will be closely related to
renewable generation. Each technical issue has been identified and defined according
to Barton and Infield [160], Bayod-Rújula [251], Beaudin et al. [166], Dell and Rand
[135], EPRI [252], Georgilakis [253], and Świerzyński et al. [254]. In addition, the
definition of these aspects is complemented by a brief discussion on the role of the
ESS in each case.

The subjects presented above will be discussed in the following sections. First,
however, and with the aim of providing an initial general picture, the short-term
services that EESs can provide in the power system are listed and classified by storage
technology in Tables 7.1 and 7.2. The literature cited in these tables mostly relates
EESs with wind power (for further details, see our previous work [42]). Moreover,
the tables only include short-term applications; that is, those requiring the ESSs
to provide or absorb energy continuously for less than 30 min. For discussions on
mid-and long-term applications, see Chapter 8.

Energy Storage in Power Systems, First Edition. Francisco Dı́az-González, Andreas Sumper and Oriol Gomis-Bellmunt.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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7.2 A Description of Short-Term Applications

Each of the short-term applications in Tables 7.1 and 7.2 is discussed in the following
sections.

7.2.1 Fluctuation Suppression

Fast output fluctuations (in the time range up to a minute) of renewable-based gen-
erating systems can cause network frequency and voltage variations, especially in
isolated power systems, thus impairing the power quality [265]. In order to mitigate
the effects of power fluctuations, an ESS can be used. Storage technologies suitable for
this application present high ramp power rates and high cycling capability, since fast
power modulation and continuous operation are required. Thus, batteries (excluding
conventional lead–acid batteries), flow batteries, and especially short-timescale forms
of energy storage such as supercapacitors, flywheels, and superconducting magnetic
energy storage (SMES) systems are well suited for this service.

A widely accepted solution to mitigate the power fluctuations of a wind turbine
driving a doubly fed induction generator (DFIG) is to include an ESS in the DC
link of the back-to-back converters of the machine. This storage device is equipped
with a control that interacts with the turbine’s and other controls in order to optimize
the net power delivered to the external grid by the entire system. This is the case
presented in Qu and Qiao [287]: a supercapacitor connected to the DC link of a

Table 7.1 An overview of publications regarding the uses of ESSs in the field of wind
power (part I).

Storage
duration at
full power

(min) PHS HESS CAES VRB ZBB PSB

Fluctuation
suppression

≤ 1 [255–
258]

[131, 255] [255]

LVRT ≤ 1 [256, 259]
√ a √ a

Voltage control
support

≤ 1 [255–257,
260]

[255] [255]

Oscillation
damping

≤ 1 [261] [255] [255] [255]

Spinning
reserve

1–30 [91] [262] [263] [255, 257,
258,
260,
264]

[131, 255,
260,
264]

[255,260,
264]

aAlthough the storage technology is suitable for this application, dedicated studies are not
listed here.
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wind generator through a two-quadrant DC–DC converter. Two levels of control are
defined, the high level (the wind farm supervisory controller), which is in charge of
coordinating the setpoints of each wind generator, and the low level, which details
the vector controllers of the converters of each wind generator. As a wind turbine
controller, the power conversion system (PCS) of each storage device receives the
setpoint calculated by the high-level controller, and manages the power injection or
absorption by means of computing the difference between this signal and the actual
active power of the wind generator.

Flywheels are also under study as a way of complementing the DC link of DFIG
wind turbines. Since the operating principle of this technology is highly related to the
power management of a motor/generator, the control theory of electrical drives plays
a key role in these studies. In Boukettaya, Krichen, and Ouali [277], three techniques
of sensorless vector-controlled induction motors driving a flywheel are compared. In
addition, control theories based on the Model Reference Adaptive System (MRAS)
for the design of speed estimation algorithms, as well as flux-weakening aspects,
motivated by the high speed of the flywheel, are taken into account [248, 283]. In
addition to the use of induction machines, permanent magnet and switched reluctance
machines are being studied for flywheel storage devices [284].

Looking at new power system topologies, the combination of storage systems,
such as flywheels, supercapacitors, or batteries, in hybrid systems with offshore wind
generation, diesel, and photovoltaic generation is proposed by Ray, Mohanty, and
Kishor [281].

Other studies [272, 273] propose the use of SMES systems in order to perform the
task of fluctuation suppression, providing storage at the point of common coupling
(PCC) of a wind farm to the network. In this configuration, the rated power of SMES
systems reaches several MW. For instance, a 15 MWh – 60 s SMES system is proposed
in Nomura et al. [275], in order to smooth the power fluctuations of a 100 MW wind
power installation. In this case, the wind power plant (WPP) is connected to the
external grid through a back-to-back DC link. To conclude, it is noted that by means
of the management of the charge and discharge rates of SMES devices, the capacity
of the power converters of the WPP can be reduced by 60%. Issues such as SMES
capital costs, as well as power losses due to maintaining a low operating temperature
and leakage of magnetic fields, have to be taken into account.

This chapter includes a particular study on the application of flywheels for wind
power smoothing (see Section 7.3).

7.2.2 Low-Voltage Ride-Through (LVRT)

Voltage control of renewable-based power plants at the point of connection with the
external grid during voltage dips is carried out in order to prevent the plant from being
disconnected, which could cause the collapse of the network. For this reason, grid
codes require wind parks to withstand voltage dips up to 0% of the rated voltage and
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for a specified duration. These requirements are known as LVRT requirements. Since
many renewable-based generating systems are connected to the grid through power
converters, it is possible to adjust the reactive power output during these disturbances
[31, 63, 313]. Therefore, energy storage is not necessary in these situations, but may
help to protect the DC link of the converters from overvoltage.

As in the case of the fluctuation suppression service, the suitable storage systems
for this application present high ramp-up rates, enabling a fast power modulation.
Therefore, batteries, flow batteries, and short-timescale forms of energy storage such
as supercapacitors, flywheels, and SMES systems are well suited for this application.

In Abbey and Joos [285], the DC link of the set of back-to-back converters of a wind
turbine driving a DFIG is complemented by supercapacitors. Numerous simulation
results show the improved ride-through capability of the system with energy storage
support. Fuzzy logic control techniques are suggested to manage the interaction
between the PCSs of the supercapacitors and the wind generator converter controllers,
dumping the voltage variations of the DC link during these disturbances.

The use of these control theories is also proposed in Ali et al. [290]. This article
deals with the implementation of SMES in a system with fixed-speed wind turbines,
equipped with pitch control. The SMES system is connected to an AC cable through
a six-pulse pulse width modulation (PWM) rectifier/inverter, using IGBTs and two-
quadrant DC–DC choppers. Both converters are linked by a DC-link capacitor. The
effectiveness of the pitch control and the SMES device in the voltage stability of the
system in persistent fault situations, caused by the inability to re-close the circuit
breakers of the system, is studied. The improvement of the voltage stability with
SMES systems in LVRT situations is also discussed in Shi et al. [276].

Another PCS for SMES systems is presented in Kinjo et al. [274], comprised in this
case of a combination of series and parallel inverters. Their DC links are connected
to a two-quadrant DC–DC converter with a DC-link capacitor and a superconducting
coil. While the series converter is responsible for regulating the voltage oscillations
of the wind generator, the parallel converter simultaneously controls the active and
reactive power in order to damp the oscillations of the tie-line power flow. The DC
bus voltage is properly maintained by controlling the superconducting coil.

As well as SMES systems and supercapacitors, batteries and flow batteries are
also proposed for LVRT applications. For instance, in Wang et al. [259], a VRB is
connected to a DC link of a direct drive wind turbine driving a permanent magnet
synchronous generator. The control of the DC–DC converter of the VRB enables an
improved capability of the generator in LVRT situations.

7.2.3 Voltage Control Support

The control of the reactive power flow in an electrical network is crucial for maintain-
ing proper voltage levels in the system. However, the control of active power flows can
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also enhance the performance of the voltage levels. Since they are connected through
fully controllable power electronics, batteries, flow batteries, and short-timescale
forms of energy storage such as supercapacitors, flywheels, and SMES systems can
actively manage both active and reactive power, so they could provide excellent
voltage control in the network.

Since the storage device must be able to manage both active and reactive power,
the PCS of the storage device becomes essential. In this sense, FACTS/ESS systems
are proposed to carry out this task properly; for example, Surive and Mercado [282]
propose a distribution static synchronous compensator (DSTATCOM), coupled with
a flywheel in order to mitigate voltage-stability problems in distribution networks due
to the variable power output of renewable-based generators. Since the DC link of the
STATCOM is strengthened by the energy storage support, it can exchange both active
and reactive power.

It is important to note that active power control features depend on the storage
technology. In this sense, a SMES system presents very good characteristics for fast
injection or absorption of active power; for example, Hayashi et al. [270] show field
test results for a SMES system, where a 16.6 ms response time in the step input of
both active and reactive power can be seen.

7.2.4 Oscillation Damping

The electrical frequency stability in power systems depends on the so-called instanta-
neous power reserves of the system; that is, the inertia of synchronized generating sys-
tems. Any imbalance between power generation and consumption is instantaneously
balanced due to the physical principle of the synchronous generator. The large inertia
of the rotating generator set works as buffer storage, leading to the mentioned change
in rotational speed and thus system frequency. The larger the synchronized inertia
in the system, the slower is the change of frequency. The stepwise replacement of
synchronized power plants by nonsynchronized renewable-based generating systems
can affect the amount of the above-mentioned instantaneous power reserves, and thus
the frequency stability of the system under disturbances.

For this reason, in future grid codes, wind parks will be required to help the
generators of interconnected networks not to lose synchronism against perturbations.
Thus, WPPs will be required to mitigate these power oscillations of the system by
absorbing or injecting active power at frequencies of 0.5–1.0 Hz [252]. This way, they
will somehow emulate the provision of instantaneous power reserves (the inertia) of
synchronized generators.

Many storage technologies are suitable for this service. The time of injec-
tion/absorption of active power by the storage device is about 1 min; therefore high
ramp-up rates and a fast response time are preferable. Thus, HESS, flow batteries, bat-
teries, and short-timescale forms of energy storage such as supercapacitors, flywheels,
and SMES systems are well suited for this application.
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System stability aspects are usually dealt with by modal and frequency domain
analysis. It is proposed that flywheels should be included in the network due to their
better dynamic performance under disturbances [305,306]. For instance, in Liu et al.
[305], a case study of a general multimachine system is considered, in which a method
for an optimal location for the installation of flywheel devices is examined in order to
damp the low-frequency power oscillations of the system.

