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Abstract 

The development of this thesis is devoted to the exploitation of two important sectors that up 

until now did not have a relevant direct connection, the electric power system and the road 

transportation sector. The integration of Electric Vehicles (EVs) in the vehicle fleet will impose 

deep modifications to both sectors and may contribute for the reduction of greenhouse gases 

emissions as EV expansion is expected. In relation to the transportation sector, alongside with 

the conventional gas stations, sufficient recharging facilities should be provided to EV owners, 

either charging at home or by providing public charging infrastructures. In any case, in the 

electricity sector, Distribution System Operators (DSOs) will have to cope with a new load that 

before was not included in planning and operation. 

The work presented in this thesis involves the development of new functionalities for EV 

charging control to enhance frequency related ancillary services provision. EVs may play a 

crucial role in the operation of the power systems, enabling further expansion of Renewable 

Energy Sources (RES) integration. Therefore, the thesis comprises three main stages, the 

definition of an integration framework for EVs, the development of primary frequency control 

techniques with EVs for isolated systems and the integration of EVs in the Automatic 

Generation Control (AGC) operation for provision of secondary reserves in interconnected 

systems. 

The definition of an EV integration framework promotes the change from a “fit-and-forget” 

policy to the active EV management and control, implying the creation of a full integration 

framework. This framework should be able to deal with the technical aspects of electricity 

grids operation and with market operation. The technical operation layer of the integration 

framework is managed by the DSO and expands the concepts of Microgrid and Multi-Microgrid 

to establish a hierarchical control structure. For the market layer, a new player should be 

introduced for aggregating EVs and represent them in the electricity and reserves markets, the 

Aggregator. This layer should have a similar hierarchical structure to the technical layer, in 

order to be able to share the communication path. 

Then, primary frequency control techniques with EVs were defined using droop control and 

inertial emulation to mimic the behaviour of conventional generators. These techniques were 

using the simulation software Eurostag in a small isolated system, as isolated systems have 

reduced inertia and so dealing with imbalance situations between load and generation may 

lead to large frequency deviations.  

Finally, EVs were integrated in the AGC operation for provision of secondary reserves in 

interconnected systems, as interconnected systems present different challenges regarding RES 

integration. Due to higher inertia values the main issue is to guarantee sufficient secondary 

reserves. The AGC operation with EVs was assessed using PSS/E in a test network.  

The possibility of increasing the integration of intermittent RES was evaluated for both case 

studies. 

 





Resumo 

Esta tese é dedicada à análise conjunta de dois sectores de atividade que até ao presente não 

tinham uma ligação profunda, o sistema elétrico de energia e o sector dos transportes 

terrestres. A integração de Veículos Elétricos (VEs) na frota automóvel acarretará grandes 

mudanças em ambos os sectores e poderá contribuir para a redução das emissões de gases de 

efeito estufa devido à expansão dos VEs. Relativamente ao sector dos transportes, além das 

estações de serviço convencionais será necessário providenciar em quantidade suficiente 

infraestruturas de carregamento, em casa ou públicas. Em qualquer dos casos os Operadores 

das Redes de Distribuição (ORDs) terão que lidar com este novo tipo de carga que não estava 

incluído no planeamento e operação de rede.  

O trabalho apresentado nesta tese envolve o desenvolvimento de novas funcionalidades para 

o controlo de carga de VEs no sentido de melhorar o fornecimento de serviços auxiliares à 

rede. Os VEs poderão ter um papel crucial na operação do sistema elétrico, possibilitando uma 

maior integração de fontes de energia renováveis. Assim, a tese compreende três etapas, a 

definição de um enquadramento para a integração de VEs, o desenvolvimento de métodos de 

controlo primário de frequência para sistemas isolados e a integração de VEs no controlo 

automático de geração (AGC na literatura anglo-saxónica) para provisão de reserva secundária 

em sistemas interligados. 

A definição do enquadramento de integração de VEs promove a mudança de políticas “fit-and-

forget” para estratégias ativas de gestão e controlo de VEs, implicando a definição de uma 

arquitetura de referência. Esta deve ser capaz de lidar com os aspetos técnicos da operação de 

rede e com a operação de mercado. A camada técnica é gerida pelo ORD e expande os 

conceitos de Micro-rede e Multi-Micro-rede para criar uma estrutura de controlo hierárquica. 

Na camada de mercado um novo ator, o Agregador, deve ser introduzido para agregar VEs e 

representá-los nos mercados de eletricidade e reservas. Esta camada deve ter uma estrutura 

semelhante à componente técnica para possibilitar a partilha da infraestrutura de 

comunicações. 

De seguida, técnicas de controlo primário de frequência com VEs foram definidas usando 

controlo proporcional e emulação de inércia para replicar o comportamento dos geradores 

convencionais. Estas técnicas foram implementadas no software Eurostag e testadas sobre 

uma rede isolada, dada a sua reduzida inércia que pode levar em situação de desequilíbrio a 

grandes desvios de frequência.  

Finalmente, os VEs foram integrados na operação do AGC para fornecimento de reservas 

secundárias em sistemas interligados, visto estes apresentarem desafios diferentes no que 

respeita à expansão de produção de origem renovável. Tendo valores maiores de inércia, a 

principal preocupação é garantir um nível suficiente de reserva secundária. A operação do AGC 

com VEs foi avaliada usando PSS/E sobre uma rede de teste. 

A possibilidade de aumentar a integração de fontes de energia renovável foi avaliada em 

ambos os casos de estudo. 
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Chapter 1 – Introduction 

1.1 Motivation for the Thesis 
Today’s world faces big environmental and social problems. Therefore, there are countless 

frontlines that need to be tackled in the pursuit of sustainability. Environmental awareness is 

pushing modern world towards a future without the use of fossil fuels. As alternatives, energy 

efficiency and Renewable Energy Sources (RES) are being more and more exploited. This fact is 

also influenced by instability in the crude oil markets that is degrading the economy of 

importing countries and their inhabitants’ quality of life. 

Figure 1-1 presents the world primary resource consumption from 1980 to 2007 and the 

projections of the International Energy Agency (IEA1) up to 2030 if governments make no 

changes to existing energy policies, [1]. Even though RES share increases, during the projected 

period, fossil fuel based energy, coal, oil and gas, will still be predominant. The primary energy 

demand decrease that is verified from 2007 to 2010 is a result of the impact of the financial 

and economic crisis. Over 90% of the increase in world primary energy demand results from 

countries that do not come from the Organisation for Economic Co-operation and 

Development (OECD2). China and India alone account for 54% of the total energy demand 

growth. So, in order to fulfil the goals of carbon dioxide (CO2) emissions reduction to limit the 

greenhouse effect, a sustained effort ought to be performed. 

 

Figure 1-1 – World primary energy demand by fuel, based in [1] 

In terms of final energy consumption by sector of activity, it is verified that the most energy 

intensive is the transport sector, followed closely by the industry and only after the residential, 

services and other sectors, as seen in Figure 1-2. In the plot, darker colour represents coal, oil 

and gas, whereas other includes electricity, heat, biomass and other renewables. Being energy 

carriers, electricity and heat may indirectly result from the usage of fossil fuels as primary 

resource. Albeit the transportation and industry sectors are almost equivalent regarding final 

                                                           
1
 The IEA describes itself as an autonomous organisation which works to ensure reliable, affordable and 

clean energy for its 28 member countries and beyond. For more information visit http://www.iea.org/  
2
 The OECD is an international economic organisation of 34 countries founded in 1961 and defines the 

promotion of policies that will improve the economic and social well-being of people around the world 
as their mission. For more information visit http://www.oecd.org/ 
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energy consumption, the transportation sector is almost entirely dependent of fossil fuels 

(mainly oil). In opposition, industry relies on a much diversified energy mix, being the fossil fuel 

dependency dominated by coal and gas. Regarding residential and services sectors, they are 

predominantly electricity consumers, gas and in the residential case biomass. In any of these 

cases there may be possible efficiency gains that contribute for the reduction of the consumed 

energy. In fact, even though the total demand will grow in any of the sectors, boosted by the 

rising economies of the BRICS3 (Brazil, Russia, India, China and South Africa), during the last 

decade a lot of efforts were made towards an efficient use of energy. It started in industry 

where competitiveness and profit drove companies to invest in more sustainable systems, but 

also all the other sectors have been undergoing changes to achieve energy efficiency. Within 

the transportation sector, vehicle mileage has had important progresses. Nowadays, Electric 

Vehicles (EVs) are seen as a way to contribute to the effort to reduce Greenhouse Gases (GHG) 

emissions and their expansion is expected to grow in the years to come. Regarding energy 

conversion to electricity, Distributed Generation (DG) has been a strong bet of the countries 

committed with the Kyoto protocol4, including some microgeneration at the residential level. 

 

Figure 1-2 – World final energy consumption by vector and sector (in Mtoe
5
), based in [1] 

The development of this thesis is devoted to the exploitation of two important sectors that so 

up until now did not have a relevant direct connection, the electric power system and the road 

transportation sector. The integration of EVs in the vehicle fleet will impose deep 

modifications to both sectors. In relation to the transportation sector, alongside with the 

conventional gas stations, sufficient recharging facilities will have to be provided to EV owners, 

either charging at home as any appliance such as cell phones or providing public charging 

infrastructures. In any case, in the electricity sector, Distribution System Operators (DSOs) will 

have to handle with a new load that before was not included in planning and operation. 

According to the IEA, [2], EVs and Plug-in Hybrid Electric Vehicles (PHEVs) will contribute to 

                                                           
3
 BRICS is an international political organisation of leading emerging economies. For more information 

visit http://bricsforum.org/  
4
 The Kyoto Protocol is an international agreement linked to the United Nations Framework Convention 

on Climate Change (UNFCCC). 
For more information see http://unfccc.int/kyoto_protocol/items/2830.php  
5
 The tonne of oil equivalent (toe) is a unit of energy corresponding to the amount of energy released by 

burning one tonne of crude oil, which is approximately equal to 42 GJ. 

Fossil fuels
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http://bricsforum.org/
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reduce light-duty vehicle CO2 emissions in approximately 30% by 2050 in comparison with 

2005 levels. Figure 1-3 presents IEA projection for the annual light-duty vehicle sales by 

technology type. It is expected that EV and PHEV integration will gradually increase and by 

2050 EVs and PHEVs will represent more than 50% of the vehicle sales being the dominance 

only contested by fuel cell hydrogen vehicles. Actually, projections point that by 2020 2.5 

million EVs and 5 million PHEVs will be sold. Therefore, the electricity sector must be prepared 

to accommodate these vehicles while charging and if possible extend to EVs some of the 

concepts that were created with the advent of DG. 

 

Figure 1-3 – Projection for annual light-duty vehicle sales by technology type, based in [2] 

This thesis is intended to identify grid operational management and control strategies that 

should be available with the presence of vehicles with plug-in capabilities. There is a high 

potential for EVs to participate in several power systems services, [3]. Whether providing extra 

installed capacity for peak load demand or participating in the spinning reserves or in 

regulation of the system, the so-called Vehicle-to-Grid (V2G) potential is new to the current 

structure of the electricity grids. In this way, the growing prospects of an EV market expansion 

may strengthen the concepts that aim at the active network management.  

According to [4], the advent of DG brought technical, commercial and regulatory challenges to 

the power systems. In the beginning, DG connection to the distribution system would only be 

managed on the basis of a “fit-and-forget” policy. Consequently, DG would be regarded as a 

passive element within the power system, while moderate penetration of DG was verified. 

When high penetration levels were considered, substantial impacts on the distribution system 

were found, namely the voltage rise effect, power quality issues, branch overload problems, 

protection issues and stability issues. 

Then, active management solutions were sought in order to accommodate more DG, breaking 

with the conventional paradigm and concepts such as those of Microgrid (MG) and Multi-

Microgrid (MMG) were described, [5, 6]. Within this new paradigm, MGs can be defined as 

Low Voltage (LV) feeders with several microsources (MSs – such as microturbines, micro wind 

generators, photovoltaic panels, etc.) together with storage devices and controllable loads 

connected on that same feeder and managed by a hierarchical control system. It is possible to 

operate MGs in interconnected or islanded mode, due to emergency conditions. 
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Similarly, MMGs are a result of the prospect of massive integration of MGs and DG units at the 

Medium Voltage (MV) level. MMGs require a high-level structure, formed at the MV level, 

consisting of LV microgrids and DG units connected on several adjacent MV feeders.  

The management and control architecture for the distribution networks would then follow a 

hierarchical control structure, with a central controller unit for each control level, one at the 

High Voltage (HV), other at the MV and the other at the LV. So, if properly managed EVs and 

PHEVs may integrate these concepts and create the opportunity of further DG integration 

expansion.  

This thesis focuses on the effects and benefits of EVs and EV active management on the power 

systems dynamic behaviour. Major synergies between the utilities and the EV owners are 

envisioned through means of cost reduction for both parties. By adopting adequate strategies 

the environment, quality of life and social welfare may be increased. So it aims at: 

 enabling a smooth transition in the mobility paradigm, by addressing the impacts of 

electric vehicles in the power system dynamic behaviour 

 establishing control procedures that allow the integration of increased levels of RES 

into the grids, influence reserve management, serve both isolated and interconnected 

networks and integrate and expand existing concepts, by exploiting synergies between 

EV owners and utilities 

Ultimately, the thesis may provide a more holistic contribution in the pathway to an 

increasingly environmental friendly energetic mix, through means of an advanced EV 

management structure, and a decrease of the external dependency on unstable markets by 

importing countries, by reducing the demand for fossil fuels. 

In this sense the following big research question was formulated as a starting point for this 

thesis and to which it intends to answer: 

Is it possible and how to integrate further RES with high primary resource variability by 

defining advanced control techniques on plugged-in EVs to enhance the power system 

dynamic operation? 

Inputs to the answer of this question will be provided throughout the thesis, but immediately 

it is possible to subdivide it into three more specific questions: 

 How will advanced control techniques on plugged-in EVs influence reserve 
management? 

 What kind of control schemes is more suitable for isolated systems? And for 
interconnected grids? 

 Can EVs effectively integrate and expand existing concepts, such as the MG and the 
MMG? 

In order to address these issues, the EVs will have to be regarded as active elements within the 

power system. Yet, to manage their potential controllability an integration framework should 

be described to enable EVs as ancillary services providers. The interoperability of the 

developed concepts with pre-existing concepts should be one of the goals of the thesis, as 
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future implementation scenarios will benefit from it. The management and control 

architecture should support the following stages of the thesis, which is followed by the 

definition of control techniques for frequency support with EVs, expectedly allowing the 

systems to gain reserve capacity and resilience to handle high integration levels of DG. Finally, 

these control strategies might be more or less interesting depending on the characteristics of 

the different systems and so it is necessary identify the control procedures applicable to each 

system.  

Figure 1-4 presents the strategy that will be followed in the development of this thesis, with 

the final goal of providing an answer to the main research question. It sets a basis with the 

definition of an integration framework for EVs and builds upon it, defining control strategies 

and identifying application possibilities. 

 

Figure 1-4 – Strategy for the development of this thesis 

The development of this thesis was included within the framework of the EU project “Mobile 

Energy Resources in Grids of Electricity”, known by the acronym MERGE, funded in part by the 

European Commission under the Seventh Framework Program (FP7). The involvement with the 

MERGE project enabled to include in the thesis the perspectives of different players of the 

electricity and transportation sectors, such as DSOs, Transmission System Operators (TSOs) or 

automotive consultants.  

1.2 Objectives of the Thesis 
The work presented in this thesis involves the development of new functionalities for EV 

charging control to enhance frequency related ancillary services provision. EVs may play a 

crucial role in the operation of the power systems, enabling further expansion of RES 

integration. 

Therefore, the three main objectives for the work developed in this thesis are the following: 

 Definition of an EV integration framework – Moving from a “fit-and-forget” policy to 

the active EV management and control implies the creation of a full integration 

framework. This framework should be able to deal with the technical aspects of 

electricity grids operation, with market operation and also provide the necessary 
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communication infrastructure to link all the involved players. The technical operation 

layer of the integration framework is managed by the DSO and expands the concepts 

of MG and MMG to establish a hierarchical control structure, from the central 

Distribution Management System (DMS) to specific EV controllers. For the market 

layer, a new player will have to be described for aggregating EVs and represent them 

in the electricity and reserves markets. This layer should have a similar hierarchical 

structure to the technical layer, in order to be able to share the communication path 

and control entities. 

 Development of primary frequency control techniques with EVs for isolated systems 

– Isolated systems have reduced inertia and so dealing with imbalance situations 

between load and generation may lead to large frequency deviations. Therefore, EV 

contribution in these systems should focus primary reserves provision, using local 

control actions that mimic conventional generators governing actions, like the 

provision of spinning reserve, and also by emulating the generators inertia effects. The 

developed control techniques should be able to allow further integration of 

intermittent RES in these systems. 

 Integration of EVs in the Automatic Generation Control (AGC) operation for provision 

of secondary reserves in interconnected systems – Interconnected systems present 

different challenges regarding RES integration. Primary control is not the main issue as 

these systems have larger inertia values, but sufficient secondary reserves must be 

guaranteed. EVs may be integrated in the AGC operation, providing secondary 

reserves and reducing the dependency on the conventional secondary reserves, which 

may also lead to an increase of grid integration in the amount of variable renewable 

power sources.  

1.3 Outline of the Thesis 
The research work developed within the scope of this dissertation is organized into 6 Chapters 

and 4 Appendixes. 

The current chapter (Chapter 1) provides an introduction to the EV integration challenges and 

potential benefits regarding the integration of new RES. The motivation for this PhD thesis and 

the main objectives of this dissertation are also presented. 

In Chapter 2, a review on the state-of-the-art is performed. As this thesis deals with two 

different areas, the transportation sector and the electricity sector, individual characterizations 

of each sector are made and then their link is discussed. So, first the transition from the 

conventional to the new electricity paradigms is discussed, motivated by the massive 

integration of DG in the first place and more recently by EVs. Then, an overview on existing EV 

technologies and prospects is performed and, finally, the main aspects of EV integration in the 

power systems are debated. 

Chapter 3 describes a control and management framework for integrating EVs in the electric 

power systems. It starts by defining the possible EV load types and after extensively describes 

the EV integration framework, with a special emphasis on ancillary services provision, for both 

interconnected system or systems where there are electricity markets and isolated systems or 

systems without market activity. 
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Chapter 4 is dedicated to the provision of ancillary services for frequency support with EVs. 

Using the framework presented in Chapter 3 primary and secondary reserves provision with 

EVs is discussed. The modelling approach for enabling EV primary frequency control is shown 

and the necessary adaptations to the operation of the AGC are introduced.  

Chapter 5 is dedicated to the study of the performance of EVs when providing active 

contributions for the system dynamic behaviour, which involves reserves provision in two test 

systems, primary control in an isolated system and AGC operation in an interconnected grid. 

The main results obtained are carefully analysed and used to validate the approaches that 

were developed. 

In Chapter 6 the main contribution of this thesis are provided and the prospects for future 

work to be developed outlined. 

Appendix A describes the conceptual basis behind the frequency control issue, presenting the 

different stages of dynamic response to a power imbalance. Appendix B presents the aspects 

of the implementation of the AGC operation with EVs using PSS/E. In Appendix C the electrical 

data, the main dynamic models and their parameters are provided for the two test systems.  

 





Chapter 2 – Background and State-of-the-Art 

2.1 Introduction 
This chapter is intended to provide a comprehensive view of the current status of the state-of-

the-art on modern power systems, with special focus on EVs as a new element within the 

electricity grids. 

Being the main motivation for this thesis, EVs are the centrepiece of this chapter. However, it 

is not possible to describe solely the effects of EVs integration alone. EVs are expected to be 

present in significant numbers in the near to medium term future and as it will be discussed 

are appearing in a moment of change for the power systems. 

In this sense Chapter 2 is divided into four main sections: 

1. Conventional Power Systems (section 2.2) 

2. The New Electricity Paradigm (section 2.3) 

3. The Electric Vehicle (section 2.4) 

4. Electric Vehicle Integration in the Power System (section 2.5) 

First, a brief description of the conventional power systems is provided, so as to serve as a 

basis for the reader to accompany the evolution of the electricity paradigm. 

Second, the new electricity paradigm is presented, describing the change compelled by the 

massive integration of DG in the first place and more recently by EVs. The main drivers for the 

change in paradigm are described and the challenges of the new paradigm explained. The 

most important active management strategies in the context of this thesis will also be detailed. 

In particular, an in depth analysis on novel frequency control strategies will be provided.  

Third, an overview on existing EV technologies and battery chemistries will be performed in 

order to give a sufficient insight on the specificities of EV and to allow addressing advanced EV 

management strategies with caution, without disregarding their main functionality – EV owner 

mobility. 

The fourth and final section describes the main aspects of EV integration in the power systems. 

It starts by presenting the expected impacts of EVs in the electric power system and moves on 

to the description of existing business models for EV integration, including the definition of the 

Aggregator entity. Finally, a review of the literature is made on the topics of EVs providing 

ancillary services and performing smart charging schemes. It would have made perfect sense 

to merge this section with the section about new electricity paradigms. There are two main 

reasons for this separation. EVs integration in the power systems is one of the motivations of 

this work and most of the concepts that deal with active management of EVs appeared 

chronologically after the innovations on the electricity grids due to the presence of DG. 

Additionally, providing information on EVs between these sections brings the reader’s 

awareness to the unique characteristics of EVs and how they interact with different activity 

sectors, transportation and electricity. In the end of the section some considerations will be 

made concerning the communication infrastructure and standards needed to support these 

advanced management schemes. 
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2.2 Conventional Power Systems 
Conventional power systems are still characterized by a very strict configuration. Based on 

centralized generation, electricity follows a very well defined path, from generation to 

consumption, going through transmission and distribution grids, until it reaches final 

consumers. 

First, the generation units output power at the MV level. Then, the voltage is raised through 

step-up transformers to Very High Voltage (VHV), entering the transmission level, where 

higher voltages are used to decrease the electrical current and thus decrease cross-sections of 

the overhead lines. Reaching some major industrial consumers and the attending to the 

geographical dispersion of electrical loads, the power carried by the VHV network is delivered 

to VHV consumers and to the distribution grid. Between transmission and distribution levels 

substations lower the voltage to HV as the cost of electrical insolation wins over even more 

reduced lines and cables cross-sections. At the HV level loads are more abundant than in VHV, 

still industry related. From this point onwards, as more geographical dispersion occurs and 

more final consumer loads are fed voltage can be decreased at intermediary substation going 

from HV to MV and finally achieving the last distribution level at LV.  Figure 2-1 presents a 

schematic of this conventional paradigm, [7]. 

 

Figure 2-1 – Conventional power system paradigm, [7] 

Within this paradigm, the power systems are a top-down vertically integrated structure, 

where, from the very beginning, clear rules regarding the major areas of expertise needed to 

run such system were created. So, the following topics were studied, put into practice and 

mastered for conventional power systems: 

 Planning 

 Operation 

 Protection 

 Maintenance 
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 Regulation 

2.3 The New Electricity Paradigm 
In the last decades, environmental, economic and social aspects motivated a growing interest 

in the development of DG, instead of the traditional large central generation. DG, however, is 

not exactly an innovative concept, as in the early days, generation plants would supply power 

only for nearby customers, [8]. In that time, the networks were Direct Current (DC) based and 

would carry electricity over small distances to feed the demand. Alternate Current (AC) was 

later adopted to cover larger distances without requiring DC/AC conversion. To balance 

generation and consumption the system operator would resource to storage devices (typically 

in the form of batteries) and small-scale generation. Due to the variability associated to DG 

primary resources, storage is nowadays regaining the importance it had in these days and its 

usage will be further discussed in this thesis. 

In fact, DG expansion raised significant challenges to the grid operation and compels significant 

changes in the way the electrical power system is regarded from planning to operation of the 

electrical power system, [9]. Figure 2-2 depicts the new power system paradigm. This 

paradigm breaks the top-down vertically integrated structure that had been mastered for 

conventional systems. Now, DG units appear dispersed over distribution networks and power 

may not always flow from upper voltage levels to lower voltage levels, raising questions 

related with stability, protection and power quality at both planning and operation stages. 

 

Figure 2-2 – The new power system paradigm, [7] 

2.3.1 Drivers for the Change in Paradigm 

The electricity paradigm is undergoing a change for the couple of decades. It started with the 

introduction of distributed energy resources in the power system, mainly wind generation, and 

its need was strengthened continued due to the need to invest in reinforcements to current 

electricity grids as the existing infrastructure is ageing. Nowadays, with the prospects of a 

gradual replacement of conventional Internal Combustion Engine (ICE) vehicles by EVs, the 
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question about the capacity for the current electricity grids to cope with the extra load that 

will appear due to EVs is being raised. So, this challenge has been subject of study by the 

scientific community, who has also described the main drivers for the change of the electricity 

paradigm. 

Lopes et al., [4], distinguish three different groups of drivers for the paradigm shift: 

 Environmental drivers 

 Commercial drivers 

 National / Regulatory drivers 

Regarding the environmental drivers, Lopes et al. consider that the need for limiting the 

emissions of GHG imposed by the Kyoto protocol in 1997, [10], has led to the current trend of 

exploring RES and also CHP. Apart from hydro generation, most RES are dispersed, [8], and 

constitute the main supply side solution for reducing GHG at the generation level. Moreover, 

there is a growing public opposition to the construction of new transmission lines and large 

power plants due to environmental and health issues. DG is therefore a viable solution to 

reduce the need for transmission grid expansion, bringing generation closer to the loads. 

Concerning the commercial drivers, in liberalized and competitive markets as the capital outlay 

needed to install conventional power stations is very large the uncertainties of the markets 

may turn these investments unattractive, favouring smaller distributed generation projects. 

DG may also be beneficial to: 

 Improve reliability – DG benefits arise from the reduction of interruption times and 

energy not supplied, especially if DG can operate autonomously when network 

outages occur, [11-13]. Being operated under islanded conditions present benefits to 

consumers, as they are supplied even after the outage, to the DG owner, due to the 

extra revenue stream, and to the distribution network operator, due to the 

improvement on the global system reliability indexes. 

 Provide standby capacity and peak shaving – if emergency generators frequently 

installed in large building can be operated in parallel with the grid, particularly during 

peak hours, peak demand will much easier to meet, benefiting from the proximity to 

the loads thus avoiding the overloading of transmission and distribution networks, [14, 

15]. 

 Reduce the need for the expansion/reinforcement of the electrical infrastructure – 

this is not only an environmental benefit as it had been previously described, but has 

also additional benefits in terms of reduced investment needs, [8]. 

 Provide ancillary services – including DG in ancillary services provision will balance 

ancillary services cost, preventing a possible price escalade that would occur if a “fit 

and forget” policy would be followed, where DG are granted with no controllability. 

DG participation in reactive power support and voltage control, the capability of power 

generation on demand (of the network operator), the participation in frequency 

regulation and the contribution for the improvement of power quality (voltage flicker, 

active filtering and voltage sags compensation resulting from faults), may even provide 

economic viability for more DG projects, [4, 8]. 
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 Contribute to the wholesale electricity market price reduction – complementing the 

utility supply portfolio with DG may reduce electricity prices. 

 Energy distribution losses reduction provided by DG – due to the proximity of DG to 

loads, electrical energy losses are reduced, [16, 17]. 

Finally, in terms of national / regulatory drivers, Lopes et al., [4], stress that one of the main 

goals of DG expansion is to create diversification of energy sources to enhance energy security 

as DG is distributed around the network close to customers and consists of diverse 

technologies and primary energy sources. Furthermore, DG introduces extra competition in 

the generation system that will ultimately pressure electricity prices reduction.  

Nowadays, the efforts made by automobile manufacturers to introduce new electric models as 

an alternative to ICE vehicles will surely have an impact in the electrical power systems 

(detailed in section 2.5). The EVs as a new element to the power systems will present an 

additional load with a probable peak at the conventional peak hours, due to the fact that 

today’s peak occurs when people arrive home after work and turn on their appliances. So, EVs 

will be plugged-in at the same time and peak load may suffer a drastic increase. Lachs et al., 

[18], focus on the large capital outlay necessary to reinforce the electricity grids with the 

purpose of maintaining reliability and security of supply during peak load hours.  

Kempton and Letendre, [19], describe EVs as “not just loads”, due to the small time of usage 

for mobility purposes and long periods parked. Such fact turn plugged-in EVs into highly 

controllable loads or even storage devices that can embark advanced management and control 

techniques. EVs are then regarded as distributed energy resources that may complement DG, 

empowering the drivers for the change in the electricity paradigm. 

2.3.2 Distributed Generation and Distributed Energy Resources 

There are several definitions of what is considered to be DG, many of which are not consistent 

with each other for most of the criteria. However, there is one common point where these are 

in agreement, the fact that DG integration implies changes to the conventional power systems 

paradigm. 

There is also no consensus on the terminology applied to DG, being the terms ‘embedded 

generation’, ‘dispersed generation’ and ‘decentralized generation’ commonly used to describe 

it. 

In 1999, CIRED6 working group No 4 presented a report, [20], with results from a questionnaire 

submitted to several countries in a complementary effort for normalization to that of CIGRE7 

working group WG37-23 on “Impact of increasing contribution of dispersed generation on the 

power system”. Some of the definitions provided by the different countries were related to 

voltage levels, whereas others considered the type of prime movers, the possibility to be 

dispatched, the maximum power rating or the existence of consumer loads at the connection 

point. 

                                                           
6
 CIRED – International Council on Large Electric Systems (more information can be found at 

http://www.cired.org.uk/) 
7
 CIGRE – International Council on Large Electric Systems (more information can be found at 

http://www.cigre.org/) 

http://www.cired.org.uk/
http://www.cigre.org/
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At the same time the IEEE8 defined DG as the generation of electricity by units sufficiently 

smaller than conventional power plants so as to enable the interconnection at any point of the 

system, [21]. 

In an attempt to provide a more tangible definition for DG, Dondi et al., [21], tried to narrow 

the scope of the definition. So, a DG unit is described as a small source of power generation or 

storage, ranging from less than a kW to tens of MW, operating either connected to the 

distribution grid or independently from the grid. DG may include biomass based generators, 

combustion turbines, concentrating solar power and photo-voltaic (PV) systems, fuel cells, 

wind turbines, micro-turbines, engines / generator sets, small hydro plants, and storage 

technologies. 

According to Chambers, [22], DG is relative to small generation units of 30 MW or less that are 

sited at or near consumers either to meet their specific needs, provide an economic operation 

support  to the distribution grid or the two combined. 

Aiming at the unambiguous clarification of the concepts related to DG, Ackermann et al., [23], 

state that DG units should follow a formal definition, verifying the following criteria: 

 Purpose – A DG unit only needs to deliver active power, there are no requirements for 

reactive power 

 Location – DG is connected to the grid at the distribution level  

 Power rating – A DG unit is not necessarily a small generation unit, it can be in a range 

of 1 W up to around 300 MW 

 Technology – The technology of the DG unit should not be relevant 

 Environmental impact – The environmental impact is also not a part of the definition 

of DG 

 Mode of operation – Not relevant 

 Ownership – Not relevant 

 Penetration level – Not relevant 

This ubiquitous definition mirrors well early conceptions of DG units, where the system would 

need to be capable of coping with the presence of DG, regardless of its operating conditions. 

Otherwise, the DG unit could not be installed. 

Presently, the proliferation of DG units, especially due to the large integration of wind power 

plants, is turning this “fit and forget” policy obsolete, while advanced management and control 

techniques are being developed for new DG units, which now are attributed an active role in 

system operation and security. 

Furthermore, the concept of Distributed Energy Resource (DER) has emerged, including not 

only DG but also storage devices and Demand Side Management (DSM), [4], in order to 

enhance system operation and allow further expansion of DG. 

                                                           
8
 IEEE – Institute of Electrical and Electronics Engineers (more information can be found at 

http://www.ieee.org/) 

http://www.ieee.org/
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Storage is a crucial element for balancing the variability of RES, being able to allow DG to 

operate at an approximately stable output power, to provide energy during periods when DG 

primary resource is not available and to enable dispatching non-dispatchable DG units due to 

the compensation of the primary resource intermittency. 

As to DSM, there are great benefits envisaged for both system operators and consumers to 

adopt DSM strategies. Due to the large deployment of RES, DSM can help shifting load to the 

periods when RES are available or from peak hours to valley hours, granting better prices for 

consumers and facilitating the grid operation for the system operator, [23]. 

Palensky and Dietrich, [24], state that DSM includes every solution that is pursued on the 

demand side of an energy system, ranging from the simple exchange of traditional 

incandescent light bulbs by compact fluorescent lights to active DSM solutions. So, the authors 

categorize in Figure 2-3 the different types of DSM by their potential impacts to the consumer 

and by the timing of the DSM actions (Energy Efficiency, Time of Use tariffs – TOU, Market 

Demand Response – DR, Physical DR and Spinning Reserve – SR).  Energy efficiency has no 

operational impact on the consumer, has a big impact on the system planning, but has no 

utility for short term grid operation.  The time of use tariffs already have some impact on the 

operation of the electric power system as a contributor for load diagram shaping, but still 

uncontrolled for the DSO’s perspective. These two DSM types can be referred to as passive 

DSM techniques. Moving on to the active DSM types, also called demand response, it is 

possible to distinguish market demand response, with real-time pricing, price signals and 

incentives, physical demand response, which includes grid management and emergency 

signals, and spinning reserves. The last active DSM possibility is the main focus of this thesis 

and will be explored further in the next chapters. It deals with the participation of loads in 

primary and secondary frequency control. From all the DSM mechanisms only energy 

efficiency has a direct influence on energy and gas emissions saving, as it avoids part of the 

consumption due to efficiency gains. All the others may have indirect benefits as they optimize 

the different dynamics of the system, leading to better load diagram profiles or avoiding the 

need for large conventional reserve units. 

 

Figure 2-3 – Impact of different DSM types, [24] 
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Strbac, [25], defends that DSM can support a reduction of the generation margin, improve 

transmission grid investment and operation efficiency, improve distribution network 

investment efficiency, manage demand–supply balance in systems with intermittent 

renewables and balance distributed power systems, by using DSM in: 

 Night-time heating with load switching  

 Domestic direct load control programmes to appliances that can be turned off or 

cycled for relatively short periods of time 

 Load limiters to the power that can be taken by individual consumers 

 Peak load management programs for industrial and commercial consumers 

 Frequency regulation with time-flexible appliances 

 Time-of-use pricing 

 Demand bidding 

Due to their characteristics, EVs may be perfectly suitable for active DSM devices, as it can be 

regarded either as storage elements or as responsive loads. EVs are loads that will be charged 

for relatively long periods, being unused from their main purpose – mobility – during most of 

the time. Therefore, depending on how much control the EV owners want to let the system 

operator have over their vehicles, EVs can be attributed either a DSM role or a storage 

element role, [19]. 

2.3.3 Main Distributed Energy Resources Technologies 

There are numerous technologies that can be used for DG. Some authors sort these 

technologies into different categories, such as renewable based and non-renewable based 

(Puttgen et al., [26]), while others make a distinction between traditional generators 

(combustion engines) and non-traditional generators (all other technologies), Khattam and 

Salama, [27]. 

Regardless of these classifications, the most important specifications of DG tend to be related 

with their controllability degree, as denotes Madureira, [9]: controllable, partially controllable 

and non-controllable. In fact, besides breaking with the conventional paradigm in terms of grid 

architecture – centralized generation, transmission network, distribution network and final 

consumers – the greatest difference between conventional technologies and DG lies on the 

capacity of the system operator to know the availability of the generation beforehand and 

being able to control it. This is of course valid for normal operation conditions as faulty 

situations or emergency operation are unexpected events that may occur in any of the cases. 

Table 2-1 presents a list of common DG technologies, showing the typical range of capacities 

and degree of controllability, [9]. 

The next subsections will provide more details on the most relevant technologies for this 

thesis: wind and PV generation as well as storage solutions. These elements are particularly 

important in this context as the thesis aims at dealing with variability issues related with RES, 

using storage devices to enable safe and resilient grid operation. 

 



Chapter 2 – Background and State-of-the-Art 

41 

Table 2-1 – Main Distribution Generation Technologies, [9] 

Technology Typical Capacity Controllability 

Solar PV A few W to a few MW Non-controllable 

Wind A few hundred W to a few MW Non-controllable/ 
Partially controllable* 

Microturbines A few tens of kW to a few MW Controllable 

Fuel Cells A few tens of kW to a few tens of MW Controllable 

Internal Combustion Engine A few kW to a tens of MW Controllable 

Combined Cycle Gas Turbines A few tens of MW to several hundred MW Controllable 

Hydro A few kW to hundreds of MW Non-controllable 
Partially controllable** 

* Depending on the type of technology used (conventional asynchronous generator, doubly-fed induction 
generator, synchronous generator with gearbox…) 
** Depending on there being some type of reservoir associated or not 

 

2.3.3.1 Solar Photovoltaic 

The core element of a PV system is the solar cell that charged by sunlight, generates an open 

circuit terminal voltage in the range of 0.5 – 1 V and a short-circuit current of a few tens of 

milliamps per cm2. These cells are connected in series and parallel and gathered in a module in 

order to obtain usable voltage and current levels. The modules can be further combined in 

series and parallel in order to obtain larger voltages and current levels that match each specific 

application requirements, [7]. This arrangement of solar modules is usually denominated as a 

PV array, generator or panel. Finally, the DC electric energy produced in the photovoltaic 

systems is converter into AC power by means of a power electronic interface module. PV 

panels are usually equipped with a Maximum Power Point Tracker (MPPT) in order to operate 

at the maximum power point, i.e. the operating condition where the most energy is captured, 

[28]. 

Typical applications for PV panels consist of:  

 Grid-connected systems – with an inverter to serve AC loads and connect to the main 

electricity grid 

 Stand-alone systems – designed to operate independently from the electric utility 

grid, and sized to supply certain DC and/or AC electrical loads (not in the scope of this 

thesis) 

According to Mills et al., [29], PV generation is necessarily variable as the sun changes position 

during the day and throughout the seasons. The rising and setting of the sun can easily lead to 

10–13% changes in PV output over a period of 15 min, if single-axis tracking PV plants are 

considered. The clouds represent the greatest problem for PV output variability, being largely 

responsible for the rapid changes in the output power. Changes in solar irradiance at a point 

caused by a passing cloud can exceed 60% of the peak irradiance in a matter of seconds. The 

time it takes for a passing cloud to shade an entire PV system, in contrast, depends on the PV 

system size, cloud speed, cloud height, and other factors. On a 13.2 MW PV plant in Nevada, 

USA, a 75% ramp in 10 s observed by an irradiance meter was associated with only a 20% 

power ramp in 10 s. A severe event that changed the output of an irradiance meter by 80% in 

1 min led to only a 50% change in the output of this plant in 1 min. This problem gets worse 
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when the size of the PV decreases and the geographical distribution of the PV panels is 

reduced. 