The capacity of an SMES system to quickly manage large quantities of active
and reactive power simultaneously is investigated in Liu et al. [293], Ngamroo et al.
[304], Padimiti and Chowdhury [294], and Wang et al. [299]. In these works, SMES
is required to provide oscillation damping of power flows in an interconnected power
system with renewables. A frequency domain analysis, based on linearized system
models using eigenvalue techniques, as well as time domain analysis, based on a
more detailed nonlinear system models in disturbance conditions, are proposed. These
disturbances may be caused by the disruption of local loads, wind gusts, fast wind
fluctuations, or short circuits. Control techniques are a key aspect here. Since system
uncertainties such as various generating and loading conditions, parameter variations,
and nonlinearities must be taken into account, the application of linear controllers is
not always appropriate.

In this regard, it is interesting to note the methods described in Ngamroo et al. [304].
Here, the robust nonlinear control of a SMES system is proposed, which bases its
operation on the addition of a power disturbance in a wind-based network with
oscillating power flow in order to achieve a net constant power flow in the system.
The consideration of the uncertainties of the system in SMES control provides an
optimized performance.

Not only have theoretical studies been carried out, but also experimental tests [300].
Here, the benefits of the inclusion of storage devices to improve the stability of the
system are discussed. It is concluded that power oscillation damping control is more
robust against variations in power system conditions in the case in which the active
and reactive power is managed by means of SMES systems and the actuation of
batteries.

7.2.5 Primary Frequency Control

Power reserves can be defined as the additional active power (positive or negative)
that can be delivered by a generating unit in response to a power imbalance in the
network between generation and consumption. Three different reserve levels can be
defined: primary, secondary, and tertiary reserves [48].

As presented in Chapter 3, the primary reserve is intended to be the additional
capacity of the network that can be automatically and locally activated by the genera-
tors governor after a few seconds at most of an imbalance between demand and supply
of electricity in the network [44]. Primary reserves must be delivered until the power
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deviation is completely offset by the other reserves in the network, which are called
the secondary and tertiary reserves. The physical stabilizing effect of all connected
rotating machines due to their inertia is not considered to be a primary reserve (on
this, see Section 7.2.4).

Historically, electric power systems were characterized by holding vast amounts of
power reserves. The majority of the generating sources, were synchronized with the
network so that any mismatch between generation and demand could be compensated
by synchronized and dispatchable plants based on gas or fossil fuels, thus ensuring
the electrical frequency stability of the network.

However, the stepwise replacement of conventional generating units by nonsyn-
chronized generating plants will have a significant impact on the frequency behavior
of the system. First, it will lose the instantaneous power reserves mentioned in Sec-
tion 7.2.4, because from the point of view of the system, wind or solar parks have
no inertia; that is, the generator shaft is not connected directly to the system but is
decoupled via fast controlled power electronics. Second, the grid will lose the active
power reserves of conventional synchronized plants.

This is why future networks of renewable-based power plants will be required to
provide primary reserves, just as conventional generating plants do. According to the
definition of primary reserves, a wind park will be required to regulate its active power
for up to 30 min in order to provide primary reserves for frequency support to the
system.

There are many storage technologies that are suitable for regulating this power in
a controlled manner to participate in services related to primary frequency support:
flywheels, SMES systems, batteries, flow batteries, hydrogen-based energy storage
systems (HESSs), compressed air energy storage (CAES), or pumped hydroelectric
storage (PHS) installations.

The provision of primary reserves plays a key role, especially in isolated systems
[308,309]. In this sense, Mercier, Cherkaoui, and Oudalov [309] propose that battery
energy storage systems (BESSs) should be included in an isolated wind–hydropower–
gas system. The management, as well as the optimal size, of the batteries are the main
concerns of study, in order to obtain the maximum economic benefit for the owner of
the storage device while fulfilling the power reserve function. A numerical optimiza-
tion problem is proposed in order to optimize the economic benefit, which is given
by the difference between the revenues, due to the availability of frequency control
reserves and income from sales of stored energy, and the costs, due to maintenance
and investment in storage technologies.

The results from experience providing a spinning reserve using a 6 MW/6 MWh
vanadium redox battery (VRB) in a 30.6 MW WPP are reported in Yoshimoto,
Nanahara, and Koshimizu [258]. In conclusion, it is important to remark that wind
turbine power output oscillations with a period around 30 min are reduced by a factor of
three. The estimation of the battery charge state by means of cell voltage measurement
favors the operation of the VRB. Flow batteries in spinning reserve applications have
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been reported extensively in the literature. In fact, their short response times and
their capacity to be overloaded make these systems superbly well suited for this
application, even to the extent of having advantages over other conventional facilities,
such as fossil-fuel power stations [264].

7.3 An Example of Fluctuation Suppression: Flywheels for Wind
Power Smoothing

As previously explained in this chapter, as ESS can be used to minimize the effects
of the fast variability of renewable-based generating systems. Flywheel devices are
effective for wind power smoothing. This example summarizes the findings in our
previous work [212,314] on wind power smoothing with flywheels. In particular, the
research was focused on the optimal operation of the flywheel so as to smooth the net
power injected to the grid by a wind turbine as much as possible, and on the design and
testing of a practical controller for such a purpose, using laboratory-scale equipment.

7.3.1 The Problem of Wind Power Smoothing

Power fluctuations (in the time range of up to a minute) in wind turbines may cause
fast voltage variations, especially in weak or isolated grids [265, 315]. In fact, and
according to Sørensen, Hansen, and Carvalho-Rosas [316], Bianchi, De Batista, and
Mantz [66], and Tascikaraoglu et al. [317], fast power fluctuations of wind turbines
could markedly affect power quality levels. In particular, high flicker levels can be
noted due to cyclic perturbations of the rotational torque, as well as other stochastic
factors related to the randomness of the wind. A flicker is a voltage fluctuation that
is clearly observed in lighting levels, while the so-called rotating sampling effect
denotes to some extent the cycling torque perturbations due to the airflow deviation
through the tower section each time a blade passes through it. The frequency of
this perturbation is established by the mean rotational frequency of the turbine, P,
for a given wind speed multiplied by the number of blades, N. Figure 7.1 shows a
typical frequency–power spectrum corresponding to a three-bladed 1.5 MW wind
turbine.

As can be seen, the concentration of energy is around the rotational frequency of
the turbine, P, times its number of blades. The 1P component and its second harmonic
3P are clearly identified.

The present example focuses on the smoothing of the turbulent components of the
power, which mainly corresponds to the rotating sampling effect. Only partial-load
operation of the wind turbines is considered, as in the full-load operating region of
the turbines, the variability of the power generated is alleviated by the action of the
pitch actuator.
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Figure 7.1 The frequency–power spectrum of a three-bladed 1.5 MW wind turbine in the
partial-load operating region. Source: Dı́az-González et al., 2013. Reproduced with permission
of Elsevier.

To summarize, Figure 7.2 depicts a conceptual diagram of the system under study.
It comprises a variable-speed wind turbine and a flywheel-based storage device. The
wind turbine provides highly variable power to the grid. The storage device exchanges
power with an external network to smooth the power flow. For high wind power values,
part of the energy is stored in the flywheel. Conversely, this energy is delivered to
the grid during low wind power levels. Thus, the power injected into the grid is
smoother – that is, less variable – than it would be if it was injected by a wind turbine
without flywheel support. As can be observed, the flywheel should be governed by
an energy management algorithm. The inclusion of this component is justified for the
following reasons:

1. The limited energy capacity of the flywheel. Without an energy management
strategy, the storage device would frequently become fully charged or discharged,
thus limiting its operability.

2. The need to compensate the high-standing losses of the flywheel. Compensating
the turbulent components of the wind power requires the flywheel to exchange



Short-Term Applications of Energy Storage Installations in the Power System 219

Variable-speed wind
turbine

P
(W

)

To external 
grid

Power smoothing of the wind turbine by the inclusion of a flywheel storage unit

Flywheel energy
storage device

P
(W

)

P
(W

)

Power flow

Energy management strategy of 
the flywheel

Figure 7.2 A conceptual diagram of a flywheel energy storage system (FESS) for wind
power smoothing.

a power series with an average value close to zero. However, without proper
compensation of the standing losses, the storage device will become continuously
discharged.

3. The possibility of reducing the operational losses of the flywheel. The losses of the
flywheel increase with the rotational speed. Thus, there is no reason to consider, for
instance, high average rotational speeds if the flywheel is just intended to exchange
low levels of power.

The design of the energy management algorithm comprises two main stages. In
the first one, research is concentrated on the definition and determination of the
optimal operation of the storage device for some given operating conditions for the
wind turbine. The solution of this problem will be reached through the formula-
tion and deterministic solution of an optimization problem in the General Alge-
braic Modeling System (GAMS). The second stage, based on the results obtained
in the first one, focuses on the design of an energy management algorithm that
can be implemented in a microprocessor to govern the charging and discharging
of the storage device in real time. These two stages are deployed in the following
sections.
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7.3.2 Optimal Operation of the Flywheel
for Wind Power Smoothing

The first step in defining an energy management algorithm is to establish the
objectives of the operational strategy. For the purposes of the study, the optimal
operation of the system is defined as that which minimizes the difference between
the energy to be injected or absorbed by the storage system during a given time
interval, and the energy that is finally injected or absorbed by it. The power to be
exchanged with the grid by the flywheel at each time step for computation is derived
from identifying the wind power fluctuations that need to be filtered out. In practice,
this is obtained by running a time series for the output of the wind turbine through
a high-pass filter with a cutoff frequency that is low enough to identify those power
fluctuations related to the rotating sampling effect.

This objective is addressed by the mathematical formulation and resolution of a
deterministic optimization problem in GAMS [318], which is software for mathemat-
ical programming and optimization. The analysis of the results of this optimization
problem will serve to identify how the flywheel should be operated to smooth the
output of the wind turbine as much as possible. The following subsections describe
the formulation and solution of the problem.

7.3.2.1 The Formulation and Solution of the Optimization Problem
for Operation of the Flywheel

The energy absorbed or injected into the grid by the flywheel over a certain time
interval depends on two terms:

� The power due to the acceleration of the storage device, which is expressed as a
function of its rotational speed, 𝜔∗

fwt
, and the electrical torque, Tacct

:

Pacct
= Tacct

𝜔∗
fwt
. (7.1)

� The power losses of the storage device, which are expressed as a second-order
function of its rotational speed:

Plosst
= c1𝜔

∗2

fwt
+ c2𝜔

∗
fwt
. (7.2)

To smooth the power delivery to the grid, the flywheel has to compensate the reference
power Preft

corresponding to the turbulent components of the wind power. Therefore,
the difference ΔP between the power absorbed or injected by the flywheel and the
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reference power has to be minimized at all times. In terms of energy, this corresponds
to minimizing the following function:

J =
N∑

t=1

{ut[Preft
− (Pacct

+ Plosst
)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
ΔP

]Δt − (1 − ut)[Preft
− (Pacct

+ Plosst
)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
ΔP

]Δt}, (7.3)

where the binary variable ut depends on the sign of Preft
.

Note that the difference ΔP, and J, would be zero only if the flywheel was able
to compensate all the turbulent components of the wind power represented by Preft

.
However, the energy and power that the storage unit is capable of injecting or absorbing
are limited and depend on its state of charge (SoC). As previously noted, the power of
the flywheel is bounded by the SoC, as it depends on the product of its rotational speed
and its rated torque. Also, the energy that the storage device is capable of storing is
bounded by the maximum rotational speed of the system; that is, by the maximum
SoC.

As a consequence, ΔP would not be zero in practice and the optimal rotational
speed of the flywheel 𝜔∗

fwt
and the electrical torque Tacct

must be obtained by solving
the following optimization problem:

min
(Tacct

,𝜔∗
fwt

)
J, (7.4)

subject to the following conditions:

� The storage device must remain within its speed operating limits,

𝜔fwmin
≤ 𝜔∗

fwt
≤ 𝜔fwmax

. (7.5)

� The maximum electrical torque of the servomotor due to the acceleration of the
system cannot be exceeded:

Taccmin
≤ Tacct

≤ Taccmax
. (7.6)

� The speed profile must satisfy the equation of motion of the system:

𝜔∗
fwt

− 𝜔∗
fw(t−1)

Δt
k2 = Tacct

. (7.7)

� The binary parameter ut is set to 1 while positive values of Preft
are considered,

utPreft
≥ 0. (7.8)
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� The binary parameter ut is set to zero while negative values of Preft
are considered:

(1 − ut)Preft
≤ 0. (7.9)

� The power injected by the storage device should not exceed the referenced power,

utPreft
≥ ut(Pacct

+ Plosst
). (7.10)

� The power absorbed by the storage device should not exceed the referenced power:

(1 − ut)Preft
≤ (1 − ut)(Pacct

+ Plosst
). (7.11)

� The operating state of the storage device – that is, whether it is injecting or absorbing
power – must agree with the sign of the referenced power:

Preft
(Pacct

+ Plosst
) ≥ 0. (7.12)

The variables to be determined are as follows:

� Tacct
is the electric current consumed or injected by the flywheel due to an acceler-

ation or deceleration at time t.
� 𝜔∗

fwt
is the reference angular speed of the flywheel at time t.

The input data are as follows:

� Preft
is the series of the reference power of the flywheel, obtained by computing

the difference between the output power of the wind turbine and its filtered value
at a given cutoff frequency. This reference power is also limited by the rated power
of the flywheel. This series depends on the particular mean wind speed and its
turbulence.

� ut is a binary parameter that depends on the signal of Preft
.

The parameters of the optimization problem are as follows:

� 𝜔min and 𝜔max, in rad/s, are the operational speed limits of the flywheel.
� Taccmin

and Taccmax
, in A, are the maximum positive and negative values for the

electrical torque of the flywheel servomotor, due to the acceleration or deceleration
of the system.

� k2, in kgm2, is a flywheel characteristic computed as 2J∕p.
� c1, in Ws2/rad2, is a flywheel power losses characteristic.
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� c2, in Ws/rad, is a flywheel power losses characteristic.
� Δt, in seconds, is the unit time interval.

Given a time series of Preft
, the solution of the optimization problem determines

the optimum instantaneous rotational speed and torque developed by the flywheel
for the considered period of time. Thus, it provides the time series of the power
exchanged by the flywheel so that the net energy injected and absorbed match the
requirements as closely as possible, taking into account the limitations of the storage
unit. This formulation results in a mixed-integer nonlinear problem, which is solved
using GAMS.

7.3.2.2 Analysis of the Results

The optimization problem presented in the previous section is solved for sufficient rep-
resentative cases (200 cases) to come up with consistent and generalized conclusions.
The data needed for optimization are summarized in Table 7.3.

The adopted temporal trends in the wind power correspond to those for a DFIG-
based wind turbine rated at 1.5 MW, exposed to variable wind speed profiles as
described in Dı́az-González et al. [212]. The reference power Pref is computed by
passing the wind power profile through a fourth-order Butterworth filter, with 0.4 Hz
as the cutoff frequency. This filter allows us to separate out the power associated the
the turbulence, which needs to be attenuated.

The solution of the optimization problem – that is, the temporal trends for the
reference angular speed 𝜔∗

fw and the instantaneous power exchanged with the grid by
the flywheel, for a particular case – is depicted in Figure 7.3. In this figure, the time
series of the reference power Pref , and the actual power delivered by the flywheel, Pfw,
for a particular wind profile are shown. The mean wind speed considered is 7.5 m/s

Table 7.3 The parameters of the system.

System Parameter Value

Storage device Prated (kW) 100
𝜔max (krpm) 31.0
𝜔min (krpm) 15.5
Taccmax

(Nm) 31.2
Taccmin

(Nm) −31.2
J (kgm2) 0.72

Other parameters k2 0.36 kgm2

c1 9×10−5 Ws2/rad2

c2 0.175 Ws/rad
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Figure 7.3 The reference power, the actual power delivered by the flywheel, and the optimal
reference angular speed, 𝜔∗

fw, corresponding to a wind profile of a 7.5 m/s mean wind speed
and 0.05 pu of turbulence.

and the turbulence is 0.05 pu, which corresponds to 0.15 pu of wind power turbulence.
A 600 s time interval is considered for each wind profile. It can be observed that 99%
of the energy needed for the optimal solution can be provided by the flywheel. Recall
that the reference power Pref indicates the power that must ideally be provided by the
flywheel to smooth the wind power and to take the power limitations of the storage
device into account. The difference between Pref and Pfw is a consequence of the SoC
of the flywheel at a particular moment.

The analysis of the results imposing different wind profiles depict a dependency
between the average angular speed of the flywheel and the average wind power
for each case. Figure 7.4 presents the reference angular mean speed function of
the mean wind power for a flywheel of 100 kW and a 1.5 MW wind turbine.



Short-Term Applications of Energy Storage Installations in the Power System 225

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
2880

2900

2920

2940

2960

2980

3000

3020

3040

Mean wind power, Pwt [MW]

F
ly

w
h

e
e

l 
m

e
a

n
 s

p
e

e
d

, 
   

* fw
 [

ra
d

/s
]

*
fw = – 1.4·10–10 P2

wt + 0.00043 Pwt + 2.7·103

Mean speed                 
Quadratic fitting

ω

ω

Figure 7.4 The relationship between the flywheel reference mean speed 𝜔̄∗
fw and the mean

wind power obtained by analysing the optimal results. Each cross corresponds to the mean
value of 𝜔̄∗

fw for all cases evaluated for each value of the mean wind power.

Only partial-load operation of the wind turbine has been considered. The results
indicate that the higher the mean wind power, the higher is the mean rotational
speed.

As shown in Figure 7.4, given wind turbulence, the wind power that the storage
device has to compensate is higher considering high mean generation levels of the wind
turbine than considering low generation levels (referring to the partial-load operation
of the wind turbine), as most of the wind power is injected into the grid. The energy
that the flywheel is able to exchange is proportional to the square of its rotational
speed. Thus, it seems to be reasonable to consider different mean rotational speeds
of the flywheel as being dependent on the mean expected energy levels to be injected
or absorbed. This trend can be fitted by a second-order function. The reference mean
speed is in the range of approximately 2900–3020 rad/s, which represents 89–93% of
the SoC.
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In conclusion, the relationship found between the reference angular mean speed
𝜔̄∗

fw and average wind power characteristics can be translated into a lookup table.
Then, this function can be used in the energy management algorithm to compute the
average reference speed to be maintained by the flywheel function for the average
wind power. In doing this, the practical operation of the flywheel will be close to
the optimal performance, according to the solution of the optimization problem (7.4).
This idea is adopted and deployed in the following section, which describes the design
of the energy management algorithm for the flywheel.

7.3.3 The Design of the High-Level Energy Management Algorithm
for the Flywheel

This section describes the design and experimental validation, at laboratory test bench
scale, of an energy management algorithm based on feedback control techniques for a
flywheel. The designed energy management algorithm is based on the results obtained
in the previous section. The aim of the algorithm or control system is to maintain a
predetermined average SoC – that is, an average rotational speed of the flywheel
according to the average wind power – while also permitting the fast accelerations
and decelerations of the machine for compensating the turbulent components of
the turbine. The section describes the control design and its tuning, as well as the
experimental setup and the methods for experimental validation of the proposed
concepts.

The energy management algorithm of the flywheel is presented in Figure 7.5. As can
be noted, the algorithm consists of two main parts: the so-called inputs filtering and
processing; and the feedback control. These two parts are described in the following
subsections.

7.3.3.1 Inputs Filtering and Processing

The high-level energy management algorithm of the flywheel has two main objectives:
to let the flywheel maintain an optimum average rotational speed, while enabling
the fast accelerations and decelerations of the system. Mathematically, achieving
these two objectives means tracking the reference average rotational speed 𝜔̄∗

fw and
the high-frequency reference torque d∗. These signals are the setpoints entering the
feedback control at different points, as can be seen in Figure 7.5. The block “inputs
filtering and processing” in the energy management algorithm computes these setpoint
signals from the input signals 𝜔fw and Pwt. The optimum average rotational speed
𝜔̄∗

fw depends on the mean wind power, as deduced in Section 7.3.2. In the present
section, the dependence between these two variables is represented by the P–𝜔 droop
characteristic (see Figure 7.5).
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Figure 7.5 The energy management algorithm of the flywheel. Note the input signals of the
algorithm (Pwt and 𝜔fw) and the output T∗

fw.

While the optimum average rotational speed 𝜔̄∗
fw is a slowly varying signal, the

reference torque d∗ contents high-frequency components, and is computed as follows:

d∗ =
Pfluc

𝜔fw
, (7.13)

where Pfluc corresponds to the fast wind power fluctuations that must be attenuated.
This signal is obtained by passing the wind power measurements through a high-pass
filter. The cutoff frequency of this filter is chosen so that the power disturbances caused
by the rotating sampling effect pass through the filter without significant distortion.

7.3.3.2 Feedback Control

The aim of the feedback control is to ensure the tracking of the slowly varying
reference 𝜔̄∗

fw and the fast varying reference d∗. To this end, an integral–proportional
(IP) controller acts on the reference torque T∗

𝜔
to regulate the instantaneous rotational
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speed of the flywheel,𝜔fw. The IP structure facilitates the development of a systematic
procedure for the tuning of the controller. It ensures that the operating limits of the
storage device are not surpassed, and also allows us to compensate the standing losses
of the flywheel. These duties are satisfied by the proportional and integral parts of the
controller. The adjustment of the average SoC of the flywheel with the average wind
power is through the addition of the previously presented P–𝜔 droop characteristic
(see Figure 7.5).