2.3.3.2 Wind Generation 

Wind energy conversion into electric energy is a mature technology used for a few decades 

already and thus has more cumulative experience than most other alternative energy sources. 

The basic operation principle is very simple to understand, the wind rotates the blades of the 

wind generator, which in turn rotates a shaft. This shaft provides mechanical torque to a 

generator that produces electricity. 

There are different types of available wind generators technologies, constant-speed or 

variable-speed wind turbines, with induction, synchronous, DC and variable-speed AC 

generators, among other technologies, [9]. 

As it occurs wind PV generation concerning variability, wind generation also benefits from 

aggregation, Milligan et al., [30]. Short term variability (in the order of minutes to seconds) can 

be very large per wind power plant, being reduced as wind aggregation gets larger. In 

opposition, longer term variability (over several hours) can be large, even for distributed wind 

power. 

Extreme events may lead to difficult operation conditions. For instance, an extreme storm in 

West Denmark, January 2005, imposed that nearly 90% of the rated wind capacity was 

shutdown in less than six hours, [30].  

2.3.3.3 Storage Devices 

The usage of storage devices has been having a growing importance due to DG expansion. 

Using storage devices with DG units compensates the inability of many DG sources to perform 

load following and keep grid operation in compliance with network requirements, [9]. 

There are several energy storage technologies, tailored for different applications, such as: 

 Batteries  

 Super-capacitors 

 Flywheels 

 Compressed-air systems 

 Flow batteries 

 Hydraulic reservoirs 

The type of application is divided into two main categories, [31]: 

 Small-scale applications – the energy can be stored as kinetic energy (flywheel), 

chemical energy, compressed-air or in super-capacitors for low/medium power 

applications in isolated areas. 

 Large-scale applications – the energy can be stored as gravitational energy (hydraulic 

systems), chemical energy (accumulators, flow batteries) or compressed air (or 

coupled with liquid or natural gas storage) for network connection and power quality 

control applications. 
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Even though these technologies would drastically improve the operation of the electric power 

system, their generalized usage is still conditioned mainly by economic reasons, due to high 

investment costs, [31].  

 Nowadays, EVs may arise as active storage elements for grid balancing purposes as their 

market share and the confidence in their battery capacity increases, [19]. As it will be further 

expanded in this thesis, EVs main purpose is to provide mobility to EV owners, but given the 

fact that EVs are stopped during most of the time, their battery could be considered a storage 

device for grid operation. 

2.3.4 Challenges of the New Electricity Paradigm 

Apart from the benefits introduce by the new electricity paradigm that compose the drivers for 

the change, new challenges have emerged to the grid operation, likewise any novelty in a 

given system. 

These challenges are divided in three major categories, [4, 9]: 

 Technical – Voltage profile, steady state and short-circuit currents, distribution 

network protection schemes, power quality and stability are the major challenges 

within the technical aspects and the key to solve them depends largely on new 

network operation strategies, including DSM, and planning methods for both grid 

expansion and retrofitting the existing infrastructure. 

 Commercial – The integrated control of generation and load requires a thorough 

assessment of benefits and costs that result from the implementation of such system, 

which afterwards need to be transposed to all the involved players following one of 

the three approaches: recover the cost of implementing active management directly 

through the price control mechanism (resulting in increased charges for network use 

for either DG, EV owners or demand customers), establish incentives to reward 

companies for installing DG and for EV owners to participate in control and 

management schemes or establish a market mechanism that would create a 

commercial environment for the development of active networks. 

 Regulatory – some regulatory barriers may slow down the large-scale deployment of 

DG and DSM mechanisms since there is the need for articulating appropriate policies 

to support them. 

The technical challenges of the new electricity paradigm will be expanded in the following 

subsections, from 2.3.4.1 to 2.3.4.5. 

2.3.4.1  Network Voltage Profiles 

The DSO must assure that voltage levels in the distribution are kept within an admissible range 

of values, during normal operation of the system. In order to perform the required control 

actions, the current system was planned and assembled considering a passive distribution 

network, composed only by loads, transformers and lines. The first DG units integrated in the 

distribution network were installed with a “fit and forget” policy that was set on the grounds 

of the small expected impacts of such integration levels. However, soon the impacts of DG on 

voltage profiles were a growing concern as it became clear that DG would proliferate 

throughout the distribution networks in larger scale, [7, 9]. 
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When a DG unit is connected to the end of the feeder, the flows in the circuit may change, 

especially when the load is small, and so voltage will increase and may violate the operational 

limits. The most challenging scenario occurs for valley periods, where there is minimum load 

and the output of the DG unit must flow upstream. In that case the approximate voltage rise 

(  ) due to the presence of the DG unit can be given (in per unit – p.u.) by: 

 

   
(       )

 
 

(2-1) 

 

Where: 

  is the active power output of the DG unit 

  is the reactive power output of the DG unit 

  is the resistance of the circuit 

  is the inductive reactance of the circuit 

  is the nominal voltage of the circuit 

Equation (2-1) shows that the absolute value for voltage depends on both active and reactive 

power. 

On MV overhead circuits since these usually have a high     ratio, i.e. have inductive 

reactance dominant over resistance, this voltage rise effect can be limited by reversing the 

reactive power flow and/or operating at leading power factor. However, on LV distribution 

circuits, the dominant effect is that of the active power ( ) and of the network resistance ( ), 

usually leading to small integration of DG units in LV networks. In fact, this voltage rise effect is 

usually a limiting factor for DG connection to the distribution grid, [9]. 

With the introduction of EVs this problem could even be aggravated, as a growing integration 

of EVs, regarded as conventional loads, will add up to the existing load pushing voltage during 

high load periods to low values, [32]. If EVs load would be present during the periods of 

maximum output from DG units, then EVs would be mitigating the effect of DG on voltage 

profiles. However, this may not be true as EVs are expected to charge closer to night periods 

and for instance in sunny countries, such as those of southern Europe, DG on LV grids is likely 

to be mostly PV units. 

2.3.4.2 Steady-State and Short-Circuit Currents 

According to [7], the power delivered by DG units may lead to an increase in the current 

flowing in the distribution grid, depending on DG connection point and on the size of the 

installation, potentially being in opposition to what was previously referred as benefits of DG 

regarding investments deferral.  

In faulted situations, the DG also contributes to the fault currents in the network, which are 

among the limiting factors for the connection of large amounts of DG units to the existing 

distribution grids. This bottleneck is due to the fact that the contribution of the upstream 

system is likely to get close to the maximum value used during the distribution network design 
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phase. Thus, small amounts of DG units connection may lead to insurmountable values for the 

short-circuit current.  

DG contribution to the short-circuit current is dependent on the technology used and in 

particular on the “coupling system” used (e.g. rotating machine directly connected to the grid 

or coupling through power electronic converters). 

If the storage capability of EVs is used to provide ancillary services to the grid, as will be further 

discussed, then EVs will be posing the same difficulties as DG units interfaced with power 

electronic converters. The behaviour of power electronic interfaced units during short-circuit 

conditions is not straightforward due to its non-linear V-I characteristic and depends on the 

control strategies implemented. Natthaphob, et al., [33], propose a dynamic simulation 

technique to analyse the impact in the short-circuit current resulting in that case from DG units 

connected to the grid through power electronic interfaces. 

As EVs are interfaced with the grid by power electronic converters that try to impose a fixed 

charging curve that consists of constant current constant voltage for the common lithium-ion 

battery cells, [34]. Such charging curve creates a load with constant power from a grid’s 

perspective. In the event of a short-circuit this is a worst case scenario as typically loads 

present a behaviour that reacts to voltage changes. So, with EVs, voltage drops and to 

maintain constant power characteristics the requested current will have to increase in an 

inverse proportionality to the voltage change. This current increase will generate further 

voltage decrease, aggravating the problem, [35]. When the power electronic converter loses 

the capacity to regulate the current flow, then the load ceases to be of constant power and, if 

there is action no of protection relays, the load behaviour will be closer to constant current. In 

the case of large penetration of EVs in the electricity grids the type of load imposed by the EV 

chargers can have a negative impact on the operation of the system that may be mitigated 

with the development of dedicated control schemes for EVs. This issue will be further detailed 

in Chapter 4.  

2.3.4.3 Distribution Network Protection Schemes 

Moreira, [7], states that the connection of DG in distribution networks may affect the proper 

operation of the protection system. In traditional networks circuits have radial configuration, 

enabling the use of over-current protection schemes, since the current flow is unidirectional. 

However, this may not be true with DG, which may modify network power flows and require 

an in depth verification of the protection coordination between the grid and the DG unit itself. 

In particular, the sensitivity and selectivity of the protection system as a whole may be 

affected. 

It is crucial to determine for each individual case study whether the protection system will still 

operate properly after the connection of the DG unit and define measures to overcome 

eventual problems with the existing protections in the grid. The safety of the people and 

equipment is at stake as well as the quality of supply.  

Furthermore, each DG plant requires the use of dedicated internal protection schemes 

coordinated with the overall distribution grid protection system, using protections against 
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internal faults and eventually in the future protections for avoiding DG islanded operation 

(usually designated as the loss of mains protection). 

Concerning EVs, as conventional loads, plugged-in EVs must guarantee absolute protection of 

users as it is likely that there will be close contact between users and vehicles for multiple 

purposes, [36]. As storage devices EVs must abide by the rules set for DG units. 

2.3.4.4 Power Quality 

The power quality issues comprise the continuity of power supply and the quality of the 

energy delivered to the consumers, as described by Moreira, [7]. The continuity of power 

supply is directly related to system reliability. DG units may have a positive impact in terms of 

reducing the number and duration of customer interruptions if DG units are able to supply the 

load during power outages or if islanded operation is allowed. Nevertheless, DG units may also 

have a negative impact on system reliability: for example, if an internal fault in a DG unit leads 

to network protection tripping and to the disconnection of a large number of consumers which 

are not directly related to the faulted installation.  

The quality of the energy delivered to the consumers is related to the characteristics of the 

voltage wave form and to the perturbations it may suffer. DG units are sources of harmonic 

and inter-harmonic pollution, especially when power electronic converters are used. Yet, in 

those cases the electronic interface may help to limit or even to avoid voltage fluctuations or 

flicker, [37]. DG units may lead to the occurrence of voltage fluctuations due to primary 

resource variability, for example in RES, and due to coupling and decoupling of the DG units (or 

their transformers) or at starting up or shut downs. 

Regarding EVs, the fact that they are interfaced with the grid through power electronics turns 

them into sources of harmonics. If high EV deployment is achieved, then the Total Harmonic 

Distortion (THD) may be a serious problem in grids where EVs are parked, such as residential 

areas. Several works that will be further detailed in section 2.5 address this issue, [38-40]. 

2.3.4.5 Stability 

Following the occurrence of disturbances on the network (short-circuits, important line 

outages, voltage dips, loss of generation plants, or important load variations), the loss of DG 

plants results in a loss of generation and also on the support to the network, as described in 

[7]. The significance of the resulting impact depends on the size of the DG plant, the number of 

DG units on the grid, the voltage level at the connection point, the network configuration and 

the characteristics of the connection and the DG technology used. 

The loss of DG units can lead to the following situations: 

 If DG represents an important share of the total generation, the system frequency will 

suffer a large deviation, leading in an extreme case to an unstable point of operation 

of the system with possible collapse. 

 Service restoration procedures of a section of a distribution network with DG require 

special attention. 
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 If DG units were significantly supporting load, as service is restored, the power 

demand will come up before DG units can be reconnected, with possible occurrence of 

overloads in the system. 

EVs presence when regarded just as additional load do not have a direct influence on the 

ability of the system to handle the intermittency associated to DG. By increasing the system 

load, EVs may be indirectly contributing for a more robust generation dispatch due to the need 

of dispatching more generation units. However, EVs can have a positive influence in grid 

stability it they can embark advanced control strategies that contribute to optimize the 

operation of the system, [19]. EVs can integrate the provision ancillary services such as 

frequency control or voltage control and reduce the need for conventional reserves, while 

increasing the potential for RES integration. This subject will be further detailed in section 

2.5.3  and in chapters 3, 4 and 5. 

2.3.5 Active Management of Electricity Grids 

Active management of electricity grids has gained importance over the last decades as a 

crucial driver for achieving cost-effective solutions to accommodate DG integration in 

distribution grids at both the planning and operation stages of the distribution system, 

stepping away from the conventional fit-and-forget philosophy. 

Current prospects of EV integration strengthen the need for a change in the grids planning and 

operation paradigms. Section 2.5 will deal with EV integration in greater detail. 

In section 2.2 the main function of the passive distribution system was exposed and consists of 

delivering power from the transmission network to lower voltage level consumers. Classical 

design rules were based on deterministic power flow studies for extreme situations in order to 

allow safe operation with a minimum amount of control. So, control problems would occur 

essentially at the planning stage rather than during operation. However, with the introduction 

of DG and improved controllability through information and communication technologies, the 

fit-and-forget policy must evolve as it can severely limit the amount of allowable DG and even 

EV integration, [9]. 

Within the active management paradigm demand response, including EVs, assumes a very 

important role that as DG active role in system operation also presents challenges and 

benefits. The main expected benefits of active load management are, [41]: 

 Even though individual loads may become unavailable at any moment, the variability 

of the total load in a given system (a larger system provides better performance) is 

likely to be smaller than that of a restricted group of large generators that typically 

compose reserves. 

 The delay in the response of loads to the operator requests may be almost inexistent, 

in opposition to ramping of generators. 

 Because loads are distributed throughout the grid, they provide the opportunity to 

perform local and precise responses to contingencies.  

 Using loads to provide system services could even reduce overall GHG emissions, for 

instance as inefficient ramping of generators is avoided.  
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 Spatial and temporal flexibility of loads may support an increased penetration of 

intermittent RES. 

 Loads are already present in the power system, and effective communication 

platforms are becoming available. Soon, the biggest challenge for demand response 

will be due to the lack of the necessary demand response control strategies.  

Subsections 2.3.5.1 and 2.3.5.2 will describe some of the main achievements regarding active 

management of distribution grids at the LV grid and the MV grids, respectively. Thus, the 

concepts of MGs and MMGs will be detailed. 

Finally, subsection 2.3.5.3 will deal with the current status on ancillary services, providing an 

insight on novel management techniques and advances on frequency control for the future of 

power systems. 

2.3.5.1 Microgrids 

The MG concept was created as a natural response to the shift in the generation paradigm 

acting as an enabler for the integration of microgeneration units. This concept was originally 

introduced in the United States by the Department of Energy, more specifically, by the 

Consortium for Electric Reliability Technology Solutions (CERTS), founded in 1999. 

The CERTS MG structure, [42], assumes an aggregation of loads and MSs operating as a single 

system providing both power and heat. The majority of the MSs must be power electronic 

based to provide the required flexibility to insure controlled operation as a single aggregated 

system. This control flexibility allows the MG to present itself to the bulk power system as a 

single controlled unit, have plug-and-play simplicity for each MS, and meet the customers’ 

local needs. These needs include increased local reliability and security. 

Key issues that are part of the CERTS MG structure include the interface, control and 

protection requirements for each MS as well as MG voltage control, power flow control, load 

sharing during islanding, protection, stability, and over all operation. The ability of the MG to 

operate connected to the grid as well as smooth transition to and from the island mode is 

another important function. 

The basic CERTS MG architecture is shown in Figure 2-4, where it is represented a typical LV 

distribution system with several radial feeders (in these case A, B and C). The LV side of the 

distribution transformer is the Point of Common Coupling (PCC) between the MG and the 

distribution system and it is used to define the boundary between both systems. At the PCC, 

the MG should comply with existing interface requirements (for example, the IEEE P1547 

standard). 

The CERTS Microgrid introduced three critical functions: 

 MS Controller (or Power and Voltage Controller) – The Power and Voltage Controller 

coupled with the MS provide fast response to disturbances and load changes without 

relying on communications. 

 Energy Manager – Provides operational control through the dispatch of power and 

voltage set points to each MS Controller. The time response of this function is 

measured in minutes. 
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 Protection – Protection of a MG in which the sources are interfaced using power 

electronics requires unique solutions to provide the required functionality. 

 
Figure 2-4 – The CERTS MG architecture, [7] 

Simultaneously, in Europe the first major effort devoted to MG was initiated with the Fifth 

Framework Program (1998-2002), which funded the R&D project entitled “MICROGRIDS – 

Large Scale Integration of Micro-Generation to Low Voltage Grids”. The MG concept developed 

within the MICROGRIDS project, [5, 7], is shown in Figure 2-5. The MG is a typical LV 

distribution network connected to the secondary winding of a MV/LV distribution transformer, 

comprising loads (some of them interruptible), both controllable and non-controllable MSs, 

storage devices and a hierarchical type management and control scheme supported by a 

communication infrastructure used to monitor and control MSs and loads. 

Each MS is connected to the grid through a power electronic converter, typically DC/AC, 

AC/DC/AC or AC/AC. To operate these converters to types of control modes are used: 

 PQ inverter control mode – current-controlled voltage source, that injects a given 

active and reactive power set-point into the network. 

 Voltage Source Inverter (VSI) control mode – controlled to feed the load with pre-

defined values for voltage and frequency according to a specific control strategy. 

When operating in islanded mode it emulates the behaviour of a synchronous 

machine.  
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The MG is controlled and managed by a MicroGrid Central Controller (MGCC) installed at 

the MV/LV substation. The MGCC includes several key functions (such as economic 

managing functions and control functionalities) and heads the hierarchical control system. 

At a second hierarchical control level, controllers located at loads or at groups of loads 

(Load Controllers – LCs) and controllers located at MS (Microsource Controllers – MCs) 

exchange information with the MGCC and local control devices. LCs serve as interfaces to 

control loads through the application of an interruptibility concept, and MCs control 

microgeneration units, for example in terms of active and reactive power production 

levels. It is also expected the MGCC to be able to communicate with the DMS, located 

upstream in the distribution network, contributing to improve the management and 

operation of the MV distribution system through contractual agreements that can be 

established between the MG and the DSO. 

 

Figure 2-5 – MG architecture, comprising MicroSources (MSs), storage devices and a hierarchical control and 
management system, [7] 

The MG is intended to operate in the following two different operating conditions: 

 Normal Interconnected Mode – the MG is connected to a main MV network, either 

being supplied by it or injecting some amount of power into the main system. 

 Emergency Mode – the MG operates autonomously, in a similar way to physical 

islands, when the disconnection from the upstream MV network occurs. 

To conclude, a MG can be regarded as an active element within the electric power system of 

the future, with active management responsibilities for the system, where the EVs may come 

to be an integrant part and a crucial element for the operation of the MG and the system. 

2.3.5.2 Multi-Microgrids 

The concept of MMG appeared as an expansion of the MG concept in the R&D project entitled 

“MORE MICROGRIDS” funded by the Sixth Framework Program. The concept is related to a 

higher level structure, formed at the MV level, consisting of several LV MGs and DG units 

connected on adjacent MV feeders, [6, 9]. MGs, DG units and MV loads under DSM control can 

be considered in this network as active cells for control and management purposes. 
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Figure 2-6 describes the management and control architecture for MMGs. The MMG concept 

evolves from the concept of MG, involving the MV level where all elements with 

controllability, as well as MV/LV passive substations, are managed by a Central Autonomous 

Management Controller (CAMC) installed at the MV bus level of a HV/MV substation. The 

CAMC, for its turn, serves as an interface to the DMS, under the responsibility of the DSO. So, 

the CAMC is a form of distributing the DMS operation, taking part of its direct responsibility, by 

operating one subsystem within the DMS domain. 

A decentralized scheme is crucial due to the tremendous increase in dimension and complexity 

of the system so that the management of MMG requires the use of a more flexible control and 

management architecture than the previous concept. Nevertheless, decision making using 

decentralized control strategies must still hold a hierarchical structure [43]. A central controller 

collects data from multiple agents and establishes rules for low-rank individual agents. These 

rules for each controller are set by the high level central controller (DMS) which may delegate 

some tasks to other lower level controllers (CAMC or MGCC). The management of the MMG 

(MV network included) is then performed through the CAMC. This controller will be 

responsible for acting as an intermediate to the DMS, receiving information from the upstream 

DMS, measurements from Remote Terminal Units (RTUs) located in the MV network and 

existing MGCCs. 

  
Figure 2-6 – Control and Management Architecture of a MMG System, [9] 

The MMG envisioned hierarchical control system is presented in Figure 2-7. Level 2 and 3 

control levels can operate autonomously, without any intervention from the DMS, where the 

CAMC is the entity that originates the commands for production change. It does not need to 

know the specific MG constitution as each of the MG is independently controlled by the 

corresponding MGCC, yet it performs control actions directly over other DG units connected at 

the MV level. The main devices under CAMC supervision are the MGCCs, Static Var 
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Compensators (SVCs), MV-connected loads, MV-connected DG units, On-Load Tap Changer 

(OLTC) transformers, capacitor banks and MV-connected storage devices. 

The CAMC reacts to power system frequency changes, in a way similar to the one 

implemented in regular AGC functionalities, [44]. The power generation change requested to 

the production system in case of frequency variation will be derived from the system 

frequency through a Proportional-Integral (PI) controller. Then, an economical allocation 

algorithm will distribute this power change among all the power generation units and MGCCs 

under CAMC control but only if they are willing, at that point in time, to participate in 

frequency regulation. 

Each of the MGCCs will also allocate the generation request among its subordinate micro-

generation units. Some of these do not usually have regulation capabilities (e.g., PV or wind 

generation, due to limitations in primary resource availability) and will not, in principle, be 

asked to change power generation. 

  
Figure 2-7 – MMG hierarchical control scheme 

2.3.5.3 Ancillary Services 

There are several ancillary services needed maintaining the power system operation stable, 

mainly divided in two major groups: 

 Frequency control 

 Voltage control 

Rebours et al., [45, 46], provide a very complete survey on ancillary services regarding both 

frequency and voltage control in their technical and economic features. Voltage control, which 

will not be further discussed as it is not in the direct scope of the work developed in this thesis, 

can be structured into: 

 Primary control – local automatic control performed by automatic voltage regulators 

of generation units and also static voltage compensators. 
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 Secondary control – centralized automatic control that coordinates the actions of local 

regulators in order to manage the injection of reactive power within a regional voltage 

zone. 

 Tertiary control – manual optimization of the reactive power flows across the power 

system. 

Concerning frequency control, there are also three main reserve types, primary, secondary and 

tertiary reserves. However, different electricity markets and different countries have distinct 

nomenclatures and slightly different division between types of reserves. Table 2-2 presents the 

different names attributed to each of the reserve types in several different countries. 

Table 2-2 – Names of the frequency control reserves in several systems, adapted from [46] 

Secondary frequency 

control reserves

Reserve beyond 30min

Regulation Secondary reserve

Spinning 

reserve

Quick 

start 

reserve

Regulating reserve

Non-

spinning 

reserve

Germany Sekundärregelreserve

Réserve secondaire

Réserve tertiaire 

complementaire 30 

minutes

Réserve à échéance ou 

différée

Spain Reserva secundaria

Portugal Reserva secundária

Netherlands Secundaire reserve

Belgium
Réserve de puissance pour 

réglage secondaire

(does not exist)

Regulating 

reserve

Standing 

reserve
Fast start Warming and hot stanbdy

Primary

Sweden (does not exist)

Regulating services and 

network loading control

Fast Slow Delayed

Frequency regulating 

reserve

Fast

PJM 

(Pennsylvania 

New Jersey 

Maryland)

Operating reserve

Contingency reserve

Replacement reserve and supplemental energyOperating reserve(no name)

France

Operating reserve Contingency reserve

Great Britain

Spinning reserve

Minutenreserve Stundenreserve and Notreserve

Réserve tertiaire

Réserve tertiaire 

rapide 15 minutes

New Zealand

Primary frequency 

control reserves
Tertiary frequency control reserves

Frequency response

California

Seven different types of reserve

Contingency services Short-term capacity reserve
Australia

Instantaneous reserves

Sustained

Frekvensstyrd 

Normaldriftsreserv 

and Störmingreserv

Reserva terciaria

Tertiaire reserve

Réserve de puissance pour réglage tertiaire

Primärregelreserve

Réserve primaire

Reserva primaria

Reserva terciáriaReserva primária

Primaire reserve

Réserve de puissance 

pour réglage primaire

Operating reserve

Response

Secondary

High frequency

Over frequency

(no name)

Primary reserve

 

Even though this multiplicity of definitions exists the operating principle is nearly the same 

apart from some implementation details, such as the times for intervention of each reserve 

type. Therefore, within the context of this thesis only the European standards will be explored.  
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The European Network of Transmission System Operators for Electricity9 (ENTSO-E) is the 

entity that regulates, among other tasks, reserves in the six synchronous areas of Europe, 

being the largest of them the area that was formerly regulated by the Union for the 

Coordination of Transmission of Electricity (UCTE), also referred to as the Continental 

European synchronous area. 

According to ENTSO-E, [47], control actions are performed in interdependent successive steps, 

assuming different characteristics, Figure 2-8: 

 Primary reserve – It starts within seconds as a joint action of all parties involved. 

Primary reserve aims at the operational reliability of the power system of the 

synchronous area and stabilises the system frequency at a stationary value after a 

disturbance or incident in the time-frame of seconds, but without restoring the 

frequency and the power exchanges to the reference values. 

 Secondary reserve – It replaces primary control over minutes and is a responsibility of 

the involved parties / TSOs only. It uses of a centralised and continuous AGC, 

modifying the active power set points / adjustments of generation units / controllable 

load in the time-frame of seconds up to typically 15 minutes after an incident. 

 Tertiary reserve – It partially complements and finally replaces secondary control by 

re-scheduling generation and is activated by the responsible parties / TSOs. It is 

primarily used to free up the secondary reserves in a balanced system situation, but it 

is also activated as a supplement to secondary reserve after larger incidents to restore 

the system frequency and consequently free the system wide activated primary 

reserve. Tertiary control is typically operated in the responsibility of the TSO. 

 Time control – It corrects global time deviations of the synchronous time in the long 

term as a joint action of all parties / TSOs. It monitors and limits discrepancies 

observed between synchronous time and universal co-ordinated time in the 

synchronous area. 

Among the elements that typically offer these services conventional generation units, 

including both thermal and hydro units, [44], are the most common and the system was 

designed to operate with those technologies. More recently, the expansion of wind power 

based generation the possibility of deloading wind turbines for frequency response using blade 

pitch angle control was also considered, [48].  

In the next subsections primary and secondary frequency control will be further explored with 

special emphasis for the usage of consumer appliances and small DG units in the provision of 

these ancillary services either on interconnected or on isolated networks.  Today’s integration 

level of RES with high variability of primary resource demands for greater levels of reserve and 

demand side intervention is yet to be extensively explored. Black and Ilic, [49], provide a 

breakdown of potential appliances and their respective percentages of total household 

electricity consumption, in the Pacific Northwest region of the USA. This breakdown is detailed 

in Table 2-3. The appliances suitable for engaging frequency control services are energy 

dependent instead of power dependent. The proportion of energy consumed by these loads 

                                                           
9
 ENTSO-E – European Network of Transmission System Operators for Electricity (more information can 

be found at https://www.entsoe.eu/) 

https://www.entsoe.eu/
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varies with from region to region depending on different factors, such as climate related, social 

or economic. However, the large percentage of energy based load suggests that there may be 

sufficient potential for frequency control using loads amongst residential consumers. 

Regarding commercial or industrial consumers this potential is less clear as loads tend to be 

power dependent. Still, these consumers present a large proportion of heating and air 

conditioning that may be used for frequency control. 

 

Figure 2-8 – Control scheme and actions starting with the system frequency, [47] 

 

Table 2-3 – Breakdown of electricity consumption by end use in the Pacific Northwest region of the USA, [49] 

Appliance/Use 
Percentage of 
Consumption 

Hot Water 25 

Heat 23 

Refrigeration 10 

Freezer 4 

 

In addition to these types of loads the load of EVs may be suitable for primary control and AGC 

operation as well. Being this topic the focus of this thesis, it will only be addressed on section 

2.5 and onwards in the succeeding chapters. However, the fact that EVs are treated separately 

does not mean that strategies and methods cannot be shared for instance between EVs and 

other load types. Nonetheless, EVs deserve a specific evaluation as they possess numerous 

specificities that will be studied in depth. 

2.3.5.3.1 Primary Frequency Control 

Primary frequency control is performed locally and autonomously by the grid elements that 

provide this type of control. In the conventional power systems synchronous generators with 

hydraulic or steam turbines would be in charge of primary control. The governors of these 
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machines respond to frequency deviations, adjusting their operation point with a linear 

dependence, whose slope is known as droop, [44].  

Sufficient primary control should be present in a power system in order to face possible load / 

generation mismatches. With the presence of DG and the intermittency associated to many of 

their primary energy resources, an increased need for primary control was verified. Therefore, 

new primary frequency control providers may be found within the existing elements of the 

grid. The droop response of the generator governors may be emulated and inserted as a 

control for numerous grid elements, such as wind generators or even loads. 

Schweppe et al., [50], presented an active DSM mechanism called Frequency Adaptive Power 

Energy Rescheduler (FAPER) to be installed on certain types of loads that assists or even 

replaces conventional turbine-governed systems and spinning reserve. The FAPER, which 

operates exclusively on loads and has no long-term impact upon the amount of energy used, is 

activated by changes in frequency of the electricity grid above and below the nominal value. 

Suitable loads for application of the FAPER are, for instance, loads with thermal inertia, such as 

air conditioning or heating systems. The FAPER device includes: 

 Frequency measurement 

 Temperature or other process measurement 

 Control logic implementation 

 Output actuation 

 Power supply 

The FAPER can be adjusted to perform the following actions: 

 Governor function – Autonomous demand response to local frequency deviation 

 Spinning reserve function – operate in AGC operation receiving upstream set-points 

(discussed in the next section) 

For a given costumer, each of the suitable appliances can have a FAPER in standalone 

architecture, there could be a common supply with only one frequency measure being the 

control logic distributed by the appliances or there could be a common logic being a single 

computer in charge of coordinating all the devices performing FAPER control. 

Short et al., [51], studied the behaviour of a specific load with thermal inertia, the refrigerator, 

to investigate the effects on a power grid of a large aggregation of frequency-responsive loads 

similar to the FAPER. Figure 2-9 shows the authors’ proposal for frequency dependency of a 

refrigerator, image b), in opposition to the conventional thermostat. The thermostat control 

system is modified so that the two switching temperatures are decreased by an amount 

proportional to the current frequency deviation from 50 Hz. This results in a situation where 

behaviour is identical to ordinary thermostats while the system frequency is exactly 50 Hz. 

However, if frequency starts to fall, refrigerators will begin switching off, starting with the 

coldest, until frequency-fall is halted by the reduced demand. As system frequency recovers, 

appliances will switch on smoothly, starting with the warmest. 
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a) b) 

Figure 2-9 – Refrigerator operating strategy: a) normal operating strategy and b) dynamically controlled 
refrigerator, [51] 

Samarakoon  and Ekanayake, [52], grouped domestic appliances into categories according to a 

priority order and described a load blocking scheme to provide frequency control. Based on 

the assumption that the curtailments of loads should minimally affect customers' comfort and 

life style and that the safety should not be compromised, blocking times of 2, 10 and 30 

seconds were defined for the different categories. Figure 2-10 presents the different 

categories along with their frequency threshold for blocking and its maximum duration. Only 

for very severe disturbances in frequency will the most critical loads be blocked, as opposed to 

non-critical loads that will be disconnected at a lower threshold. 

 

Figure 2-10 – Smart meter controlled load blocking scheme to support primary frequency response, [52] 

Molina et al., [53], proposed another local appliance control law (using basic on/off control) 

based not only on the value of frequency deviation but also on the duration of the event. 

Figure 2-11 shows a possible implementation of this rule that intends to decrease the number 

of times and duration that the appliances are requested to intervene in frequency control.  
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Figure 2-11 – Load controller frequency deviation-time characteristic, [53] 

Xu et al., [54], also describe a strategy for using consumer appliances switch on/off capability 

to control frequency. A moving average with a sliding window for measuring frequency was 

proposed in order to reduce measurement noise. 

Chandorkar et al., [55], distinguished two droop based inverter control strategies for using in 

inverter interfaced DG units and / or uninterruptible power supply systems under different 

operating conditions: 

 Stiff AC systems – the inverter controls real and reactive power fed into the AC 

system. The actual values of power calculated from are used as feedback to the 

inverter control and compared with the set values. The resulting error drives a 

proportional-integral regulator, which generates internal set points for an innermost 

control loop. 

 Standalone systems – The control of a single inverter feeding a stiff AC system is based 

only on the instantaneous measurement of terminal quantities, being also the basis of 

the control scheme for multiple inverters in standalone system environments. The 

essential difference in the control scheme is that in the standalone system, there is no 

AC side voltage available for reference. The inverters must produce the AC system 

voltage, which is fed back to control the inverters, and so controlling voltage and 

frequency of the AC system is possible using inverter control. 

Another work on frequency control with DG units is presented in [56]. The authors deal with 

these sources before and after islanding from the upstream network, tackling the problem of 

power sharing between DG units within the same electric island. 

Engler, [57], expands on practical issues that arise with the implementation of droop control 

on inverter interfaced DG and explores the possibility of using this control technique for the 

operation of MGs in islanded mode. Accurate instantaneous frequency measurement is not a 

straightforward process, so a method based on instantaneous real power measurement was 

proposed. Regarding different droop parameterization for VSI controllers, several possible 

configurations were tested, but the conventional droops for active power / frequency and for 

reactive power / voltage with negative slopes proved to be the most efficient solution. 
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Lopes et al., [5], performed frequency control in MG environment, as had been described in 

section 2.3.5.1, using a droop control strategy. The authors tried successfully two solutions, 

one using more than one VSI per MG, the multi master mode, and the other using only one VSI 

per MG, single master. The latter uses the VSI as voltage reference when the main power 

supply is lost and all the other inverters are operated in PQ mode (slaves). A central unit, the 

MGCC, coordinates the generation units sending active / reactive power set-points to PQ 

inverters and adapting the VSI droop. In multi master mode the MGCC can modify the 

generation profile by changing the idle frequency of VSI and/or by defining new set points for 

controllable MS connected to the grid through PQ-controlled inverters. The work presented in 

[58] also addresses frequency control in MGs. 

2.3.5.3.2 Secondary Frequency Control 

As it was already explained the action of secondary frequency control is coordinated by the 

AGC, many times referred to as Load Frequency Control (LFC).  

Callaway, [41], describes electricity loads as well suited to provide reserves because they may 

respond very quickly (the ramp rate is almost only constrained by the speed of the 

communications network). On one hand, non-selective load shedding has been used as a 

measure of last resort to avoid system collapse. Selective load shedding (i.e., disconnecting 

customers or specific customer loads based on prearranged agreements), on the other hand, 

has much more potential from the perspective of customer acceptance because noncritical 

loads can be targeted for shedding. 

Moreover, energy imbalance is due to forecast errors that on average, for an unbiased 

forecast, tend to be nearly zero. So, loads with some form of energy storage are potential 

candidates for AGC, as their average power consumption with AGC can be made to equal their 

nominal consumption without any control. 

Black and Ilic, [49], describe their demand based frequency control concept as a decentralized 

approach that can be independent of or a supplement to AGC. The control gain can only be 

determined by the aggregation of multiple loads, being identified two possible methods for 

establishing a decentralized, aggregate control: 

 Setting the sample time for the devices – The sample time determines how many 

DBFC devices will be activated at any particular time, allowing a simple, uniform 

control setting for each load, with no coordination between them. 

 Variation of the frequency activation set points for participating loads – Various 

levels of frequency activation are assigned to the devices, some of which are set to 

have a greater sensitivity to deviations in frequency and to have less sensitivity, 

allowing a close approximation of the linear frequency response curve of generators 

participating in AGC. This method implies that the settings are coordinated so that the 

distribution of set-points approximates the linear response. 

Kirby, [59], discusses one of the most important problems of using responsive loads for 

spinning reserve. Loads can be interrupted but they cannot sustain that response indefinitely. 

It is shown that most events that require the participation of spinning reserve use the reserves 

for less than 10 minutes. Yet, there are some events that may take longer and regulation 
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requirements may impose minimum response duration capability. In order to overcome this 

barrier, Kirby suggested the division of loads per groups, similarly to what had been presented 

for primary control in [52], distributing their deployment through time, as depicted in Figure 

2-12. Nevertheless, this solution tends to be rather inefficient as groups 2-4 would not respond 

to the majority of the events. So, in alternative the system operator could negotiate the 

possibility of holding the response for longer periods in case of an infrequent emergency 

event. Moreover, specifying the normal response requirement in period still leaves the system 

operator the option to deploy the reserve sequentially through time. 

 

Figure 2-12 – Distribution of loads per groups, [52] 

The project conducted by Eto et al., [60], was intended to evaluate the possibility of embarking 

reserve provision with air conditioning devices in a real environment. The main achievements 

are the following: 

 A load-cycling program to customers served by a single distribution feeder can be a 

successful strategy 

 Repeated curtailment of the tested customers in a manner similar to the deployment 

of spinning reserve can be accomplished without a single customer complaint 

 Real-time visibility of load curtailments should be available for instance in an open 

data platform and secure website 

 Load curtailments can be fully implemented much faster than ramping up of spinning 

reserve from conventional generation 

Callaway, [61], showed that populations of thermostatically controlled loads may be 

aggregated and managed to act as an energy buffer to follow variability in generation from 

renewable electricity generators (or in demand from other loads). The thermal constant 

proved to be the most influential parameter in the definition of the electric loads capability of 

performing AGC. Curiously, loads with less thermal capacitance (i.e., less thermal energy 

storage) were found to be likely to perform better in the proposed method. 

Piette et al., [62], suggested using the regulation capacity of dimmable lighting alongside with 

the other discussed types of loads with thermal inertia on AGC operation, taking advantage of 
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current advances in lighting control algorithms that facilitate demand shedding of lighting 

loads.  

2.4 The Electric Vehicle 
As it was previously discussed, within the power systems, an EV is an electric load or in the 

framework of active network management a storage element that may be explored in grid 

operation. In this context it would plausible to include EV and all related topics embedded into 

section 2.3. 

On one hand, albeit EVs in the context of the power systems are intrinsically connected to the 

previously discussed topics, in the scope of this thesis EVs are a centrepiece of the developed 

work. On the other hand, regardless of the fact that there are no stagnant research topics, 

which leads to constant advances to the state-of-the-art of all addressed topics, it is interesting 

in terms of chronology to explore EVs integration on the power systems after presenting the 

current advances of smart grids as a whole. 

Moreover, the EV should always be regarded as more than a load. It has a purpose that is not 

attached to the electricity sector. EV owners’ mobility is the primary goal of an EV that uses 

the electricity grid to supply the batteries with energy. 

The key technologies that condition the success of EVs are related to the propulsion motors, 

the power converters, the control strategies and technology and the supply system (battery 

and / or ultracapacitors), [63]. From the power system perspective the most influential aspect 

is the supply system and its management system. 

2.4.1 Electric Vehicle Types 

There are mainly three types of EVs: the full EV or Battery Electric Vehicles (BEVs), the Hybrid 

Electric Vehicles (HEVs) and Fuel Cell Vehicles (FCVs). 

As it is referred by Chan et al., [64], BEVs would be the ideal solution for fighting the energy 

crisis and global warming issues. However, there are known drawbacks such as its high initial 

cost, limited driving range and large charging periods. Therefore, until recently the 

commercially available BEVs would serve niche markets, such as club cars in the sports game 

golf. 

So, HEVs were developed to overcome ICE vehicles and BEVs limitations. To the conventional 

propulsion system, an electrical energy storage element and an Electric Machine (EM) were 

added. HEVs manage to improve fuel economy, while maintaining the ICE driving range. The 

main problem is their high initial cost. 

 Finally, FCVs use fuel cells to generate electricity from hydrogen and air and may become a 

long term solution. Unfortunately, high pricing, fuel cells life cycle, difficulties related with the 

storage of hydrogen on-board and a proper refuelling infrastructure are the main barriers for 

FCVs to be an option at the moment. 
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2.4.1.1 Hybrid Electric Vehicles 

ICE vehicles have a single powertrain, propelled uniquely by diesel or gasoline, whereas BEVs 

possess a different powertrain that runs on electricity provided by a battery pack. HEVs have 

both powertrains and as such a proper management scheme must be defined. 

Ehsani et al., [65], describe the generic patterns for an HEV to meet the load requirements, 

considering bidirectional power flows: 

1. ICE powertrain delivers all the power to the load 

2. EM powertrain delivers all the power to the load 

3. Both powertrains deliver the power to the load at the same time 

4. The battery of the EM powertrain absorbs power from the load (regenerative braking) 

5. The battery from the electric powertrain receives power from the ICE 

6. The battery is charged by both load and ICE 

7. ICE delivers power to the load and to charge the battery 

8. The ICE powertrain delivers power to the EM powertrain that delivers power to the 

load 

9. The ICE delivers power to the load and the load provides power to the battery 

Figure 2-13 provides a schematic representation of all the described possible power flows in an 

HEV. 

 

Figure 2-13 – Possible power flows in an HEV (adapted from [65]) 

During usage the load of a vehicle may change constantly, with acceleration periods, 

deceleration periods and changes in the road slopes. Therefore, the load is decomposed into 

steady (average) power and dynamic power. Typically, the ICE will meet the steady power, 

maximizing its operation efficiency, and the electric powertrain will perform fast load following 

to meet the dynamic load. 
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According to Chan, [63], there are three main powertrain architectures supporting the 

described conceptual operation: 

 Series HEV 

 Parallel HEV 

 Series-Parallel HEV 

In the series HEV the mechanical power produced by the ICE is converted to electricity by a 

generator, which can either be used to provide traction for the vehicle or charge the battery. 

This is the closest configuration to a BEV, having an ICE to guarantee an extended driving 

range. It is described in [63] as an ICE-assisted EV that has a single mechanical transmission via 

the same electric motor, but requiring three propulsion devices (ICE, generator and motor) all 

sized for the maximum sustained power. If the required driving range is small the ICE may be 

downsized. Figure 2-14 shows the architecture of a series HEV. 

 

Figure 2-14 – Series HEV architecture (adapted from [64]) 

Regarding parallel HEVs, the ICE and the EM can deliver power in parallel to the drive shaft. 

Typically, it requires two clutches, in order to decouple the action of the two propulsion 

systems it requires. It is, conceptually, an electrically assisted ICE vehicle for decreasing fuel 

consumption and consequently emissions. Moreover, for extended driving range operation 

only the ICE needs full sizing. Figure 2-15 shows the architecture of a parallel HEV. 

 

Figure 2-15 – Parallel HEV architecture (adapted from [64]) 

The series-parallel HEV unites the features from both series and parallel HEVs, requiring an 

additional mechanical link when compared to the series HEV. Figure 2-16 shows the 

architecture of a series-parallel HEV. 

All these technologies for HEVs may be fitted with plug-in capability, meaning that HEVs may 

charge their battery connected to the electricity distribution grid. To these vehicles the name 

Plug-in Hybrid Electric Vehicle (PHEV) is attributed. Yet, this feature may not be present due to 

cost efficiency constraints, in cases where the batteries are too small to compensate for the 

additional investment in power electronic inverters for grid interface. 
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Figure 2-16 – Series-parallel HEV architecture (adapted from [64]) 

Table 2-4, based on the data provided in [65], presents a comparison between all the 

drivetrain architectures, highlighting the major advantages and disadvantages of each. 

Table 2-4 – Advantages and disadvantages of the different drivetrain architectures for HEVs (based on [65]) 

 Series HEV Parallel HEV Series-Parallel HEV 

Advantages 

 Decoupling between 
ICE and the drive shaft, 
allowing the operation 
of the ICE in near 
optimal conditions 

 Single torque source 
(EM) 

 Nearly ideal torque-
speed characteristics, 
requiring no multigear 
transmission 

 Easy packaging due to 
simple structure and 
drivetrain control 

 ICE and EM provide 
torque to the 
driveshaft 

 Compact due to no 
necessity for generator 
and small traction 
motor 

 Combines advantages 
and disadvantages of 
series and parallel 
HEVs 

 

Disadvantages 

 Twice the energy form 
conversions 

 Two EM are needed 

 Large traction motor is 
needed 

 

 ICE operation points 
may not be in near 
optimal conditions due 
to mechanical coupling 
of ICE and drivetrain 

 Requires additional 
EMs and a planetary 
gear that add 
complexity to the 
drivetrain 

2.4.1.2 Battery and Fuel Cell Electric Vehicles 

The topology of a BEV is a simplification of that of an HEV that results from the absence of the 

ICE and so there is only a battery pack, a VSI and an EM providing torque to the transmission of 

the vehicle. Similarly an FCV is identical to BEVs, although using a Fuel Cell stack in the place of 

the battery on the BEV depicted in Figure 2-17. 

 

Figure 2-17 – BEV architecture (adapted from [64]) 
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Being close concepts, Ferreira et al., [66], suggest the adoption of combined fuel cell and/or 

battery, plus the inclusion of ultracapacitors. This way, the limitations of each of the 

technologies would be mitigated: 

 Sizing the fuel cell for peak demand would be avoided as fuel cells present little 

efficiency at low load demand 

  Batteries could have the desired power capability necessary to drive urban light EVs 

or to supply additional power necessary for long (seconds to minutes) acceleration 

periods as fuel cells have slow power transfer rate in transitory situations 

 Usage of ultracapacitors would improve the time response of the supply system under 

sudden load disturbances 

 The battery and the ultracapacitor bank would be operated in coordination to 

maximize regenerative braking efficiency 

Table 2-5 summarizes the differences between BEVs, HEVs and FCVs, describing their main 

characteristics and challenges for future development. 

Table 2-5 – Comparison between the different EV technologies (based on [63]) 

 BEV HEV FCV 

Propulsion 

 EM (operating as traction 
motor or generator) 

 EMs (operating as 
traction motor or 
generator) 

 ICE (operating as 
propulsion system or to 
charge the HEV)  

 EM (operation as traction 
motor or as generator if 
battery or ultracapitor is 
available)  

Energy System 

 Battery 

 Ultracapacitor (may not be 
present)  

 Battery 

 Ultracapacitor (may not 
be present) 

 ICE  

 Fuel cell pack 

 Battery and/or 
ultracapacitor due to slow 
chemical dynamics of fuel 
cells)  

Refueling or 
recharging 

 Electricity distribution grid   Fuel stations (gasoline 
or diesel) 

 Electricity distribution 
grid (for PHEVs) 

 Hydrogen stations (require 
full logistics deployment 
from hydrogen production 
to final consumer 
distribution)  

Main 
Characteristics 

 Zero emissions 

 High energy efficiency 

  No direct crude oil 
dependence 

 Relative short range (under 
improvement) 

 High initial cost 

 Commercially available 

 Low emissions 

  High fuel economy 
potential 

 Long driving range 

 Reduced dependence 
on crude oil (for PHEVs) 

 Higher cost than ICE 
vehicles 

 Commercially available 

 Zero emission or ultra-low 
emissions 

 High energy efficiency 

 No dependence of crude 
oil (if gasoline is not used 
for hydrogen production) 

 Reasonable driving range 

 High cost 

 Technology is still not 
mature 

 Not commercially 
available 

Challenges 

 Battery and battery 
management system 

 Charging facilities (although 
efforts are being made in 
several countries to create a 
proper infrastructure) 

 Cost  

 Multiple energy 
sources integrated 
control, optimization 
and management 

 Battery sizing and 
management  

 Fuel cell cost, life cycle 
and reliability 

 Inexistent hydrogen 
infrastructure 
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2.4.2 Battery Technologies and Management 

The biggest obstacle to the earlier expansion of EVs is the unavailability of an adequate storage 

system to supply the power and energy demands required by drivetrain electrification. A 

battery typically is composed by an electrolyte, two electrodes (positive and negative), and a 

separator (electrically insulating porous material). The electrodes are made of different 

materials, both of which chemically react with the electrolyte in some form of ionic bonding, 

[67].  

Depending on the type of EV there are different technologies that may suit its needs: lithium 

ion (Li-ion) and nickel metal hydride (NiMH) for high power and energy needs and valve-

regulated lead-acid (VRLA) for micro or mild hybrids. The most important characteristics of a 

battery for automotive application are the life, specific power, specific energy, cost, and safety 

of the technology. Table 2-6 presents the key characteristics of several EV battery types, 

including the expected cost. Figure 2-18 shows a qualitative comparison between major 

battery technologies and also Ultracapacitors (UCs). Each of the axes represents a battery 

evaluation parameter graded from 0 (weak performance regarding that parameter) to 5 

(excellent performance).  

Table 2-6 – Key parameters of several EV battery types, [68]. 

 
Specific 
energya 

(Wh/kg) 

Specific 
densitya 
(Wh/l) 

Specific 
powerb 
(W/kg) 

Cycle lifeb 
(cycles) 

Projected cost 
(US$/kWh) 

VRLA 30-45 60-90 200-300 400-600 150 

Ni-Cd 40-60 80-110 150-350 600-1200 300 

Ni-MH 60-70 130-170 150-300 600-1200 200-350 

Li-ion 90-130 140-200 250-450 800-1200 >200 

Li-Polymer 155 220 315 600 Not Available 
a at C/3 rate b

 at 80% depth of discharge    

 

To ensure that the correct functioning of the battery, a Battery Management System (BMS) 

must continuously monitor, manage, and protect the battery pack, aiming at maximum system 

performance, while minimizing power consumption to extend battery life, [67].  

The BMS must perform the following functions: 

 Undervoltage protection 

 Overvoltage protection 

 Short-circuit protection (maximum current limit) 

 Thermal protection 

Additionally it may also perform the following functions: 

 State-Of-Charge (SOC), State-Of-Health (SOH) and State-Of-Function (SOF) monitoring 

 Cell equalization (balancing) on cell/module level 
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Figure 2-18 – Comparison of attributes of various battery and UC technologies, [67] 

According to Meissner and Richter, [69], the SOC the percentage of actually stored amount of 

charge compared with full charge, the SOH is a figure of merit that shall describe the degree of 

degradation of a battery for specific SOC and temperature conditions and the SOF describes 

the capability of the battery to perform a certain specified duty, as for instance an older 

battery with lower SOH may do its duty if it is kept at sufficient higher SOC. Albeit being of 

great importance it may be difficult to assess all these parameters quickly and efficiently, 

existing different methods for their determination with pros and cons for each of the 

indicators. Some of these methods are very accurate and fast for determining SOC but do not 

allow the knowledge of SOH or SOF, while others may imply great mathematical effort. 

In order to evaluate possible impacts on health and life expectancy of using the batteries of 

EVs for grid support, Peterson et al., [70], performed a study on commercial Li-ion cells, using a 

realistic driving pattern and different degrees of continuous discharge were imposed on the 

cells to mimic grid support activities. After 2000 cycles the low rate discharge potential profile 

appears very similar to that collected before cycling started, and a very small fraction of the 

initial capacity has been lost. The battery capacity lost per normalized Wh or Ah processed 

assumed very low values: −6.0×10−3% for driving support and −2.70×10−3% for grid support.  

2.5 Electric Vehicle Integration in the Power System 
Electric vehicles have always been regarded by the power systems as an element with unique 

characteristics. As early as 1973, Salihi, [71], during the first peak oil crisis, made the first 

approach to evaluate the impacts of massive integration of EVs into electricity grids. In his 
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paper, generation capacity needed to replace the entire USA light vehicles fleet was assessed 

as well as problems on specific networks like those of residential areas were addressed.  

Salihi considered that preventive network reinforcement and off-peak charging along with 

utilities intervention on control and management of EV charging would solve possible technical 

constraints. Utilities would play a very important role in the preparation of future distribution 

networks as their expected profit would increase with the presence of these new loads. 

Murray and Ostrowski, [72], evaluated in 1980 the impacts on the generation system of the 

USA to the presence of EVs. In terms of generation capacity, they concluded that the USA were 

properly prepared to receive this new load. However, they suggested that market acceptance 

for EVs would need to be created, including the development of local and national markets for 

EVs, technological improvements in EV technologies and addressing infrastructural needs for 

charging EVs and training mechanics for supporting this new technology. 

As internal combustion engines improved their overall performances and EVs battery 

problems, range and weight, continued to exist, EVs lost expression until 1990, when the state 

of California embarked on a plan to reduce vehicle emissions to zero through the introduction 

of the Zero Emission Vehicle Program. At that time, the Air Resources Board required that in 

1998, 2% of the vehicles produced for sale in California had to be Zero Emission Vehicles, 

increasing to 5% in 2001 and 10 per cent in 2003, [19]. 

By 1993, Rahman and Shrestha, [73], investigated the impacts of EV integration in the 

electricity distribution grids, in a moment when EVs were supposed to initiate production on a 

commercial basis. In their study, Rahman and Shresta chose a college town to deploy different 

penetration levels of EVs and evaluated the impact on the total load diagram of this town and 

that of a residential are within the town. Three charging models were considered, all tailored 

for off-peak hours. For larger deployment scenarios peak inversions occurred from the usual 

morning period (on this case-study) to overnight periods. The authors suggest that utility 

companies should invest in infrastructure reinforcement in order to support EV charging 

activities. 

In 1994 and 1996, Ford, [74, 75], discussed the importance of valley-filling for utilities, 

supporting the creation of controls mechanisms to limit charging of EVs, pushing it towards 

low load periods. For Ford, the utilities would benefit not only from increased electricity sales 

but also for making a better management of the existing generation units. 

In 1996, Lachs et al., [18], reaffirmed the importance of control over charging times of EVs, 

stating that Utilities should plan to gain operational access to this EV energy storage for power 

system operation and that if charging is performed at entire description of each consumer 

peak load would increase and very likely cancel the gains of valley load filling. Lachs described 

EVs storage potential as an opportunity for: 

 Minimizing additional capital outlay 

 Minimizing maintenance and operational costs 

 Simplifying voltage and reactive power control 

 Maximize the utilization of existing elements 
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 Handling power system emergencies 

 Improving power system reliability and security 

 Providing black-start capability 

 Providing clean power supply to consumers 

 Enabling new and renewable energy sources 

In 1997, Kempton and Letendre, [19], described the EVs as “not just loads” suggesting for the 

first time that using EVs for grid support would be beneficial for not only utilities but also EV 

owners. In their work, several applications for EVs were studied, such as direct load control 

and EVs for renewable energy storage. The cost of discharge to the vehicle owner and the 

value to electric utilities from customer-owned storage were addressed as well.  

The authors concluded that EVs have the potential to make major contributions to the electric 

supply system, as storage or generation resources, or both. The authors also determined that 

if a small fraction of EVs is connected to the electric grid as supported in the paper, future 

electrical power systems may decrease the need for purchasing base-load generation, being 

less concerned with the time-of-day match between generation and load, and so being more 

receptive to intermittent renewables. 

As final conclusion for the paper, the authors propose that electric utilities and automobile 

manufacturers would join for specifying the on-board physical connection that would enable 

what was first described as V2G. 

From that moment onwards, EVs were definitely bond to be attributed an active role in the 

power systems management and control. However, as of today the concept of V2G is still 

undergoing changes and suffering different interpretations. Kempton and Tomic, [76], state 

that “the basic concept of V2G power is that EVs provide power to the grid while parked”, 

meaning that V2G only occurs while the power flow occurs from the EV batteries to the power 

grid. In opposition to this definition, Brooks and Thesen, [77], divide V2G into load-only V2G 

that performs only EV load control and regular V2G where power injection from EV batteries is 

allowed. Ota et al., [78], refer to load-only V2G as V1G. 

Presently, the scientific community is committed to address the impacts of EVs at all levels, 

from the generation system to the transmission and distribution grids, while providing possible 

frameworks that enable the usage of EVs in advanced management procedures. 

2.5.1 Impact Assessment of the Electric Vehicles Integration 

The introduction of new elements on a given system raises questions regarding the impacts 

that will be provoked by the presence of such elements. Thus, confronted with prospects of 

large scale deployment of EVs in the electrical power system, the scientific community’s initial 

reaction is to identify the expected impacts on the power systems. The following issues are 

presently being addressed: 

 Generation adequacy – analysing existing generation units and evaluate the possibility 

of feeding the extra load caused by EVs’ battery charging 

 Load diagram modifications – Evaluation of possible peak inversions and changes to 

known patterns 
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 Electricity grids robustness – evaluation  of technical indicators such as bus voltages, 

branches congestion levels, losses and harmonic distortion in the electricity 

distribution and transmission systems 

 Environmental impacts – quantification of pollutants emissions and comparison with 

the previous situation 

 Economic impacts – quantification of investment values due to grid reinforcement 

needs and costs associated with the consumed energy 

 Regulatory issues – new regulatory frameworks may need to be defined to actively 

integrate EVs as active DSM participants (the Portuguese Law-Decree n.º 39/2010 

provides already specific legislation for EV integration in the electricity grids, with the 

creation of a framework for a charging infrastructure that grants the user the option to 

establish contracts with electricity traders that are not the proprietaries of the 

charging infrastructure or its operators, [79]) 

Heydt, [80], evaluated the changes in the load diagram of a community of about 150 to 300 

thousand people from the USA for increasing penetration levels of EVs in the vehicle fleet. 

Total cost for electricity and temperature rise of distribution transformers were also 

determined. Heydt considered a deterministic approach where existing EVs would charge 

between 01h00 and 06h00, which resulted in an unchanged peak consumption value for low 

integration levels. However, minimum load increased significantly, which lead to temperature 

rise in distribution transformers. 

Another study conducted by Collins and Mader, [81], in 1983, assessed the impacts on the load 

diagram and generation system in the USA  for a prospective integration of EVs in the year 

2000 of 5% of the total fleet of light duty vehicles, for scenarios with fixed electricity and time-

of-day pricing. The authors concluded that there would be an increase in peak load of 5700 

MW with fixed electricity pricing, opposing to 400 MW with time-of-day tariff and a reduction 

in the average marginal generation cost of 33% and on the dependence on oil and gas power 

plants of 14%. 

KeKoster et al., [82], assessed the environmental impact of the deployment of EVs, regarding 

several air pollutants. To do so, a methodology, based on a comprehensive production costing 

model for projecting future operating costs and evaluating system reliability, was described, 

which allowed computing the total amount of emission and emission rates for each generating 

unit, plant, company, air basin, and for the entire system. The model incorporated the utility 

generation mix as a dynamic component and the results for the selected case-study exhibited 

a net reduction in pollutant emissions, even though power plant emissions would increase as 

expected. 

Staats et al., [39], proposed a method for evaluating harmonic distortion in a system with a 

given penetration of EVs, modelling EV battery chargers as “medium” distorting chargers, 

described in [38]. Then, the developed methodology was applied to a distribution system with 

40 MW peak load for several loading conditions (seasonal dependent). With up to 15% of EV 

penetration, the Total Harmonic Distortion (THD) on voltage would exceed 5% in a negligible 

number of buses of the system with a high degree of confidence. However, if the third 
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harmonic current is eliminated at the charger, then penetration levels as high as 45% exhibit 

no appreciable voltage distortion. 

A Monte Carlo simulation was introduced by Koyanagi et al., [83], to include uncertainties 

related with the driver’s needs concerning the social aspect, the economic and technical 

background and others. This work considered two charging modes: normal charge (5 to 8 

hours to full charge) and quick charge (30 minutes to 50% of the capacity). To the latter a 

probabilistic distribution function was included to simulate the variable needs of long cruising 

radius cars, such as buses and taxis, while the former was modelled according to [73]. With 

this methodology the authors were able to estimate the load diagram for fixed penetration 

scenarios. Additionally, the authors evaluated harmonic influence on a small test network.  

The authors concluded that if the quick charger requires the recharging time more than 15 

minutes, the load of quick charger by EVs would be concentrated on the electric demand from 

noon to 14:00 and the load of quick charge of EV distributes as closely as the standard 

distribution function.  Finally, the tested system tolerates more than 50% penetration EV load. 

Wang et al., [40], approach the problem addressed in [38, 39] in a different way. Instead of 

using a statistical method, a simulation model was developed for a typical residential power 

distribution system, and for various EV chargers to be placed in increasing numbers 

throughout the distribution system. Then, these models were used to determine the steady-

state voltages in the grid and the results used in a C program for harmonic decomposition and 

calculation of the voltage THD at those locations. Results demonstrate that recommended 

voltage THD limits can easily be exceeded (especially for EV chargers with higher load current 

THD), particularly at nearby distribution feeder tap points, if the loading equipment is highly 

nonlinear. 

Bass et al., [84], studied the same problematic as Wang et al., performing not only simulation 

but also implementing three test sites: two residential grids and one commercial. Using a 

simulation package all home appliances and EV chargers were each modelled as non-linear 

loads and results again confirm that the introduction of EV chargers increases significantly the 

voltage THD. For the test sites not only THD was evaluated, but also transformer loading and 

temperature. It was concluded that the rise in voltage THD would not exceed the limits and 

that transformer temperature increase was related to the increased loading and not to the EV 

chargers harmonic content. 

Another study, performed by Gomez and Morcos, [85], addressed the power quality issue 

when EV charger have high penetration levels. They considered that for a 10% EV penetration 

scenario no transformer loading problems would occurs, but transformer life expectancy due 

to EV chargers harmonic content could be decreased. However, Gomez and Morcos consider 

that the THD value by itself does not give enough information for transformer temperature 

and life span calculations, as the harmonic order is very important for thermal effect 

evaluation. So, The IEEE Standard C57.110 was used to evaluate the transformer life reduction 

or derating factor and the load factor under nonharmonic contaminated current determined 

using the IEEE Standard C57.91. The conducted simulations, in opposition to [84], determined 

a direct connect-and-charge scheme is detrimental to the transformer life span, presenting a 
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quadratic relationship between the transformer life consumption and the battery charger 

current THD. 

Such as in the articles [80, 82, 83], Schneider et al., [86], present a study on load diagram 

impacts of PHEVs, in this case at the distribution substation level. Both rapid charging and 

smart charging (as defined in [87]) scenarios were tested. The main conclusion was that the 

Pacific Northwest region of the USA is capable of supporting a 50% penetration of PHEVs and 

that the usage of rapid charging techniques must be accompanied by some controlled charging 

strategy in order to prevent distribution feeders from becoming the limiting infrastructure. 

Lopes et al., [32], also studied the impacts of EVs on distribution grids, introducing a novel 

concern related with the grid technical restrictions. So, not only load diagrams or transformer 

loading were addressed but also bus voltages and branches congestion levels. Three EV 

charging strategies were considered: dumb charging (or uncoordinated charging), dual-tariff 

(or time-of-day tariff) and smart charging (or coordinated charging). Using these profiles the 

amount of EVs that could be integrated without reinforcement need was quantified for the 

case of a MV grid, representative of a residential area. The simulations were conducted using 

PSS/E10. 

Results show that dumb charging would allow a 10% EV integration, while dual-tariff and smart 

charging would enable 14% and 52%, respectively, reaffirming the need to establish 

management procedures for coordinating EV charging. Another main conclusion was bound to 

the fact that the first bottleneck is likely to occur at the LV grid or at the MV/LV substation and 

so a bottom up methodology should be created to study the impacts of EVs starting at the 

connection point (at the LV level). 

Shortt and O’Malley, [88], focused their work on the generation portfolio EV impacts, 

assuming no grid restrictions. 50% and 100% EV integration scenarios were assumed with 

three charging profiles slow and fast uncontrolled charging and controlled charging over the 

Irish power system. The authors concluded that centrally controlled charging can be used 

effectively to increase the system demand minimum and in systems with a high volume of 

Intermittent Renewable Energy Sources (IRES) contribute to avoid renewable based generation 

curtailment. 

In a complementary way to [32], Lopes et al., [89], aimed at the evaluation of environmental 

impacts of EV penetration in a materials cradle-to-grave life-cycle analysis and fuel life-cycle: 

Well-To-Tank (WTT) and Tank-To-Wheel (TTW). The test case and scenarios were the same 

from the previous work. In terms of local air quality a decrease of up to 77% in air pollutants 

was determined and in terms of global environmental impact CO2 (carbon dioxide) emissions 

can be reduced by 40%. However, this value drops to 15% when a full cradle-to-grave analysis 

is performed. 

                                                           
10

 According to its website PSS/E is an integrated, interactive program for simulating, analyzing, and 
optimizing power system performance, including among others power flow analysis, optimal power 
flow, balanced and unbalanced fault and dynamic simulation. For more information visit 
http://www.energy.siemens.com/us/en/services/power-transmission-distribution/power-technologies-
international/software-solutions/pss-e.htm  

http://www.energy.siemens.com/us/en/services/power-transmission-distribution/power-technologies-international/software-solutions/pss-e.htm
http://www.energy.siemens.com/us/en/services/power-transmission-distribution/power-technologies-international/software-solutions/pss-e.htm
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Following the recommendations from the research presented in [32], Lopes et al., [90], used a 

LV residential grid to evaluate the technical impacts of EV integration and extrapolated the 

results to the Portuguese panorama in order to assess the potential impact on the generation 

profile. A three-phase unbalanced load flow analysis was used as EV loads are monophasic. It 

was demonstrated that for this specific network 11% EV integration would be the limit with a 

dumb charging approach and 61% with a smart charging scheme. However, load imbalances 

increase from 4.8% in the base scenario to 14% with 61% EV integration. Regarding the 

generation profiles EVs allow exploiting possible energy surplus situations that may occur in 

valley periods due to the uncontrollability of IRES. 

Richardson et al., [91], performed another study on impact analysis of EV integration in LV 

grids using an unbalanced power flow method. This paper alerts to the sensitivity of the 

location of the connection points of EVs to the network in terms of voltage impacts and to the 

importance of analysing each phase separately. 

McCarthy and Wolfs, [92], also addressed the impacts of EVs in the distribution grids, but in 

this case studying the HV network. Using the South West Australian network in PSS/E 

environment McCarthy and Wolfs evaluated the branches loading values over the period 2010-

2019. Results show that overall the network is capable of carrying the full EV load imposed by 

uncontrolled charging. Furthermore, the authors address the impacts on the generation 

system and estimate that for 100% penetration of the vehicle fleet and to avoid generation 

reinforcement, up to 93% of the potential uncontrolled charging peak would need to be 

shifted to off-peak hours and on average days a shift of 41% would be required. 

Seeking a more realistic evaluation of the impacts on a LV grid, Clement-Nyns and Driesen, 

[93], and Clement et al., [94], created a methodology that distributed EVs randomly 

throughout the network, ran a power flow for each hour of a typical day and repeated the 

process by a fixed number of iterations. Another assumption made is that batteries are fully 

discharged at the moment of connection to the grid. Two charging methods were applied: 

uncoordinated, where EVs start charging at a random time step within a specific period of time 

such that the vehicles are fully charged at the end of the charging period, and coordinated, 

based on peak reduction. Albeit incorporating some of the uncertainties related with the 

distribution of EV loads results present similar conclusions to previously referred researches 

where EVs were distributed through the grid proportionally to the existing load, [90]. 

In the sequence of the work started in [32, 90], Soares et al., [95], and reflecting the same 

concerns as [83, 93], developed a Monte Carlo algorithm that is intended to simulate the 

impacts of EVs integration in MV distribution networks. In opposition to usual simplifications, a 

MV grid may represent a wide geographic area that can contain residential, commercial and 

industrial consumers and so EVs may commute between the different types of buses. So, a 

discrete-time stochastic process was implemented to simulate EVs movement throughout a 

given period. Moreover, The EV battery capacity, slow charging power, energy consumption, 

initial battery SOC and EV travelled distance are defined according with Gaussian probability 

density functions. EV owner’s charging behaviour is defined by a probability between several 

options: EV charges at the end of the day, EV charges only when it needs, EV charges 

whenever possible and EV charges whenever is convenient and the driver has time. 
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For each iteration of the Monte Carlo simulation, a power flow was conducted, using the PSS/E 

software, being gathered information about the voltage profiles, the power flows in the lines 

and the global value of the energy losses in the network. Results from two integration 

scenarios (25% and 50%) reveal that the number of voltage lower limit violations would greatly 

increase for larger penetration levels and electrical losses would also be greatly affected. The 

studied network would require new investments if a 50% penetration level would occur. 

The works presented in [96-98] have also addressed the technical impacts of the integration of 

EVs in the distribution grids. 

2.5.2 Business Models and Aggregation of Electric Vehicles  

Numerous researches can be found addressing the issue of creating business models and 

market integration for EVs, taking advantage of EV singularities when compared to 

conventional loads. A complete literature review was presented by Bessa and Matos, [99]. 

A great part of the available literature addresses the business models that enable slow 

charging of EVs, fast charging of EVs and possibly establish battery swapping facilities for EVs. 

When possible to these charging schemes an active DSM role is attributed to EVs or even the 

usage of the vehicles as storage devices to work in V2G mode. 

Based on a survey, Lashgari, [100], discussed the importance of an initial promotion of EVs 

until demand can sustain the EV market. To achieve that four characteristics have to be met: 

1. Most people must have some knowledge of or experience with EVs 

2. EVs must have a competitive price, when compared with ICE vehicles 

3. The energy efficiency of EVs has to increase (by 1994, when the article was published, 

battery technology was a greater challenge than today) and electricity prices should be 

maintained or even lowered 

4. EV charging hardware cost would have to be split among utility rate payers and 

taxpayers 

In an initial stage, utilities were concerned with the possible impacts that EVs might provoke in 

the electricity grids as EVs were regarded as conventional loads. However, Kempton and 

Letendre, [19], argue that even if adverse assumptions are made about the cost and lifetime of 

batteries, under a large spectrum of situations the economic value to the utility of using 

vehicle electrical storage exceeds the cost of bidirectional power converters and decreased EV 

battery life. So, a new framework would be necessary to successfully accommodate in the 

electricity grid the new player – the EV. 

Kempton et al., [101], describe the aggregator as an entity that is in the centre of the proposed 

business model, using the EV power when necessary and providing battery replacement and 

charging for free or at reduced prices.  The aggregator has also the responsibility of respecting 

the EV owners mobility needs. 
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Another work by Kempton et al., [102], proposes three different business models: 

 “Fleet management” strategy – a single party manages a fleet transportation needs 

and provision of V2G services. As a fleet is located in a single place, certified 

bidirectional metering would only be needed at the parking infrastructure and not for 

individual EVs. It is possible to provide a standard ancillary service contract to the EV 

fleet and AGC operation is in direct control of the grid operator. 

 Drawing power from dispersed EVs – the utility company would not only be an 

electricity retailer but would also purchase V2G power from individual EVs. This type 

of aggregation would not allow direct control over connection schedules and so would 

require financial incentives for vehicles to be plugged-in for the largest possible 

periods. Contracts would be established between the aggregator and EV owners, being 

V2G compensation incorporated in the electricity bill. The aggregator would also 

establish contracts with the system operator for being remunerated for the regulation 

services provided. 

 The aggregator is independent from the electricity retailer – this solution is rather 

close to the previous, yet it allows other companies to enter the ancillary services 

market with EVs, providing only aggregation services, leaving electricity supply for 

charging with conventional electricity retailers. Aggregators would be allowed to 

explore the V2G potential of the vehicles and in exchange would compensate EV 

owners with a given remuneration or even with other economic incentives, such as 

new batteries for free. 

Kempton and Dhanju, [103], presented their perspectives in relation to the types of services 

that the aggregators could provide depending on the types of vehicles available. Table 2-7 

summarizes the types of ancillary services that could be provided in the electricity markets by 

vehicle technology and to increase IRES penetration, namely wind power.  

Table 2-7 – Adequacy of ancillary services for each vehicle technology, [103] 

Vehicle Type 

Wind Function Electricity Markets 

Back-up Storage Regulation 
Spinning 
Reserves 

Non-Spinning 
Reserves 

BEV  ++ ++ ++  

PHEV ++ + + ++ ++ 

FCV ++    ++ 

++ – Very suitable, + – suitable and (blank) – not suitable 

 

Moreover, the authors discussed the critical volume of V2G to integrate large-scale IRES and 

concluded qualitatively that a relatively low penetration of EVs was required to maintain a 20% 

firm capacity of wind power. In terms of V2G potential, a relation between the resulting V2G 

availability from full migration of ICE vehicles to EV (the authors considered that EVs may have 

a 15 kW bidirectional power converter, [103]) and the conventional load was estimated for 

several countries. The average value would be around 800%, with Sweden achieving the 

lowest, 407%, and Portugal the highest, 1740%. 
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There are several other studies that point participation in regulation as the most suitable 

ancillary service for EVs to provide, [104-106]. However, viability for peak load provision was 

demonstrated as well in [19, 107]. 

More recently, full conceptual frameworks for the integration of EVs as active elements in the 

electricity grids have been described by several authors, addressing different issues, such as: 

 Market integration 

 Management infrastructure 

 Communications architecture 

 Aggregator responsibilities 

 Geographic dispersion 

However, not all aspects are usually covered as most authors tend to stress some issues more 

than others. So, this is still an evolving topic that needs maturation and an extensive research. 

Guille and Gross, [108], provide one of the most complete visions for future implementation. 

Initially, the drivers for aggregating EVs are described, being the most relevant fact the 

possibility of exploring economies of scale resulting from the aggregator size when compared 

to a single EV. The authors state that the aggregator: 

 Should gather the largest possible number of EVs by attracting and keeping them to 

increase its size. 

 Is a load with the aggregated value of all the plugged-in batteries of adhering EVs 

 As a single decision maker, transactions have lower costs than if individual transactions 

would occur with individual EVs, enabling better conditions for acquiring electricity, 

batteries or other EV related services. 

 Is a resource, whose size is sufficient to have a beneficial impact on the power system 

operation. 

 Is responsible for deciding which EVs participate in the provision of a given ancillary 

service or charge in each time period in order to manage optimally its resources. 

 Operates either as a controllable load or as a resource. 

One of the main objectives of the aggregator as a load is to level loads during charging, 

simplifying the system operation by flattening the load diagram and reducing the need for 

conventional regulation. As a resource an aggregator can provide capacity and energy services 

to the grid. 

For the complete framework, Guille and Gross propose a “package deal” model to benefit both 

aggregator and EVs from an increased aggregator size, Figure 2-19. The aggregator will offer 

services such as electric energy, battery maintenance, replacement batteries or parking 

services with competitive prices or even, some of these services, for free. The aggregated EVs 

will establish a contract with the aggregator that will provide them, as loads, electrical energy 

to charge the batteries and will require from them, as resources, the possibility of using EVs for 

the provision of capacity and energy services. The dotted/dashed arrows in Figure 2-19 

represent money flows, the dotted arrows are the communication fluxes, the full lines 

connected to the aggregator represent the extra services provided by the aggregator to EVs 
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and the full lines marked with MWh and MW are the energy related services (supplied either 

in capacity or in energy). 

The authors also address their concern over communication infrastructure, pointing as 

minimum requirements for a successful deployment of the concept: 

 Low cost 

 Fast response 

 Extensive range 

 Flexibility and possibility of further extension 

 High reliability 

 Security 

 

Figure 2-19 – V2G implementation framework of Guille and Gross, [108] 

Galus and Andersson, [109], follow a different approach and propose an agent based energy 

hub system for PHEV integration, depicted in Figure 2-20, based on a modelling technique of 

energy hubs used for multi energy carrier systems, electricity (green) and natural gas (orange) 

in the presented case. 
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The adopted framework consists of an energy hub that is connected to the multiple energy 

carrier network. Each hub represents an area such as a residential or commercial zone, large 

enough to accommodate reasonable amounts of PHEVs. The electrical loads are marked in 

green and the heat requirements in red. The energy hub has the responsibility of: 

 Calculate the maximum possible additional load 

 Communicate the this value to a PHEV manager (communication scheme is marked in 

blue) 

 Perform an optimal load dispatch for base and PHEV loads 

Unlike the energy hub, the PHEV manager should not be regarded as a company, but as a 

technical entity with computational power to monitor EVs connected at the area of operation 

of the energy hub. It is responsible for gathering information about EVs, provides it to the 

energy hub and distributes new control signal from the energy hub to the EVs. Every 15 

minutes the PHEV manager: 

 updates PHEV list 

 adds newly arrived PHEV to list 

 removes departed PHEV from list 

 optimally dispatches available energy among PHEV 

 communicates PHEV load to the energy hub agent 

                                       

Figure 2-20 – Energy hub system integrating PHEV, [109] 
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Being in an agent based environment, each PHEV agent pursues a given SOC in its available 

parking time, an independent goal from the PHEV manager and other PHEV agents. To achieve 

its goal, a PHEV agent communicates to the PHEV manager the following settings: 

 Plug capacity 

 Connection period 

 SOC 

 A personal parameter that values assigned energy for recharging in each instant 

This work is continued in [110-112], being the concept of energy hub extended to the level of 

the PHEV in [110]. To determine the PHEV agent control variables it is considered that each 

PHEV is in the middle of a multi-energy carrier system, with electricity, gasoline and possibly 

hydrogen as energy sources. Driving, charging, refuelling and providing regulation services are 

the possible states of PHEVs modelled as energy hubs. As stated in [112], the PHEV energy hub 

model in conjunction with the data describing the driving behaviour of individuals is used to 

compute the state of charge of the internal battery during a day, allowing the PHEV manager 

to supply the DSOs the spatial distribution of demand along the day. Based on electricity price 

forecasts of 15 minutes charging is coordinated in order to perform peak shaving or valley 

filling. Relief of grid technical restraints and provision of regulation by PHEVs are also included 

in this modelling approach. 