As can be seen in Figure 7.5, the reference torque T∗
fw is the sum of the torque d∗

and the compensation term

T∗
w = KI

∫

(
𝜔̄∗

fw − 𝜔fw

)
dt − KP𝜔fw. (7.14)

The parameters KI and KP of the IP controller are tuned to shape the frequency
responses of the transfer functions from 𝜔̄∗

fw to 𝜔fw and from d∗ to 𝜔fw.
Note that the error between the reference signal and the feedback of the plant is

affected by a pure integrator in both proportional–integral (PI) and IP controllers.
However, unlike conventional PI controllers, in IP controllers the proportional gain
does not affect the error signal but, instead, the feedback of the plant (Figure 7.5).

For controller design purposes, the plant (the flywheel) is characterized by its
mechanical dynamics as imposed by the inertia J (see Figure 7.5). The fast electrical
dynamics of the machine is omitted, since it is much faster than the mechanical
dynamics. Accordingly, the flywheel speed is given by

𝜔fw(s) = 1
Js + KP

(
d∗(s) +

KI

s

(
𝜔̄∗

fw(s) − 𝜔fw(s)
))

. (7.15)

Then, rearranging terms,

𝜔fw(s) = Td∗𝜔(s)d∗(s) + T(s)𝜔̄∗
fw, (7.16)

where

Td∗𝜔(s) = s
Js2 + KPs + KI

, (7.17)

T(s) =
KI

Js2 + KPs + KI

. (7.18)

The reference d∗ is not a completely exogenous signal, since it depends on the
flywheel speed according to (7.13). To consider this fact in the parameter tuning



Short-Term Applications of Energy Storage Installations in the Power System 229

and to guarantee stability at all possible values of the power and flywheel speed, the
reference is expressed as

d∗ = 𝛿 × 𝜔fw, (7.19)

where 𝛿 = Pfluc∕𝜔2
fw is a time-varying parameter that takes values in the interval

[−𝛿max, 𝛿max], with

𝛿max =
P∗

max

𝜔2
min

. (7.20)

With the previous definitions and using the small gain theorem [319], it is possible
to state conditions to ensure the stability of the closed loop system for all acceptable
values of the power and the rotational speed. More precisely, the closed loop system
is stable for all values of 𝛿 in [−𝛿max, 𝛿max] if the infinite norm of the transfer function
from d∗ to the output of the plant 𝜔fw (Td∗𝜔) does not exceed the upper limit 𝛿max; that
is,

‖Td∗𝜔‖∞ = max
𝜔

|Td∗𝜔(j𝜔)| < 𝛿max. (7.21)

It is assumed that the transfer function Td∗𝜔 has two real and different poles; that
is,

Td∗𝜔 =
s∕KI

(s∕p1 + 1)(s∕p2 + 1)

=
s∕KI

1
p1p2

s2 +
(

1
p1

+ 1
p2

)
s + 1

. (7.22)

If p1 is the dominant pole (p1 ≪ p2), then

‖Td∗𝜔‖∞ <
p1

KI
<

1
𝛿max

. (7.23)

Therefore, the integrator gain KI should satisfy

KI > p1𝛿max (7.24)
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Figure 7.6 The asymptotic diagram of the frequency responses of the transfer functions Td∗𝜔
and T .

to ensure closed-loop stability for all possible values of the power and speed. Fur-
thermore, the proportional gain can be obtained from comparing the denominators of
(7.17) and (7.22):

KP = KI

(
1
p1

+ 1
p2

)
, (7.25)

where p2 = KI∕Jp1.
In Figure 7.6, an asymptotic graph of the frequency responses of Td∗𝜔 and T can

be observed. The pole p1 defines the bandwidth of the speed tracking as well as the
infinity norm of Td∗𝜔. Therefore, once the bandwidth of T is known, the parameters
of the controller can be computed from (7.24) and (7.25).

7.3.4 Experimental Validation

This section describes the flywheel test bench and the wind turbine emulator, as well as
the rest of the laboratory equipment used for configuring the system for the purposes
of the study. Emphasis is placed on presenting those actions needed to emulate the
variability of the power of the wind turbine using laboratory-scale equipment, among
other considerations. Then, the experimental results are analysed with the aim of
validating the proposed energy management algorithm of the flywheel.

7.3.4.1 A Description of the Experimental Setup

Figure 7.7 presents a scheme of the experimental setup. As can be noted, the system
is composed of a flywheel test bench, a wind turbine emulator, a coupling transformer
that connects the system to the grid, measurement devices, and communication and
control devices. Each of these main components of the system is detailed in what
follows.
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Figure 7.7 The scheme of the experimental setup.

The Flywheel Test Bench
The flywheel test bench is composed of a rotating disk, mechanically coupled to the
shaft of a permanent magnet synchronous machine (PMSM). The electrical machine
is controlled by a set of back-to-back power converters. These power converters are
driven by digital signal processor (DSP)–based control boards (see Figure 7.8). The
system is connected to the grid through a coupling transformer.

As previously noted, the flywheel is added at the point of connection of the wind
turbine emulator. The design of the current control loops for the power converters of
the flywheel are explained in depth in Chapter 6 and in Dı́az-González et al. [250].
To summarize, the grid-side converter of the system is in charge of regulating the
voltage of the DC link of the back-to-back power converters and also the reactive
currents exchanged with the network. The control of the machine-side converter is the
field-oriented vector control system of the PMSM [213, 246]. This control algorithm
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Figure 7.8 The flywheel test bench in the IREC laboratory. From left to right: 1, grid-
side converter; 2, oscilloscope; 3, DC link; 4, machine-side converter; 5, autotransformer;
6, measurement devices; 7, PMSM; 8, rotating disk. Source Adapted from IREC, 2015 [108].

governs the PMSM so that it follows the instantaneous electrical torque T∗
fw referenced

by the energy management algorithm.
The rated power capacity of the storage device is 3 kW, and the energy capacity is

30 kWs. Further parameters for the flywheel test bench, as well as for the rest of the
equipment involved in this experimental validation, are presented in Table 7.4.

The Wind Turbine Emulator
The wind turbine is emulated by a cabinet consisting of two identical three-phase
voltage sources in back-to-back configuration [320] (see Figure 7.9).

A bidirectional power flow through the converters is possible, since they can
be operated as either active rectifiers or active inverters. According to Figure 7.9,
while representing the behaviour of a generator, power flows from the AC side of
the “emulator” converter to the AC side of the converter “active front end”. The
reverse process depicts the behavior of a load. The low-level control algorithms of
the power converters of the cabinet receive the series of active and reactive power
setpoints in order to represent the power profile of the wind turbine. The rated apparent
power of the cabinet is bounded to 4 kVA. Further details of the cabinet are presented
in Ruiz-Álvarez et al. [320].

Measurement Devices
For the purposes of the chapter, it is necessary to analyze the variability of the power
injected by the emulator of the wind turbine, and its attenuation due to the inclusion
of the flywheel. Accordingly, a wattmeter simultaneously registers the power series at
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Table 7.4 The parameters of the experimental setup.

System Parameter Value

Wind turbine emulator Two three-phase IGBT bridges back-to-back
Srated (kVA) 4.0
UACrated (V) 400.0
UDCrated (V) 750.0
Imax (A) 16.0
C (F) 0.0050

Flywheel Ratings 3.0 kW @ 30 kWs
Efficiency 73%
𝜔max (rpm) 3000.0
𝜔min (rpm) 1000.0
Trated (Nm) 12.2
J (kgm2) 0.868

Flywheel (PMSM) 𝜓m (Wb) 0.2465
Ld & Lq (H) 2.88×10−3

Rs (Ω) 0.44
Pole pairs 2

Flywheel (power electronics) (Same as emulator)

1

2

3 4

5

Figure 7.9 The experimental setup in the IREC laboratory. From left to right: 1, wattmeter;
2, coupling transformer; 3, power converter of the wind turbine emulator “active front end”;
4, “emulator” power converter; 5, CAN bus port. Source Adapted from IREC, 2015 [108].
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the points A, B, and C depicted in Figure 7.7 for their post-processing and analysis.
These points corresponds to the terminals of the wind turbine emulator, the terminals
of the flywheel test bench, and the point of connection of the system to the network,
respectively.

Communications
As presented in Figure 7.7, the wind turbine emulator represents the variability of
the power of the wind turbine following the power setpoints sent through a con-
troller area network (CAN) bus by a computer. The CAN bus is also used to let the
energy management algorithm of the flywheel know the above-mentioned wind power.
The precise clocking of the digital signal processor (DSP) of the control board
of the machine-side power converter of the flywheel is used as a time basis to
coordinate the exchange of signals between the computer, the wind turbine emu-
lator, and the flywheel. In particular, the signals are sent through the CAN bus each
20 𝜇s.

7.3.4.2 Assumptions for the Emulation of the Fluctuating Components
of Wind Power

According to Figure 7.5, the average optimum rotational speed of the flywheel 𝜔̄∗
fw and

also the wind power fluctuations Pfluc have to be determined by filtering the power
generated by a wind turbine, Pwt. However, the presented experimental validation
avoids the emulation of the power Pwt and consequently its filtering. Instead, only the
wind power fluctuation Pfluc is actually emulated by the wind turbine emulator. Thus,
Pfluc is a power profile with an average value close to zero, which is obtained from
the simulation of the system and the application of the high-pass filter to the output
of the model of the wind turbine Pwt.

This is carried out with the aim of adjusting the magnitude of the wind power
fluctuations Pfluc to the actual power ratings of the flywheel test bench and the wind
turbine emulator. The present chapter considers a scaling factor of 20 for the power
of a 1.5 MW wind turbine. The magnitude of the resultant profile, Pfluc, is similar to
the rating of the wind turbine emulator (4 kVA), and also to the rating of the flywheel
test bench (3 kW). Therefore, the size of the flywheel test bench can be considered
adequate to compensate the fluctuations of the power of a wind turbine with a rated
power of 1.5/20 MW.

Figure 7.10 plots the results of the simulation of a 1.5 MW wind turbine. Its power
output profile, Pwt, has been scaled by a factor of 20. The subplot below shows the
resultant Pfluc. As can be noted, the magnitude of Pfluc is bounded to approximately
3 kW, which corresponds to the rated power of the flywheel test bench. The cutoff
frequency of the high-pass filter of Pwt is set to 0.4 Hz, so that the rotating sampling
effect can be represented.
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Figure 7.10 The scaled magnitude of the power output of a 1.5 MW wind turbine and its
fluctuating components with a cutoff frequency of 0.4 Hz.

As a consequence of the direct emulation of Pfluc, the P–𝜔 droop characteristic
(Figure 7.5) is not applied. Therefore, the optimum average rotational speed of the
flywheel, 𝜔̄∗

fw, will be step-profiled in the following sections to evaluate the perfor-
mance of the designed feedback control.

7.3.4.3 The Determination of the Control Parameters for the
Experimental System

Section 7.3.3.2 depicts the procedure for the tuning of the parameters of the IP structure
that builds up the feedback control. This section presents the particular values of the
controller determined for the study case.