Sekyung et al., [113], describe an optimal V2G aggregator for frequency regulation that should 

be able to provide the regulation in desired scale by organizing EVs. An initial clarification is 

done regarding the aggregator, which has two aspects, consumer side and supplier side.  

Regarding the consumer side when the vehicle is charging it should be charged for the 

consumed energy. On the contrary, if the signal to charge comes from the supplier side the 

vehicle should be compensated for the provision of the ancillary service. So, the aggregator 

establishes contracts with EV owners and also with the grid operator. His main task should be 

to optimize its profit and in order not to harm EV owners needs and its compromise with the 

regulation market the optimization process should account for both energy and regulation 

prices. 

Apart from price issues, the authors made three design considerations: 

 System-wide optimality versus single-vehicle optimality – the aggregator should 

provide as much power capacity as possible whenever the regulation price is 

expensive in order to maximize its revenue, being responsible for purchasing cheap 

power from the grid for the vehicle battery charging. 

 Energy constraint – the SOC value of each individual EV restricts the possibility of 

participating in regulation. 

 User behaviour – when an EV plugs-in the EV owner must notify the expected 

departure time. However, this may not always occur, even if the contract made with 

EV owners provides them a life time battery warranty in exchange for a minimum 

monthly connection period. So, the aggregator must be prepared for these expected 

fluctuations, dealing with large numbers of EVs without using their full capacity to 

keep a margin for these circumstances. 
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Sortomme and El-Sharkawi, [114], to attenuate the problems that arise from additional 

equipment needs for bidirectional V2G, the technical challenges that are also raised, such as 

protection mechanisms and behavioural aspects related with EV owners, propose a business 

model that includes only unidirectional V2G. This means that EVs can provide services to the 

system operator, but only by changing the consumption value. Indicating regulation as the 

ancillary service with higher potential for participation, the authors state that both up and 

down regulation can be provided with unidirectional V2G. By losing bidirectional flows the 

profit potential also decreases, yet in specific markets the reduced capital costs grants a higher 

profitability. 

Currently, there are several initiatives being deployed in real world environment that use 

different business models: 

 Better Place, [115], is currently installing a network of charging points in Israel and 

Denmark. The core business consists in a creation of an Electric Recharge Grid 

Operator that is responsible for: deploying the network of charging points with a 

smart-metering infrastructure that communicates with the users and manages the 

charging process of each vehicle; establishing partnerships with vehicle, batteries and 

hardware manufacturers; and offering separate battery ownership from car ownership 

by offering several kinds of leasing deals for batteries or even for vehicles. In addition 

to recharging points, battery replacement stations for large trips are also considered. 

The battery leasing is operated as a cell phone communication business, the EV owner 

pays for the energy used to travel a certain distance. Different leasing schemes can 

also be arranged for the batteries, for instance paying for using the battery for a 

predefined distance. Better Place does not explore the grid support activities. 

 Mobi.e, [36], is a Portugal wide project supported that is aimed at the adoption of new 

energy models for mobility. The Mobi.e network provides EV owners with access to 

the charging points at home, public parking and street parking. Slow and fast charging 

are provided with differentiated costs in all the existing environments but home. The 

charging cost accounts for the electricity consumed and an additional payment for use 

of the charging service. The Mobi.e initiative abides by the rules set by the Portuguese 

Law-Decree, DL n.º 39/2010, [79], that establishes the conditions for electrical mobility 

related activities, namely, retailing, operation of the charging points network and 

management of the electrical mobility grids. 

 MERGE, Mobile Energy Resources in Grids of Electricity, [116], is a project funded by 

the 7th framework program of the European Commission and aims at the development 

of a management and control concept that will facilitate the actual transition from 

conventional to electric vehicles and of an evaluation suite of tools based on methods 

and programs enhanced to model, analyse, and optimize electric networks where EV 

and their charging infrastructures are going to be integrated. The MERGE concept 

differs from the projects developed before related with the study of DER deployment 

in one important aspect: it considers that the resources are mobile in terms of their 

connection to the grid. By considering the impact that DER had in electrical grids and 

the need for specific control strategies, the MERGE project derives analogies and 

adapts them to the new case with mobile resources, that can be either consumers 
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(when in charging mode) or small producers (if batteries are delivering active power 

back to the grid). 

 G4V, Grid for Vehicles, [117], is also a project funded by the 7th framework program of 

the European Commission and the main objective of G4V is to develop an analytical 

method to evaluate the impact of a large scale introduction of EV and PHEV on the grid 

infrastructure and provide a vision of a “road map” for the year 2020 and beyond, 

possibly taking into account all stakeholders and generating fast and openly available 

results. 

 REIVE, the Portuguese acronym for Intelligent Electricity Networks with Electric 

Vehicles, is a project funded by the Portuguese government and some major 

Portuguese companies, including the DSO and the TSO.  Its main objectives are the 

study, development and test of technical solutions and pre-industrial prototypes for 

the active and intelligent management of electricity grids with large scale integration 

of microgeneration and electric vehicles. The project intends to develop a technical 

platform, where innovative solutions to allow the progressive integration of 

microgeneration and EV systems are identified, specified, developed and tested. Both 

technical and commercial domains are addressed. REIVE has a strong link with 

InovGrid project, the Portuguese DSO major smart grid project, proposing an extension 

and maturation of the electricity grids management and control solutions and 

functionalities, including the development and test of prototypes and pilot systems.  

 Green eMotion, [118], is a project within the Green Cars Initiative launched in the 

context of the European Recovery Plan that will connect regional and national 

electromobility initiatives leveraging on their results and comparing the different 

technology approaches to ensure the best solutions prevail for the European market. It 

aims at the creation of a virtual marketplace to enable the different actors to interact 

and to allow for new high value transportation services as well as EV-user convenience 

in billing. In addition, the Green eMotion project pretends to demonstrate the 

integration of electromobility into electrical networks and contribute to the 

improvement and development of new and existing standards for electromobility 

interfaces, as the acceptance of electromobility requires international harmonization. 

Ultimately, it intends to prove the interoperability of the framework, by demonstrating 

the elaborate technical solutions in some of the demonstration sites. 

 Edison, [119], is an international research project partly publicly funded through the 

Danish TSO. In the project Danish and international competences are utilised to 

develop optimal system solutions for EV system integration, including network issues, 

market solutions, and optimal interaction between different energy technologies.  

 Several other initiatives are also being deployed, [36], e.g.: Coulomb technologies, 

Elektromotive, Park and Power, Aerovironment Inc., PEP Stations, POD Point, Ville de 

Paris and CirCarLife. 

2.5.3 Ancillary Services Provision 

The work presented in [18, 19, 74, 75] promoted the first steps into EV integration in power 

systems as controllable loads and setting the path for the exploration of EV batteries as 

storage elements for the provision of several ancillary services to the electricity network. In 

fact, almost every control action in benefit of the system over an EV may be considered the 
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provision of ancillary service to the grid, including smart charging schemes and spinning 

reserves alike. 

In order to prove the feasibility of using EVs in bidirectional V2G control actions, Sutanto, 

[120], studied the electronic grid interface with EVs and described possible control strategies. 

With the attained knowledge Sutanto proposed a possible framework for provision of 

regulation with EVs. 

Brooks, [121], and Gage, [122], presented reports of pilot tests that included the conversion of 

conventional vehicles to EVs with bidirectional power converters. The vehicles were then 

subject to tests with participation on regulation resourcing to typical profiles during their grid 

connection period. Battery energy while plugged-in, battery capacity, wireless performance to 

receive new set-points and expected profit were evaluated for every iteration. 

Kempton and Tomic, [102], analyse four power markets with relevance for V2G: base load, 

peak, spinning reserves, and regulation. As EVs main purpose while connected to the grid is to 

acquire energy to fulfil its transportation needs, the authors suggest that EVs should initially 

provide regulation and spinning reserves. These ancillary services have the particularity of 

being called for small periods of time, up to a few minutes around 400 times per day for 

regulation and from 10 minutes to 1 hour roughly 20 times a year for spinning reserves. 

In this way EVs main purpose is not jeopardized and adhering EV owners may get remunerated 

for high-value services. Once these markets get saturated, Kempton and Tomic, support that 

the other types of ancillary services may also start to be provided by EVs. 

Another work by Tomic and Kempton, [105], addressed the participation in regulation by EVs, 

performing a valuation of V2G power for the provision of this ancillary service. The authors 

suggest that both regulation up and down can be delivered by EVs. However, the 

remuneration for both must not be the same. The yearly regulation up revenue is a function 

with two terms: one is relative to the time the vehicle was plugged and the other term to the 

energy delivered by the EV. Conversely, for regulation down the term that accounts for the 

delivered energy disappears and the consumed energy does not get paid, as the EV is already 

taking profit from being charged and remunerated for availability. 

Regarding costs, the authors support that there should be two different methods for its 

quantification, depending on the type of reserve being provided. On one hand, if an EV is a 

provider of both regulation up and down, then the cost for regulation up a function of the cost 

per energy unit and the annualized capital cost for extra equipment requirements for V2G and 

the cost for regulation down is zero as the EV is charging without having to pay for the energy. 

On the other hand, if the EV is providing only regulation down then the cost of provision is 

equal to the annualized capital cost for extra equipment requirements for V2G. The electricity 

cost, the losses and the battery degradation terms are included in the cost per energy unit. 

To finalize Tomic and Kempton evaluated four Independent System Operator (ISO) markets – 

NYISO11, CAISO12, ERCOT13 and PJM14 – and show that the results may vary depending on EV 
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 New York Independent System Operator (NYISO) is the non-profit agency charged by New York with 
auctions of energy supplies. For more information visit www.nyiso.com/public/index.jsp  

http://www.nyiso.com/public/index.jsp
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fleets and ancillary services markets. The most influential factors are the value of these 

services in each area, the power capacity of the electrical connections and EVs battery 

capacity. Curiously, the travel period of EVs was not within these factors. Both regulation up 

and down and regulation down only can be an attractive revenue stream for EV owners as well 

as a new source of fast response and high quality regulation for the power systems operators. 

Concerning regulation services, Guille and Gross, [108], in their work and Guille, [123], in his 

thesis support that EVs depending on their SOC can provide these services either performing 

regulation up or down. The former is provided by power injection from the EV batteries to the 

grid, whereas the latter is provided by absorbing power from the grid. In their vision the EVs 

are interfaced with the regulation markets by an aggregator. 

Brooks et al., [124], pursue the topic of regulation, including not only EVs but also other types 

of domestic loads. The authors consider three operation time frames for regulation using 

demand: 

 Hours – using loads to follow generation units with variability such as wind power, 

while reducing the need for fast response generation units to be online. 

 Seconds to minutes – integrating the dispatched regulation, by an aggregator 

responsible for a large number of loads. 

 Under a second – loads responding locally to frequency deviations, either being shut 

off when a sudden change in frequency occurs or reacting linearly to frequency 

deviation, basically as a traditional power plant droop. In any of the cases it is not 

feasible to communicate a dispatch from the system operator through an aggregator 

to the loads. 

In opposition to [108, 123], for the dispatched regulation, Brooks et al. describe that even 

being only loads without the capacity of injecting power into the grid (in the case of EVs this 

option was also denied), controllable loads can provide both up and down regulation, by 

setting a baseline power level and allowing it to vary between contracted levels. To this 

baseline the name Preferred Operation Point (POP) is attributed and in this work it was 

defined as the median point between the minimum and maximum load levels. 

Sortomme and El-Sharkawi, [114], present an algorithm to provide unidirectional regulation 

with EVs. As in [105], the authors defend that regulation provides the greatest economic 

benefit for EV owners willing to adhere to the provision of this ancillary service. To implement 

it with EVs as controllable loads, charging must be modulated around a given set-point, the 

POP, in order to minimize the profit loss of unidirectional V2G in relation to the bidirectional 

V2G. This modulation was first referred in [77]. To determine the POP several smart charging 

algorithms were explored. 
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 California Independent System Operator(CAISO). For more information visit http://www.caiso.com/  
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 Electric Reliability Council of Texas (ERCOT) is the system operator of Texas. For more information visit 
http://www.ercot.com/  
14

 PJM is a regional transmission organization that coordinates the movement of wholesale electricity in 
all or parts of 13 states and the District of Columbia, USA. For more information visit 
http://www.pjm.com/  

http://www.caiso.com/
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As it was discussed in section 2.5.2, EV cannot participate in electricity markets alone and so 

Sortomme and El-Sharkawi consider an aggregator bidding in the regulation market with the 

combined capacity of many EVs. The aggregator then continuously distributes individual set-

points to EVs around their POP, varying between previously defined minimum and maximum 

EV load values. Two methods for defining the POP were experimented. One uses smart 

charging techniques based on price or on load and the other uses an optimization process that 

aims at maximizing the aggregator profit. By doing so profits from regulation provision will be 

optimized and so will the benefits for the system and the EV owners. The optimization takes 

into account the market price on energy and the revenue of regulation. 

The authors concluded that unidirectional V2G can potentially benefit all the involved players: 

costumers, aggregators and utilities. However, only the optimized algorithms guarantee the 

most significant profit among the involved market participants. 

Sekyung et al., [113], propose an algorithm to be implemented by the EV aggregators with the 

purpose of providing regulation with EVs. Departing from the common assumption that EVs 

must achieve a user defined SOC at a given hour. The authors build their optimization process 

again as profit maximization for the aggregator. However, the need to analyse the markets in 

order to adjust the revenue model is stressed. 

In their model the authors consider that following their assumptions to achieve an 

optimization the EVs should either charge at full capacity or halt charging, thus neglecting 

variable charging rates. As revenue for regulation for regulation, a linearly degrading weight 

function was assumed, like the one presented in Figure 2-21. It was considered that when 

reaching the SOC limits the capacity for providing regulation up or down decreases and so 

when EVs are near this limit their revenue for providing regulation will be decreased. Oddly, 

regulation up is attributed a weight of 1 from 30% to 100% SOC. For 100% SOC the possibility 

for regulation up would be to deliver stored energy in EV batteries back into the grid. 

 

Figure 2-21 – Weights for regulation provision by Sekyung et al., based on [113] 
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Sekyung et al. conclude with the perspective of enhancing their model to reach at the EV 

owner desired disconnection moment an SOC value between a given range, instead of getting 

in mandatorily to a fixed level, providing more flexibility to the operation of regulation while 

arguing that EV owners need is to have enough batteries for their daily commute and not an 

SOC value. 

Lopes et al., [125], move into another field of research closely related to the works presented 

in [102, 105, 108, 113, 114, 123, 124], but also addressing technical grid related issues. The 

other works would in general create concepts of and even simulate regulation provision by EVs 

for assessing profit and/or capacity to provide the required regulation. Being business models 

one of the main pillars in any innovation that is bound to interact in a market environment, the 

technical operation is also another pillar that supports these advanced management 

techniques. 

In this work Lopes et al. build upon the framework of the MG, described earlier in section 

2.3.5, using EVs for voltage and frequency regulation. EVs were then assigned control droops, 

so that their active power would react linearly to frequency and voltage deviations. Voltage 

was also controlled with active power as at the LV level the resistance in lines prevails over 

reactance. In fact, in case of contradictory signals from both droops priority was attributed to 

the voltage reaction, as there are other elements within the MG capable of correcting 

frequency, whereas high or low voltage problems are local and can only be solved by active 

elements that are close to the problematic nodes. Another issue tackled by the authors was 

the voltage imbalance, for which a balancing unit was proposed, whose operating principle is 

based on cancelling all unwanted negative and zero-sequence voltage-current components. 

EVs were included in the operation of this device, receiving set-points and changing their 

active power consumption or output accordingly. 

These control schemes were tested in Matlab/Simulink environment on a MG test network, 

with an islanding from the main grid event occurring during the simulation and after a series of 

load connections and disconnecting acting as disturbances. Voltages per phase, active power 

and set-points evolution were registered during the simulation. It was demonstrated that load 

following in that islanded MG was strongly improved as well as unbalanced voltage profiles 

were attenuated. 

Andersson et al., [126], give continuity to the studies related with regulation with PHEVs, 

however focusing on the European countries, Germany and Sweden, as opposed to the 

previously described works that considered the case of the USA. Conceptually built with the 

same purpose, each of the cases has its own specificities, in particular in Europe regulation is 

defined by a regulatory entity called ENTSO-E, formerly UCTE. As discussed in 2.3.5.3, the 

ENTSO-E operation handbook, [47], defines three types of regulation: 

 Primary reserve 

 Secondary reserve 

 Tertiary reserve 

Andersson et al. present the differences in the organization of the markets that ultimately 

provide these types of reserves for Sweden and Germany. Moreover, a SWOT (Strengths, 
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Weaknesses, Opportunities and Threats) analysis for the usage of PHEVs in regulation was 

conducted and is summarized in Table 2-8. Although targeting PHEVs, many of the conclusions 

are valid for both PHEVs and EVs, showing that despite the fact that PHEVs and EVs present 

numerous advantages for participating in regulation, a stepwise approach to the markets must 

be made in order to guarantee the success of any initiative and prevent possible technology 

lock-ins. 

After simulation, the authors conclude that current regulation markets in Germany have a 

much greater potential for PHEV integration in reserve provision, meaning that this analysis is 

very case study sensitive and highly relying upon the regulatory and market structures. 

Therefore, the introduction in a first stage of PHEVs providing regulation down is suggested in 

order to minimize the described threats. 

Table 2-8 – SWOT analysis for PHEVs participating in regulation market (adapted from [126]) 

Internal External 

Positive 

Strengths Opportunities 

 Availability implies no costs 

 Regulation down corresponds to charging, which is 
likely to be very cost effective 

 Very fast reaction to regulation requests 

 Large integration of PHEVs could represent some 
guaranteed capacity 

 PHEVs can also rely on diesel/gasoline to provide 
regulation up when battery is discharged 

 Increased need for regulation power, due to the 
increasing presence of intermittent energy sources 

 Political drive towards electrification of the vehicle 
fleet 

 Political pressure for liberalization of regulation 
market 

 Other actors pressure from changing regulation 
market 

 Potential economic incentive for PHEVs to 
participate in regulation is high on some markets 

Negative 

Weaknesses Threats 

 Connection capacity is limited 

 PHEVs have smaller battery capacity than EVs 

 Created for transportation, it is not easy to 
guarantee a constant regulation capacity, when 
integration level is low 

 PHEV owners might not be prone to adhere to 
regulation, as the Transmission System Operator 
(TSO) is controlling the charging process 

 Regulation up may be costly if battery stored 
energy is used 

 Costs for regulation up and down are significantly 
different 

 Regulation up may imply energy losses in charging 
and discharging of the batteries 

 Conservative market 

 Oligopoly structure 

 Tight security and delivery requirements 

 Large bid requirements 

 Long market time frames 

 Long contract periods 

 Enhanced infrastructure needs 

 Standardization problems 

 Challenges to achieve inter-industry cooperation – 
automotive and power supply 

 Lower prices on regulation market due to PHEVs 

 TSOs may not trust PHEVs as regulation devices 

 Risk of technology lock-in and abandon 

 

Another work, by Quinn et al., [127], discusses the availability, the reliability and the 

remuneration of EVs participating in regulation. In any of the aspects, scenarios where EVs 

communicate directly with the system operator and through aggregators were compared and 

so, regarding: 

 Availability – the availability factor an individual EV is equal to the average fraction of a 

day that the vehicle is present at an EV charging station. Quinn et al. determined that 

the minimum availability if EV would perform regulation only at home would be 

around 60%, whereas if EVs can provide it in other parking places it would increase to 
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82%, with an average of 92%, which is very close to the availability of a gas turbine. 

When an aggregator is present this factor may approach 100%. 

 Reliability – the authors also considered a reliability efficiency measure that is the 

complementary of the forced derated hours ratio. For a gas turbine this value is 

typically around 99%, whereas EVs without aggregator manage only 95% and with the 

management of an aggregator this value is close to that of the gas turbine. 

 Compensation for EVs – it is suggested that the aggregator limits the maximum 

potential revenue of individual participation of EVs in regulation. However, this may be 

necessary for providing the markets with the confidence granted by the availability 

and reliability indexes of the aggregated solution. As described in [126], maintaining 

these indexes high may create conditions to leverage EVs in the regulation market. 

Again on the technical implementation field, Pillai and Bak-Jensen, [128], aim at analysing the 

use of electric vehicle based battery storages to maintain the frequency quality in an MV 

Danish islanded distribution network, with two Combined Heat and Power (CHP) units and 

three wind farms. To do so a simplified representation of the network was modelled, including 

the dynamic simulation models for all network elements. 

Regarding the model for EVs, a static generator model from DigSilent Powerfactory15 was 

adopted, operating as a Pulse Width Modulation (PWM) converter and controlling active and 

reactive power independently, using the direct-quadrature (dq) reference frame. The direct 

current reference was controlled in a droop mode to react proportionally to frequency, with a 

dead-band of 10 mHz and a limitation of active power output with the value of the maximum 

charge and discharge capacity of the EV battery. The quadrature current reference was 

considered to be zero in order to operate the converter with unity power factor. Injection of 

EV battery stored energy into the grid was allowed. A Phase-Locked Loop (PLL) was used to 

read frequency for feeding the droop control. 

Pillai and Bak-Jensen then simulated the dynamic behaviour of the considered distribution 

network facing two different disturbances: step load increase and loss of a CHP unit and a wind 

farm. Results showed that using EVs in frequency control ensures a faster and a more stable 

frequency regulation than only with the conventional generators, managing to sustain 

frequency in admissible values for large wind penetration scenarios of up to 65%. 

A different work by Pillai and Bak-Jensen, [129], also considers the dynamic behaviour of 

electricity grids, in this case when EVs are participating in the Automatic Generation Control 

(AGC) operation, providing secondary reserves as defined by the ENTSO-E, in the Western 

Denmark network and its interconnections with the UCTE synchronous area. 

In order to model the case study a single bus representation of the network was assembled 

using DigSilent Powerfactory simulation software. The transmission lines and constraints were 

neglected as according to the authors the study primarily focused on the collective 

performance and regulation capabilities of aggregated battery storage and generators in the 

                                                           
15

 According to its website Digsilent Powerfactory provides all standard power system analysis needs, 
including high-end applications in new technologies such as wind power and distributed generation and 
the handling of very large power systems. For more information visit http://www.digsilent.de/  

http://www.digsilent.de/
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system. Regarding the EV battery model, an aggregated model was considered, which included 

a measure of the SOC of the batteries. Figure 2-22 presents the implemented block diagram of 

the aggregated battery storage model: 

1. The model receives as an input a signal from the AGC or LFC 

2. A time delay to account for communication delays is introduced 

3. A first order filter to clean possible noise is used 

4. The SOC of the battery is calculated 

5. The series resistance voltage drop, the equivalent voltage transient response and the 

open circuit voltage are summed to determine the resultant battery terminal voltage 

6. The terminal voltage is multiplied by the requested battery electrical current to 

compute the output variable, the battery active power 

 

Figure 2-22 – Block diagram of the aggregated battery storage model, [129]  

Using this model, Pillai and Bak-Jensen, conducted several simulations of winter and summer 

scenarios with high and low wind power availability. The authors conclude by describing that 

EVs can be an alternative to central power plants for providing regulation, as wind power 

capacity is increased. 

Also exploring secondary control with PHEVs, Ulbig et al., [130], promoted the first steps on 

the research of Galus et al., [131], to include EVs in LFC operation, evaluating with a simple 

test system the a transmission network dynamic behaviour with EVs providing regulation. On 

the subsequent study, Galus et al. include in their concept of aggregators the capability of 

following LFC signals using a predictive control approach that observes input and state 

restrictions. The aggregator, which controls not only PHEVs but also thermal appliances, 

receives the LFC signal and distributes it among their controllable elements. Set-points for 

PHEVs are sent by the aggregator through PHEV managers that is in charge of dividing PHEVs 

participation by the PHEVs that do not need immediate charging. 

Numerical time-domain simulations were conducted with power flow analysis in each time 

step for two scenarios: one using a prequalification profile for LFC, which is used in Switzerland 

to perform a validation of the capacity of a generation unit to participate in LFC control, [132, 

133], and the other based on a real LFC signal. The authors demonstrated that with a proper 
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management infrastructure it is possible to have EVs and other controllable loads participating 

in secondary control, without violating the distribution network constraints or interfering with 

power and energy requirements of these individual elements. 

2.5.4 Smart Charging Schemes 

Already mentioned in section 2.5.1, Schneider et al., [86], followed the smart charging profile 

suggested in [87]. Instead of using an active management strategy that would lead to 

operational rules, this profile was created as a possible occurrence for initial planning 

evaluation. So, it was defined according to a set of assumptions that are likely to be 

meaningful for future EV integration scenarios: 

1. PHEVs are charged mainly, but not exclusively, at home 

2. Economic incentives for charging with cheaper off-peak electricity are provided to EV 

owners 

3. EV will possess in the near-term charge delays built into their systems to allow battery 

system rest and cooling before recharge 

4. In the longer term and in the presence of large EV fleets, utilities will likely use demand 

response or other programs to actively manage the charging load 

In an initial stage of their work, Lopes et al., [32], suggested a smart charging scheme that 

involved the hierarchical control structure of MG and MMG to facilitate the communication 

from the DSO to each EV. For a given integration level in a specific distribution network a 

maximum number of EVs is allowed to charge at each hour, such that no voltage or branches 

congestion level violations are verified by performing a power flow analysis. Apart from grid 

technical restrictions, EVs pose another constraint as the consumed energy by the time the EV 

leaves the systems must be the energy value defined by the EV owner at the moment the EV 

plugs-in. By performing this process cyclically, increasing at every step the EV integration, the 

authors are able to determine the maximum penetration level allowed for the studied 

network, which may serve as a planning tool to verify if a certain distribution network is 

prepared to accommodate EVs and to what extent. 

Lopes et al., [90], expanded on this subject by including an additional objective in the smart 

charging scheme, the maximization of renewable energy sources in the energy mix. To do so, 

not only EVs charging will be conditioned by technical restrictions but renewable energy 

sources availability will also influence the system operator decision to charge the EVs. The 

constraints related with the EV are kept in order to serve the needs of EV owners. To perform 

this control, besides forecasts for conventional load and EV load, the system operator must be 

provided with forecasts for renewable energy production in a day-ahead basis. 

More recently, Lopes et al., [134], enhanced the smart charging algorithm, creating a method 

that is compatible with a possible implementation as an operational tool for the system 

operator to validate a given operation point. Figure 2-23 presents a flowchart of the smart 

charging algorithm. What the algorithm does is to run for a given network at a specific 

moment a power flow and check if any technical problems occur: 
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 If a low voltage violation is verified, the charging process from 5% of the EVs is halted 

in the bus where the problem was verified and the disconnected EVs added to a list of 

EVs waiting to resume charging. 

 If a congestion problem is found, then the charging process of 2% of all the EVs that 

are plugged-in downstream of the problematic branch are disconnected and added to 

the list of halted EVs. 

 If no problems are verified, then the algorithm tries to resume the charging of the first 

5% of the EVs on halted charging list, checking for possible technical violations. It will 

add iteratively EVs, while the network is able to handle them without jeopardizing 

operating conditions. 

 

Figure 2-23 – Smart charging algorithm, based in [134] 

The values mentioned in the explanation of the smart charging scheme are of course 

parameters of the model and can be changed, depending on the sensitivity of the operator. 

The work presented in [93] and [94] suggests an optimization algorithm for the 

implementation of smart charging, based on a minimization of losses as a mean of mitigating 

the possible impacts of EV integration in distribution grids. 
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Two approaches for determining the optimum charge profile for each EV using the proposed 

optimization model were followed by Clement-Nyns et al., using dynamic programming in the 

implementation and power flow analysis for verification of grid technical condition: 

 Deterministic – A daily load profile of the selected season is chosen and the EVs placed 

randomly. Initial values of the state variables are needed to start the iteration process 

and are generated by calculating the optimal charge trajectory for each EV individually. 

The optimal trajectories are gathered into one temporary optimal charge profile and 

thus a one-dimensional state vector. Then, all the components of the state vector are 

held constant, except the first one. The optimal charge trajectory for the first 

component of the state variable is defined. The new value is ascribed to the first 

component and the procedure continues until the last component of the state vector 

is optimized. This procedure is repeated until convergence is obtained. Due to the 

need of reducing the problem complexity, the problem had to be switched from a 

multidimensional problem to a sequence of one-dimensional problems. 

 Stochastic – The daily load profiles are described as essential input parameters, whose 

uncertainties were described in terms of probability density functions. By doing so, the 

fixed input parameters are converted into random input variables with normal 

distributions assumed at each node. One optimal charge profile is generated for all 

stochastic household loads. The optimal power losses are calculated separately for all 

household load profiles and for the single optimal charge profile.  

Sortomme et al., [135], suggest three alternative smart charging algorithm aiming at loss 

minimization, formulating an optimization problem as: 

 Minimizing losses – The formulation presented by the authors minimizes losses (with a 

convex objective function) by changing EVs consumption, but has some grid related 

constraints that are not convex. Therefore, it must be solved by either a heuristic 

method or a sequential method. 

 Maximization of load factor – Instead of using a maximization problem, a 

minimization of the inverse of the load factor, subject only to constraints related with 

charging flexibility of EVs, which makes the formulation a convex linear problem. 

 Minimizing load variance – The minimization of load variance was formulated as a 

convex quadratic problem. Similarly to the previous formulation no power flow 

analysis is required. 

Results of the application to different case studies demonstrated that the load variance 

method was found to be more versatile than minimizing the losses because it produces an 

almost identical result in a fraction of the time. This may be important for real-time dispatch of 

EVs, also solving the problem independently of system topology and with the possibility of 

being applied to looped or meshed distribution systems. As load variance is quadratic, the 

authors stress the additional utility of being able to be used as a constraint which addresses 

distribution system losses in a cost or profit optimization function. 
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Other research works address the same problem using different methodologies and 

techniques: 

 Shortt and O’Malley, [88], describe a generation portfolio optimization that 

determines the generation plant portfolio that minimizes the total costs, taking into 

account EVs load as an input. 

 A different approach was proposed by Mohsenian-Rad et al., [136], consisting of an 

incentive-based energy consumption scheduling scheme for EVs and conventional 

loads of the future smart grid. A source of energy or a feeding point is shared by 

several customers, each of which is equipped with an automatic energy consumption 

scheduler. This scheduler ought to be located inside the smart meters that are 

connected to not only the power line, but also to a communication network. The smart 

meters interact automatically by running a distributed algorithm based on game 

theory to find the optimal energy consumption schedule for each user, by minimizing 

energy cost and peak to average ratio aiming at a flat load diagram. By targeting an 

appropriate pricing scheme, the Nash equilibrium of the energy consumption game 

among the participating users who share the same energy source is the optimal 

solution of a system-wide optimization problem. 

 Geth et al., [137], developed an algorithm to determine optimal charging profiles for 

the fleet, whose starting point is the charging periods for each EV in the fleet for a 

single tariff scenario with connection at work (users will charge at home or work 

arrival). Based on this, the latest possible moment for charging completion is 

determined as the preceding moment to the next trip. Moreover, charging cannot be 

shifted to later times when driving range is affected. EV integration impact is 

minimized by moving charging periods from the latest possible moment to earlier 

times, as long as demand is lower at the earlier time. The algorithm repeats the 

strategy for each EV of the fleet. 

 Wang et al., [138], propose a smart charging algorithm using a complete unit 

commitment model to represent the details of generating units. The model has the 

classic unit commitment constraints: minimum on/off time constraints, capacity 

constraints, ramping constraints, start-up and shut-down cost, etc. Moreover, system-

wide constraints such as hourly load balance and spinning and operating reserves are 

also included. It was considered that EVs charging process is flexible and may be 

dispatched to fill valleys periods during the night, granting utilities control over the 

amount of energy consumed by EVs during each period. The control over EVs was 

afterwards extended to other loads able to participate in demand response schemes. 

Network restriction were not considered by Wang et al.. 

 Saber et al., [139], describe a model where an optimization method generates an 

intelligent schedule for proper decision, control, and smart operations that uses EVs to 

maximize the usage of RESs in order to reduce both electricity cost and emissions from 

the electricity and transportation industries. A particle swarm optimization was used 

to minimize cost and emission. 
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2.5.5 Standardization and Communication Infrastructure 

The described management and control scheme for both EVs and smart grid deployment 

deeply relies on adequate standards and communication infrastructures. This section will 

emphasize EVs and their requirements. 

There are two main methods for charging an EV, conductive charging (uses a plug with physical 

contacts such as regular appliances) and inductive charging (transfer AC power by magnetically 

coupling a primary winding on the supply side to a secondary winding on the vehicle side). In 

terms of safety, by physically separating the EV and the power supply inductive charging tends 

to have a better performance. However, conductive charging may be equipped with highly 

effective fault detection techniques and has the advantage of being cheaper, less complex and 

more energy efficient, [36]. 

So, the trend is for conductive charging to be preferred over inductive charging and three 

charging levels have been defined, Table 2-9. The Portuguese Law-Decree, DL 39/2010, [79], 

also establishes a differentiation between charging levels: slow charging power below 40 kW 

and fast charging above that value, applicable for both AC and DC charging. 

Table 2-9 – Definition of the different charging levels, adapted from [36] 

Charging level Connection Type Typical Charging Power 

Level 1 Single-phase AC charging 3 kW 

Level 2 Single-phase AC charging  10-20 kW 

Level 3 Three-phase AC charging or DC charging 40 kW and more 

 

Currently vehicle manufacturers, electricity utility companies, and electric equipment 

producers are trying to define standards for the charging interface. Table 2-10 presents the key 

features for some major charging connectors. 

The location of charging points for EVs differs from current ICE vehicles refueling stations. EVs 

may charge in public areas (on-street), private areas with public access (dedicated recharge 

station, workplace or large car park) and private areas with private access (individual garage, 

shared domestic garage or parking facilities for fleets). This fact implies the existence of 

different billing methods that may consist of payment in advance (pre-payment requiring an 

account to be debited prior to charging) or Payment in arrears (requires an account to be 

debited after charging).  

So, charger type, its location and the billing method influence the requirements for the 

communication infrastructure. Moreover, the use of inclusion of EVs in DSM activities will 

require the capability for 2-way energy flow between the EV and the charging point, and the 

inclusion for both these flows within billing. The charging must be able to communicate to the 

supplier or aggregator and to the DSO how much power is being demanded or used. 

Eventually, it will be necessary to enable the communication of real time or periodic price 

tariffs, or the current SOC, the amount of time the user has available for charging and the 

willingness to perform grid support activities. 
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Table 2-10 – Comparison of the key features for some major charging connectors, adapted from [36] 

Connector 
Name 

Main Characteristics DC charging 
support 

Control 
Signal 
Support 

Output 
power 

SAE J1772  Comprises AC level 1 and 2 as on-board 
vehicle charging  

 DC charging system on development as 
an off-board charger 

No Yes 1.9, 19 kW 

Mennekes  Complies with the IEC 69196-1 and 
61851-1 standards 

 AC level 1, 2 and 3 

No Yes 3, 10, 20, 
30, 
43 kW 

Walther  Very similar to the Mennekes plug 

 Single-phase 230 V  

 Three-phase 400 V  

No Yes 3.7, 7.4, 
11, 
14.5, 22, 
43 kW 

EDF  Complies with IEC 60309-2 standard 

 Two 240 V connections (low and high 
power) 

No No 3.6, 15 kW 

Scame- 
Schneider- 
Legrand 

 Promote the use of a high safety plug and 
socket solution 

 Three-phase 500 V AC 

 Two Single-phase 250 V AC 

No Yes 4, 8, 27.7 
kW 

TEPCO/JARI  Intends to standardise a public DC quick 
charging for emergency cases and range 
extending 

 3-phase 200 V 

Yes Yes 50 kW 

 

In this sense there are always five main elements that may need to communicate with each 

other: the user, the EV, the charging point, the DSO and the supplier or the aggregator. There 

are four high level stages for charging an EV: 

1) Allow connection – Check credentials, validate payment method, authorize access, 

unlock mechanism, connect cable and lock mechanism. 

2) Charging process – Ensure valid connection, negotiate charging requirements, charge 

EV and log used energy. 

3) Payment – Produce bill and pay bill. 

4) Disconnect – Compare user credentials, unlock mechanism, disconnect cable and lock 

mechanism. 

The negotiation of the charging requirements and the charge of the EV may increase the 

complexity of the required communication infrastructure as advanced control techniques are 

introduced. 

According to [36], there are several suitable solutions for the communication infrastructure 

that depend on the location (private, public or fast charging) and the communication path 

(authentication, EV to charging point and from the charging point outwards). Table 2-11 

presents a comparison between wired and wireless solutions per communication path. 
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Table 2-11 – Comparison between wired and wireless communication for different communication paths, 
adapted from [36] 

 Wired Wireless 

Authentication  Reduced risk of unauthorized interference 

 User needs to input details to establish EV 
communication with the charging point 

 Requires small range to 
prevent snooping and 
unauthorized 
interference 

 Direct connection to 
EV is not required 

EV to charging point  Can be used for proximity detection 
(detecting the presence of the charging 
connector in order to prevent movement of 
the EV whilst connected to the charging 
point) 

 No problems regarding connection loss 

 Loss of connection 
during charging results 
in no control signal 

 Open to snooping or 
interference 

Charging point to to DSO 
or supplier/aggregator 

 May require installation of cables, implying 
high investment costs 

 Less installation 
required 

 Can use a mesh 
network to increase 
robustness 

 

2.6 Summary and Conclusions 
The electric power systems have been evolving fast in the last couple of decades. With the 

advent of DG the planning and operation rules started undergoing profound changes, in order 

to shift from a fit and forget strategy for DG to an integrated active management of electricity 

grids, DG units and demand response. 

This change is supported by environmental drivers, due to the expected reduction in GHG 

emissions and by commercial drivers, as reliability improvement, peak shaving mechanisms, 

reduced needs for grid infrastructure expansion, new ancillary services, losses reductions and 

wholesale market prices reduction are expected.  There are also national / regulatory drivers 

as the new paradigm introduces a diversification of energy sources and competing entities in 

the electricity markets. 

However, the paradigm shift brings challenges regarding grid technical management, 

commercial issues regarding the establishment of market mechanisms or the creation of 

incentives for the change and regulatory barriers that may slow down the large-scale 

deployment of DG and DSM. 

In terms of active management strategies the control possibilities in the LV and MV grids may 

be explored with concepts of MG and MMG. Moreover, DG and DSM are introduced as new 

elements for ancillary services provision, being possible to effectively integrate them into 

regulation markets and successfully provide local autonomous actions for primary frequency 

control and participate in AGC operation to contribute for secondary reserve. 

All the advanced management schemes that do not rely on local controllers require adequate 

communications infrastructure, reliable and capable of delivering messages to and from the 

elements dispersed in the grid and the central control units in due time to ensure proper 

control coordination. 
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The prospects of large EV integration reinforce the need for conducting the electricity 

paradigm shift. Therefore, efforts have been made in order to determine the impacts of EV 

integration in the electric power system. Impact assessment studies have shown that if EVs are 

regarded as simple loads then there will be severe consequences for the grid technical 

management. For example, peak load periods may get aggravated leading to possible line 

rating overloads and voltage issues that require heavy infrastructure investments for dealing 

with the relatively small peak period. The initial works presented on the topic, due to the lack 

of quality data or even data at all, had to be based in a lot of assumptions. Further studies on 

the issue have been trying to substitute these assumptions by existing data or synthetic data 

that results from complex models that intend to represent real phenomena that influence the 

impact of EVs. Recent studies show increasingly more consistent results and are starting to 

provide the tools needed for understand how the asserted change in the mobility paradigm 

will affect the electric power systems. 

With the development of new business models that consider the demand response capability 

or even the storage capacity of EVs, the technical problems that would otherwise be a 

consequence of the presence of EVs in the electricity grids will conceivably be mitigated and 

grid reinforcement needs may be drastically reduced.  

Being EVs small in the electricity markets perspective an aggregating entity should be present 

to gain visibility. By aggregating several EVs, the unstable behaviour (in a market’s perspective) 

of a single EV (that may unexpectedly leave or re-enter the power system) is attenuated, 

facilitating load forecasts, and enabling bidding in markets where the results of the negotiation 

are binding such as the reserve market.  

The available work on business models and the aggregating entity tend to present the role of 

the Aggregator in the market and the business cases and remuneration schemes in great 

detail, but seldom forget the operationalization of the management and control schemes that 

are inherent to the business models and the pathways for the Aggregator to reach the EV level 

and to interact with the DSO. 

Bolder management strategies using the proposed integration frameworks for EVs are 

envisaged allowing EV participation in ancillary services provision alongside with conventional 

generator, DG and other demand responsive elements already referred. So far, ancillary 

services provision was more extensively explored on the business and remuneration models 

for EVs, while taking the technical value of the EV participation on ancillary services for 

granted. Yet, this subject needs further research if the viability and effectiveness of the control 

schemes is intended to be tested. Additionally, by understanding and possibly quantifying the 

benefits for system operation, it will be possible to tweak and refine the business models for 

EVs as ancillary services providers, while providing the DSOs and TSOs in depth information for 

establishing new planning rules and methods. 

Furthermore, in the specific case of EVs the period when it remains connected can be used to 

perform the so called smart charging schemes, which take advantage of the sole reliance on 

energy instead of power over the period that EVs are plugged-in. 
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Finally, the EV aggregator is responsible not only for charging the batteries but also to 

maximize its profit by using EVs availability to bid in the ancillary services markets. This profit 

can be reflected on the tariffs applied to EV owners in order to captivate the adherence of EV 

owners to these flexible control strategies.  

The development of this thesis pretends to provide the scientific and industrial communities 

new tools for evaluating the dynamic behaviour of electric power systems when large 

quantities of EVs are present. It is meant to offer contributions to fill the existing gap in 

technical analysis tools and suggest innovative control techniques for EVs in the provision of 

ancillary services related to frequency control. 





Chapter 3 – Framework for Electric Vehicle Integration 

3.1 Introduction 
This chapter describes a control and management framework for integrating EVs in the electric 

power systems. This framework was developed to set the basis for all the topics developed on 

this thesis, bringing the subjects supported in this work closer to application in real world 

conditions. Even though this thesis addresses operational aspects of the mobilization of EVs for 

the provision of reserves, it uses dynamic simulation tools that are very flexible and allow the 

development of countless control schemes. Therefore, creating beforehand the framework 

presented in this chapter provides a constant grasp of the power systems limitations and 

specificities. Serving as an “umbrella” to the developed concepts and simulation work, this 

chapter sets assumptions to design models and defines constraints for the addressed 

problems. 

Furthermore, the presented framework was partially developed in the context of the European 

R&D project “MERGE – Mobile Energy Resources in Grids of Electricity”, funded by the 7th 

Framework Program of the European Commission. This project, which started in 2010 and is 

still on execution, targets broader objectives, aiming at: 

 Understanding and providing insights for future EV mobility and charging patterns and 

EV owners’ behaviour. 

 Managing EVs charging process for: 

o Entering smart charging schemes, avoiding charging at peak load hours and 

perhaps seeking to charge in periods of RES based energy surplus. 

o Addressing possible power quality issues related with the additional harmonic 

distortion introduced by EV chargers. 

o Providing voltage control ancillary services to facilitate distribution network 

operation. 

o Providing frequency control ancillary services, entering primary and secondary 

reserves markets. 

 Describing new business models that use the supported framework. 

 Defining new regulatory aspects for integrating EV as active elements within the 

electricity grid. 

The EV integration framework was partially developed in the following publications, [140] and 

[134], being the backbone for this chapter. 

This chapter is composed by four sections. Section 3.2 – The Project MERGE – starts by 

expanding on the scope and objectives of the project MERGE, as the work developed in this 

thesis fed some of the project tasks, while receiving important feedback from the project as a 

whole.  

Section 3.3 – Plugged-in Electric Vehicle Load Types – provides the description of the possible 

EV load types, uncontrolled, controllable loads and V2G, presenting the basic control 

possibilities for EVs.  



Chapter 3 – Framework for Electric Vehicle Integration  

100 

The last two sections, Section 3.4 – Electric Vehicles as Ancillary Services Providers – and 

Section 3.5 – Electric Vehicle Integration in Isolated Systems – extensively describe the EV 

integration framework, with a special emphasis on ancillary services provision, for both 

interconnected system or systems where there are electricity markets and isolated systems or 

systems without market activity. These two sections define the system architecture that will 

enable the methodologies for providing ancillary services that will be described in the 

subsequent chapters. 

3.2 The Project MERGE 
As it has been mentioned this work accompanied the development of the European project 

MERGE16, providing inputs to and receiving inputs from the project that pretends to deal with 

future massive integration in the electric grid of EVs, [116]. 

The project MERGE tackles the problems posed by the planning rules and procedures defined 

for the traditional operational paradigm which are still employed today for distribution and 

transmission grids. Therefore, it targets the identification and preparation of solutions for the 

operational problems that will be caused on the electric grid, to the generation sub-system 

and to its commercial operation as a result of progressively increasing deployment of EV. 

The conceptual approach of the project involved the development of a methodology consisting 

of two synergetic pathways: 

 Development of management and control concept that facilitate the actual transition. 

 Development of an evaluation suite consisting of methods and programs of modelling, 

analysis, and optimization of electric networks into which EVs and their charging 

infrastructure is integrated. 

The MERGE concept is inspired from consideration of DER deployment but in the case of EV 

integration resources are mobile in terms of their connection to the grid. Some analogies are 

being derived and adapted to the case of mobile resources, which can be either consumers 

(when in charging mode) or injectors of power (if batteries are delivering power back to the 

grid).  

The exploitation of a specific computational evaluation suite capable of simulating real world 

power systems (generation, transmission and distribution) for either steady state or dynamic 

behaviour enabled the possibility of testing the adequacy of new EVs smart control interfaces. 

The impact of EVs presence on the power systems is being assessed regarding steady state 

operation, intermittent RES integration, system stability and dynamic behaviour, system 

restoration, regulatory aspects and market arrangements. 

 

                                                           
16

 Project MERGE – Mobile Energy Resources in Grids of Electricity (more information can be found at 
http://www.ev-merge.eu/)  

http://www.ev-merge.eu/
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3.3 Plugged-in Electric Vehicle Load Types 
The first concept that needs to be introduced, when dealing with EV integration in electricity 

grids, is related to the type of load that each EV represents for the power system. In terms of 

the electric power system, EVs can be considered as: 

 Simple loads – There is no control over the charging process. As soon as the EV is 

connected to the electricity grid the batteries start charging and charging and power 

will cease to be drawn from the electricity grid when the SOC is 100% or when the EV 

owner unplugs the vehicle from the grid. The amount of power drawn from the 

network is entirely defined by the BMS and may vary with time. The simple load case 

can occur in a BAU situation where EVs are like any other load and other than a 

possible extension to the existing infrastructure no novelties are introduced to the 

electricity grid. Another possibility is the existence of an advanced management 

infrastructure for EVs but the EV owner is unwilling to let the EV control by a 3rd party. 

 Dynamic loads/storage devices – The existence of an advanced management 

infrastructure allow EV controlled charging to take place. For instance, EV owners may 

define a time interval for the charging to take place, enabling EV charging process to 

be controlled in the meantime for multiple purposes: from electricity grid restrictions 

to the minimization of charging tariffs. From the grid point of view, this approach 

yields more benefits once it provides elasticity to these new loads, allowing the 

management structure reducing/increasing its values (or even request the battery to 

inject active power into the grid) when such action is needed.  

Regarding EVs as simple loads, each EV represents a large amount of consumed power, which 

easily can approach half the power consumed in a typical domestic household at peak load, 

[19]. Thus it is easy to foresee major congestion problems in already heavily loaded grids and 

voltage profile problems in predominantly radial networks, particularly if the peak load periods 

coincide with EV charging periods. Hence, if no load management strategies are defined, 

significant technical problems will occur and their drawbacks might even be larger than the 

economic/environmental benefits arising from electric vehicles usage. These management 

strategies can be adopted in two ways: 

 By developing a dynamic price signals approach such that EVs will charge 

predominantly during low energy price moments. 

 By developing a technical management system such that charging can be distributed 

during valley hour periods and at times when there is large renewable power 

generation.   

Furthermore, if a bolder strategy is embraced, the potential benefits from large adoption of 

EVs are even greater. The EVs are then regarded not as just loads, but also as controllable 

loads or dispersed energy storage that can be used in ancillary services provision, decreasing 

traditional primary and secondary reserve needs, helping to manage congestion in some grids 

by shaving peak loads and by improving system dynamic behaviour in normal and emergency 

conditions. In cases where electric power is drawn from the battery one says that the V2G 

concept is adopted, including the provision of additional revenue streams for vehicle owners. 
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3.3.1 Uncontrolled Mode of Operation 

The no control mode represents a “fit-and-forget” policy in terms of regulation. EVs can be 

freely operated having no restrictions or incentives to ease grid operation and management. 

Therefore, EVs are regarded as normal loads, such as any other appliance. In this mode, 

commonly referred to as “dumb charging”, it is of EV owners’ responsibility to choose when to 

charge their EV. The charging starts automatically when EVs plug-in and lasts until its battery is 

fully charged or charge is interrupted by the EV owner. 

In terms of the dynamic behaviour this strategy also does not carry any novelty to the power 

system. EVs will not react to frequency deviations and will not respond to any request from 

the DSO. 

This approach described as an uncontrolled mode of operation is particularly important as 

when performing simulations it provides a measure for the assessment of the efficacy of other 

management procedures. 

3.3.2 Electric Vehicles as Controllable Loads 

This control method fits in an active DSM perspective, [141], being the EV another controllable 

load among other controllable electrical loads, for instance, those with thermal inertia like air 

conditioning equipment or refrigerators. Nevertheless, there is a big difference between EVs 

and other controllable loads, EVs are mobile loads and their nominal power is likely to be 

greater, [19]. It is also possible to identify common EV charging profiles due to the existence of 

historical data on traffic patterns. Such specificities lead to several charging control methods: 

 Time-of-day tariff – or time of use tariff. With this policy EV owners are given an 

economic incentive to charge their EVs during periods of the day when electricity is 

cheaper. This method is based on that existing already in many countries where during 

valley hours, normally during the night, electricity price is lower, [32]. However, the 

success of this method depends on the EV owner willingness to take advantage of the 

policy and it is not an automated process. 

 Smart charging – This strategy envisions an active management system, where there is 

a coordinated control structure that continuously monitors all the elements connected 

to the grid and its state. This type of management provides the most efficient usage of 

the resources available at each moment, enabling congestion prevention and voltage 

control. Still, it is crucial to guarantee the commitment of EV owners to it as the option 

for performing uncontrolled charging is also available. Thus, some kind of economic 

incentive must be provided to EV owners for them to let the hierarchical control 

structure manage the battery charging process. Within this scheme, the system has 

flexibility to charge EVs throughout the period they are connected, instead of the 

charging taking place automatically when they plug-in. Smart charging can not only 

prevent grid technical limits violations but also, when other objectives are pursued and 

provided the required forecasts, e.g., charge EVs during periods of excess renewable 

energy generation. 

For the dynamic behaviour analysis, when EVs are operating on weak grids, such as islands or 

emergency modes of operation of MGs and MMGs, they can perform primary reserve 

provision by responding to frequency deviations at a local level, whereas for secondary reserve 
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provision EVs may receive set-points to adapt their load value. The system frequency is an 

instantaneous indication of the power balance in the grid. It can be therefore used to adapt 

the load of the EV batteries. EVs may also contribute to perform voltage control actions. 

3.3.3 Vehicle-to-Grid 

In the V2G mode of operation, both EV load controllability and storage capability are 

exploited. It is the most demanding mode of operation for the EVs and so bigger economic 

incentives should be provided to the owners to captivate their adherence.  

The applications for this control strategy are an extension to those previously exposed in the 

dynamic operation and in the steady-state operation. For the latter, peak shaving, congestion 

management, voltage control and micro-source operation are envisioned: 

 Peak shaving – The energy stored in the battery and not used for mobility purposes is 

used during peak hours to prevent pollutant and more expensive generators from 

operating. 

 Congestion management and voltage control – By injecting into the grid part of their 

stored energy, EVs can help the distribution system operator, enabling investment 

deferral in grid infrastructures. 

 Micro-source operation – Working as microgeneration units on a market environment 

EVs will inject power into the electricity grids. 

In terms of dynamic operation, the main difference between V2G and controllable load modes 

is that V2G uses all the operating spectrum of EV batteries, i.e. EVs will either reduce 

consumption or inject stored power into the grid.  

3.4 Electric Vehicles as Ancillary Services Providers 
Conceptually, the EVs can perfectly operate as ancillary services providers. However, they 

must be integrated in an existing environment, where specific rules must be verified and 

where electricity markets have strict entrance procedures. In opposition to the conventional 

load an EV, as any load that may be included in DSM procedures, must be an active element 

capable of receiving and sending information to the coordinating entities or even to other 

active elements. Therefore, a complete conceptual framework must address the EV figure, 

describing all the relations that may be established between the existing electricity grid 

elements and providing a suitable communication path between them. The complete vision for 

EV integration is provided in this section, giving special emphasis on ancillary services 

provision.  

Although other EV integration frameworks might be envisioned, this thesis supports an 

architecture that relies in two pillars: 

 Technical operation layer – Composed by all the elements that provide physical 

support to the developed concepts, enabling the necessary communication paths and 

processing queries and control actions. 

 Market operation layer – Composed by all entities that negotiate in the electricity 

markets and the market operators. Some of these entities after closing of the markets 

use the technical operation layer to perform management actions. 



Chapter 3 – Framework for Electric Vehicle Integration  

104 

3.4.1 Technical Operation Layer 

The technical operation layer of an electric power system having a large scale deployment of 

EV may require a combination of: 

 Centralized hierarchical management and control structure. 

 Local control located at the EV grid interface.  

In fact, the simple use of a smart EV grid interfacing device does not solve all the problems 

arising from EV integration in distribution networks nor assures the execution of all the 

advanced control methodologies envisaged for EVs. These interfaces can be rather effective 

when dealing with voltage drops created by EV charging, by locally decreasing charging rates 

through a voltage droop control approach, but fail when addressing issues that require a 

higher control level, such as managing branches’ congestion levels or enabling EVs to 

participate in the electricity markets. For these cases, coordinated control is required and so a 

hierarchical management and control structure responsible for the entire grid operation, 

including EV management, must be available. Therefore, the efficient operation of such a 

system depends on the combination of local and centralized control modes. The latter control 

approach is deeply reliant on the creation of an adequate communications infrastructure 

capable of handling all the information that needs to be exchanged between the entities of the 

hierarchical control structure and EVs. 

The technical operation layer works in coordination of the three main elements of the electric 

power systems: the generation system, the transmission system and the distribution system. 

As it was discussed in Chapter 2, the first two elements were always regarded as active 

elements, whereas the last had a more passive role. Currently, these three pillars of the power 

systems are in constant communication and information can flow easily between them, in 

order to allow complete the control of the system. Figure 3-1 presents the constituents of the 

technical operation layer, including the internal control hierarchy of the distribution system. 

Regarding the distribution system,  it builds upon the existing concepts of MG and MMG, [5, 

6], providing the opportunity to take advantage of the control solutions that in recent years 

have been described for MGs and MMGs, extending them to EV management and easily 

harbouring new functionalities tailored for EVs. Such connection of concepts strengthens the 

final solutions as it introduces novel methods on top of advanced concepts within the “smart 

grid” paradigm. 

As it is easily understood, most EVs will likely be connected to LV grids as any other domestic 

appliance. Only in special cases like fast charging stations or fleet depots will this change, due 

to the increased power needs. Figure 3-2 shows the extension of the MG concept to the 

inclusion of EVs. To the original controllers, MGCC, LC and MC, the Vehicle Controller (VC) is 

introduced, for the reason that EVs share properties of both loads and storage devices and also 

because regulatory frameworks for EVs are not fully developed and possibly some of the taxes 

that are nowadays included in the tariffs for petrol may be transferred to the electricity sold to 

EVs. So, along with the VC a dedicated metering device might be required. The option for a 

dedicated controller for EVs also allows better comprehension of the EV role in the 

management procedures. Perhaps, the existence of dedicated controllers will only make sense 

for a transitional stage, after which EVs and loads as well as microgeneration units will be 
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controlled together, requiring a single controller that performs DSM that the power system 

regards as a small Virtual Power Plant (VPP). For the system operator this VPP would represent 

a manageable power flow value either absorbing from or injecting to the main grid. The VPP 

would then manage whatever loads, EVs and microgeneration units it may possess under its 

control. Yet, these are only hypothesis and within the context of this thesis the supported 

solution will consider that EVs have a separate management structure, whose control 

procedures may be rather easily transferred to other implementation scenarios. 

 

Figure 3-1 – Control structure for EV integration 

Moving from the LV grids to higher voltage levels within the distribution system and continuing 

to exploit the hierarchical control structure of the MGs, EVs are also introduced to the MMG 

architecture. The connection of EV fleet depots will surely occur at the MV grid, due to the 

large load value, and so fleet depots may offer a very attractive responsive load / storage 

element. As in LV connections, a dedicated controller should be created for MV connections, 

the Cluster of Vehicles Controller (CVC) that communicates directly with the CAMC, side-by-

side with the other MV controlled elements: SVC, load, DG and OLTC. 

The technical operation layer of the distribution system is complete with the existence of the 

DMS located at the highest hierarchical level and responsible for managing the HV grid and 

also coordinating the actions from lower hierarchy controllers. So, three control levels can be 

defined: 

 Control Level 1 – where the HV distribution network is managed by a DMS, in charge of 

the whole distribution grid. 

 Control Level 2 – where the MV network is managed by a CAMC. 

 Control Level 3 – where the LV network is managed and controlled by an MGCC. Also 

several devices such as SVCs and OLTC transformers are included in this level, but are 

coordinated by the CAMC. 
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Figure 3-2 – MG architecture with EV integration 

 

3.4.2 Market Operation Layer 

As ancillary services providers, the EVs must be compensated for their participation, either in a 

direct way, such as being paid for the services they offered, or indirectly, in the cases where 

the potential earnings appear as a reduction on the electric energy charge. So, EVs must enter 

existing markets and compete with the other market participants. Yet, specific market rules 

have been discussed in Chapter 2, including technical restrictions that may be imposed to 

participants and an EV connection might not be able to offer, such as minimum power capacity 

or a guarantee of availability.  

To overcome the problems related with EV market visibility and credibility, a new entity must 

be introduced, the Aggregator. The Aggregator is a market player that represents the interests 

of a large group of EVs. It will enter in electricity market negotiations as a hub of EVs, 

aggregating EV load. A single EV may present a somewhat erratic behaviour, entering and 

leaving the system in a rather unpredictable way, [142]. As EVs are grouped these 

uncertainties tend to fade and market participation gets easier.  

The Aggregator can be envisaged as an entity that: 

 Is an electricity retailer and manages EVs in market operation. 

 Is just an aggregating entity, allowing EV participation in electricity markets. 

The first option implies that the Aggregator is a retailer, whereas the second allows the 

entrance to the aggregation activity of players that are not retailers and are not obliged to 

become retailers. The adoption of any of the options may influence possible business models 

for the aggregating activity. In the context of this thesis, the aggregator will always be 
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regarded as a retailer that performs aggregation, as it simplifies the required interaction 

between aggregator and supplier. 

Figure 3-3 presents an overview of the market players and activities, being the role of the 

Aggregator clearly identified. 

 

Figure 3-3 – Market structure for EV integration 

The Aggregator is integrated in the day-ahead markets for electricity and provision of ancillary 

services. EV owner’s behaviour, regarding departure time instant, arrival time instant, 

distance, and preferences (e.g. when and how much to charge the battery) introduce 

uncertainties for the Aggregator. So, it must forecast the total EV electrical energy 

consumption (load), the total battery SOC (divided by client type), and the number of EV 

plugged (divided by client type) in each hour for the next day. Then, due to the uncertainties 

related with market prices, it needs to forecast the spot and balancing prices for the same 

period.  Finally, the Aggregator based on the forecasted EV load, SOC, EV availability, and 

market prices defines the hourly bids for buying and selling electrical energy in the day-ahead 

electricity and ancillary services market. 

The total load, EV availability and battery SOC may possibly be forecasted with standard 

techniques used in load and wind power forecasting. In order to face possible distribution 

network constraints, the Aggregator must produce forecasts by network node, at the MV and 

HV levels, to associate its bids (quantity and price) to network nodes, defining periods where it 

is possible to manage the EV load. 

The EV load forecast provides an estimate of the total required battery SOC of the EV owners, 

allowing the Aggregator to use the EVs presence to provide ancillary services or to charge EVs 

during the period of connection to the grid while assuring that when unplugged the battery 

SOC should match the EV owner preference. Therefore, the day-ahead bids the Aggregator are 
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based on the estimative of the load, and in the subsequent markets corrections are made to 

match EV owners’ needs. 

Traditionally, the bids would be sent to the market and at market closure the TSO would 

evaluate load/generation schedules and, if problems on the transmission system would be 

foreseen, it would request modifications to these schedules until feasible operating conditions 

would be attained. However, the additional load of EVs imposes a previous validation of the 

bids by the DSO to prevent the occurrence of congestion or voltage problems in the 

distribution networks. If the DSO validates, the Aggregator proceeds to the market 

negotiation, else the DSO will require the Aggregator to change the bidding in order to 

guarantee a safe operation of the distribution grid in the following day. It may be necessary to 

create regulation for this that includes compensations to the Aggregator for providing this 

additional service to the DSO. 

Aggregators will compete directly with electricity retailers for energy acquisition and with 

Generation Companies (GENCO) for selling energy and reserves.  

One of the ancillary services Aggregators may deliver is the participation in secondary 

frequency control, as it will be in detail later in this thesis. In this case the Aggregator can be 

faced as sort of VPP that will manage a portfolio of resources, the EVs, for this purpose. 

After market closure, as usual the TSO proceeds to the evaluation of the load/generation 

schedules and, if problems on the transmission system are foreseen, it requests modifications 

to these schedules until feasible operating conditions are attained. In the following day the 

Aggregator will manage the EV under its domain, according to what had been previously 

defined in the market negotiations and validated by the TSO, by sending set-points to EVs 

related with rates of charge or requests for provision of ancillary services.  

To take advantage of possible economies of scale, the Aggregators may also participate in 

other markets, providing additional commodities and services to EV owners, such as parking 

and battery replacements at competitive prices. These services may be used by Aggregators to 

promote their services to EV owners while competing against each other, [108]. This possibility 

will not be further expanded as these markets are not in the scope of the work. 
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3.4.3 Fully Integrated System 

Figure 3-4 displays the full integration framework for EVs, including both technical and market 

operation layers. The column on the right side describes the market operation, whereas in the 

left side the technical operation framework is explained. 

 

Figure 3-4 – Technical management and market operation framework for EV integration into electric power 
systems 

The novelty and also the centrepiece of the proposed framework lie on the Aggregator figure. 

The importance for market operation was already described. Grouping large amounts of EVs 

provides market visibility and credibility as possible uncertainties related to the behaviour of a 

single EV are faded by clustering EVs. There is also another aspect that may be part of the 

Aggregator tasks and is related to the technical operation layer. Privacy issues may require 

that the DSOs’ hierarchical control structure to have limited information about the EVs 

plugged in their networks. Yet, as controllable loads / storage devices some data must be 

collected by the DSOs. So, the Aggregators may have a crucial role in providing the required 

data without compromising EV owners’ privacy.  

The information that an Aggregator needs to collect and process to manage and control EVs is 

very complex. It starts with the bidding on the electricity markets for energy and for reserves 

provision. By then, the Aggregator must have forecasts of EV availability, energy requirements, 
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DSO in charge of the areas that may be influenced by the EV charging process. To the DSO the 
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biddings is attributed. Therefore, the Aggregators need to have a regional character or a sub-

entity that guarantees that each Aggregator can trace its EVs load location and value. Moving 

onto the operation stage, when an EV plugs-in, current SOC, required SOC, period of 
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connection and an individual identification of the EV must be sent to the Aggregator. Then, the 

Aggregator crosses the requirements of the EV owner with the type of contract established 

and with the specific characteristics of the charging process for that vehicle and must define a 

charging scheme for the period of connection. If the EV is also an ancillary service provider, 

then the Aggregator will have to take that into account in the definition of the charging 

scheme, so that the requirements of the EV owner are met at the end of the charging period. 

The DSO monitors the grid to prevent violations of the grid technical limits and in the event of 

or on the verge of a violation the DSO must instigate the Aggregator to perform corrective 

measures. These measures should not impact the previously established market negotiations 

and the need of the EV owners. In the absence of possible actions that satisfy the technical, 

market and user related restrictions the DSO must override the Aggregator management 

actions to perform technical control actions that mitigate the problems caused by the load of 

the EVs.  

So, given the complexity of the information that an Aggregator needs to collect and process, a 

hierarchical management structure, independent from the DSO, is suggested. In the solution 

supported by this thesis, a hierarchical structure of the Aggregator that matches the control 

levels of the concepts of MG and MMG is possibly the best option to take full advantage of the 

existing technical entities and boost the interactions with the market entities in a synergetic 

path. 

Since each Aggregator is responsible for a large geographical area, it will be composed by two 

different types of entities: the Regional Aggregation Unit (RAU) and the Microgrid Aggregation 

Unit (MGAU). The RAU is an entity that is likely to take care of a maximum of 20000 costumers 

that are fed by each HV/MV substation, communicating with several downstream MGAUs, 

which will be located at the MV/LV substation level, possibly having around 400 costumers 

each. The MGAU is present for relieving communications and computational burden that real 

implementation of the concept would require, providing the RAUs, core units of the 

aggregator, pre-processed information regarding groups of EVs located in the LV grids. The 

MGAUs and the RAUs are physically at the same level of the MGCCs and the CAMCs, 

respectively. Therefore, these sub-entities can process the data about EVs, select the relevant 

data for the DSOs and pass it to the DSOs’ control units. 

As referred in section 3.4.1, each EV must has a specific interface unit – the VC – to enable 

bidirectional communication between the VC and the upstream charging management system. 

Additionally, there is a new of element for MV connections, the CVC, designed to control the 

charging of large parking lots (e.g. shopping centres), and fed directly from the MV network. 

Individual controllers of EVs under a CVC management do not have an active VC 

communicating with higher hierarchical controllers. For normal operation, the VC will interact 

with the MGAU and the CVC directly with the RAU. 

Other works have developed slightly different approaches to deal with EV integration, such 

that commercial and technical responsibilities are managed in an integrated way [93]. This 

requires concentrated knowledge on both state of charge at the connection moment and 

completion time for each EV as well as network technical data. 
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3.4.3.1 Normal Operation Mode 

When operating the grid in normal conditions, EVs will be managed and controlled by 

Aggregators, whose main functionality will be grouping EVs, according to their owners’ 

willingness, to exploit business opportunities in the electricity markets. Figure 3-5 illustrates 

the management hierarchy that are active in normal operation. 

 

Figure 3-5 – Normal operation: aggregator hierarchical management structure 

In normal operation the Aggregator uses its internal hierarchy to manage EV connections. EVs 

will inform the upstream controllers of their presence in the grid when they plug-in as well as 

the initial SOC, required SOC at disconnection and time for disconnection, updating 

periodically these parameters. The management system will process the data and generate 

set-points for EVs to charge or provide ancillary services. Additional, complexity may be added 

to the data flows, for instance if EV owners establish a contract with the Aggregator that 

besides a required SOC at disconnection a minimum SOC is required in the shorter possible 

period, in which case the EV will also have to send this parameter to the upstream controller.  

Based on the market closure of the previous day, the Aggregator will run algorithms located in 

its several control units to serve the EVs with the required electric energy and assure that the 

reserve levels contracted in the day-ahead market. One of the restrictions to this problem is to 

serve EV owners’ with the required SOC for their EVs during the period of connection, 

minimizing the deviations from the energy values negotiated in the market. Another is related 

with the obligation of the Aggregator to assure the contracted reserve levels. The main 

objective of the Aggregator should be always to maximize its profit by selling energy to EV 

owners and ancillary services in the market. These objectives also care for EV owners interests 

as energy price and delivery of ancillary services will be optimized, being advantageous for 

both Aggregator and EV owners. 
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The provision of ancillary services by EVs carries several potential benefits to the electrical 

power system dynamic behaviour. From the grid perspective, an EV battery may be regarded 

as an extra storage device when plugged-in but, more importantly, as a flexible and highly 

controllable load. Within the envisioned grid management and market operation framework, 

reserves may be delivered by EVs.  

However, depending on the type of reserve being provided the EVs will rely differently on the 

control infrastructure and its different market players. For primary frequency control, EV 

owners will communicate their willingness to participate in primary reserve delivery to the 

aggregator via the MGAU. Once this communication is established, the participating EV will be 

flagged as primary reserve provider and the control will be locally activated. When leaving the 

service provision, the EV again sends a signal to the aggregator and, if within a new regulatory 

framework where this service can be paid, the EV will get remunerated according to the period 

of time when the service was provided. The initial communication of the willingness to 

participate in primary control may be manually activated by the EV owner or automatically 

signalled at connection depending on the contract established between EV owner and 

Aggregator. 

For secondary control, the AGC operation is the centrepiece in the control hierarchy. The TSO, 

who is responsible for the AGC, will acquire in the electricity markets the secondary reserves 

that it needs from GENCOs and Aggregators. Then, in accordance with the secondary reserve 

services negotiated in the market with the TSO, the Aggregator will receive requests from the 

AGC to participate in secondary control with a given value of regulation up / down, split this 

participation value by EVs willing to provide this service and send set-points to these EVs. The 

set-points EV will receive from the aggregator will lead to a load charging adaptation or to the 

injection of stored power into the network for the period of time the AGC requires this service. 

3.4.3.2 Abnormal Operation Mode 

The system or part of the system enters in abnormal operation mode for several possible 

reasons: 

 There is an overload in one or more branches (lines or transformers), caused by 

excessive load or if a branch goes out of service in a meshed grid / in parallel branches. 

 There is a voltage problem in one or more buses, either low voltage caused by 

excessive load or high voltage caused by DG. 

 The distribution network or a part of it gets islanded from the main grid, for 

maintenance purposes of faulty conditions. In this case the system shifts from 

abnormal operation to emergency operation in the affected areas. 

Figure 3-6 illustrates an abnormal operation scenario, where the Aggregator management 

structure may be overridden by the DSO’s control structure. 

Regarding ancillary services provision, overloads and voltage problems are not likely to have a 

large impact in reserves provision. In a worst case scenario the EVs of the affected area may be 

forced to stop providing those ancillary services by the DSO and the Aggregator must create 

new set-points that are sent to the other participating EVs. In these cases if the Aggregator 

fails to re-establish the required reserve level, neither the Aggregator nor the EV owners 
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should be liable for the failure. Possibly, the DSO should compensate for this problem either by 

replacing the missing reserves or by paying for the possible damage to the TSO.  

 

Figure 3-6 – Abnormal operation: aggregator hierarchical structure is overridden by the DSO’s control structure 

Partial or complete islanding of the distribution network imply the biggest changes in the 

management and control procedures. First, the EVs of the affected area cannot proceed with 

the provision of ancillary services to the main grid due to islanding and the Aggregator must 

redistribute, if possible, the participation by the EVs that are connected in the areas that did 

not suffer islanding. Second, inside the isolated area the EVs’ set-points from the Aggregator 

may be overridden by the DSO’s set-points that are destined to keep the network online. The 

DSO in this case employs the control schemes that have been described for MGs and MMGs, 

[5, 6]. As with the other situations where the DSO overrides the Aggregator signals, the liability 

of possible failure to comply should not be attributed to EV owners or Aggregators. 

Regarding the charging process, for the EVs in the affected areas in any of the problems 

mentioned it may have to be halted by the DSO overriding the options of the Aggregator in 

order to solve the technical restrictions. For voltage and overloading problems the DSO must 

compensate Aggregators and EV owners for their possible losses. In the case of islanding the 

DSO may also have to compensate EV owners and Aggregators, but as the DSO is 

guaranteeing, at least for a set of critical loads, continuity of supply, the compensations have 

to be evaluated differently.  

3.5 Electric Vehicle Integration in Isolated Systems 
Isolated systems may not work in a market environment for several possible reasons, being the 

most relevant the size of the power system that may not provide the critical mass to be 

attractive for market activity. Therefore, the power system may be operated in a vertically 

integrated way and so the conceptual framework for EV integration presented in 3.4.3 will not 

work in these systems. 
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However, isolated systems such as small islands tend to be very weak grids as the low load 

conditions lead to systems with small inertia, where low power units with small individual 

inertia get dispatched. Many times this fact is the bottleneck for the possible expansion of RES, 

since RES technologies, such as wind or solar, have intermittent behaviour and do not provide 

inertia to the system. In these scenarios large load / generation imbalances may be caused by 

resource fluctuations, jeopardizing the quality of service and the continuity of supply. The 

presence of an advanced management structure for future EV integration should be an 

enabler for RES expansion in isolated systems. For that reason, the EV integration conceptual 

framework must be adapted to fit these systems, providing bigger reserve slack, with fast 

response, to help system operation. 

Figure 3-7 presents the suggested modification to the framework depicted in Figure 3-4. There 

are some conceptual simplifications regarding the general framework present for electricity 

grids with market environment. First, there may be no real market players as a single entity 

controls the whole system, from generation to transmission, distribution and retailing. Then, 

maybe the transmission network will not exist (striped box in Figure 3-7), as the maximum 

simultaneous load at the island may not be high enough to require high voltage levels to 

transport electricity from the generation centres to the consumers.  

  

Figure 3-7 – EV integration framework into small isolated electric power systems 

To integrate EVs in active management schemes under the above mentioned assumptions, 
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higher control level entity of the distribution system control structure must assume the 
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possible conflicts of interest between the system operator and the EV owners. In the previous 

analyses the Aggregator would seek profit maximization that would be dependent of the buy 

price for electricity and the value received for providing ancillary services, which was 

consistent with the interests of EV owners. In this case the objectives may differ as the system 

operator tries to optimize its operation, consisting on reducing operation and investment 

costs. As such ancillary services costs are minimized, but also the possibility of having easy 

control over EVs charging process may be a disincentive to invest in grid reinforcement as it 

will be easier for the DSO to curtail EV load in case of abnormal operation conditions. 

Moreover, unlike interconnected systems, where the DSO received processed data in 

sufficiency to safely control the grid operation, in isolated networks the system operator has 

privileged information about each EV. To face these problems strong regulation must be 

imposed in isolated networks to assure equity for both EV owners and system operator.  

3.5.1 Normal Operation Mode 

It is in normal operation mode that isolated networks present the greatest changes in relation 

to larger systems. As it was previously explored the possible inexistence of a market 

environment with all its players leaves aggregation activities to the system operator. 

However, the possibilities regarding the control of EVs are unaltered and EVs may participate 

in flexible charging schemes and the provision of ancillary services. In terms of dynamic 

operation of an isolated system, due to its reduced robustness, EVs flexibility is particularly 

interesting to perform primary frequency control, especially where intermittent RES are 

available but unexplored due to technical constraints. Remuneration of primary frequency 

control may be imposed by regulation and the participation in this service in isolated systems 

may even be mandatory due to its potential benefits. Secondary frequency control in the case 

of small isolated system may not be as interesting as there are no markets and perhaps no 

mechanisms to remunerate this activity. Still, it may be interesting from a technical point of 

view as the participation of EVs in secondary reserves provision would increase the available 

reserves, which in an isolated system with large integration of RES may be difficult to 

guarantee. So, if the proper remuneration framework is created it may be very beneficial for 

the system to have EVs as secondary reserves providers. 

3.5.2 Abnormal Operation Mode 

In abnormal operation mode there are no modifications in comparison to the general 

framework for EV integration. The fact that EVs are aggregated by the DSO reduces complexity 

and communication needs as the data flow between Aggregator and DSO is no longer 

required. 

3.6 Summary and Conclusions 
There are several possible ways of facing EV integration. In terms of the power system, EVs are 

electrical loads that may be introduced in the system like any other load. However, electric 

power systems are likely to be unprepared for massive EV integration, due to EVs large 

individual load and long charging period. The simultaneity of EVs load may add up to the 

conventional load in peak hours and imply heavy investments in grid reinforcement. 