As can be noted in Equations (7.24) and (7.25) the parameters of the IP controller,
KP and KI, depend on the location of the pole p1, which in turn bounds the value of the
pole p2. The pole p1 determines the time response of the control loop for the reference
𝜔̄∗

fw. This time response can be very slow, since the dynamics of 𝜔̄∗
fw depends on

the average value of Pwt, with an averaging period of 600 s. Thus, the pole p1 is
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set to p1 = 0.01 rad/s. This implies a time response of the control loop system of
approximately 628 s.

The value of KI also depends on the parameter 𝛿max (see Equation (7.20)). As a
reminder, this parameter is given at the maximum power developed by the flywheel,
Pmax, and at the minimum operating rotational speed, 𝜔fw. The maximum power is
given by the maximum torque developed by the flywheel (12.2 Nm). Accordingly, the
limit of the time-varying parameter is 𝛿max = 0.122 W/(rad/s)2, assuming a minimum
flywheel speed of 100 rad/s. Then, from Equation (7.24), the parameter K2 becomes

KI = p1𝛿max = 0.0012 W/(rad/s). (7.26)

Finally, applying Equation (7.25), the value of the parameter KP is set to

KP = 0.1307 W/(rad/s)2, (7.27)

provided that p2 = KP∕(J×K1) and J is 0.868 kgm2.
Figure 7.11 presents the frequency responses of T and Td∗𝜔 corresponding to the

previous designed values of KI and KP. As can be noted, the closed loop system
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will be able to track reference speeds until the cutoff frequency of 0.01 rad/s, which
corresponds to the location of pole p1. The frequency response of Td∗𝜔 shows that the
infinity norm is below the limit (𝛿max)−1 = 8.19 Nm/(rad/s) (18.3 dB). The graph also
shows that the system is able to track reference torques ranging from 0.01 to 0.1 rad/s
with the maximum gain allowed by the stability guarantee and the flywheel torque
limits.

7.3.4.4 Analysis of the Experimental Results

In this section, the experimental results obtained to evaluate the performance of the
proposed energy management algorithm of the flywheel are presented. As noted
in previous sections, the wind turbine emulator reproduces the fluctuating power
components depicted in Figure 7.10, which the flywheel test bench is in charge of
compensating. Accordingly, Figure 7.12 depicts the actual power developed by the
wind turbine emulator, the flywheel, and the net power exchanged with the network.

As can be noted, the flywheel compensates the fluctuating components of the wind
power, leaving the net power profile almost constant. However, the average value of
the power of the flywheel, and thus of the net power exchanged with the network, is
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Figure 7.12 The power of the wind turbine emulator, the flywheel, and the net power
exchanged with the network. The average rotational speed of the flywheel is 𝜔̄fw = 220 rad/s.
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Figure 7.13 The instantaneous power of the wind turbine emulator (blue line), as well as the
power profiles of the flywheel and at the network terminals, subtracting the standing losses of
the flywheel. The average rotational speed of the flywheel is 220 rad/s.

not zero due to the need to compensate the power losses of the flywheel to maintain
the indicated average rotational speed 𝜔̄∗

fw. In this case, the optimal average rotational
speed is close to 220 rad/s [212]. As this setup is meant to be a proof-of-concept
system, the losses in the flywheel test bench are much higher than in a commercial
flywheel storage device. In particular, the energy efficiency of the test bench is 73%,
and the power losses depends on the rotational speed, reaching up to 800 W at the rated
speed [250]. These figures are far from those corresponding to a high-tech flywheel,
for which the energy efficiency is around 90% and the level of the power losses at the
rated speed represent just 2% of the rated power [321].

Figure 7.13 examines more closely the previously presented power profiles in
Figure 7.12. The power profile of the flywheel and the profile of the net power
exchanged with the network have been corrected by subtracting the standing losses of
the flywheel at the constant speed of 𝜔̄fw = 220 rad/s. In this way, the average value of
the power exchanged with the network and the average power profile of the flywheel
are zero. As a result, in Figure 7.13 it can be better observed that the instantaneous
power of the flywheel compensates to a great extent the fluctuating components of the
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Figure 7.14 The RMS electric currents of the wind turbine emulator, the flywheel, and the
network. The average rotational speed of the flywheel is 𝜔̄∗

fw = 220 rad/s.

power of the wind turbine. This instantaneous regulation of the power of the flywheel
is governed by the reference torque d∗ (see Figure 7.5).

The RMS currents of the flywheel, the wind turbine emulator, and the network are
depicted in Figure 7.14. As shown, the magnitudes of the currents of the flywheel are
much higher than those of the wind turbine emulator, due to the need to compensate the
losses of the system, as previously discussed. Without the proper loss compensation,
the storage device will become completely discharged.

Apart from compensating the fast fluctuations of the power of the wind turbine, the
second objective of the feedback controller of the flywheel is to maintain a determined
average rotational speed 𝜔̄∗

fw. The performance of this control loop is depicted in
Figure 7.15. As can be observed, the flywheel is rotating steadily at an average speed
of 220 rad/s and the time response to a step-profiled average reference speed 𝜔̄∗

fw from
220 to 270 rad/s is around 600 s, as imposed by the design of the controller presented
in Section 7.3.4.3. Moreover, in the subplot below it can be observed that the voltage
of the DC link of the flywheel test bench remains stable at an average of 750 V while
regulating the rotational speed of the flywheel and compensating the fast wind power
fluctuations.
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Figure 7.15 The rotational speed of the flywheel in response to a step-profiled average
reference speed 𝜔̄∗

fw from 220 to 270 rad/s. The DC-link voltage of the flywheel test bench is
presented in the bottom subplot.

The power spectrum of the wind turbine emulator, as well as the total power
exchanged with the network when supporting the flywheel, are depicted in Figure 7.16.
The average rotational speeds of the flywheel are 120 and 220 rad/s. As can be
noted, the wind turbine emulator clearly represents the rotational sampling effect
of the turbine at approximately 0.6 and 1.2 Hz. The rotating sampling effect is
mostly compensated by the flywheel support. The constant component of the power
spectrum of the flywheel due to its losses has been subtracted, so that the performance
of the system can be better observed. This figure depicts the support of the flywheel,
considering differing average values of the SoC. It is worth noting that the support that
the flywheel can provide is better while rotating at an average speed of 220 rad/s (close
to the optimum) than while rotating at 120 rad/s. This is because the power capability
of the flywheel is bounded by the product of the speed and the rated torque of the
electrical machine and thus, as discussed in previous sections, there is an average
optimal speed for the flywheel, 𝜔̄∗

fw, which is dependent on the magnitude of the
fluctuating components of the wind power to be compensated.

The performance of the system, considering differing average flywheel operating
rotational speeds, is quantified from the attenuation of the fluctuating components of
the net power exchanged with the network. This magnitude is computed from the data
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Figure 7.16 The spectrum of the net power exchanged with the network without flywheel
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shown in Figure 7.16. The ratio between the energy of the fluctuating components
of the net power exchanged with the network considering the flywheel support (red
and green lines in Figure 7.16), and the fluctuating components of the wind turbine
emulator (blue line in Figure 7.16), gives the attenuation. An attenuation of 85% is
found while the flywheel is rotating at an average speed of 120 rad/s. The attenuation
reaches 92% with 220 rad/s as the average rotational speed of the flywheel.

7.4 Conclusions

This chapter has shown that the fast response, high ramp power rates, and high cycla-
bility of short-term storage systems such as, principally, flywheels, supercapacitors,
and SMES systems can be exploited to provide various services in the power system
in regard to power quality improvement. For instance, such short-term storage instal-
lations can be used to smooth the power output of renewables, thus facilitating their
integration into the grid.

Other potential applications are those related to voltage control support, also includ-
ing eventualities in the power system such as short circuits and voltage sags. In this
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regard, voltage control support is achieved through reactive power regulation and this
is provided by properly managing the electronic PCSs to which the storage containers
are attached.

Furthermore, the noticeable energy storage capability and relatively fast response
of secondary batteries suggest that such technologies should be employed to provide
the service of primary frequency control support for the grid. Secondary batteries can
also participate in services related to power quality, but they are not as suitable as
flywheels, supercapacitors, and SMES systems because of their limited cyclability
and life span.

Finally, the chapter has also included a detailed example on wind power smoothing
with flywheels. In the example, a high-level energy management algorithm for the
flywheel has been designed. The algorithm is based on feedback control techniques.
The controller has been conveniently formulated and tuned so that the desired time
response of the storage device can be ensured. The algorithm succeeds in allowing the
flywheel to maintain an optimum average rotational speed while enabling fast accel-
erations and decelerations of the storage device in order to smooth the fast fluctuating
components of the power of the wind turbine. The maintenance of the indicated aver-
age rotational speed of the flywheel avoids the progressive discharge of the storage
device during operation. Also, the control capability of the average rotational speed of
the flywheel allows us to adjust the average SoC of the storage device to the magnitude
of the power and energy to be exchanged. The controller has been validated experi-
mentally in laboratory-scale equipments. The results show that most of the fluctuating
components of the power of the wind turbine due to the rotating sampling effect can
be compensated through flywheel support.



8
Mid- and Long-Term Applications
of Energy Storage Installations in
the Power System

8.1 Introduction

To complete the catalog of storage applications started in Chapter 7, this chapter
describes potential mid- and long-term applications that energy storage systems
(ESSs) could provide in the electric power system. In general terms, the inclusion of
energy storage installations in the power system is motivated here by the need to ensure
the required balance between generation and demand considering mid- and long-term
(in the range of hours) timescales, regardless of the variability of renewable energy
sources. Since the electric power systems of the future will be characterized by holding
increasing and important penetration rates of renewables, most of the applications for
storage installations discussed hereinafter will be closely related to renewable gener-
ation. As in Chapter 7, each technical issue has been identified and defined according
to Barton and Infield [160], Bayod-Rújula [251], Beaudin et al. [166], Dell and Rand
[135], EPRI [252], Georgilakis [253], and Świerzyński et al. [254]. In addition, the
definition of these aspects is complemented by a brief discussion on the role of the
ESS in each case.

First, and with the aim of providing an initial general picture, the mid- and long-
term services that EESs can provide in the power system are listed and classified by
storage technology in Tables 8.1 and 8.2. The literature cited in these tables mostly
relates EESs to wind power (for further details, see our previous work [42]).

8.2 A Description of Mid- and Long-Term Applications
8.2.1 Load Following
In this service, storage technologies are required to provide energy in a time frame
ranging from minutes up to 10 h [160]. Due to the stochastic nature of renewables,

Energy Storage in Power Systems, First Edition. Francisco Dı́az-González, Andreas Sumper and Oriol Gomis-Bellmunt.
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Table 8.2 An overview of publications regarding the uses of ESS in the field of wind power
(part II).

Storage
duration at
full power NaS Lead–acid Ni–Cd Li-ion

Load following Min – 10 h [101, 337,
356–358]

[296, 310, 337,
358, 359]

[267, 337, 358] [358]

Peak shaving 1–10 h [154, 337, 358,
360]

[296, 337, 358,
361]

[337, 358] [358]

Transmission
curtailment

5–12 h
√ a

Time shifting 5–12 h [337]
Unit commitment Hours–days
Seasonal storage ≥4 months

aAlthough the storage technology is suitable for this application, dedicated studies are not
listed here.

the plant output would not match the power demand. This leads to various technical
and economic problems regarding the operation of the electrical system. Technical
issues, such as voltage and frequency variations due to imbalances between electricity
generation and demand, limit the penetration of renewable technologies into the
electrical network. With regard to economic issues, it should be remarked that some
regulatory frameworks specify economic penalties for operators that do not meet their
generation bids on account of wind and solar forecasting errors. In this sense, the ESS
can be used to store and inject electric power for hours. Batteries and flow batteries,
as well as hydrogen-based energy storage systems (HESSs), compressed air energy
storage (CAES), or pumped hydroelectric storage (PHS) installations are well suited
for this application. Figure 8.1 graphically depicts the concept of load following with
storage support.

A prominent example of the feasibility of combining wind with battery solutions is
probably the case of a wind power installation in Futumata (Japan), where a 34 MW
NaS battery bank is used to level the production of a 51 MW wind power plant (WPP)
[357]. Proper management of the battery energy is essential, not only with regard to
technical issues (e.g., shortages/surpluses of the battery) but also from an economic
point of view. In this sense, in Hida et al. [356], a control algorithm that optimizes
the economic benefit of the system, minimizing the storage in times of peak demand
when the market price of the energy is high, is developed.

In this case, control and dimensioning aspects of flow batteries are discussed
in Barote and Marinescu [336], Barote et al. [127], and Brekken et al. [338]. To
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Figure 8.1 A graphical description of the concept of a load-following application.

summarize these works, it can be said that many techno-economic benefits for the
electrical system derive from a proper solution of these aspects. Proper control of
the batteries improves the predictability of renewable-based plants and, therefore, the
associated costs for their integration into the grid inasmuch as reserve requirements
are concerned can decrease, since great precision can be achieved in matching their
output to their forecast power. According to Brekken et al. [338], 34 MW and 40
MWh of storage capacity are required to improve the forecast power output of a 100
MW wind plant (34% of the rated power of the plant) with a tolerance of 4%/pu, for
90% of the time.

Techno-economic analyses are addressed in Cavallo [333], Lund and Salgi [125],
and Swider [335], regarding the use of CAES in load-following applications. As
an example, Swider [335] presents a stochastic electricity market model in order to
study the effects of high penetration of wind power in electrical systems, as well
as the economic viability of including CAES solutions. With the minimization of
system costs as the criterion, there is an optimization problem that takes into account
aspects such as transmission capabilities of the system, energy prices, the technical
characteristics of the generating plants, electricity demand profiles, investment costs,
and power reserve requirements. Important conclusions (taking the German electricity
market into account), include the economic advantages of CAES over conventional
peak thermal plants in a scenario with a high penetration of wind power.

Finally, it is important to remark that hydrogen-based storage technologies are
considered as one of the most promising technologies in load-following applications.
Actually, several demonstration projects have been developed as a proof of con-
cept concerning stand-alone systems with wind, photovoltaic (PV) generation, and
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hydrogen storage [327, 329, 330]. These projects focus on developing power man-
agement algorithms, using the excess of energy to create hydrogen in an electrolyzer
and then using it in a fuel cell in order to inject power to the system when required.
The evaluation of the operation of the system shows the technical feasibility of such
isolated schemes with hydrogen support.

8.2.2 Peak Shaving

This service falls within a time frame ranging from 1 to 10 h. The operating strategy
for the storage devices is to store cheap energy during off-peak hours (overnight), and
to inject it into the network during periods of high electricity demand, hence softening
the typical mountain and valley shape of the load curve.

Well-suited ESSs for peak-shaving applications are batteries, flow batteries, CAES,
HESS technologies, and PHS. Regarding the batteries, numerous techno-economic
studies display the feasibility of storing energy during off-peak hours and selling it in
periods of peak demand.

In Dufo-López, Bernal-Agustı́n, and Domı́nguez-Navarro [337] and Roberts [360],
the use of NaS batteries for this application is discussed. While technical benefits for
the electrical system in a real case, as well as details referring to the design of the power
conversion system (PCS) of the battery, are presented in Roberts [360], an interesting
techno-economic analysis of a battery energy storage system (BESS) is discussed in
Dufo-López, Bernal-Agustı́n, and Domı́nguez-Navarro [337]. In conclusion, in order
to define an available economic operation of a BESS in the Spanish energy market, the
sale price of the battery energy is fixed at (€0.22–0.31)/kWh [actually, the energy price
is around (€0.04–0.05)/kWh]. Therefore, it is concluded that BESS operators should
receive subsidies, due to the emissions that would result from the use of conventional
fossil-fuel plants for peak-shaving applications, in order to make the use of a BESS
economically profitable.

The selling price of BESS energy is substantially lower than that of a regenerative
fuel cell (RFC) system. According to Bernal-Agustı́n and Dufo-López [344], to make
a RFC economically viable for operation with a WPP would imply fixing its energy
selling price at €1.71/kWh in the Spanish case, due to the low energy efficiency of the
storage technology and the high cost of its components. Therefore, compared with
the selling price of energy injected by batteries, the selling price of energy injected
by hydrogen-based technology is between five and eight times higher. This is one of
the main challenges regarding the inclusion of hydrogen-based storage systems in the
network.

Without a doubt, PHS is considered to be one of the most well-suited storage
systems in order to achieve high penetration levels of wind power in isolated systems.
Indeed, wind–hydropower systems have been studied in, amongst other publications,
Brown, Peças Lopes, and Matos [322], Kapsali and Kaldellis [342], and Papaefthimiou
et al. [343]. A techno-economic study of the viability of wind–hydropower systems
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in providing power during periods of peak load demand is performed in Kapsali
and Kaldellis [342]. The results show excellent technical and economic performance.
It can be concluded that the integration of WPPs in the isolated study case can be
increased by 9%, allowing for a penetration level of 20%. In addition, a significant
reduction of CO2 emissions through the use of PHS installations rather than using
fossil-fueled peak power plants is highlighted in Benitez, Benitez, and Van Kooten
[150]. However, regarding the dynamic security issues of operation of the system, it
can be concluded that it may be appropriate to add some further technologies in order
to provide a spinning reserve for the system [322].

8.2.3 Transmission Curtailment

In this application, storage technologies are required to provide energy in a time frame
of 5–12 h. For a number of reasons, such as the need to ensure the stability of the
electrical system or technical limitations in power transmission lines, renewable-based
plants have to be disconnected. In this sense, an ESS can store energy for hours and
inject it in a controlled manner, according to the capacity of the transmission lines and
the resolution of stability issues, thus avoiding the disconnection of renewables. Well-
suited ESS for this application are flow batteries, CAES, hydrogen-based systems,
and PHS installations.

Studies regarding wind–hydropower systems and CAES installations for trans-
mission curtailment applications are considered by Anagnostopoulos and Papantonis
[340], Denholm and Sioshansi [353], Dursun and Alboyaci [91], and Zafirakis and
Kaldellis [346]. In general, wind-based isolated systems or systems connected to weak
grids are considered to display the most interesting scenarios. Research findings con-
cur with the idea of including ESS in highly renewable penetration systems, with the
aim of reducing wind curtailment, ensuring backup power, minimizing transmission
losses, ensuring security of supply, saving updating costs, and avoiding the building
of new transmission lines.

Finally, since hydrogen can be created by means of rejected wind power, HESS
technologies are considered promising for inclusion in power system applications.
Once the hydrogen is stored, it can be used in various ways: either to generate
electricity in fuel cells and inject it into the network during periods of peak power
demand or for other uses, such as in the field of mobility. As mentioned in the previous
section, the main challenges for the inclusion of HESSs are related to the uncertainty of
their economic viability (owing to their high system costs and low energy efficiency)
and the dependence on high market prices for hydrogen [328, 350–352].

8.2.4 Time Shifting

In time-shifting services, storage technologies are required to provide energy in a
time frame of 5–12 h. In this case, an ESS is required to absorb all the energy
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from renewable-based plants during off-peak hours, supplemented by cheap power
bought from the network if necessary, and to sell it during periods of peak demand,
thus avoiding the activation or updating of other conventional peak-power generation
plants.

Flow batteries, CAES, PHS installations, and HESS technologies are well suited
for this application.

In Nyamdash, Denny, and Malley [355], the effects on the operation of electrical
networks of considering bulk energy storage capacity and WPPs are discussed. In
this sense, many operating strategies for wind ESSs are considered. One of the most
interesting study cases is based on charging the storage device continuously for a
12 h period (low-demand period) and injecting its power in a controlled manner
during the following 12 h (high-demand period). In conclusion, it is highlighted that
time-shifting services by means of the inclusion of an ESS in the network are not
economically viable without some kind of subsidy, due to the high investment costs
of the technologies (in this case, CAES systems are the most favorable technology)
and the relatively low energy efficiency (depending on the technology). With regard
to environmental aspects, an ESS should be able to inject power during the entire
period of high peak demand; otherwise, the operation of base-load plants would be
increased, with a consequent increase in CO2 emissions.

8.2.5 Unit Commitment

In unit commitment services, storage technologies are required to provide energy
in a time frame ranging from hours to days. Due to the uncertainties regarding
mesoscale variations of the wind and of solar irradiation, it is hard to manage the
commitment of wind turbines and solar panels in order to meet the estimated demand
at all times. Also, the introduction of renewables into electrical systems motivates the
need to maintain a certain level of energy reserves in order to compensate forecast
errors. Therefore, the introduction of a high-capability ESS into the network may
be useful to combat the effects of uncertainties in wind forecasting and to reduce
the energy reserves of the system during its normal operation. Large-scale ESSs
are suitable for this application: CAES and PHS installations, as well as HESS
technologies.

This topic is addressed as a numerical optimization problem, in which the objective
function is to minimize the operational costs of the electrical network so as to maximize
the return on investment through the inclusion of an ESS [263, 322]. For instance, in
Daneshi et al. [263], the unit commitment problem is formulated in a power system
with wind generation and CAES. The benefits of including CAES solutions – in
order to reduce the operational costs of the electrical network by means of allowing
the use of wind energy in charging this storage technology when the energy is not
needed by the system, and thus avoiding the disconnection of the wind turbines – are
discussed.
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8.2.6 Seasonal Storage

In this application, ESSs capable of storing and injecting energy during periods in
a time frame of months are well suited. The storage of energy for long periods of
time can be useful in systems with large seasonal variations in the level of gen-
eration or consumption. Clearly, only those storage technologies with a very large
energy capacity and no self-discharge are eligible, such as large PHS installations or
hydrogen-based solutions.