Yet, EVs also have other particularities, being the most relevant the fact that EVs as other road 

vehicles will almost certainly be parked for the majority of the time during a working day and 
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that the charging process consists of an inflow of energy into the EV batteries and so EVs are 

energy dependent loads instead of power dependent loads. Therefore, a lot of research is 

being conducted in order to define alternative solutions to facilitate EV deployment without 

requiring massive investments in grid reinforcement. EV batteries need to be charged at a 

given moment in time so that the EV owner can use the vehicle for mobility purpose. 

Therefore, instead of conventional loads, EVs might be considered controllable loads that can 

be shifted along the connection period or even feed stored energy back into the grid.  

This flexibility can be exploited to solve possible operational constraints or to provide ancillary 

services to the grid, such as primary and secondary reserves. To do so, EVs have to be 

integrated in the power system as active elements. So, a general framework is proposed and 

consists of a technical layer and a market layer. 

The technical layer is responsible for establishing the communication and control structure 

that enables the DSO or other upstream entity to manage the EVs charging process. It is 

composed by a hierarchical control structure and local controllers for the EVs. In this way both 

centralized management and local autonomous control actions are possible. The market layer 

enables the entrance of EVs in the electricity markets, for energy and ancillary services. In this 

layer a new entity was created to provide EVs market visibility – the Aggregator – as a single EV 

would not have negotiation power and in the case of ancillary services market would possibly 

not be allowed to bid as there are strict entrance rules. This fact combined to the existence of 

a hierarchical decentralized structure make the exploitation of the EV capabilities to 

participate in ancillary services provision possible, even being their connection point 

established at the most elementary level of the system, the MG.  The Aggregator aims at 

maximizing its profit by decreasing the operational costs, i.e. minimizing the cost of the energy 

used to charge the EVs using smart charging schemes and by increasing the amount of ancillary 

services provided to the grid, e.g. maximizing the participation on primary and secondary 

reserve management.  

However, not all the systems have market based activity and so an EV integration framework 

was proposed for isolated system that may still operate in a classical vertically integrated 

structure. EV Aggregation activity continues to be needed and on the absence of a market 

layer, this activity must be conducted by the system operator. Regarding the technical layer, 

apart from absorbing the Aggregation functions, the hierarchical control structure remains 

unaltered. Due to the inexistence of separation between system operator and Aggregator, a 

strong regulation activity must exist in order to attend to EV owners’ needs. 



Chapter 4 – Provision of Ancillary Services with Electric Vehicles 

4.1 Introduction 
This chapter is dedicated to the provision of ancillary services for frequency support with EVs. 

Using the framework presented in Chapter 3 primary and secondary reserves can be provided 

be EVs. However, EVs are loads and consequently uncommon ancillary service providers that 

require the assessment of different parameters, being the most relevant: possible damage on 

EV batteries, EV owner behavioural aspects, EV remuneration models, integration of EVs in 

competitive markets such as the secondary reserve market, possible regulatory restructuring, 

communication infrastructure and the power system performance. 

The first steps to address the power system performance with EVs as active elements involve 

the definition of the problems to be addressed, the development of feasible solutions and the 

creation of an adequate simulation platform to test these solutions. The creation of test beds 

or test sites and subsequent real environment deployment can only be implemented 

afterwards, as most novelties for the electricity grids are capital intensive and so the planning 

stage is extremely important. 

The following sections compose this chapter: 

 Section 4.2 – Load Frequency Control 

 Section 4.3 – Electric Vehicles in Primary Frequency Control 

 Section 4.4 – Automatic Generation Control 

Section 4.2 presents the problem of frequency control and its several stages, describing the 

focused stages within this thesis. 

Section 4.3 deals with the modelling approach for enabling EV primary frequency control. The 

work presented in that section was partially developed in the following publications [32, 143, 

144]. This is a decentralized control type that was developed mainly for application in islanded 

grids, where frequency fluctuations tend to be greater and so primary frequency control is one 

of the crucial indicators of the electricity grid stability. In the end of the section, 

implementation details for dynamic simulation on the software Eurostag17 are provided. 

Section 4.4 focuses on the provision of secondary reserves by EVs. The publications [134, 145] 

establish the basis for the presented work. First, the necessary adaptations to the operation of 

the AGC – centralized control entity responsible for managing the operation of secondary 

reserves – are introduced. The AGC operates in interconnected systems to correct steady-state 

frequency errors and re-establish scheduled power flows in tie-lines. Then, the role of the 

Aggregators for EVs to participate in secondary control is described. As reserves are negotiated 

in a market with large players EVs alone could not enter market negotiations. So, the 

Aggregators will bid in the market and if a disturbance occurs, the AGC will send set-points for 

                                                           
17

 According to their website Eurostag is a software developed by Tractebel Engineering GDF SUEZ and 
RTE for accurate and reliable simulations of power systems dynamics and is used worldwide for studies, 
research, design and operational optimization by Transmission System Operators and Generation 
Companies, but also by consulting companies. For more information visit http://www.eurostag.be/  

http://www.eurostag.be/
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participating generators and, in this case, to Aggregators. Aggregators in turn should 

redistribute the received set-point by the available EVs. The possible benefits of the inclusion 

of EVs on AGC control are also presented. Finally, a PSS/E and Python18 dynamic simulation 

model implementation approach is presented for AGC operation with EVs. 

4.2 Load Frequency Control 
Active and reactive power flows in a transmission network are somewhat independent of each 

other, being active power control closely related to frequency control and reactive power 

control related to voltage control, [44]. At the distribution level this may not be categorically 

true, especially in LV grids, as voltage is also influenced by the active power flows due to the 

presence of highly resistive lines, where resistance dominates over reactance (demonstrated in 

Chapter 2). However, in distribution systems, frequency is still controlled by active power as it 

measures the imbalances between generation and load. 

In fact, frequency is a common factor throughout the system and a load / generation 

imbalance at a given network point has reflexions all over the network denoted by a change in 

frequency, [44]. Among other, maintaining a constant frequency is important for assuring 

constancy of speed for induction and synchronous generators, for granting safe operation of 

electronic devices or for keeping electric clocks accurate. Moreover, for timing purposes 

regulation is needed not only frequency but also for the integral of frequency. 

In interconnected systems with two or more areas, controlling active power apart from 

frequency also influences the interconnection value in the tie lines linking the different areas. 

Therefore, the control of interconnection power flows is added to the control of frequency in 

these systems. 

So, there are two main types of control that need to be addressed: 

 Primary control – Deals with the constant balancing needed between generation and 

load. It is performed locally by governors, installed in every generator of a given power 

system. 

 Secondary control – Controls the integral of frequency and adjusts the power flows in 

the interconnections. It is performed by a centralized control that distributes set-

points for participating generators. This central control is called AGC or LFC. 

Apart from these two, there is also the tertiary control that mobilizes a third level of reserves, 

when secondary reserves have been or will be in the near term depleted for a given period of 

operation. For this purpose the EVs do not seem as attractive as tertiary reserves deal with the 

mobilization of generators that compose the non-spinning reserve. Due to their characteristic, 

EVs that are charging are immediately available to provide reserves and so much more likely to 

integrate primary and secondary reserves provision. 

 

                                                           
18

 According to its website Python is a powerful dynamic open source programming language that is 
used in a wide variety of application domains, often compared to Tcl, Perl, Ruby, Scheme or Java. For 
more information visit http://python.org/  

http://python.org/
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To illustrate the effects of load / generation imbalance a simple example of a system formed 

by a generation unit and a load is presented in Figure 4-1, where: 

   is the mechanical torque 

   is the electrical torque 

   is the mechanical power 

   is the electrical power 

   is power demand of the load 

The generation unit is composed by a turbine that is actuated by steam or water to power the 

drive shaft, using a governor to control the valve or gate opening. The drive shaft provides 

power to a generator, a synchronous machine, which converts mechanical power into 

electrical power. 

 

Figure 4-1 – Generator and load 

To understand the concept an imbalance between mechanical and electrical torques should be 

considered, provoking acceleration, (4-1) (   is the acceleration torque). As the machine is 

operating as a generator the electrical torque is in opposition to the mechanical torque, hence 

the minus sign. The torques are expressed in    . 

         (4-1) 
 

As a torque is the product of a moment of inertia, in this case resulting from the generator and 

the prime mover, for an angular acceleration that results from the unbalanced torques, the 

equation of motion is given by (4-2). 
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Where 

  is moment of inertia (     ) 

   is the mechanical speed of the rotor (       ) 

  is time ( ) 

 

To convert (4-2) into the per unit (p.u.) system, the moment of inertia needs to be normalized 

to the constant of inertia   that is defined as the kinetic energy in watt-seconds at nominal 

mechanical speed over the apparent power base (     ), (4-3). Equation (4-4) is derived from 

the previous in relation to   . 
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Combining equations (4-4) and (4-2) and rearranging the terms results in: 

   
 

  

  
   

 
   
     

(     ) (4-5) 

 

Using (4-6) and (4-7), the above equation can be written in p.u. form, (4-8). The p.u. form is 

denoted by a bar above the each variable. 
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By rearranging the terms, considering      and transforming the equation to Laplace 

domain, equation (4-9) is obtained. 

  ̅  
 ̅   ̅ 
   

 (4-9) 
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This transfer function can be described as the block diagram presented in Figure 4-2. From this 

point onwards as all the equations will be treated in p.u. the bar will not be used over the 

variables. 

 

Figure 4-2 – Block diagram of the function that provides deviation of speed as a function of the torques 

To perform load-frequency analysis, it is more useful to express the transfer function in 

relation to power instead of torque. The relation between power and torque is given by: 

       (4-10) 
 

Considering a small deviation ( ) on the initial values: 

        
        
          
 
Combining (4-10) and (4-11), (4-12) is obtained. 

(4-11) 

 

           (       )  (       )      (4-12) 

 

As in steady state, the accelerating torque is null, mechanical and electrical torques are equal 

        and frequency assumes the nominal value, in p.u. form     . So, (4-13) is 

obtained, revealing that the difference between torques is equal to the difference between 

mechanical and electrical power.  

                (4-13) 

 

In this way the block diagram presented in Figure 4-2 can be depicted as a function of power, 

Figure 4-3. So, for both deviations in mechanical and electrical power there is a resulting 

deviation in frequency. 

 

Figure 4-3 – Block diagram relating speed and power 
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Regarding possible influences of frequency deviations on the input variables, the mechanical 

power may be considered only a function of the valve / gate position. However, concerning the 

electrical power, this variable is a function of the electrical load. There are loads that are 

independent of the frequency, such as resistive loads, e.g. lighting or heating. There are other 

loads such as motors, which are frequency-dependent. Equation (4-14) describes the overall 

load characteristic (non-frequency-dependent and frequency-dependent). 

              (4-14) 

 

Where 

    is the non-frequency-dependent load deviation 

      is the frequency-dependent load deviation 

  is the load damping constant 

 

The load damping constant depends on the on the types of loads present in a system and is 

expressed as a percentage of the loads that are frequency dependent. The resulting block 

diagram is depicted in Figure 4-4. 

 

Figure 4-4 – Block diagram relating speed, power and considering load damping 

Without the action of a governor, the frequency deviation is determined by the inertia of the 

system and the damping resulting from the load composition. For instance, for a load / 

generation imbalance, caused either by a load increase or generation decrease, will lead to a 

deceleration of the rotor to compensate for the imbalance, converting kinetic energy into 

electricity. By losing kinetic energy, frequency drops and so the loads that are frequency-

dependent also react providing a relatively small contribution to mitigate the frequency drop.  

According to Machowski, [146], there are four sequential stages, which are discussed in detail 

in Appendix A, that represent the different dynamics of the response to a power imbalance: 

1. Rotor swings in the generators (first few seconds) – it deals with the transient 

behaviour of the system concerning the reactions of the generation units, which differ 

according to their electrical distance in relation to a given disturbance. Transient 

stability reveals the initial response of the system to the disturbance indicating if the 

system is able to cope with that change. The rotors of the generators will accelerate 

and decelerate cyclically when a disturbance occurs. It is the action of the damping 

∑ 
r+

-

mP

LP

DMs

1



Chapter 4 – Provision of Ancillary Services with Electric Vehicles 

123 

torques that will clear the oscillations and lead the system to equilibrium, if 

achievable. 

2. Frequency deviation (a few seconds to several seconds) – it is related with the first 

reaction of a system to a load / generation imbalance and results on the maximum 

frequency deviation that may occur in the system. The contribution of the generation 

units in this stage is influenced only by their individual constant of inertia in relation to 

the inertia of the system and the magnitude of the disturbance. 

3. Primary control action by the governors of the machines (several seconds) – it is 

related with the action of the governing units installed in the generators and the 

sensitivity of the load to frequency. When frequency (speed) changes, the turbine 

governor opens or closes the main control valves to increase or decrease the flow of 

working fluid through the turbine, in order to increase or decrease the turbine 

mechanical power output. In the steady-state conditions, for very slow changes in 

frequency, the increase in mechanical power of each generating unit is inversely 

proportional to the droop characteristic of the static turbine. 

4. Secondary control action (several seconds to a minute) – it follows primary control 

and deals with the restoration of system frequency to normal, as primary control 

always incurs on a permanent error subsequently to its action. Secondary control 

adjusts the load reference set-point of the generators in order to eliminate the 

frequency error that the primary control action is unable to avoid. As the loading 

conditions of a system are constantly changing, an automatic process is required, the 

AGC or LFC. 

4.2.1 Load-Frequency Control Structure with Electric Vehicles 

Primary and secondary reserve provision are two of the control levels that compose frequency 

control. In fact, those are the two control levels that may have a direct influence of the system 

operators. The others are intrinsic to the generators and the system characteristics and, most 

likely, may only be controlled in the planning and assembly phase, for instance by defining the 

generator inertia using different constructive alternatives.  

Figure 4-5 presents the different levels of the conventional load-frequency control. Primary 

control is the first control level with the decentralized droop control action on turbine 

governors and participating loads and secondary reserve controls the integral of frequency and 

adjusts the power flows in the interconnections. However, there is also a third level of control 

called tertiary control that is usually activated manually by the TSOs and can only provide 

upwards reserve in case of observed or expected sustained activation of secondary control, 

[47]. The action of the control levels is coordinated by the TSO, being tertiary reserve used to 

free secondary reserves, when the system is balanced, but also as a supplement to secondary 

reserve, when the system faces large incidents freeing primary reserve. This coordination 

depends on an appropriate communication infrastructure that provides frequency and power 

measurements to reach the centralized control units and set-points to the generation units 

that compose the reserves. The ultimate goals of the load-frequency coordinated control are 

to stabilize frequency in the nominal value and re-establish the scheduled values for 

generation that result from the market.  
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Figure 4-5 – Conventional load-frequency control levels, based on [146] 

When EVs are considered active participants in reserve provision the presented system should 

be adapted to include Aggregators and EVs, as depicted in Figure 4-6. Similarly to the 

governors of the conventional generation units, the power electronic interfaces of individual 

EVs may react to frequency deviations to participate in primary control. Regarding secondary 

control, the AGC communicates the participation value to the conventional generators and 

Aggregators. The latter must then divide and redistribute the participation value by the EVs 

that particular Aggregator manages. 

 

Figure 4-6 – Load-frequency control levels with EVs 
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4.2.2 Short-Circuit Behaviour Due to the Presence of Electric Vehicles 

With the purpose of participating in frequency control, it is necessary that EVs remain in 

operation following a disturbance. However, it is likely that EV electronic interfaces will not 

have fault ride through capabilities, at least in the short to medium run. So, voltage sags might 

lead to the loss of the EVs that were supposed to be providing primary and/or secondary 

reserves to the power system. In the event of a short-circuit at a given bus, the voltage in that 

bus drops to a very low value in the case of existing an impedance wiring the fault or to zero in 

case of a zero-impedance short circuit. This voltage drop is propagated throughout the 

network, being the drop attenuated as the buses of the network get electrically distant (with 

an increasing impedance on the path linking the two buses) from faulty bus. When, the fault is 

eliminated the voltages return to values close to the original. 

If there are EVs in the network, they will remain in operation while the power electronic 

interface has the ability to hold voltage and current in admissible values, or in other work, 

while it guarantees controllability of voltage and current for the EV battery charging process. In 

the case of violation of the operation limits the internal protection relays of the power 

electronic interface will be triggered and the EV load will trip. As the EVs were participating on 

reserves provision, the system loses reserve capacity. However, this might not be an 

aggravating factor for the system as depending on the type of event the system might need 

upward or downward reserves. Typically, the most severe events tend to be those motivated 

by lack generation in relation to the load and therefore in need for upward reserve. In such 

case the tripping of the EV load works like an “uncontrolled upward reserve”, as the system 

load is being decreased by a value equal to the original load of the EV that tripped. If the 

system needs downward reserve the tripping of the EV will worsen the frequency response of 

the system. Yet, it is a problem that may probably be solved without resorting to EVs as the 

control measures consist of decreasing the output power of the generators. When EVs 

participate in frequency regulation with the possibility of restoring partially or fully the energy 

contained in the batteries to the network, then the tripping of EVs might lead to a severe loss 

of reserves capacity as the simple load reduction may not be enough to solve the disturbance. 

In this case, a solution that included fault ride through capability would be required to assure 

that EV reserve capacity would be online following a short-circuit event. In this thesis EVs are 

explored as controllable load devices and so the adoption of this solution was not required. 

Another issue that can be raised when large deployment of EVs is verified is related with the 

dynamic behaviour of the load from EVs. As it will be explored in section 4.4.3, different loads 

react in accordance with different dynamic behaviour patterns. The typical load representation 

considers that loads are constant admittances and so their power value varies proportionally 

to the square of the voltage change, having a damping effect on the voltage oscillations that 

may occur. Yet, not all loads follow this pattern and as it will be verified further on this 

document, the EVs follow a very well defined pattern, presenting a constant power 

characteristic. This type of load presents the worst performance when dealing with the voltage 

oscillations, among the three main load models in what concerns voltage dependence, 

constant admittance, constant current and constant power, [35]. The constant power load is 

the most severe load type for the system as a voltage drop will cause an increase in current, 

which results in an additional voltage drop. The constant current load would not benefit nor 

harm the system behaviour, because even though current is constant the power value of the 
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load varies as there is a linear dependence of power with voltage. Figure 4-7 presents the 

influence of voltage on the current and power for each of the three basic load types. 

  
a) b) 

Figure 4-7 – Relationship between voltage and load type, based in [35]: a) Current; b) Power 

Concluding, if no additional control methods are applied to control EV charging process, large 

deployment of EVs may lead to aggravated system response to voltage oscillations. As with the 

problems related to frequency, it is in islanded systems that the effects of voltage problems 

have a tendency to have larger impacts. 

To illustrate the impacts of the different load types, a simple study using the interconnected 

test system that will be presented in Chapter 5 was performed. Very briefly, this test system is 

a transmission network and one of the studied events is a fault on a bus near to an area with 

high integration of wind generation (for the complete description of the case study see 

Chapter 5 and Appendix C). The scenario that is presented here refers to the same event, but 

the all loads in the system were modelled first as constant admittance and afterwards each of 

the load was modelled with 50% constant admittance and 50% constant power. Figure 4-8 is a 

plot of the voltage in a bus distant from the fault for the analysed load models. With constant 

admittance the voltage dropped to 0.93 p.u., whereas with 50% constant power it dropped to 

0.90 p.u.. Modelling all the loads as constant power was also tested, but the system would get 

unstable. Therefore, the type of load has a strong influence on the system response, 

particularly when dealing with events that lead to oscillations in voltage. 
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Figure 4-8 – Impact of different load types in the voltage profile when the system faces a fault 

4.3 Electric Vehicles in Primary Frequency Control 
Chapter 2 presented the key characteristics of EVs, whose main focus is dedicated to the 

transportation sector. However, it is likely that EVs will be parked during very long periods of 

time, much longer than their usage for mobility purposes, [147]. Simultaneously, the 

predictable impacts of large scale EV deployment have conducted novel approaches to the 

introduction of EVs in the power systems, using the smart grid infrastructure to enable 

advanced management schemes for charging the large battery packs that equip EVs. 

All together these arguments make EVs a different load, when compared with other loads in 

the residential environment. The relatively high power and long connection periods establish 

the first differentiation item from many of the daily usage appliances. EVs have another 

important characteristic, Unlike most electronic appliances, such as personal computers or 

television sets, or even microwave ovens and lighting equipment, EVs are not power 

dependent loads, i.e., they do not rely on a constant power delivery to charge while plugged-

in. EVs are energy dependent loads, requiring at the moment of disconnection from the grid a 

partial charge or a full charge, established by the user at the moment of connection, with the 

possibility of being reset along the connection period due to user’s change of plans. EVs share 

this characteristic with other appliances, such as air-conditioners or heat pumps in general, 

whose purpose is to hold a temperature within a range of admissible values and to do so they 

rely on energy transfers. Within this thesis only EVs are addressed, but the concepts that will 

be presented here could be extended to these appliances, aiming at smart grid management 

as a whole. 

Previous studies, [76, 102], suggest that EVs with an active role in system management should 

initially provide regulation and spinning reserves. As a matter of fact, the provision of primary 

frequency control can enhance the operation of electricity grids, particularly those with 
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relatively small equivalent generator inertia and / or low spinning reserve levels. The following 

systems may exhibit these characteristics: 

 Electricity grids of small islands 

 Unintentional or scheduled islanding of MGs 

 Unintentional or scheduled islanding of MMGs 

The ENTSO-E Operation Manual, [47], does not define operational standards for these types of 

systems that must only abide to the rules for voltage characteristics of electricity supplied by 

public distribution systems present in the European Norm EN50160, [148], regarding networks 

that are not connected to the synchronous areas of ENTSO-E. According to this norm, 

frequency in non-synchronous areas should be kept within a band of 2% above / below the 

nominal value during 95% of the time during a week – from 49 Hz to 51 Hz – and within a band 

of 15% during 100% of the time – from 42.5 Hz to 57.5 Hz. 

To assure that these conditions are verified, a certain amount of reserve margin must be 

preserved in the system. Each isolated system may have its own rule or specific regulation to 

define the volume of reserves of each type. Yet, typically these rules are based on the ENTSO-E 

standards with adaptations to the reality of isolated systems. So, a possible rule is to guarantee 

sufficient reserves to replace the loss of the largest unit in operation. Using generators to 

provide primary control implies that the sum of the differences between the maximum power 

output and the actual output power of each generator in operation equals the power of the 

largest unit in operation. Apart from this type of reserve, also called regulation up, there is also 

the need for guaranteeing regulation down, which is determined similarly to the previous, but 

this time resulting from the sum of the differences between the actual output power and the 

minimum output power. In systems with lower load levels, especially during valley periods, 

these conditions are not easily verifiable, as it may be difficult to perform a generation 

dispatch that matches the load and guarantees both reserve margins. 

Therefore, in some cases it may be necessary to resort to dedicated storage solutions that 

provide the system with sufficient reserves to face load / generation imbalances. These types 

of solutions may consist for instance of large battery packs or flywheels, and represent a heavy 

investment to the grid operator. Many times the isolated systems have unexplored 

endogenous resources that are not economically feasible to explore due to the variability in 

the availability of the resource that cannot be accounted for reserve provision and demand 

additional investments in dedicated storage to ensure the required reserve levels. EVs may be 

regarded as storage elements within the grid that does not require a direct investment from 

the grid operator. However, it might be arguable that EVs may provide the necessary amount 

of reserve at every moment. Studies such as [147] show that vehicle owners follow driving 

patterns that can be predicted with some uncertainty associated. So, with adequate methods 

for forecasting EV availability to provide reserves, primary frequency control in isolated 

systems can be provided by EVs, improving the system dynamic behaviour and possibly 

allowing further RES expansion.  

To implement primary control functionality in EVs, a control law that mimics the droop control 

performed in conventional generators must be defined and a frequency meter must be added 

to the EV charger. In order to prevent possible premature degradation of EV batteries a dead 
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band can be considered in the droop control to avoid EV participation in the compensation of 

small frequency excursions.  

For a better performance of the system frequency response, the control law of EVs may be 

enhanced with an additional loop that provides the vehicles the capability of emulating the 

inertia of a conventional synchronous generator. This addition will be welcomed in isolated 

systems, as one of the main problems of such systems is the lack of inertia caused by a limited 

number of generators dispatched that may lead to a loss of resilience when facing 

disturbances. This technique has already been tested with solid results for wind farms and 

multi-terminal high voltage DC grids as can be verified in [149, 150]. 

Concerning interconnected systems, EVs may also become primary frequency controllers if a 

set of conditions is verified and a new regulatory framework is set so that EVs are allowed to 

participate actively in frequency control. There are strict rules regarding primary reserve 

provision in the ENTSO-E system, distinguished between definitions and standards. The 

definitions are related to the load / generation imbalance conditions, expressing the maximum 

frequency deviation that can occur before the activation of primary reserve, limits for 

frequency excursions, quasi-steady-state conditions and full activation of primary reserve. To 

establish these definitions a base assumption was made, there is a reference incident, i.e., a 

maximum instantaneous power deviation between generation and demand within the 

synchronous area, with the value of 3000 MW. The standards impose the conditions for a 

generator or a load to integrate primary reserve provision, including accuracy of frequency 

measurements, the existence of dead bands, deployment times and minimum duration for the 

capability of delivery. Table 4-1 describes the most relevant definitions and standards that are 

quantifiable. In addition to definitions and standards, there are some guidelines that are 

important for the case of the provision of primary reserves with EVs. The contribution 

coefficients are binding for one calendar year and the dead bands of the reserve providers 

should not have a visible impact in the primary control efficacy of the concerned control area. 

Table 4-1 – Summary of most relevant definitions and standards of ENTSO-E for primary reserve, based on [47] 

Definitions 

Activation of primary control Before frequency deviation exceeds ±20 mHz 

Maximum permissible quasi-steady-state frequency 
deviation after the reference incident 

Deviation of ±200 mHz 

Minimum instantaneous frequency after loss of 
generation 

49.2 Hz 

Maximum instantaneous frequency after loss of load 50.8 Hz 

Full activation of primary control reserves ±200 mHz 

Standards 

Accuracy of frequency measurements ≤10 mHz 

Adjustment of power and insensitivity of controllers Should not exceed ±10 mHz 

Deployment times 50% of the total primary reserve in up to 15 s 
50% to 100% time increases linearly up to 30 s 

Minimum duration for the capability of delivery 15 minutes 

 

So, for EVs to participate in primary frequency control in interconnected systems, their 

capability for responding to frequency deviations must be implemented to locally respond 

according to the required frequency measurement accuracy and abiding the rules for the dead 
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band limitations. Regarding the minimum duration for the capability of delivery and the 

contribution coefficients, only with proper coordination among grouped EVs would it be 

possible to guarantee those conditions. The Aggregators need to have a focal role in the 

coordination activity. Although the primary frequency control reaction would still be 

performed locally, management decisions on what EVs would be performing frequency control 

at each given period would be delegated to the Aggregators. As such the Aggregator would 

require a highly reliable and fast communication infrastructure. EV participation in primary 

frequency control in interconnected systems may not be economically feasible due to the 

extra requirements that these systems have over isolated grids. 

As an alternative in interconnected systems EVs could be integrated in under-frequency 

automatic load-shedding. The ENTSO-E standards state load shedding is mandatory for 

frequency levels of 49.0 Hz and below, starting with 5% of the total load for a frequency 

deviation of 49.0 Hz. According to ENTSO-E guidelines, load shedding can start much earlier for 

under-frequency events below 49.8 Hz. Between 49.8 Hz and 49.2 Hz only pumped storage 

power plants can be shed. From 49.2 Hz and below, load shedding of customer consumption is 

allowed. EVs could be used in under-frequency automatic load-shedding below this frequency 

value. Consumer load shedding is usually performed by shedding distribution network feeders, 

yet if local frequency measure equipment would be installed on EV charging points, then 

shedding of complete feeders would be prevented. The required equipment would be much 

less demanding than that used in primary frequency control: the minimum accuracy of the 

frequency measures would be 100 mHz instead of 10 mHz and the maximum delay should be 

350 ms. A method for preventing the disconnection of more than 10% of the total load would 

have to be implemented, in order to fulfil the rules regarding load shedding. The usage of EVs 

in automatic load shedding schemes would likely improve the behaviour of the system as 

ENTSO-E describes two additional guidelines. First, load shedding should be evenly 

geographically distributed, which by relying on plugged-in EVs offers almost naturally, with a 

tendency to focus on regions with higher load density, such as urban areas. Second, the 

automatic shedding should avoid disconnecting feeders where DG is connected. With todays’ 

increased levels of DG integration, EV focused shedding could be advantageous, minimizing 

the need of curtailing entire feeders and therefore the need to identify feeders without DG 

units. 

4.3.1 Control Scheme 

The control scheme for EVs participation on primary frequency control may have two loops: 

 The droop control that mimics the governors of conventional generators 

 The inertial control that also emulates the behaviour of conventional generator so that 

EVs can provide inertia to the system 

For both control loops frequency must read locally and the reaction to frequency deviations is 

performed autonomously. This reaction should consist on providing new set-points for the 

electronic power converter that interfaces EV batteries and the electricity grid. The control 

scheme should be installed on every VC, which is located next to the vehicle charger and has 

access to the smart grid communication infrastructure. The latter enables the upstream 
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controllers to be logged about the activity of the VC concerning primary control provision and 

if needed redefine the droop control parameters or the settings for the inertial emulation. 

So, apart from the set-point imposed by the Aggregator or the charging control, the load value 

of the EVs may be influenced by one of or both the control loops. Equation (4-15) presents the 

active power change requirement for the EVs due to the influence of the droop. The load will 

change by an amount that is obtained by multiplying a proportional gain by the actual 

frequency change. The proportional droop is characterized for being a measure of the 

sensitivity of the controller to frequency deviations, expressed in units of power per unit of 

frequency.  While a frequency error is sustained the proportional controller will always impose 

a change in the load of the EVs. 

              (4-15) 

 

Where 

        is the load change provoked by the droop control 

   is the proportional gain 

   is the frequency deviation 

 

Equation (4-16) provides the amount of active power change, in case of a load/generation 

imbalance, that results from the inertial emulation implementation in the controllers of EVs. In 

this case the load will change by an amount equal to the product of a gain by the derivative of 

frequency change in respect to time. The derivative gain is a measure of the sensitivity of the 

controller to the rate of change of frequency, expressed in units of power per units of 

frequency per unit of time. The influence of this type of control is bigger for periods when 

frequency is changing fast and will be null when frequency stabilizes, independently of how big 

the absolute frequency error may be. Thus, the action of this control loop is predominantly 

noticeable in the initial moments succeeding a disturbance. 

                         
 

  
   (4-16) 

 

Where 

    is the derivative gain of the controller 

 

Considering that    and     are real positive values and that the frequency error is calculated 

by         (where    is the nominal system frequency), being a real positive value for 

underfrequency events and real negative value for overfrequency events, the load value of an 

EV if both control loops are active is given by (4-17). 
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                                (4-17) 

 

Where 

     
   is the load of the EV 

          
   is the required EV load value defined by the Aggregator as a set-point  

 

However, EVs should not react to every small mismatch in power and so some extra controls 

must be added to limit the participation of EVs to the cases that really matter. 

Figure 4-9 shows schematically a droop configuration that could be implemented for enabling 

the EV grid interface control strategy. The plugged-in EV providing primary control in steady-

state conditions is charging at a given power rating, with a maximum value equal to its nominal 

charging power. It may occur that the EV is not charging in steady-state, but is still plugged-in 

ready to provide primary control, if power delivery from the EV batteries to the grid is allowed. 

The charging reference power, Pref, may be defined in different ways: 

 Set-point from the Aggregator or the DSO for EVs that adhere to smart charging 

schemes 

 Or, by local decision of EV owners who do not adhere to smart charging 

The charging reference power may change as a function of the set-points sent by the 

Aggregator or the DSO, depending on the strategies for minimizing charging costs and the 

occurrence of possible grids technical violations. 

A margin between the actual power rating and the maximum power rating may be imposed to 

EVs participating in primary frequency control, in order to allow the participation in regulation 

down. 

 

Figure 4-9 – Generic droop control for VCs 
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The maximum power rating, Pmax, is the nominal charging power of the EV, whereas the 

minimum power rating, Pmin, is the nominal discharging power, zero or a value between the 

minimum and maximum power ratings. 

For frequency deviations larger than a defined dead band, the EV battery will respond 

according to one of the given slopes. If frequency suffers a negative deviation then the battery 

charging will, first, reduce its power consumption and, if frequency decreases further, it may 

inject power into the grid. Oppositely, if there is a positive deviation then the battery will 

increase the power absorbed from the grid. 

A dead band, where EVs do not respond to frequency deviations, should be considered to 

guarantee longevity of the batteries and thus a beneficial synergy between parties, the grid 

operator/Aggregator and the EV owners. This dead band, as well as the slopes of the droops, 

should be defined according to the composition of the system, but also the EV owners’ 

willingness to help with system frequency regulation and the characteristics of the EV battery. 

As to the inertial emulation loop, the implementation may be performed in different ways in 

order to restrain the possible actions of the EVs. A dead band similar to the one implemented 

is also a possibility, but less interesting as the inertial behaviour should be mobilized very fast. 

So, the dead band should be reduced, at least for negative frequency values, as the most 

severe events are linked to loss of generation capacity, due to either variability of primary 

resource or tripping of generation units. In this sense, it may be wise to introduce a saturation 

following the derivative of the frequency deviation to block positive rates of change and 

consequently prevent the action of the inertial emulation loop for periods where generation 

exceeds load. 

In addition to the control techniques discussed so far, it is still possible to introduce further 

control laws, such as voltage control loops. Dealing with frequency and voltage at the same 

time might end with conflicting signals that may result in worsening of the operating 

conditions. Therefore, in case of adoption of the voltage and frequency controls 

simultaneously a merit order should be established. The frequency control should override the 

voltage control in case of conflict. 

4.3.2 Grid Interface 

For EVs to participate in primary frequency control, a proper electronic interface control 

should be adopted, different from a simple diode bridge usually adopted for charging 

purposes. Being the system frequency an instantaneous indication of the power balance in a 

network, the active power charging / discharging levels of the EV batteries must be adaptable 

by being capable of receiving set-points. In this way, a smart EV grid interface, capable of 

responding locally to frequency changes, should be adopted, instead of a passive battery 

charging solution. 

Active and reactive power set-points and may be transmitted to the power electronic 

converter interfacing EVs and the electricity grid. To allow this a current-controlled voltage 

source or PQ inverter is suggested, [56], as depicted in Figure 4-10. 
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This method computes the instantaneous active and reactive components of the inverter 

current: the active component is in phase with the voltage and the reactive component with a 

90 degrees (lagging) phase-shift, being both limited in the interval [-1, 1], as described in [5]. 

The active component is used to control the DC link voltage and, consequently, the inverter 

active power output, in order to balance the EV battery and inverter active power output. The 

reactive component controls the inverter reactive power output. Power variations in EV 

battery lead to a variation of the DC link voltage, which is corrected via both Proportional-

Integral regulators (PI-1 and PI-2), by adjusting the active power output. In this work, this 

inverter will be operated with a unit power factor (Qref = 0). The frequency control droop 

present on the VCs will adjust the active power set-point of the PQ EV inverter interfaces 

(Pref). 

 
Figure 4-10 – PQ inverter control type 

4.3.3 Benefits for Isolated Systems 

The participation of EVs in primary frequency control on islanded systems carries potential 

benefits. Although it is accompanied by some challenges that need to be overcame, in order to 

successfully introduce EVs in primary reserve provision. Table 4-2 makes a simple SWOT 

analysis highlighting relevant positive and negative technical aspects or aspects that in some 

way influence grid technical management that need to be considered when planning a system 

with EVs as primary reserve providers. This table is based on a similar analysis performed by 

[126] over the case of reserve provision in general. 
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Table 4-2 – SWOT analysis for EV participation in primary frequency control in isolated systems 

Internal External 

Positive 

Strengths Opportunities 

 Availability implies no costs 

 Batteries may react very fast reaction to frequency 
changes, faster than conventional generators 

 As EVs are interfaced by power electronic 
converters that usually require measuring 
frequency, the implementation of the droop 
control only involves coding the algorithm that will 
control battery charging to be influenced by 
frequency changes 

 Current norms (IEC 61851, [151]) already 
contemplate the existence of pilot control signals 
that allow the control of the active power 
consumption of the EVs externally to the BMS in 
AC charging mode 3. 

 Increased need for regulation power, due to the 
increasing presence of intermittent RES 

 Conventional reserve planning may be a barrier to 
the integration of RES in islanded systems, mainly 
because of the low load value during valley hours 

 During valley hours the inertia of isolated systems 
tends to be very small, requiring an effective and 
fast primary control 

 EVs participation in primary frequency control may 
contribute to a better exploitation of endogenous 
resources in islands 

 EVs in smaller islanded systems are expected to be 
parked for long periods and require small driving 
ranges  

 The prospects of massive integration of EVs and 
the current advances on the smart grid paradigm 
may lead to changes regarding reserve planning 
and regulatory issues 

Negative 

Weaknesses Threats 

 Nowadays, the Norm IEC 61851, [151], specifies 
that a change in the charging rate should occur 
only 15 seconds after the moment the new set-
point was sent 

 Connection capacity may be limited 

 Created for mobility purposes, it is not easy to 
guarantee a reserve level 

 EV owner suspicion regarding possible battery 
damage, due to the provision of primary control 

 Network operator suspicion regarding the 
availability of the EVs as primary control 
participants 

 

4.3.4 Dynamic Simulation Model for Primary Control Provision 

To perform dynamic simulations the model for EV participation on primary frequency control 

was developed for the Eurostag simulation software. This software presents the convenience 

of allowing the implementation of the dynamic simulation models using block diagrams, called 

macro blocks within the software, which may be previously tested on user friendly tools such 

as Matlab / Simulink. Other advantage is the existence of an element called injector that can 

be set in multiple ways, including the power injector mode. This is particularly interesting 

when modelling EV interfaces, as the PQ inverter control type was adopted for representing 

the charger power electronics control. Moreover, Eurostag is a powerful tool that allows fast 

simulation, resourcing to a variable step Euler integration method, and is flexible for the 

assembly of isolated networks case studies. 
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Figure 4-11 presents the block diagram of the droop control loop for the power injector. The 

frequency deviation signal,   , goes through a dead band block to prevent EV charging from 

being disturbed by minor frequency changes and gets multiplied by the proportional gain,   , 

to determine the contribution of the EV droop for primary frequency control,        . 

 
Figure 4-11 – Droop control block diagram 

Figure 4-12 presents the block diagram of the inertial emulation loop for the power injector. 

The derivative of the input signal, the frequency deviation,   , is calculated, then the result 

goes through a saturation block to limit the rates of change and the derivative gain is 

applied,    , to determine the contribution of the EV for primary control due to the action of 

the inertial emulation,                     . 

 

Figure 4-12 – Inertial emulation block diagram 

In the complete model, the contribution of both droop control and inertial emulation are 

added to the EV load set-point,           
  , and a new saturation block assures that the request 

power for the EV is within its operation limits. These limits in a real implementation would 

depend on the contract established between EV owners and Aggregators, being possible to 

block V2G capability. The resulting signal will be the new active power set-point value for the 

power injector that represents the EV in Eurostag,      
  , as described in Figure 4-13. 

 

Figure 4-13 – Active power set-point control for the power injector 
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The reactive power component is always set to a constant value equal to zero. There are some 

simplifications made to implement this model: 

 The SOC of the EV battery is assumed to be neither fully discharged nor fully charged, 

thus allowing neglecting SOC considerations for the implementation of the model. 

  The EV batteries are expected to react to new set-points without delays.  

 The SOH of the batteries was not accounted for in this model. It is assumed that the 

batteries do not suffer significant damage from providing primary frequency control. 

 As the time periods being studied are of the order of a few seconds these storage 

elements can be modelled as constant DC voltage sources using power electronic 

interfaces, DC/AC inverters, to couple them to the electrical grid. These devices act as 

controllable AC voltage sources (with very fast output characteristics) to face sudden 

system frequency changes. 

 It is considered that the Norm IEC 61851, [151], will evolve and remove the 

requirement for a 15 seconds reaction period for changing the battery charging rate. 

Such a large delay could jeopardize the effectiveness of EV primary control, as in the 

period of 15 seconds the deviation on system frequency could move from negative to 

positive (or vice versa), in which case the EVs would be contributing to increase the 

frequency oscillations, instead of restraining them (this is a critical issue that should 

deserve further discussion inside the standardization bodies).  

In a second stage of the work developed in this thesis, a delay was introduced into the 

frequency measurement, in order to represent the delay incurred by the phase-locked loop 

that measures frequency inside the EV power electronic interface. To this delay, the delay 

resulting from frequency propagation and from the chemical reaction of the battery can be 

added without significant loss of accuracy in the model. Figure 4-14 presents the frequency 

measurement delay, where    is the time delay introduced for the measurement period. 

 

Figure 4-14 – Frequency measurement delay block 

4.4 Automatic Generation Control 
EVs may be integrated into another important ancillary service, the provision of secondary 

control, by participating on the AGC control. Taking advantage of the same characteristics that 

create attractiveness for primary reserve provision, the Aggregator may bid in the secondary 

reserve market to enter in AGC operation. A full market operation is described in [142], 

presenting the problem of EV intermittent presence on the electricity grid and a way to tackle 

it. 

According to the ENTSO-E, [47], the action of the AGC should not interfere with the action of 

primary control, starting its action seconds after the incident, 30 s at latest, and being fully 

deployed in a maximum period of 15 minutes. The controller cycle time must be within 1 to 5 

s. Measurement cycle times, integration times and controller cycle time must be co-ordinated 

within the control loop. Moreover, there are three different schemes for the organisation of 
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secondary control: centralised, pluralistic and hierarchical. The last two are decentralised AGC 

implementations, which are not performed in this work. 

Apart from the market structures that enable EV participation in ancillary services, interfaced 

by the Aggregator, it is necessary to perform technical evaluations on the performance of EVs 

in the provision of secondary reserves. This implies in-depth comparison between the global 

system responses with and without EV participation in secondary control. 

4.4.1 Automatic Generation Control with Electric Vehicles 

In secondary frequency control, the AGC operation is the centrepiece in the control hierarchy. 

In a scenario characterized by large scale EV deployment, the TSO, who is responsible for the 

AGC, will acquire in the electricity markets the secondary reserves that it needs from GENCOs 

and/or Aggregators.  

If a sudden loss of generation or load increase takes place in a control area, the AGC exploits 

the available secondary reserves, guaranteed by the reserves market negotiations, by sending 

set-points to the participants in the secondary frequency regulation service.  If EV Aggregators 

are participating in this service, the AGC will send set-points to Aggregators that afterwards 

will distribute their participation among the EVs providing this service by sending individual 

set-points to these EVs. The set-points EVs will receive from the Aggregators will lead to a load 

charging adaptation for the period of time the AGC requires this service.  

In order to provide secondary reserves, EVs must be an active element within the power 

system. Typically, reserves market participants would be the transmission company, providing 

buying bids, and generation companies, selling bids. If EVs would enter this market individually 

their visibility would be small and their availability due to their stochastic behaviour rather 

unreliable. 

Nonetheless, if an aggregating entity exists, with the purpose of grouping EV to enter in the 

market negotiations, as a VPP, then reserve quantities would be more significant and the 

confidence on its availability much more accurate. In this sense, the conceptual framework 

presented in Chapter 3 plays a crucial role for enabling the provision of secondary reserves by 

EVs. 

4.4.1.1 Aggregator as a Virtual Power Plant 

For the TSO, the secondary reserve providers are generation units and Aggregators, being the 

relation with EVs sole responsibility of the latter. The commitments established in the reserve 

market bond Aggregator and TSO. Therefore, Aggregators will work as VPPs, placing their bids 

in the market carefully, based on EV charging patterns forecasts and on contractual links with 

EVs. These contracts may establish a minimum number of hours, daily or monthly, during 

which the EVs must provide secondary reserves or define the control range allowed for each 

EV, i.e., the possibility of entering V2G mode or working only as controllable loads. 

Using advanced management schemes, Aggregators will control their assets in order to 

maximize their profit, while guaranteeing the contracted availability for providing reserves to 

the TSO. The Aggregator profit will influence the contractual terms with EV owners willing to 

participate in this ancillary service. 
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In terms of technical management of set-points, the Aggregator will use the communication 

paths and control hierarchy described in Chapter 3. 

4.4.1.2 Adaptation to Conventional Automatic Generation Control 

To perform AGC operation with EVs, some modifications, presented in Figure 4-15, need to be 

introduced in conventional AGC systems in order to make the regulation of EV power 

consumption/output possible in response to deviations of system frequency, fi, in relation to 

its reference, fREF, and of the tie-lines active power flow, Pifi, in relation to the interchanges 

scheduling, PifREF. As in the conventional AGC, B is the frequency bias that measures the 

importance of correcting the frequency error, when compared with the correction of the 

interchange power error; kI is the gain of the integral controller; Peinim is the current dispatch 

for machine m, fPm its participation factor and Prefm its new active power set-point value. 

Painik is the current load of EV Aggregator k (entity whose importance will be further 

developed in this section) and fPAk and Prefak the Aggregator k participation factor and new 

active power set-point.  

 

Figure 4-15 – AGC operation in the presence of EV Aggregators 

It should also be considered that the AGC with EVs operation has a delay similar to the 

conventional AGC, within the 5 s period available for the controller cycle, [47]. The fact that 

Aggregators participate should cause no additional delay within the controller cycle. Yet, it 

may happen that once the Aggregators receive the set-points from the AGC unit, there will be 

another delay to send the final set-points to EVs and each EV will then take some more time 

before outputting the required value. The former should assume a value that should not 

exceed the controller cycle time of the AGC. Both actions are nearly identical and the 

computational burden that the Aggregator endures, distributing its set-point among the 

participating EVs possibly already predetermined once the signal is received, is likely to be 

lower than that of the AGC controller, integrating the error signals and distributing the set-

points according to the participation factors of the controlled units. The delay on the action of 

the individual EVs is of the order of magnitude of utmost a hundred milliseconds, being caused 
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by the electronic interfaced. This delay should be negligible in the context of the AGC 

operation, whose deployment period starts 30 s after the disturbance and lasts for 15 minutes. 

As a matter of fact the delay caused to the machine response by their inertia overthrow the 

full extra delay caused by the binomial Aggregator and EV. 

4.4.2 Benefits for Secondary Reserves 

Among the different EV advanced control schemes that have emerged on the literature, 

reserve provision has been referenced as the most advantageous ancillary service to be 

provided by EVs, [103]. Table 4-3 is intended to enhance the SWOT analysis made in [126], 

concerning only secondary reserve provision in interconnected systems and introducing a link 

to the implementation method that is proposed in this thesis. 

Table 4-3 – SWOT analysis for EV participation in secondary frequency control in interconnected systems 

Internal External 

Positive 

Strengths Opportunities 

 Availability implies no costs 

 Even with current Norm IEC 61851, [151], the 
AGC set-points can be followed with the imposed 
15 seconds delay for EV reaction without harming 
AGC operation 

 Aggregators can deal effectively with EVs volatility 
regarding charging patterns, using forecasting 
tools and bidding below full EV availability in the 
market to handle unexpected EV exits from the 
system 

 For the TSO, AGC operation does not suffer major 
changes as it only includes a new reserve provider, 
the Aggregator, without the need to communicate 
with every EV 

 Using EVs to provide secondary reserves may help 
re-establishing tie-lines scheduled power flows 
faster, contributing to the avoidance of possible 
losses of synchronism between control areas 

 Using EVs in secondary control may contribute to 
enhance internal power flows in a control area, as 
when providing regulation up EVs are reducing 
their load or injecting power in the distribution 
grid, which reduces power flows at the 
transmission level 

 EVs as secondary reserve providers may be 
enablers for the expansion of RES that present 
intermittency in their output power, as they may 
reduce operation and grid expansion costs 

Negative 

Weaknesses Threats 

 The link between Aggregators and EVs is fully 
dependent on the communication infrastructure 

 Connection capacity is limited 

 Created for mobility purposes, it is not easy for the 
Aggregator to guarantee a constant regulation 
capacity, when integration level is low 

 Regulation up may be costly if battery stored 
energy is used 

 As the EVs operate at the distribution level, 
conflicts of interest between the DSOs and TSOs 
may occur as the TSO may need the participation 
of EVs in AGC, but the DSO may be requesting EVs 
to help in the operation of the distribution 
network 

 If there is a partial islanding of the distribution 
network, the EVs plugged-in in that network will 
not be able to participate 

 Tight security and delivery requirements 

 Large EV owners adherence is needed to grant 
Aggregator sufficient size for participating in the 
reserve market 

 TSOs may not trust EVs as regulation devices 
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4.4.3 Dynamic Simulation Model for Secondary Frequency Control 

4.4.3.1 EV Modelling for Dynamics Simulation  

For the purpose of dynamic simulation, EV charging can be modelled, as any load, as constant 

power load, constant current load, constant admittance load or a combination of those. The 

followings equations presents the mathematical formulation of such a modelling, [44]: 

    [   ̅
     ̅    ] 

 
(4-18) 

    [   ̅
     ̅    ] (4-19) 

 

Where: 

   is the active power 

   is the reactive power 

   to    and    to    are coefficients that define the proportion of each component 

 

In addition to this dependency on voltage, loads may suffer the influence of frequency and so 

(4-18) and (4-19) may be written as: 
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     ̅    ](       ) 
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Where: 

   is the frequency deviation 

    and     are coefficients that reflect the dependency of the load value to    

 

Typically, in dynamic simulation a simplification is done and all loads are considered to be of 

constant admittance type. This occurs due to the fact that is virtually impossible to achieve 

perfect knowledge on the loads distributed through the network that is being studied. Some 

particular cases, such as networks representative of industrial areas, may consider certain 

portions of the load to have specific behaviours, and consequently specific models are adopted 

to study their influence. This happens in the case where large induction motors or air 

conditioning devices have a large presence, which requires additional load modelling. 

In the particular case of this study, EV are assumed to be a known proportion of the total load 

and so EV load was distinguished from the conventional load. Being interfaced with the 

electricity grid by power electronics, EV charging is controlled, following well known patterns. 

The constant current constant voltage charging process of a lithium-ion battery cell, [152], is 

depicted in Figure 4-16. It is observable that current is constant during most of the time, while 
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voltage slowly varies over time, except for very low values of SOC. When SOC reaches a high 

value, then voltage is kept constant and current decreases tending to zero. 

 

Figure 4-16 – Constant current constant voltage charging, based on [152] 

AGC operation regards time periods of 15 minutes. For these small periods of time one can 

assume a constant power load for the EV battery charging process, also because variations of 

voltage at EV terminals are quite small during the large majority of this period of time and can 

therefore be neglected.   

When advanced management strategies are considered, to the adopted model, extra control 

loops have to be added to EV loads, enabling them to respond to: 

 Frequency, when working in primary frequency control. 

 Upstream active power set-points, when participating in AGC operation. 

The following sub-sections will describe the modelling approach used and provide the details 

of each implemented control schemes. 

4.4.3.2 Advanced PSS/E Modelling Approach 

The previous sub-section described the general procedure for load modelling. In this topic, the 

methodology used to implement the required control procedures – AGC operation – is 

presented. 

PSS/E was the adopted simulation environment as it is widely used by TSOs to model their 

networks and so the implementation of AGC control in this software provides reassurance 

regarding the obtained results and also facilitates the process of developing a commercial tool 

for TSOs to use in reserve planning. In PSS/E, there are two approaches to the implementation 

of the desired control actions: 

 Conventional implementation, PSS/E focused – internal to the simulation procedures 

used by the software. 
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 Python script focused, interacting with PSS/E – external to the simulation procedures 

used by the software. 

To implement the first option, it is necessary to develop a model using Fortran19, including 

specific Fortran-PSS/E routines and global variables, compile it and declare its usage in the 

dynamic simulation data input file for PSS/E. Following the typical implementation scheme the 

developed model gets embedded in the simulation. This alternative is robust and does not 

delay the simulation time. The simulation is stopped only when an event, such as load 

variation or bus fault, occurs. Event file is coded using Python. Figure 4-17 is a flowchart of the 

simulation process using the conventional model implementation. On the left, the activities 

external to PSS/E operation are presented, whereas PSS/E simulation is depicted, on the right 

(this part was adapted from PSS/E Operation Manual, [153]). 

 

Figure 4-17 – Simulation scheme with conventional modelling, PSS/E focused 

To implement the second option, the dynamic data input file remains unchanged, keeping all 

the data related to generation. Advanced modelling is now executed using a Python script. 

Instead of being used only to generate events, the Python file is also used to collect the system 

state evolution and manage control variables. In opposition to what happened with the 

Fortran modelling the data collection period, in this case, is user defined and can be as short as 

the integration period defined internally by PSS/E. To create fast controllers using this 

implementation, the script must stop the simulation with time steps close to that used by 

PSS/E (using a larger time step means that a larger delay is being introduced to the response 

                                                           
19

 Fortran is a general-purpose, procedural, imperative programming language that is especially suited 
to numeric computation and scientific computing developed by IBM in the 1950s. 
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time of the controllers). Then, the state evolution is evaluated and used to update the control 

variables that are passed into PSS/E. Similarly to Figure 4-17, Figure 4-18 depicts a flowchart of 

the simulation scheme with Python script modelling, interacting with PSS/E. The highlighted 

text boxes are the new functionalities necessary within this approach.  

This method is as robust as the previous but more flexible regarding the control options that 

may be taken. However, external state evaluations and control actions may lead to an increase 

in simulation time that with nowadays processing capability is not a real drawback. 

 

Figure 4-18 – Simulation scheme with Python script modelling, interacting with PSS/E 

If EV frequency control droop would be the aim for implementation, the conventional 

modelling technique would likely be the easiest implementation method, due to the fact that 

the power electronic interface that is being emulated works in a decentralized way. It reads a 

local state variable and controls, locally, EV power consumption.  

Nevertheless, as AGC operation is sought, a centralized control unit is needed. This unit 

requires the knowledge of state variables spread over the grid – interconnection power flows 

and the frequency of the centre of inertia of the system. The implementation of such a control 

unit under the conventional approach is possible, by programming a subroutine of the 

simulation process of PSS/E called CONET. As previously explained, it would have to be 

compiled along with the rest of the models, but the outputs would have to be treated in a 

different way when compared with typical local models. In this case, the script included in the 

CONET sub-routine would not deal only with global state variables that allow direct 

observation in the PSS/E post-simulation environment. Consequently, a post-processing work 

would be necessary within the Python script to collect all the data to replicate the state 
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variables necessary to illustrate the reaction of the controller. If this activity is used to 

implement the controller in the Python environment, then there is no need to repeat it, as 

results get created along with the evolution of the script. 

Therefore, Python script modelling, interacting with PSS/E, was chosen to model the AGC and, 

as it involved part of the variables needed to implement the EV droop control, this 

functionality was also implement using the same strategy. 

The implementation details regarding the necessary routines to execute data collection, the 

integration block of the AGC and the set-point distribution will be presented in Appendix B. 

4.5 Summary and Conclusions 
The problem of active power and frequency control is a four stage process: 

 The initial response of the system to a given disturbance may indicate if the system is 

able to cope with that change in a transient stability analysis. 

 Then, when facing an imbalance the inertia of each generator will dictate its initial 

contribution. 

 Primary control action follows with the action of the governing systems promoting an 

active output power proportional to the frequency deviation. 

 Secondary control action is the final stage, aiming at the elimination of the steady-

state frequency error and the re-establishment of the interconnection power flows 

(the latter only in interconnected systems). 

EVs may be valuable resources in the provision of primary and secondary control, as they are 

chemical storage devices in the electricity grid perspective and can be used as additional 

reserve power and deployed faster than conventional generators, due to ramping limitations. 

EVs may be exploited as controllable loads or as storage devices. While providing ancillary 

services, the EVs behaviour on the event of short-circuit disturbances is an important issue. 

Being the EVs approximately constant power loads from a grid side perspective, the system 

faces a worst case scenario in terms of voltage drops. As power requirements are constant to 

compensate for a voltage drop caused by a short circuit, EVs will request more current from 

the grid, contributing for additional voltage drops. So, in a future massive integration scenario 

this issue may have to be dealt with, by creating new control rules that prevent these 

hazardous conditions. While EV integration is moderate, in the short to medium term, such 

considerations are not necessary as the systems may cope with EV load behaviour. 

Additionally, when EVs are ancillary services providers it is necessary to guarantee their 

availability to react after disturbances. It was verified that while EVs are regarded as 

controllable loads, the system behaviour is controlled, but if the energy stored in the EV 

batteries is to be explored then additional measures must be taken with the inclusion of the 

fault ride through capabilities. 

In primary frequency control, EVs in pre-disturbance environment can be charging or in idle 

operation mode and when the disturbance occurs the consumed value varies linearly with the 

frequency change. To perform primary frequency control EVs should mimic the reaction of the 

governing systems of the generators, implementing a power-frequency droop on the EV power 

electronic converter control. The usage of EVs in primary frequency control can be particularly 
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important in islanded systems with large amounts of RES that present great output variability 

or small controllability. 

The operation of the AGC is the centrepiece of secondary frequency control. The AGC uses the 

resources that got committed with secondary reserve provision in the reserve market and in 

case of a disturbance it distributes set-points among the participants. As individual EVs would 

not be able to enter the reserves market alone, the Aggregator is needed for market 

negotiations. Additionally, the technical framework presented in Chapter 3 must be used in 

order to communicate new operation points to EVs. The Aggregator providing secondary 

reserves receives a set-point from the AGC and splits it by the EVs that established contracts 

with the Aggregator for secondary reserves provision. To create the set-points the AGC must 

be constantly updated on frequency value and interconnection power deviations, integrating 

the error to define the set-points that will fade possible steady-state deviations in relation to 

nominal frequency and scheduled tie-line power. The provision of secondary reserves by EVs is 

potentially beneficial for interconnected systems with limited reserve margins due to large 

scale deployment of uncontrollable RES or composed by generators with small ramping slopes. 

Finally, simulation capability was enabled in this chapter with the development of models for 

EVs and an algorithm for recreating AGC operation. These adaptations to existing dynamic 

simulation software allow testing the expected effectiveness of these control schemes 

exploiting EVs and comparing the global system performance to the conventional approaches 

to the problem. In both cases EV controllability will add to existing system controllers, 

contributing for the robustness and resilience of both isolated and interconnected systems. 



Chapter 5 – Results 

5.1 Introduction 
As it was already mentioned, the first steps to address the power system performance with 

EVs as active elements involve the definition of the problems to be addressed, the 

development of feasible solutions and the creation of an adequate dynamic simulation 

platform to test these solutions. So, this chapter is dedicated to the study of the performance 

of EVs when providing active contributions for the system behaviour, which involves reserves 

provision, for both primary and secondary control. Additionally, the possibility of further 

expansion of variable RES on electricity systems, exploiting an active presence of EVs, will be 

explored to find the answer to one of the research questions raised in Chapter 1. 

To do so, two test systems were prepared, a representation of a small island in the Atlantic 

Ocean, Flores, and a fictional network representing a larger interconnected system. In the first 

case study the usage of EVs to provide primary frequency control, using the control strategies 

described in Chapter 4, was tested, whereas in the second the contribution of EVs in AGC 

operation in interconnected system with different control areas was evaluated. 

The following sections compose this chapter: 

 Section 5.2 – Test Systems 

 Section 5.3 – Primary Frequency Control with Electric Vehicles 

 Section 5.4 – Automatic Generation Control with Electric Vehicles 

Section 5.2 presents in detail the two test systems addressed in this thesis. These case studies 

allow the implementation of the control schemes described in Chapter 4 for ancillary services 

provision with EVs. 

Section 5.3 provides the simulation results of the provision of primary frequency control with 

EVs in the island of Flores for a full renewable energy based dispatch, using hydro and wind 

generation. Two control schemes were tested separately and in combination to assess which 

scenario would be more beneficial for the behaviour of the system, without harming the EVs 

utilization or inflicting possible damage to their batteries leading to premature exhaustion. EV 

droop control and inertial emulation with EVs were the used methods for participating in 

primary frequency control with EVs, when the system faces load/generation mismatches 

caused by wind resource variability. 

Section 5.4 describes the simulation results of the AGC operation in the interconnected 

transmission system created for test purposes. The performance of AGC operation with EVs is 

assessed for different disturbances, including the loss of conventional generation units and 

wind farms. 

5.2 Test Systems 
The development of this thesis requires the definition of two case studies, one for the analysis 

of primary frequency control and the other for the analysis of secondary frequency control 
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with AGC operation. The two case studies are presented in the following sections 5.2.1 and  

5.2.2. 

5.2.1 Isolated System 

The case study chosen for testing EVs capability of performing primary frequency control is 

based on the power system of a small Portuguese island, Flores. The island of Flores has a 15 

kV distribution network with two substations, each located in one of the two existing 

generation plants, as described in Figure 5-1. The complete details on the studied network will 

be provided in Appendix C. In 2009, the annual peak load was 2200 kW and the minimum 

valley load was 750 kW. 

 
Figure 5-1 – Single line diagram of the isolated system case study 

The generation system is composed by four diesel generators with the nominal power of 625 

kVA, two wind turbines of 330 kVA and four hydro units, three of 370 kVA and one with 740 

kVA. All hydro turbines exploit the water in the same reservoir, with a head height and length 

of the conduit of 106 m and 260 m, respectively. 

In this network, the most critical operation period is the load valley, where the extremely low 

load, leads to a generation dispatch composed by a rather small number of generation units. 

To the small number of dispatched units, small system inertia is associated. Therefore, 
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frequency stability issues may be expectable, especially when there are good wind resource 

conditions. In fact, the island could explore more of its endogenous resources, but operational 

restraints prevent this occurrence. There is a great expansion potential for wind power, but 

also for hydro generation, which so far is concentrated only on a single site, existing others 

readily available for being explored. 

Current operational practices always include at least one diesel unit to perform load following 

and frequency control. The existing hydro units could theoretically replace the diesel units in 

this task as they are also equipped with synchronous machines. However, the high head height 

and long conduit impose a long water starting time, [44]. In other words, the time that takes 

between the action of the governing system to open the valves or the gates that let the water 

flow and the moment it reaches the hydro turbines shovels is long. Additionally, during this 

period the hydro unit instead of contributing to balance the load and generation it acts in 

opposition, temporarily worsening the operational conditions. To mitigate this problem the 

hydro units are equipped with transient droop compensation, a fine control loop that 

regulated valve opening to minimize the hydro dynamics. This compensation loop tries to 

proceed with valve position change delicately avoiding abrupt changes. However, 

overcompensation may introduce a large delay into frequency response.  

There are two main reasons why the hydro units are not frequently used to perform frequency 

control alone in isolated systems, without diesel generation. Frequency fluctuations tend to be 

larger and the mechanical wear and tear of fast governing actions also prevents it. In an 

interconnected system this is not a problem because frequency oscillations are smaller than in 

an isolated system like the island of Flores. In fact, even within isolated system this problem 

gets reduced as the isolated system gets bigger. Still, dealing with the dynamics of the hydro 

units may be tricky and require a careful analysis when using hydro alone to perform 

frequency control. The European norm EN50160, [148], defines that the admissible operation 

conditions for isolated system and introduces a limit of ±1 Hz for frequency deviations. 

To test the primary frequency control techniques described in Chapter 4, a valley hour with a 

total conventional load of 731 kW, where the load from EVs was added to the conventional 

load, was considered. It was assumed that 25% of the island’s vehicle fleet (2000 vehicles), was 

replaced with EVs and all of them adhered to smart charging schemes that will concentrate the 

EVs load on the valley periods. A detailed explanation on smart charging schemes can be found 

in [32].  

The EV fleet considered was composed by three vehicle types, 20% of which with 1.5 kW of 

rated power for battery charging, 40% with 3 kW and 40% with 6 kW. A full charge cycle of 4h 

was assumed for all the EVs. In order to determine the SOC of the EVs, the charging power per 

consumption node and the flexibility of the EVs the following steps were performed: 

 The EVs of each type were sorted randomly across the nodes with conventional loads 

until the overall percentage of vehicle types matched the considered value. 

 The SOC value was calculated for each EV using a normal distribution with an average 

value of 70%, standard deviation of 30% and limited to a minimum SOC of 10% and a 

maximum SOC of 100%. 
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 All the vehicles with 100% SOC were considered unavailable for primary frequency 

control. 

 The normal charging rate of the EVs was considered to be 0.8C. 

 The charging vehicles could respond to controller requests by changing the charging 

rate from 0.2C to 1.0C. 

Other considerations could have been made in the pursuit of a refined representation of 

possible EV scenarios, but these would always be based on assumptions as there is no real 

data on EVs charging patterns. The integration of EVs on the transportation fleet in numbers 

that could impact the electricity grids is yet to occur and so there are no quality records on this 

issue. Moreover, this thesis is intended to prove the feasibility of control concepts and so 

considers relatively high availability levels for EVs. As it will be verified further in this chapter 

the volume of assumed EVs and EV availability evidenced to be more than enough to cope 

effectively with the imposed disturbances. Table 5-1 presents the load of the considered 

scenario, the range of possible load values for EVs in response to frequency deviations and the 

EV controller parameters. 

Table 5-1 – Conventional and EV load of the considered scenario and EV controller parameters 

Conventional load (kW) 731 

Required EV load at 0.8C (kW) 964 

Total load (kW) 1695 

EV maximum power consumption at 1.0C (kW) 1200 

EV minimum power consumption at 0.2C (kW) 250 

EV Proportional Gain (kW/Hz) PRated 

EV Inertial Emulation Gain (kW.Hz-1.s) 5*PRated 

EV Dead band (Hz) ±0.1 

 

In order to match the load of the island during the defined period, the following generation 

dispatches were created: 

 Basic scenario – A full renewable dispatch was performed exploiting the existing hydro 

and wind resources, Table 5-2. 

Table 5-2 – Generation dispatch for the basic scenario 

Generation 
Unit 

Sn 
(MVA) 

PDispatch 
(MW) 

Hydro Unit 1 0.37 0.3 

Hydro Unit 2 0.37 0.3 

Hydro Unit 3 0.37 0.3 

Hydro Unit 4 0.74 ref 

Wind Farm 0.66 0.5 

 

 Wind generation expansion scenario – An expansion scenario was considered, where 

more wind power installed capacity was included. Identical to the basic scenario, it 

included more generation from wind and less generation from hydro units, Table 5-3. 
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Table 5-3 – Generation dispatch for the wind generation expansion scenario 

Generation 
Unit 

Sn 
(MVA) 

PDispatch 
(MW) 

Hydro Unit 1 0.37 0.3 

Hydro Unit 3 0.37 0.3 

Hydro Unit 4 0.74 ref 

Wind Farm 0.99 0.75 

 

To require the need for EVs to react to frequency deviations, exploiting the control approach 

described in Chapter 4, two disturbances on the wind resource availability were considered. 

First and only for the basic generation dispatch a single disturbance was imposed, so as to 

understand the full effects of a worst case scenario event from start to end without having 

cross effects or compensations. This simplistic case is aimed at an in depth analysis of 

behaviour of EV controller and also of the other active elements of the grid, the hydro units. 

This event was characterized by a shortfall on wind resource availability that led to the loss of 

40% of the total wind power, 200 kW in 10 s, as depicted in Figure 5-2. 

 
Figure 5-2 – Shortfall on wind resource availability 

Second, a chain of events based on the variability of the wind resource was created for both 

generation dispatches. This case is intended to evaluate a scenario closer to normal operation 

conditions where the wind resource availability does not change as abruptly as in a worst case 

scenario, but presents high variability. The simulations were conducted for a period of 15 

minutes. The impacts of this chain of events will be evaluated from a system perspective and 

from the EVs perspective. The wind resource variability is the same for both generation 

dispatches, but has different repercussions on the wind farm output power, Figure 5-3. 
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a) b) 

Figure 5-3 – Chain of events due to the variability of wind resource in: a) basic dispatch scenario; b) wind 
generation expansion scenario 

For primary frequency control two control techniques have been described. So, they have to 

be tested separately first, compared with each other and if beneficial for the system tested for 

combined effect. Additionally, there may be some influences of possible delays in the reaction 

of the EV electronic grid interfaces and so this situation must also be addressed for the 

different generation dispatches. As it was described in Chapter 4, the existence of delays may 

lead to the asynchronous reaction of the EVs, leading to EV reactions in different moments, 

which can cause instability in the system, instead of the ambitioned enhancement in frequency 

response. Thus, there is a multiplicity of scenarios that needs to be addressed. The studied 

scenarios are summarily presented in Table 5-4. In section 5.3 only a selected number of 

scenarios is presented, considered the most representative to evaluate the performance of the 

EV control techniques and of the system for the different control techniques. 

Table 5-4 – Summary of studied cases 

EV electronic interface 
Without 

Delay 
With 
Delay 

   
Shortfall on wind resource availability   

Without EV Droop Control 
Without Inertial Emulation with EVs Case 1 Case 3 

With Inertial Emulation with EVs Case 5 Case 7 

With EV Droop Control 
Without Inertial Emulation with EVs Case 2 Case 4 

With Inertial Emulation with EVs Case 6 Case 8 

   
Chain of events due to the variability of wind resource in the basic dispatch scenario   

Without EV Droop Control 
Without Inertial Emulation with EVs Case 1 Case 3 

With Inertial Emulation with EVs Case 5 Case 7 

With EV Droop Control 
Without Inertial Emulation with EVs Case 2 Case 4 

With Inertial Emulation with EVs Case 6 Case 8 

   Chain of events due to the variability of wind resource in the wind generation 
expansion scenario 

  

With EV Droop Control With Inertial Emulation with EVs - Case 9 
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5.2.2 Interconnected Grid 

In interconnected systems with two or more areas, controlling active power apart from 

frequency also influences the interconnection power flow value in the tie lines linking the 

different areas. Therefore, the control of interconnection power flows is added to the control 

of frequency in these systems. 

The case study chosen to evaluate the performance of AGC operation with EVs is an 

adaptation of an example case provided with PSS/E, to which new conventional generators, 

wind generators, loads and lines were added. It is the 3 area transmission network presented 

in Figure 5-4. There are two voltage levels in the transmission system, 230 kV and 500 kV, and 

frequency is set to 50 Hz. 

 
Figure 5-4 – Single line diagram of the network used for presenting AGC operation with EVs 

To test AGC operation a scenario with a total load of 4850 MW was considered. Table 5-5 

presents the division of the load per area of control. 

Regarding the presence of EVs, it was considered that 20% of the load at each bus was 

originated by EVs. In this case the consideration of a fleet of vehicles was not possible as there 

is no data relative to the network. Additionally, this is a representation of a transmission 

network and so the existing nodes get subdivided into complete distribution networks from HV 

102101
1

151

211

201

202

203

205

206

152

153

154

160

1160

1155

1157

1159

1156

155

157

158

156

3018

3008

3006

3005

3004

3003

3002

3001

3011

Area 3 Area 1 Area 2

159

3

7

4

5

2



Chapter 5 – Results 

154 

to LV until the final consumers and EVs are reached. Therefore, the consideration of individual 

vehicles per node to achieve a final value for the EV load is not as representative as in a 

distribution network that is closer to the consumers. To embark on a similar method on a 

transmission network and to make it representative, regional information on the network 

would be needed. For instance, knowing where geographically are the urban and rural areas of 

the transmission network of a country would be an interesting input for the asymmetrical 

location of EV load throughout the network. In the absence of similar data the EV load was 

evenly distributed by the network nodes. In terms of AGC performance it is not expected that 

the location of the EVs will be an influencing factor. The biggest advantage on having a better 

representation of the load of EVs would be in the analysis of internal power flows relative to 

each area of control and possibly to some individual inter-area links although to the tie-lines as 

a whole the influence is inexistent. 

Table 5-5 – Load per area of control 

Area Load (MW) 

1 2850 

2 1500 

3 500 

 

In terms of the generation system, Table 5-6 details the conventional generators by primary 

resource, type, rated power, active power dispatch, exciter type and governor. Only two 

generator types are considered: GENROU (round rotor generator) and GENSAL (salient pole 

generator). Three exciter types are used: IEEET1 (IEEE Type 1 Excitation System), SCRX (Bus Fed 

or Solid Fed Static Exciter) and SEXS (Simplified Excitation System). Two governor types, one 

per primary resource, are adopted: TGOV1 (Steam Turbine-Governor) and HYGOV (Hydro 

Turbine-Governor). The units of 5 are not equipped with a governor so that they will not react 

to frequency deviations. There are only two AGC units, one in area 1 and the other in area 2. 

All the described models are explained in detail in appendix C and in the PSS/E model library 

manual, [154]. 

Table 5-6 – Conventional generation dispatch 

Bus Area Primary Resource 
Rated power 

(MVA) 
Pdispatch 
(MW) 

Generator Exciter Governor 

101 1 Diesel/Fuel 900 739 GENROU IEEET1 TGOV1 

102 1 Diesel/Fuel 900 750 GENROU IEEET1 TGOV1 

1157 1 Hydro 725 378 GENSAL SCRX HYGOV 

1160 1 Diesel/Fuel 1000 600 GENROU IEEET1 TGOV1 

206 2 Diesel/Fuel 1000 378 GENROU IEEET1 TGOV1 

211 2 Hydro 725 600 GENSAL SCRX HYGOV 

3011 3 Diesel/Fuel 1000 112 GENROU SEXS None 

3018 3 Diesel/Fuel 130 100 GENROU SEXS None 
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Table 5-7 presents the wind generation dispatch and location of wind farms per area. Area 1 

has the largest share of wind generation, 61%, followed by area 2, 29%, and finally area 3 with 

10%. It was assumed that the wind farms did not possess fault ride through capability and so 

cannot survive severe voltage sags. The undervoltage relay setting of the wind farms is set to 

0.8 p.u.. 

Table 5-7 – Wind generation dispatch 

Bus Area Number of Wind Generators 
Rated power per Generator 

(MW) 
Pdispatch 
(MW) 

1 1 79 2.3 180 

2 1 79 2.3 180 

1155 1 79 2.3 180 

1156 1 79 2.3 180 

1159 1 98 2.3 225 

3 2 98 2.3 225 

4 2 98 2.3 225 

5 3 66 2.3 150 

 

Concerning the disturbances for AGC testing, two events were defined. The first was the loss of 

a large conventional generator. 100 s after the beginning of the simulation generator 102 trips 

and goes out of service. Part of the spinning reserves is lost as generator 102 was performing 

primary control and providing secondary reserves. The role of EVs as secondary reserves 

providers is then assessed and confronted with the action of a conventional AGC. The second 

event is the loss of some wind farms motivated by a short circuit event at bus 1155 with the 

reactive component of the complex fault admittance assuming the value of 15000 MVA. This 

event lasts for 150 ms and leads to the tripping of wind farms 1155, 1156 and 1159 by 

activation of the undervoltage relays. Nowadays, this event tends to be more infrequent as 

recent wind generator technologies are equipped with fault ride through capability. Also, after 

fault clearance for every minute one generator per wind farm may re-enter in service, which 

attenuates the problem of reserve management. However, in this case it is assumed that the 

wind generators that trip do not re-establish  within the 15 minutes operation period of the 

AGC, as defined by the ENTSO-E, [47]. 

Having defined a disturbance, the case is ready for simulation. For each disturbance the AGC is 

tested with and without the participation of EVs. After testing the two disturbances, one of the 

contributors for secondary reserves in control area 1 is removed from AGC operation and the 

loss of generator 102 is re-tested in order to evaluate the action of EVs in an extremely 

stressful situation, where insufficient conventional secondary reserve capacity is available for 

handling completely with the loss of the unit 102. The participation factor of EVs is shown as 

global EV participation, due to the fact that it was evenly distributed between all EVs. A 

different distribution could have been made as well as between conventional generators but 

that would be a result of the reserves market, which is not addressed in this thesis. So, an even 

distribution was assumed. Table 5-8 presents the participation factors of all the AGC 
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participants for every studied scenario. For all the scenarios a delay of 5 s was introduced for 

the AGC operation, contemplating frequency measurement, processing and communications 

delays. All other AGC parameters were considered to be constant and equal between 

scenarios. The integral gain,   , was considered to be 0.05 in both controlled areas and the 

bias factor,  , 40 p.u. MW / p.u. Hz again for both areas. 

Table 5-8 – Participation factors for every studied scenario 

Scenario 

Area 1 Area 2 

Machine 
EV 

Machine 
EV 

101 102 1157 1160 206 211 

Regular scenario 
AGC with EV 0.1 0.1 0.1 0.1 0.6 0.2 0.2 0.6 

AGC without EV 0.25 0.25 0.25 0.25 0 0.5 0.5 0 

Extreme scenario 
AGC with EV 0.13 0.13 0 0.13 0.6 0.2 0.2 0.6 

AGC without EV 0.33 0.33 0 0.33 0 0.5 0.5 0 

 

5.3 Primary Frequency Control with Electric Vehicles 
The results of primary frequency control with electric vehicles in islanded systems are 

presented in sections 5.3.1 to 5.3.6. The results are always presented as a comparison of cases. 