In cases where it can be technically interesting to include seasonal storage, and
taking into account the investment costs regarding the installation of wind turbines
and storage systems based on hydrogen, it may seem favorable to oversize WPPs in
order to reduce the size of the storage reserves [352]. However, this would increase
the range of the nonutilized wind power capacity and hence decrease the efficiency
of the system. On the other hand, the energy costs of the system would be reduced.

A demonstration project regarding seasonal storage by means of HESS technologies
in a stand-alone system is described in Little, Thomson, and Infield [330]. It must
be noted that although the storage of energy for long periods of time is technically
feasible due to the absence of leaks in the hydrogen storage tank, the use of the RFC
must be limited, in order just to store the excess productions of wind power, in favor of
minimizing the losses of the system, since the energy efficiency of RFCs is very low.

8.3 Example: The Sizing of Batteries for Load Following in an Isolated
Power System with PV Generation

This section presents an example on battery sizing for isolated power systems with
renewable generation. The scope of the study is to derive a rough first battery dimen-
sioning as a function of the main characteristics of the isolated power system that
it is part of, and also from basic operational assumptions. The final dimensioning
of the storage system requires additional detailed calculations that are not included
here. The sizing procedure presented here is adapted that presented in “IEEE stan-
dard 1013-2007: IEEE Recommended Practice for Sizing Lead–Acid Batteries for
Stand-Alone Photovoltaic (PV) Systems” [362], and in “IEEE standard 1562-2007:
IEEE Guide for Array and Battery Sizing in Stand-Alone Photovoltaic (PV) Sys-
tems” [363]. As a difference with the proposed methodology in the above-mentioned
standards, the present scope includes PV generation profiles as a decision factor for
battery dimensioning. Also, the procedure tackles the determination of the number of
power inverters needed for grid connection of the storage system.

For the purposes of the study, the power system layout in Figure 8.2 is adopted.
As can be noted, the battery bank is based on m strings of n battery cells, so as to
achieve the required ratings. The required DC voltage ratings at the inverter terminals
will determine the n battery cells connected in series. Also, the connection of the
battery bank with the rest of the system will comprise p inverters – which means that
it may require the parallel connection of inverters – and this number will depend on
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Figure 8.2 The layout of an isolated power system with PV generation and storage.

the determined power requirements for the battery bank and the ratings of commercial
inverters. The power generated from the PV arrays and the power exchanged by the
battery bank will be translated to the load – a residential building – through a single-
phase AC system. To complete the system, a backup diesel generator is included
to ensure the power supply to the load in the event of a prolonged scarcity of PV
generation.

The aim of the battery-based storage system is to continuously compensate the
mismatches between PV generation and load demand. Therefore, in terms of the
mid- and long-term applications for storage installations identified in Section 8.2,
the battery bank will provide the service of load following. The system, however,
will be dimensioned so as to have enough energy storage capacity to supply the load
during a few days without any PV generation. After this period, which is to be defined
in the sizing procedure, the power supply to the load is supposed to be ensured by the
backup diesel generator.

The sizing procedure comprises several phases and these are graphically summa-
rized in Figure 8.3. As indicated, the battery dimensioning process starts with an
evaluation of typical load and generation profiles. From such an evaluation, the pro-
cedure continues with the determination of the battery energy storage capacity, also
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Figure 8.3 The sizing procedure.
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considering technical operational constraints such as the maximum depth of discharge
(DoD). Finally, the number of cells in series and parallel building up the battery bank,
as well as the required number of power inverters for grid connection, complete the
sizing procedure. The successive phases of the procedure is set out in the following
sections.

8.3.1 Step 1: Typical Load and PV Generation Profiles

The first step is to evaluate the load and PV generation profiles for the residential
building and the PV modules of the system, since these will serve to weight the power
demand profile for the storage system. To this end, 12 typical PV generation and
consumption daily profiles, with a 1 h time resolution, are adopted. Each of the 12
datasets represents a typical day for each of the months of the year. Such information
represents the average behavior of the system in normal operating conditions over
a whole year, and thus it proves very convenient in establishing a benchmark or
reference scenario for battery dimensioning.

Figure 8.4 presents 12 typical daily load profiles, each one being representative
of one of the months of the year. As can be noted, the power demand for the house
reaches a peak of almost 4.5 kW on a typical morning in January.
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Figure 8.4 Typical daily load profiles for each of the months of the year.
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Figure 8.5 I–V and P–V curves for the PV generating system.

The PV generating system is comprised of three strings of solar arrays or modules
in parallel. Each string is based on 25 solar arrays in series from Kyocera, model
KC200GT. The parameters for the module can be found online [364, 365]. Each of
the modules provides a peak power of approximately 200 W, so the system is rated
at 15 kW peak (see Figure 8.5, in which P–V and I–V curves for the PV generating
system are plotted).

The typical PV power generation profile for each of the days representative of each
of the 12 months of the year is obtained through simulation. For each simulation,
the daily profile for the global irradiation and temperature to which the PV modules
are exposed are obtained from a web-based interactive map on a PV geographical
information system from the JRC (European Commission) [366]. This tool offers,
among others, site-dependent daily irradiation profiles with a 1 h resolution. For the
purposes of the study, typical global irradiation (horizontal plane) and temperature
data for Barcelona (Spain) have been adopted. After deducting the losses in the solar
inverter (an average efficiency of about 𝜂 = 95% has been considered), the net power
injected at the AC side of the solar inverter is plotted in Figure 8.6.
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Figure 8.6 Typical daily PV generation profiles. The number accompanying each of the
months in the legend sorts the months per magnitude of peak PV power generation.

As can be noted, and from the adopted irradiation and temperature conditions, the
expected PV generation levels would be around 12 kW at maximum.

Finally, and to sum up, Figure 8.7 synthetically compares typical PV generation
and load profiles. As can be observed, the expected PV generation levels could greatly
exceed the peak power demand. However, the expected yearly energy yield by the
PV generating system proves to be insufficient during five months of the year (from
October to February), as presented in Table 8.3. During spring and summer, the PV
energy surplus could serve, for instance, to feed other loads, but this is not addressed
in the present example.

8.3.2 Step 2: The Voltage Level of the Battery Bank

By subtracting the typical daily load profiles from the typical PV generation profiles,
we can deduce the typical or averaged daily power demand profiles for the storage
system for each of the months of the year. These power demand profiles are key to
sizing the batteries. However, the ratings of the batteries, both in terms of energy and
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Figure 8.7 A comparison between typical daily PV generation and load profiles.

Table 8.3 A comparison between the yearly energy yield of the PV generating system and
the expected yearly energy consumption.

Month Generation (kWh) Consumption (kWh) Energy balance (kWh)

January 882 2092 −1210
February 1317 1985 −677
March 2031 1840 191
April 2399 1716 683
May 2953 1641 1311
June 3267 1587 1679
July 3248 1653 1595
August 2778 1735 1043
September 2112 1629 482
October 1518 1637 −118
November 960 1796 −835
December 764 1044 −1279
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power capacities, should not be determined directly from the power profiles, but from
the current profiles to be exchanged by the battery bank. To obtain these profiles,
one could directly divide the power demand profiles by the nominal voltage of the
battery bank. In this way, the determination of the nominal voltage Un proves to be
unavoidable in this early phase of the sizing methodology.

The power inverter manufacturer SMA provides specific guidelines to determine
the battery bank voltage function of the ratings of the attached power inverter. For
the “Sunny Island” product family [198], the manufacturer recommends to set Un at
around 48 V DC while configuring storage systems rated between approximately 4
and 30 kW. The power ratings of the storage facility to be included in the isolated
power system under study will surely be within the above-mentioned range, so we
shall set Un = 48 V DC.

8.3.3 Step 3: The Typical Daily Current Demand for the Battery Bank

Once the battery bank voltage has been determined, the typical daily current profiles
for the battery bank are calculated, and these are presented in Figures 8.8 and 8.9.
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Figure 8.8 Typical daily current demand profiles for the battery bank considering the con-
tribution of the PV system.
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Figure 8.9 Typical daily current demand profiles for the battery bank without considering
the contribution of the PV system.

Figure 8.8 represents current demand profiles considering the contribution of PV
generation, while Figure 8.9 is calculated solely from load consumption profiles,
since no PV generation is considered.

As can be noted in Figure 8.8, since the installed PV power system exceeds the
load power demand, the battery bank may be required to absorb huge peak currents
(around 200 A) due to excessive generation. Conversely, while considering no PV
generation (see Figure 8.9), the expected peak currents exchanged by the battery bank
hardly exceed 90 A. Here, these currents are called the maximum running currents
for the battery, Imax r.

8.3.4 Step 4: The Number of Days of Autonomy

The battery pack should be designed so that it has enough energy capacity to supply
the loads of the system (i.e., the residential building) for a few days without taking PV
generation into consideration. The number of days of autonomy needs to be defined
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by the designer. After this period, the power supply would be ensured by the diesel
generator. For the present example, the number of days of autonomy, d, is limited
to 3 d.

8.3.5 Step 5: The Total Daily Demand for the Battery Bank

The total daily demand for the battery bank is computed here, as it will be used
later for the calculation of the required energy storage capacity. The calculation is
performed by simply integrating over time the daily current profiles in Figure 8.9.
The results are presented in Figure 8.10.

As can be noted, since no PV generation is considered, the required capacity for
the battery increases monotonically (the negative sign in the capacity is due to the
fact that, by agreement, currents entering the battery are negative). Another important
assertion is that the required capacity depends on the month. The worst-case scenario,
for which the required capacity a maximum, is considered to be the typical load
demand for January. In this case, the required capacity, Q, reaches 1433.3 Ah.
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Figure 8.10 Typical daily current demand profiles for the battery bank without considering
the contribution of the PV system.
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8.3.6 Step 6: The Capacity of the Battery

Once the required daily capacity for the battery has been determined, it is quite
straightforward to calculate the final dimensions of the bank. As previously defined,
for backup operation, the battery should be able to feed the load for d = 3 d. In this way,
the energy storage capacity of the battery bank should be at least Q × d = 4300 Ah.

However, the batteries cannot be fully discharged during normal operation, since
they will reach the exponential cell voltage zone while attaining the full discharge
condition. Such an exponential trend in the cell voltage is not convenient for operation
of the power inverter to which the battery bank is connected. As a consequence, the
maximum DoD for the battery should be limited, further oversizing the capacity of
the battery. Assuming a maximum DoD for lithium-ion battery cells of about 80%,
the required battery bank energy storage capacity increases up to QDoD = Q∕0.8 =
5375 Ah.

According to the standard [362], other criteria apart from the maximum admissible
DoD could be considered for adjusting the required battery capacity. These are the
maximum admissible daily DoD, DDoD, and the capacity of the battery at the end of
life, EoL. In the present case, we consider these to be around 30 and 80%, respectively.
With these assumptions, the corresponding battery bank storage capacities turn out to
be QDDoD = Q∕0.3 = 4777 Ah and QEoL = Q∕0.8 = 5375 Ah.

The final battery bank storage capacity, Qtotal, should be fixed at the maximum of
QDoD, QDDoD, and QEoL. For the present case, it is determined by QDoD. In addition,
however, the resultant capacity requirement is further affected by an arbitrary design
factor to account for security. The final value of the total energy storage capacity is
Qtotal = QDoD∕1.1 = 5912 Ah.

8.3.7 Step 7: The Number of Cells in Series

This step and the subsequent ones define the topology of the battery bank; that is, the
required number of cells in series and in parallel to attain the battery bank storage
capacity, Qtotal.

The determination of the number of cells in series is a function of the nominal
voltage of the battery bank. This was fixed at Un = 48 V DC in Step 2.

The adopted battery cells are the medium-power lithium-ion (Li-ion) cells from
Saft, model VL41M [161]. According to the product datasheet, the nominal cell
voltage Un cell is 3.6 V, while the maximum cell voltage reaches Umax cell = 4.0 V and
the minimum Umin cell = 2.7 V. Discharged at a C/3 rate, each cell provides Qcell = 41
Ah of capacity. This cell selection is not definitive, as calculations in further steps of
the procedure could affect the adopted cell model.

The required number of cells in series, n, is simply computed as

n = Un∕Un cell = 48∕3.6 = 13.3 → 13 cells. (8.1)
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Doing this, the minimum battery cell voltage will drop down to n × Umin cell = 35.1 V
and the maximum voltage will reach n × Umax cell = 52 V. These values are set to
be in accordance with the battery pack battery management system (BMS) voltage
operating limits.

8.3.8 Step 8: The Number of Parallel Strings of Cells in Series

The attainment of the previously determined battery bank energy storage capacity
requires us to connect various strings m in parallel, each composed of n cells in series.
This number is determined by

m =
Qtotal

Qcell × n
= 5912

533 × 13
= 11.09 → 11 strings. (8.2)

8.3.9 Step 9: Check the Admissible Momentary Current for the
Battery Cells

The maximum currents for the battery bank, obtained in Step 3 of the design procedure,
do not take possible peaks in load demand into consideration. Such peaks could be
representative, for instance, of motor-starting processes. These are to be considered
in the battery sizing procedure. Labeled as Imax p, in the present example such peak
currents are weighted as four times the maximum running current for the battery due
to the load demand. Therefore, Imax p = 363.9 A.

Since the cells are arranged in m = 11 strings in parallel disposition, each of the
strings will provide a fraction of the above-presented maximum momentary current.
Finally, the maximum current per battery cell will turn out to be

Imax cell = Imax p∕m = 33.1 A. (8.3)

According to the battery cell datasheet, each cell could withstand up to 300 A for
30 s, so the maximum expected momentary current does not represent a constraint for
the system as it stands.

8.3.10 Step 10: The Maximum Charge and Discharge Currents for the
Battery Bank Considering PV Generation

At this point in the methodology, the battery bank is fully determined, both in terms
of capacity and the number of cells in series and in parallel. The following last steps
of the methodology serve to check the suitability of the selected battery cells in
terms of the maximum charge and discharge currents that they should withstand in
normal operating conditions. Note the difference between the maximum charge and
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discharge currents, or “running currents” hereinafter, and the admissible momentary
currents determined in Step 9.

So far, the battery bank dimensioning procedure has not included the PV generation
profiles as affecting factors. However, and as presented in Figure 8.8, the maximum
running currents in the battery while storing excess PV generation could even double
the maximum running current requirements for the battery associated with the load
demand (see Figure 8.9).

Moreover, if the battery were to be sized so that it could store all excess PV gener-
ation at the current ratings presented in Figure 8.8, it would have to be unreasonably
oversized both in terms of energy and power capacity. This is because, as presented
in Table 8.3, there are months in which the PV generation exceeds the total energy
consumption, and so this excess generation will be directly translated to the battery
bank, thus enormously increasing the required number of battery cells. In this regard,
Figure 8.11 presents the cumulative capacity for the battery bank resulting from stor-
ing all excess PV generation. Positive values of capacity at the end of the day denote
a net increment in battery charge, while negative values indicate a net decrement in
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Figure 8.11 The charge accumulated by the battery bank while storing as much PV generation
as possible.
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battery charge. Those trends presenting a negative cumulative capacity at the end of
the day correspond to typical days from October to February, and these are precisely
the months in which the net energy balance denotes a deficit. Conversely, during
spring and summer, the energy balance proves to be positive, and this is denoted by
the positive cumulative capacity at the ends of typical days in Figure 8.11.

Therefore, it is important to limit the amount of excess PV energy that is stored and
also the current ratings at which this energy is stored, so as not to incur unreasonably
oversized systems. In the present example, we consider that the net energy balance
between the energy generated and the energy absorbed by the battery bank for each
typical day should equal zero (or should be negative, in the event of experiencing less
PV generation than the power demand from the load). In this way, we will prevent
the battery bank from storing, mainly during summer and winter periods, more PV
energy than is actually needed for the battery to compensate mismatches between PV
generation and demand. Doing this, the daily cumulative charge for the battery during
a typical day for each of the 12 months of the year is presented in Figure 8.12.
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Figure 8.12 The charge accumulated by the battery bank while storing as much PV generation
as needed.
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Figure 8.13 Typical daily current demand profiles for the battery bank with limited PV
energy storage.

As can be noted, for spring and summer months, in which the monthly PV energy
yield exceeds the consumption energy demand, there is no positive net charge bal-
ance at the end of each typical day, but the balance is zero. This has been obtained
by iteratively limiting the maximum admissible running currents exchanged by the
battery bank, until the admissible current ratings that actually ensure a zero net charge
balance are found. Figure 8.13 shows the determined maximum running currents for
the battery bank. As can be seen, for the particular case under study, the current ratings
for the battery bank turn out to be around 130 A, which corresponds to the maximum
current entering the battery at a typical midday in March. Since the net energy balance
between PV generation and load demand is negative for March (see Table 8.3) – that
is, there is not enough PV generation to feed the monthly load demand – the admissi-
ble running current in the battery has not been limited and this exceeds the maximum
limited currents for the spring and summer months.

The previous calculations show that depending on the PV generation levels,
the maximum running current flowing through the battery bank (Imax rpv, around
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130 A) could exceed the maximum running current Imax r if just the load power pro-
file (around 90 A; see Step 3) is taken into consideration, thus neglecting the impact
of PV generation.

Therefore, it is necessary to check the suitability of the selected cell model to
withstand the running currents. The maximum running current Imax rpv will be provided
by m = 11 parallel strings of cells, so the current through each of the strings, and
thus through each of the series-connected cells, will be around Imax rpv∕m = 11.8 A.
According to the battery cell datasheet, the maximum admissible running current is
around 150 A, so the selected battery cells suit the current requirements.

8.3.11 Step 11: The Selection of Power Inverters

The last step of the design procedure is to select the number and ratings of the
power inverters attached to the battery bank. As for the rest of the procedure, the
determination of the final topology of the PCS for the battery bank will undoubtedly
require further detailed calculations that are not included here.

In Step 2 of the methodology, the voltage level on the DC side of the converter
was fixed at Un = 48 V. Therefore, the question now is to determine the number p of
parallel inverters so that the net power installed is high enough to charge and discharge
the battery bank at the calculated ratings.

As deduced in the previous step, the maximum running current for the battery bank
was Imax rpv = 130 A. Consulting the datasheet for SMA’s “Sunny Island” family of
power inverters [198] again, model 6.0H admits up to 100 A, which corresponds to
4.6 kW at nominal DC voltage (i.e., Un = 48 V). So we need to include at least p = 2
power inverters in parallel to fulfill the required current ratings.

8.4 Conclusions

This chapter has presented different mid- and long-term applications for storage
installations in electric power systems. The literature review has shown that the
technical characteristics (in terms of energy capacity, power capacity, lifetime, and
scalability, among others) of secondary batteries and flow batteries, PHS, CAES, and
also HESS technologies, define these systems as well suited to ensure the required
balance between generation and demand, regardless of the variability of the output of
renewables.

Apart from providing such a balancing service, storage installations can maximize
the usage of renewables by avoiding the disconnection of such power plants as a result
of technical limitations in power transmission lines. In addition, storage can time-shift
the output of renewables to periods of high demand, thus avoiding the connection of
gas or fossil-fuel power plants for this purpose.
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To summarize, mid- and long-term storage installations can be defined as potential
drivers for the decarbonization that the power system is currently experiencing, and
will also experience in the mid-term. However, the implementation of these technolo-
gies in the power system will depend not only on their technical capabilities, but also
on other externalities, such as those related to the regulatory framework and economic
aspects, among others.

This chapter has also included an example on the utilization of secondary batteries
for isolated power systems with PV generation. The example has addressed the
dimensioning of a battery-based storage facility. In particular, the proposed sizing
methodology yields the number of battery cells in series and in parallel needed so
as to achieve the required energy capability, also taking into account the voltage and
current limitations for utilization of the technology. The methodology also allows us
to determine the type and number of power inverters for the battery bank.



References

1. Collier, S. (2014) The Nexus of the Smart Grid and the Internet of Things, IEEE Webi-
nar, New York, http://smartgrid.ieee.org/resources/webinars/webinar-overviews/814-the-nexus-of-
the-smart-grid-and-the-internet-of-things-with-steve-collier2 (accessed January 5, 2016).

2. Frost & Sullivan (2011) The Changing Regulatory Landscape for Smart Energy. Impact on Informa-
tion and Communication Technologies (ICT) Opportunities in Utilities, Report, Frost & Sullivan,
New York.

3. Frost & Sullivan (2011) European Large Scale Energy Storage Market and Opportunities from
Growth in Renewable Energy, Report, Frost & Sullivan, New York.

4. European Commission (2006) European Smart Grids Technology Platform: Vision and Strategy
for Europe’s Electricity, http://ec.europa.eu/research/energy/pdf/smartgrids_en.pdf (accessed May
28, 2015).

5. Department of Energy and Climate Change, UK (2009) The Smarter Grids: the Opportunity,
https://www.gov.uk/government/organisations/department-of-energy-climate-change (accessed
May 28, 2015).

6. Toffler, A. (1980) The Third Wave, Bantam Books, New York.
7. Kundur, P. (1993) Power System Stability and Control, McGraw-Hill, New York.
8. Van der Sluis, L. (2001) Transients in Power Systems, John Wiley & Sons, Ltd, Chichester.
9. Handschin, E., Otero, A.F., and Cidrás, J. (2009) Steady-state single-phase models of power system

components, in Electric Energy Systems: Analysis and Operation (eds A. Gómez-Expósito, A.J.
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