First, the EV droop control case is compared to the case of EVs as uncontrollable loads, which 

is then compared to the case of inertial emulation with EVs. This case is followed by the 

opposition of the two control techniques EV droop control and inertial emulation with EVs. 

Finally, these techniques are combined, compared with the case of EVs as uncontrollable loads 

and, after, the effect of the EV electronic interface delay is introduced. A third wind generation 

unit is introduced in section 5.3.6. 

5.3.1 Droop Control with Electric Vehicles 

This section presents the results of the dynamic simulation of the behaviour of the electric 

power systems of the island of Flores, when the flexibility of EVs load is explored to provide 

primary frequency control. To do so, the power electronic interfaces that control the load of 

EVs battery charging respond proportionally to frequency deviations, in a droop control mode. 

The plots that will be shown next compare the performance of the islanded system with the 

participation of EV with droop control and the performance of the system with EV control for 

benchmarking purposes. 

Figure 5-5 depicts the system frequency and the evolution of the total EV load for the event of 

a shortfall on wind power. If the system is operated without EV participation on frequency 

control and using a full renewable based generation dispatch, frequency drops to a minimum 

value of 48.39 Hz. In opposition, when the EV droop control is considered, frequency does not 

fall below 49.78 Hz. There are two factors influencing this discrepancy: the slow dynamic 

reaction of the hydro generation units and the fast reaction of EVs to frequency deviations. In 

terms of EV participation on frequency control the total charging power temporarily changes 

from the original 964 kW to 824 kW, resulting in a reduction of 3.6% in the energy absorbed by 

the batteries of EVs during the 300 s of simulation. The participation of EVs not only sustains 
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the frequency drop but also avoid the oscillations verified in the frequency response without 

EV participation. 

  
a) b) 

Figure 5-5 – Without EV control versus EV droop control: a) Frequency; b) Active power of EVs 

The reaction of the dispatched conventional generation is presented in Figure 5-6. The 

governors of hydro units 1 and 2 are assumed to be operated with constant torque and so do 

not react to frequency change. The active power output of these units remains practically 

constant during the simulation. The small fluctuations that can be found on the response of 

these units are related with the fact that the generators coupled to the hydro turbines are 

synchronous, providing inertia to the system. Hydro units 3 and 4 provide primary and 

secondary frequency control to the islanded system. When EVs are not controlled the two 

generators have to respond very quickly, resulting in fast ramping with some overshoots. In 

contrast, with droop control loops the ramping slopes are smoother and the overshoots are 

eliminated. The secondary control makes the final value to be the same in both cases, as EVs 

do not provide integral control. 

For proper visualisation of these effects, Figure 5-7 shows the electrical and mechanical torque 

in both cases. When the loss of wind generation occurs, the electrical torque immediately tries 

to compensate the loss. However, the mechanical reaction of a hydro turbine to a request in 

power implies a temporary decrease of the mechanical torque. So, instead of following the 

electrical signal it counteracts it, increasing the difference between the reference signal and 

the mechanical torque. As a result, the governor of the hydro unit will request more power 

from the generator. When finally the turbine responds properly, it will try to achieve the 

reference value very fast that will culminate in an overshoot. Now the mechanical torque is 

bigger than the electrical torque and so the governor will try to adjust, making the generator 

reducing the reference signal leading to a second overshoot smaller than the first. This 

phenomenon can repeat itself with diminishing impact until the mechanical torque matches 

the electrical torque. In practice, the reference imposed by the governor is the position of the 

gate opening, letting flow more or less water in the conduit that leads to the turbine. The 

effect of torque inversion in the initial moments following the new governor reference is called 

water starting time and reflects the dynamics imposed by the water flowing in the conduit, 

[44]. This effect is prejudicial to the system behaviour and is not present in other thermal 

generation units, such as diesel powered units that even though unable to follow 
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instantaneously the reference signals do not suffer the initial inversion in the mechanical 

response.  

  

  
Figure 5-6 – Without EV control versus EV droop control: hydro units’ active power 

  

0 50 100 150 200 250 300

0.29

0.3

0.31

0.32

0.33

Time (s)

P
H

y
d

ro
 1

 (
M

W
)

 

 

Case1

Case2

0 50 100 150 200 250 300
0.34

0.35

0.36

0.37

0.38

0.39

Time (s)

P
H

y
d

ro
 2

 (
M

W
)

 

 

Case1

Case2

0 50 100 150 200 250 300
0.31

0.32

0.33

0.34

0.35

0.36

0.37

0.38

Time (s)

P
H

y
d

ro
 3

 (
M

W
)

 

 

Case1

Case2

0 50 100 150 200 250 300
0.2

0.25

0.3

0.35

0.4

0.45

Time (s)

P
H

y
d

ro
 4

 (
M

W
)

 

 

Case1

Case2



Chapter 5 – Results 

159 

In this particular case, when EVs are not providing frequency control this effect is rather severe 

as the generators need to compensate the loss of wind generation very quickly. Conversely, 

when EVs participate in primary frequency control, the electrical and the mechanical torque 

have a close evolution as the EVs allow a slower response from the hydro units. Yet, the initial 

response is the same as when EVs are modelled as uncontrollable loads. This situation occurs 

due to the existence of a dead band where EVs do not react to small frequency deviations. 

When EVs start decreasing their power consumption, then the lag between mechanical and 

electrical torques disappears and the large overshoots are avoided. Also, the initial effect of 

the water starting time is reduced. 

 
Figure 5-7 – Without EV control versus EV droop control: Mechanical and electrical torque of hydro unit 4 
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So far the system was tested for a single disturbance, sole but severe, but real operation 

conditions will possibly face these conditions very infrequently, whereas less severe wind 

fluctuations may lead to a continuous need for smaller but more frequent contribution of the 

primary frequency control. Therefore, the system was also tested using a wind fluctuation 

series based on real data. The results are exposed in Figure 5-9. When EVs do not participate in 

frequency control, frequency oscillates in a band of approximately 49.27 Hz and 50.56 Hz. 

Using EVs as controllable loads enable a much smoother frequency response, reducing the 

oscillation band from 1.29 Hz to roughly 0.34 Hz, from 49.83 Hz to 50.17 Hz. The effect of the 

dead band imposed to the EV controller is noticeable in the figure, as the system frequency 

with EV control is similar to the EV charge mode case for low deviations of frequency. The 

contribution of EVs represented a change of only 0.7 % of their total energy consumption 

during the 15 minutes of simulation.  

 

a) 

 

b) 

Figure 5-8 – Without EV control versus EV droop control (continuous disturbance): a) Frequency; b) Active power 
of EVs 
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5.3.2 Inertial Emulation with Electric Vehicles 

Another technique for helping primary frequency control with EVs is mimicking the behaviour 

of synchronous machines by creating a new control loop for EV power electronic interfaces. 

This control loop should allow EVs to be sensible to the rate of change of frequency, thus 

emulating the inertial control of conventional generation units as described in Chapter 4.  

This section evaluates the performance of inertial emulation when compared to the base case 

where EVs do not react to frequency changes. Figure 5-9 presents frequency and the power of 

EVs during the simulation. Frequency drops to a minimum value of 49.35 Hz, meaning that 

inertial emulation with EVs is an effective control measure that really helps the performance of 

the system. The EVs change their load by a maximum of 13% (829 kW), which influences the 

charging value with a reduction of 0.7%. 

  
a) b) 

Figure 5-9 – Without EV control versus inertial emulation with EVs: a) Frequency; b) Active power of EVs 

Regarding the hydro units, again units 1 and 2 do not participate in frequency control, but have 

a small reaction to the disturbance due to the inertial response, Figure 5-10. The action of the 

inertial emulation softens this reaction. Hydro units 3 and 4 have their initial reactions 

simplified by the action of the EVs and so it does not need to be so abrupt. This initial aid by 

EVs has repercussions in the overall performance of the system and so ramping of the 

generators has a smaller slope and their response is better damped. 

Figure 5-11 compares the electrical and mechanical torques for hydro unit 4 in the case where 

EVs do not provide frequency control and when EVs perform inertial emulation. What had 

been observed for the active power of units 3 and 4 is now much more noticeable in this plot. 

The water starting time effect in the inertial emulation case is barely visible and the 

consequence is decreased lag between the electrical torque and the mechanical torque. Such 

result induces a smoother overall reaction of the machine and even though there are still 

overshoots, they have smaller amplitude. 
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Figure 5-10 – Without EV control versus inertial emulation with EVs: hydro units’ active power 

 
Figure 5-11 – Without EV control versus inertial emulation: mechanical and electrical torque of hydro unit 4 
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50.42 Hz, Figure 5-12. The upper limit does not differ much from the case without EV control 

as the inertial emulation loop action was limited to operate only on the presence of negative 
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decreases of consumed power. Yet, the control loop tries to increase their output power in 
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inertial emulation imposes a maximum change in load value of 49.9 kW or 5.2%, resulting on 

reduction on energy consumption of 0.9%. 

 

a) 

 

b) 

Figure 5-12 – Without EV control versus inertial control with EVs (continuous disturbance): a) Frequency; b) 
Active power of EVs 

5.3.3 Comparison between Droop Control and Inertial Emulation 

This section is intended to establish the differences between the usage of EVs with droop 

control and the usage of inertial emulation. From Figure 5-13 it is possible to observe that the 

droop control is more effective than the inertial control. In fact, this would be an expected 

result. However, a careful analysis shows that inertial emulation manages to hold frequency 

drop more efficiently in the first seconds following the disturbance. Only about 20 s after the 

disturbance does the droop control perform better than the inertial control. Both strategies 

are quite effective with some overall advantage for the droop control, while the inertial 

emulation addresses more properly the initial moments that follow a disturbance. In terms of 

load variation the initial decrease in EV load is evidently faster with inertial emulation, 

following a period where both techniques evolve side-by-side. When the rate of change of 

frequency decreases the contribution of EVs with inertial emulation also decreases, whereas 
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the droop control accompanies the absolute error on frequency. EV contribution is sustained 

until frequency enters the dead band of the controller. For the tested event the inertial control 

lets EV charge 2.9% more energy than the droop control. 

  
a) b) 

Figure 5-13 –EV droop control versus inertial emulation with EVs: a) Frequency; b) Active power of EVs 

Figure 5-14 shows the active power of the hydro units. It is visible that the droop control 

manages to eliminate almost completely the oscillatory behaviour of the hydro units, by 

achieving lower inclination slopes for the ramping of the generators. The better performance 

of the inertial control in the first seconds after the disturbance is also observable in the plots. 

  

  
Figure 5-14 – EV droop control versus inertial emulation with EVs: hydro units’ active power 
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frequency within the limits of the norm EN50160 for isolated systems, [148]. For frequency 

deviations above the reference value the EVs with inertial emulation do not react and so 

frequency achieves higher values. Overall the droop control manages to sustain frequency 

within a tighter oscillation band. Figure 5-15 also allows the visualization of the EV load and so 

it is verified that the participation of EVs is less frequent with inertial control. Still, the 

contribution is always performed by means of a reduction in load. Oppositely, the droop 

control requests load to increase and decrease depending on the type of load/generation 

mismatch. Another visible effect is that even though the simulated series of disturbances is 

exactly the same in both scenarios the contribution of EVs is not synchronized. Such fact 

occurs because the combined effect of a disturbance and of the reaction of the system to it 

has repercussions on the need for control measures during the following event.  Unlike the 

case of the single event, where the energy not consumed by the EVs with inertial control was 

lower than that with the droop control, in this series of events the EVs in the droop control 

case charge 0.2% more energy than with inertial control. 

 

a) 

 

b) 

Figure 5-15 – EV droop control versus inertial emulation with EVs (continuous disturbance): a) Frequency; b) 
Active power of EVs 
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5.3.4 Combined Effect of Droop Control and Inertial Emulation 

In this section the two control techniques proposed for EVs are combined and the simulation 

results compared to the base case where EVs are uncontrollable loads. The benefits of having 

both controls in relation to having just EV droop control are also compared in this section. 

Figure 5-16 shows the evolution of frequency and EV load. Frequency falls to a minimum value 

of 49.78 Hz, a similar value to the case with droop control only. Yet, it performs better in the 

initial seconds of the disturbance. The droop control case would follow during these initial 

instants the base case frequency, whereas in this case the benefits of inertial control are 

present and the system gains additional robustness. Regarding EV participation, their load gets 

reduced by 10 kW more than the case with droop control. Regarding energy consumption the 

case presented in this section manages to charge EV batteries by 0.05% more than the droop 

case. 

  
a) b) 

Figure 5-16 – Without EV control versus EV droop control and inertial emulation with EVs: a) Frequency; b) Active 
power of EVs 

Regarding the conventional generation units, the presence of the droop control and the 

inertial emulation provide the smoother ramps and the most damped responses of all the 

presented cases, Figure 5-17. 

This is particularly noticeable by observing the plots of the electrical and mechanical torques, 

Figure 5-18. The two periods of EV action are quite visible. First, the fast response of the 

derivative gain that makes inertial control loop is able to attenuate the effects of the water 

starting time of the hydro units. Second, the droop control loop with is proportional gain 

sustains frequency control during the time that the conventional generation units need to 

compensate for the generation loss caused by the shortfall on wind availability. During this 

second stage the derivative control driven contribution is almost null. As it was mentioned 

while presenting the case study of the island of Flores, nowadays a full renewable energy 

generation dispatch is likely to be more rarely adopted. The system may get unstable, problem 

that can be solved with the adoption of EV droop control, and the hydraulic phenomena may 

be very abrupt and lead to premature exhaustion of the turbine and the mechanical 

equipment that performs the gate opening control. The inertial control may help prevent this 

premature exhaustion from happening and become the missing piece to make renewable 

based dispatches a current practice in the operation of systems with high renewable energy 

availability, when sufficient penetration of EVs is present. 
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Figure 5-17 – Without EV control versus EV droop control and inertial emulation with EVs: hydro units’ active 

power 

 
Figure 5-18 – Without EV control versus EV droop control and inertial emulation with EVs: Mechanical and 

electrical torque of hydro unit 4 

The results of the simulation with the wind variability profile are shown in Figure 5-19. 

Frequency in this case of chained events is kept within a slightly straighter band than in the 

droop control case, between 49.82 Hz and 50.17 Hz. In terms of consumed energy by EVs, they 

manage to charge their batteries 0.4% more than in the case of the droop control only. 
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a) 

 

b) 

Figure 5-19 – Without EV control versus EV droop control and inertial control with EVs (continuous disturbance): 
a) Frequency; b) Active power of EVs 

Another interesting analysis that can be performed confronts the case where the EVs only 

have droop control to the case where both controls are active. Figure 5-20 shows the 

frequency response and the contribution of EVs in both scenarios. It is visible that with little 

additional effort the inertial control manages to hold frequency drop a while longer. Yet, it is in 

the event of a series of disturbances that the combined effect of the droop control and the 

inertial emulation is most relevant. Frequency presents fewer oscillations with the both 

controls, managing, in most of the events to reduce frequency drops. Nonetheless, the 

minimum frequency is nearly identical. The benefits of the combined effects of both control 

measures are obtained at the cost of a negligible increase on consumed power of 0.4%. 
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a) b) 

Figure 5-20 –EV droop control versus both EV controls: a) Frequency; b) Active power of EVs 

 

a) 

 

b) 

Figure 5-21 – EV droop control both EV controls (continuous disturbance): a) Frequency; b) Active power of EVs 
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other delays inherent to the electronic interface of the EVs with the grid might pose difficulties 

to the implementation of the presented control techniques. Thus, this section uses the case of 

droop control and inertial emulation and introduces a time delay mainly to represent possible 

frequency measurement periods. The value for this delay may depend among others on the 

type of measurement scheme and the equipment manufacturer or model. Consequently, the 

delay is not expected to be uniformly distributed by all the EVs and so a normal distribution 

was used to attribute different delays to each aggregation node on the MV distribution grid of 

the island of Flores. An average value of 150 ms was considered with lower and upper limits of 

respectively, 100 ms and 200 ms. The considered range of values is intended to address a 

worst case scenario as the overall delay of an EV is not expected to be so large. Figure 5-22 

presents a histogram with the distribution of considered delays and their frequency. As the 

number of load nodes and inherently EV aggregations is rather reduced the histogram does 

not tend to the perfect bell shaped form of the normal distribution. 

 
Figure 5-22 – Histogram of EVs grid interface delays 

The results of the simulation are presented next, placing side-by-side the cases of droop 

control and inertial emulation with and without delay. Figure 5-23 shows that the frequency 

response is practically equal in both cases and also that the reaction of the EVs is the same. 

There is a minor difference after the first overshoot, where the EVs without delay suddenly 

reduce their load and re-establish it immediately after and in the case with delay the EVs do 

not react. This is probably related with the duration of event that is smaller than the delay 

period of the EVs grid interface. 

  
a) b) 

Figure 5-23 – With versus without EV response delay: a) Frequency; b) Active power of EVs 
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Zooming into the participation of selected EV aggregations, Figure 5-24, the effect of the delay 

is visible, being perceivable that their reaction is not synchronized. Such delay disparity would 

likely be acceptable in a real world implementation of these concepts and would have no 

harmful effects in the system response. 

 
Figure 5-24 – With versus without EV response delay: individual power of EVs 

Figure 5-25 presents the active power output of the four hydro units that compose the 

generation dispatch.  Apart from some really small amplitude high frequency oscillations in the 

active power output during transitory periods, there are no important differences worth 

noticing. 

  

  
Figure 5-25 – With versus without EV response delay: hydro units’ active power. 
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Finally, in term of a series of disturbances, Figure 5-26, the fact that EVs response suffers a 

delay does not jeopardize the performance of the system nor influence its stability. Frequency 

fluctuates within the same deviation band and the reaction of the EVs is the same, excluding 

some casual points where the reaction without delay is slightly more pronounced. 

 

a) 

 

b) 

Figure 5-26 – With versus without EV response delay (continuous disturbance): a) Frequency; b) EV Active power 
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participate in primary frequency control with droop control and inertial emulation, while 

suffering the effects of the delays introduced in the previous section. 

Figure 5-27 presents the attained results in response to a chain of disturbances in wind 

availability when the system with additional wind generation is set against the original 

dispatch. Without surprise the frequency deviations amplitude increases, still within 

admissible values and with a large margin for the ±1 Hz allowable band of the norm EN50160, 

[148]. Frequency oscillates between 49.77 Hz and 50.21 Hz, increasing the oscillation from 0.33 

Hz to 0.44 Hz. In what regards the participation of EVs, the wind generation expansion poses 

more demanding conditions for EVs to deal with and so the participation is stronger. Load 

variation ranges from 798 kW to 1095 kW, being 82% bigger than the load range of 874 kW to 

1037 kW in the original dispatch. Yet, this strong growth in the contribution of EVs represents 

just a maximum deviation of 17% in relation to the required load of 964 kW. Concerning the 

energy not consumed by EVs, during the 15 minutes of simulation a difference of 1.8% was 

registered in relation to the case where EVs are uncontrollable loads. 

 

a) 

 

b) 

Figure 5-27 –Two wind turbines versus three (continuous disturbance): a) Frequency; b) Active power of EVs 
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When the performance of the system with wind generation expansion is compared to the base 

case, it is noticeable that even with more demanding conditions the presence of EVs 

contributing for frequency control enables the integration of the extra wind turbine, Figure 

5-28. It would possibly be feasible to go even further and the system would still be able to 

cope with the variability of the wind resource, in what respects frequency control. 

 
Figure 5-28 – System frequency comparison between the case with two wind turbines and no EV control and the 

case with three wind turbines, EV droop control and inertial emulation with EVs 

5.4 Automatic Generation Control with Electric Vehicles 
In this section the performance of AGC operation with EVs is tested and compared to the 

performance of the conventional AGC. Section 5.4.1 presents the results of the AGC operation 

when one of the conventional units is lost. Section 5.4.2 shows the results when an impedant 

fault leads to the tripping of three wind farms in area 1. Finally, section 5.4.3 presents the 

results for the first disturbance, this time without sufficient conventional secondary reserves 

to cover the loss of generator 102. 

5.4.1 Loss of a Large Conventional Generation Unit 
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recovery, which is led by the mobilization of the secondary reserves. If the system had no 
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permanent mismatch between generation and load. The action of the AGC is noticeable 
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immediately after the major contribution of the primary control and it is perceivable that EVs 

contribution is much faster than that of the participating machines. After the first 100 s that 

follow the disturbance most of the frequency deviation is eliminated by the action of EVs, 

whereas in the case where only conventional generation units provide reserves around 150 s 

more are required to achieve the same level. From that moment on the case with EVs appears 

to be slightly slower than the one with only conventional generators, even though the 

difference is minimal and frequency is already very close to the reference value. This 

phenomenon is explainable by two influencing factors. The amount of reserves provided by 

EVs, which are insufficient to replace alone the power of the lost generation unit, is the first. 

The second is the moment at which reserves are requested to the conventional units, as the 

inertia influences the reaction. If the conventional generations are requested to participate in 

AGC by a large value, then they will be forced to respond abruptly imposing fast ramping of 

generation. Else, if EVs participate the participation of EVs tends to be smoother. 

 
Figure 5-29 – Frequency of the center of inertia of area 1 

Regarding frequency in control area 2, it is possible to observe in Figure 5-30 that any 

differences that may exist are not noticeable just by looking at the plots. Evidently this result 

would be expectable as frequency changes get propagated throughout the network very 

quickly and the interconnections between the areas are sufficiently strong for the frequency 

control units to feel and take action synchronously. 

Looking at the aggregate value of the interconnections power flow from area 1 to 2 it is again 

verified that the initial system reaction is very similar in the cases with and without the 

participation of EVs, Figure 5-31. The case without EV participation seems to recover the 

interconnection value faster, having an overshoot approximately 80 s after the loss of the 

generator, surpassing the power flow scheduled value, and making a steep inversion on the 

control action leading to a second overshoot below the reference value more or less 100 s 

after the first overshoot. Only after a second inversion of the control action does the power 

flow reach the reference value. Oppositely, the reaction of the system with the participation of 

EVs is much more damped taking slightly more time to achieve for the first time the schedule 

tie-line value. Similarly to the conventional case it overshoots, but with a smaller magnitude 

and only once starting immediately to target the reference value. It is important to stress once 
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more that all the scenarios presented consider the same AGC settings and so the visible 

differences between scenarios is solely a result of the inclusion or not of the EVs in the AGC 

operation and consequent redistribution of participation factors. 

 
Figure 5-30 – Frequency of the center of inertia of area 2 

 
Figure 5-31 – Tie line interconnection power for area 1 

In Figure 5-32 it is possible to confirm that the actions of the AGC units of areas 1 and 2 are 
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Figure 5-32 – Tie line interconnection power for area 2 

The Area Control Error (ACE) signals of the AGC units of area 1 and 2 are presented in Figure 

5-33 a) and b). Once again it is clear that the reaction of the system for AGC units with the 

same parameters of frequency bias and integral gain, only with a redefinition of the 

participation factors, is more accurate when EVs integrate AGC operation. The error gets 

within a smaller deviation band much faster when EVs participate in secondary reserves 

provision, so the overall performance of the AGC with EVs is better than that without EVs. 

Observing the plots it is possible to conclude that after the disturbance the fact that a machine 

is lost in area 1, which was exporting, leads to a negative ACE in area 1 to force machines to 

produce more or EVs to reduce their load and a positive ACE in area 2 to counteract the effects 

of the primary response in that area. However, the second term that composes the ACE is for 

frequency restoration and so it is a negative parcel, which reinforces the action in area 1 and 

reduces the counteraction in area 2. As frequency gets restored the ACE signals of areas 1 and 

2 tend to be symmetric, reflecting only the remaining mismatch in tie-lines power flow. 

Figure 5-34 to Figure 5-37 and Figure 5-38 to Figure 5-39 depict the electric power of the 

conventional generation units of areas 1 and 2, respectively. Immediately after the disturbance 

all the machines, except generator 102 that was lost, use the energy stored in their rotors to 

provide inertia to the system, and the electrical power increases while losing some mechanical 

power. The action that follows is that of the governors that open the valves or gates of the 

machines in order to increase the production value. Only after will the secondary control take 

effect and correct frequency and interconnection values. Generator 101 reaches saturation 

just a few tens of seconds after the disturbance when EVs do no participate in AGC, whereas 

with EV participation it reaches steady-state with a reasonable reserve margin. A machine that 

saturates continues to receive new set-points according to their previous participation level, 

but that it is not expected to contribute further to provide upward reserve. So, the final value 

for the output power of generator 101 is the maximum power output it can produce. 
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a) 

 

b) 

Figure 5-33 – Area control error a) for area 1; b) for area 2 

 
Figure 5-34 – Electric power of conventional generator 101 
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Figure 5-35 – Electric power of conventional generator 102 

Similarly to generator 101, generator 1157, 100 s after the disturbance without EV 

participation, almost achieves its maximum output power. In relation to the case without EV 

participation the generator 1157 tends to maintain the output power imposed by the primary 

control. A similar reaction was observed in the case of generator 1160. Nonetheless, in the 

scenario without participation of EVs, this is the only generator that manages to maintain a 

reasonable reserve margin. 

 
Figure 5-36 – Electric power of conventional generator 1157 
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Figure 5-37 – Electric power of conventional generator 1160 

Observing the generators in control area 2, it is possible to verify that without EV participation 

both 211 and 206 have an initial reaction due to the effect of the primary frequency control by 

the governors. Then the AGC unit of area 2 gradually pushes the machines to their original 

operating point. Yet, when EVs participate in AGC operation this does not occur and both 

machines reach steady-state operation below their initial operating state. This is motivated by 

the inexistence of a primary control loop for the EVs, which means that for a machine that has 

responded primarily to a frequency deviation, the action of the AGC will push it towards the 

original value as the disturbance has taken place in area 1. In the case of an EV it does not 

react primarily to frequency deviation but suffers an equal action of the AGC leading it to a 

final load value lower than the original. Due to this fact, the AGC of area 2 has to readjust the 

power output of the generators in that area to face the new loading conditions. 

 
Figure 5-38 – Electric power of conventional generator 211 
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Figure 5-39 – Electric power of conventional generator 206 

Figure 5-40 shows the aggregate load change suffered by EVs when participating in AGC 

operation and the constant load value of EVs in the scenario without participation of EVs in 

AGC operation. Given the magnitude of the disturbance the EVs decreased the load value from 

830 MW to approximately 180 MW. 

 
Figure 5-40 – Total power consumption of EVs 

Regarding the distribution of participation per area of control the EVs of the affected area 

decreased their load by 91%, whereas in area 2 EV load got reduced only by 55%, Figure 5-41. 

Again, this occurs due to the exclusive participation of EVs in secondary reserves provision. 

Otherwise, the load of EVs in area 2 would not suffer a big change. 
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Figure 5-41 –EVs power consumption per area when EVs participate in AGC control 

In relation to the contributions of EVs per aggregation node in area 1 it is possible to conclude 

from Figure 5-42 that all EV aggregations follow the same pattern. This is due to the division of 

the total EV participation factor by the number of nodes of aggregation. Another division could 

have been done, for instance proportionally to the available power at each node. In that way 

instead of eliminating the load of EV aggregation nodes 153, 156, 158 and 160 their effort 

would have been evenly divided with EV aggregation node 154. Thus, the load at bus 154 

would be smaller whereas the load at the other buses would not reach zero. In practical terms 

this would not make a real difference for this case study as the overall efficacy of the AGC 

would not be different. In a real implementation the Aggregators, described in previous 

chapters of this thesis, would have to define the participation factors attributed to individual 

EVs under their domain and the aggregate values of the participation factors per node would 

result from the summation of the participation factor downstream to each aggregation node. 

These values would then be mainly dependant of EV availability, location, amount of power, 

which would turn the participation factor distribution not evenly distributed. 

 
Figure 5-42 –EVs power consumption per node in area 1 when EVs participate in AGC control 
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For area 2, Figure 5-43, an equivalent situation occurs, being the participation of EVs less 

steeper than that of EVs of area 1, as expected. 

 
Figure 5-43 –EVs power consumption per node in area 2 when EVs participate in AGC control 

Finally, the following plots show the evolution of the participation factors of each element 

providing secondary reserves. Figure 5-44 a) and b) depicts the participation factors on the 

case where EVs do not participate in AGC operation. As it has been commented before, 

immediately after the loss of generator 102 the participation factors are recalculated and once 

generator 101 saturates the participation factors are recalculated again. So, there were 

sufficient reserves to handle the disturbance, although the existing amount at the end of the 

AGC operation was much reduced. In fact, generator 1157 was almost reaching the maximum 

power limit, which in practical terms would mean that only generator 1160 would be capable 

of handling a second disturbance. In relation to area 2, the AGC had no problems with reserve 

management as the generators were only required to assist in frequency control, returning to 

operation points close to the original state. 

  

0 100 200 300 400 500 600 700 800 900 1000 1100
0

50

100

150

200

250

Time (s)

P
E

V
 (

M
W

)

 

 

EV203

EV205



Chapter 5 – Results 

184 

 

 

a) 

 

b) 

Figure 5-44 – a) Participation factors evolution in area 1 (AGC control without EVs); b) Participation factors 
evolution in area 2 (AGC control without EVs) 
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a) 

 

b) 

Figure 5-45 – a) Participation factors evolution in area 1 (AGC control with EVs); b) Participation factors evolution 
in area 2 (AGC control with EVs) 
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MW from area 2, resulting in the scheduled export value of 100 MW to area 2. Yet, these 

fluxes provide important information on this network. In order to feed the load that is mainly 

concentrated in buses 154 to 160, the electricity follows the path of smaller impedance and 

that implies using the network of area 2 contributing to increase the loading rate of the tie-

lines and the lines at area 2. 

  
Figure 5-46 – Branches loading in the beginning of the simulation 

When the generator 102 trips out of the system, there is a large mismatch between generation 

and load and, consequently, a drastic change on the power flowing in the network. Figure 5-47 

presents the line ratings in the entire network 20 s after the loss of generation. By then 

primary control action has been fully deployed and the AGC is beginning to take effect. The 

proximity of generator 102 to the tie-line 151-201 leads to a decrease in the power exported in 

that line and, inherently, the aggregate value of the power imported in the other tie-lines gets 

reduced. The primary response of the system is performed by generators 101, in the upper 

part of the plot, and generators 1157 and 1160, in the lower region of the grid diagram. The 

action of generator 101 if sufficient would tend to correct the loss of 102 with minimal changes 

in power flows. As this cannot occur due to lack of capacity of generator 101 and also to the 

fact that the primary control action is not coordinated, the other generators respond to the 

frequency deviation and the line 154-155 has an increased loading. The effect of EV 

participation in the initial 20 s of simulation is an overall reduction of loading in the branches 
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of the network, with an exception to the line 154-155. In this case as the generator 1157 

increased its output power and as there is a high amount of EVs that already responded to 

AGC signals by reducing their load the loading in that line is bigger with EV participation than 

without EVs. 

When the AGC control action is concluded, the provision of secondary reserves by EVs 

reflected in an actual overall reduction of loading in the network as shown in Figure 5-48. The 

reduction of the load of EVs decreased the necessity for increasing the generation in the same 

extent as in AGC operation without EVs. In any of the cases the power flowing in the line 154-

155 increased due to the action of the AGC unit of area 1. In terms of power flowing in the 

interconnections the absolute aggregate value has diminished in both cases, with a stronger 

preponderance in the case where EVs are reserve providers, assuring for both the scheduled 

flow values. 
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a) 
 

b) 
 

Figure 5-47 – Branches loading rating 20 s after the disturbance: a) without EV participation; b) with EV participation 
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a) 
 

b) 
 

Figure 5-48 – Branches loading rating at the end of the simulation: a) without EV participation; b) with EV participation
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5.4.2 Loss of Wind Generation 

The second scenario that was tested is intended to address the research question relative to 

the possibility of expanding intermittent RES penetration due to the presence of EVs with high 

charge controllability degree. Therefore, it was considered that the wind generation present in 

this network did not have fault ride through capability. So, a fault circuit was considered in bus 

1155 to induce some of the wind generators to trip and to force the action of the AGC. 

As the tripping of the generation units is motivated by the activity of under voltage protection 

relays, Figure 5-49 is presented to show the voltages in the system in pre-fault conditions. This 

contour plot reveals that the voltages in every bus assume admissible values around 1 p.u. (the 

scale goes from 0.9 p.u. or below in dark blue to 1.1 p.u. or above in dark red). In particular, 

the voltage in bus 1155 is 0.99 p.u.. 

 
Figure 5-49 – System voltage in pre-fault conditions 

When the short circuit is applied to bus 1155, where a wind generator is installed, the voltage 

in that bus drops to a very low level, leading to a decrease in the voltage of the surrounding 
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get electrically closer to the fault. Figure 5-50 is the contour plot for voltages in the system 

during the faulty conditions. In this case the scale is different as voltages dropped significantly 

(dark red means that the voltage is 1 p.u. or above and dark blue means that the voltage is 0.7 

p.u. or below). As expected, it is verified that the greatest voltage drop occurs for the 
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neighbouring buses (155 to 159 and 1155 to 1159), which causes the activation of the 

undervoltage protection relays of wind generators at buses 1155, 1156 and 1159 and 

consequently the tripping of the generators. After the clearance of the fault the voltage 

returns to regular values due to the action of the voltage regulators installed at the 

synchronous generation units. 

 
Figure 5-50 – System voltage in faulty conditions 

The following plots describe the reaction of the different wind generators and the voltage at 

their terminals. In Figure 5-51 a) it is possible to observe that wind farm 1, connected at the 

transmission network in bus 151, suffers some oscillations in the active power output when 
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Figure 5-51 b) indicates that wind farm 1 is electrically distant from the short circuit as voltage 
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attenuate some of the oscillations, probably due to a swifter action of this control unit. 

However, the effect is not really noticeable but may be an indicator that if a control solution 

such as the one presented previously for primary frequency control would be implemented the 
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circuit location. Nevertheless, the initial oscillations have a wider span indicating that wind 

farm 2 is closer to the fault, which is also denoted by the voltage value that reaches 0.86 p.u.. 

  
a) b) 

Figure 5-51 – a) Active power output of wind farm 1; b) Voltage at bus 1 

  
a) b) 

Figure 5-52 – a) Active power output of wind farm 2; b) Voltage at bus 2 

Figure 5-53 details the behaviour of voltage and active power for wind farm 1155. As the short 

circuit occurred in this bus, voltage drops to 0.05 p.u. and the wind farm trips out of service. 

  
a) b) 

Figure 5-53 – a) Active power output of wind farm 1155; b) Voltage at bus 1155 
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The undervoltage protection relay of the generators in the wind farm installed at the bus 1156 

was also triggered during the disturbance as the voltage at this bus assumed the value of 0.76 

p.u.. Figure 5-54 presents the voltage and active power output of wind farm 1156. 

 
 

a) b) 
Figure 5-54 – a) Active power output of wind farm 1156; b) Voltage at bus 1156 

The last wind farm of area 1 is located at bus 1159. From Figure 5-55 it is possible to conclude 

that this bus is also in the electrical vicinities of the short circuit and so voltage dropped below 

the 0.8 p.u. setting of the undervoltage relay during sufficient time for the relay to be 

triggered. Voltage at bus 1159 registered a minimum of 0.77 p.u. and so this wind farm was 

also out of service due to the fault. 

  
a) b) 

Figure 5-55 – a) Active power output of wind farm 1159; b) Voltage at bus 1159 
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service, as illustrated in Figure 5-57. The minimum voltage was 0.85 p.u., which places this 
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a) b) 
Figure 5-56 – a) Active power output of wind farm 3; b) Voltage at bus 3 

 
 

a) b) 
Figure 5-57 – a) Active power output of wind farm 4; b) Voltage at bus 4 
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Figure 5-58 – Frequency of the centre of inertia in area 1 

The tie-line interconnection power from area 1 to area 2 is presented in Figure 5-59. There is 

also a big difference between the two studied scenarios. In the first presented case the fact 

that a unit that participated in AGC operation was lost meant that the system lost 

controllability, whereas in this case all these units are present. Consequently, the primary 

responses of the generators of area 1 manage to hold the deviation in the scheduled value for 

the interconnection power flow in a much lower value. The tie-line mismatch in this case is a 

shift from around 100 MW export to area 2 to 50 MW import from area 2, as opposed to the 

150 MW import in the event of the loss of generator 101. After the initial moments and like 

what happened in the previous case the AGC without EVs presents an under-damped reaction 

and with EVs a much smoother recovery. 

 
Figure 5-59 – Tie-line interconnection power for area 1 
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Lastly, the ACE is plotted in Figure 5-60, revealing once again that this event is much less 

severe than the previous, error of approximately 1.5 MW against 3 MW. 

 
Figure 5-60 – Area control error for area 1 

The participation of EVs in AGC operation is evidently more modest in this case, being verified 

a greater difference in the EVs of area 1. Their final load value is below 200 MW against 50 

MW. The EVs from area 2 had a very similar response to the first case. This indicates that their 

participation is not as relevant to handle a disturbance that has occurred in area 1 and the 

reason EVs of area 2 change their output power is solely due to the correction of the frequency 

value. 

 
Figure 5-61 – EVs power consumption per area when EVs participate in AGC control 
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demanding for the AGC operation perspective, the network may face more stressful conditions 

in terms of loading of its branches. 

Figure 5-62 presents the loading distribution of the network 20 s after the short-circuit. As 

expected, the power flowing from the upper area of the network to the bottom part increases, 

using the network in area 2 as the path with less impedance. The interconnection power flow 

absolute value increases, but the balance results in importation of area 1 from area 2. As a 

consequence, the weaker links operate close to their maximum admissible rating. Regarding 

internal power flows, they get intensified and there is a flow inversion in line 154-155. The 

region below bus 155 had a surplus of generation, but after the tripping of 3 wind farms it 

needs to be fed by the existing generators that are located mainly upstream bus 155. The 

participation of EVs in AGC operation 20 s after the disturbance manages to softly reduce line 

loadings throughout the grid for both control areas. 

At the end of the simulation, Figure 5-63, the AGC operation managed to re-establish the 

interconnection power flow and with it to reduce the overall loading of the grid by increasing 

the power output of the machines of area 1 and particularly those located at the bottom part 

of the network. Comparing the steady-state conditions of the case with participation EVs on 

AGC operation the case without EV participation, it is verified that EVs promote almost 6% 

loading reduction of the flow in the links between area 1 and area 2 and a general relief on the 

braches congestion levels of each control area. A peculiar case was found in line 154-155 that 

presents the same flow with and without EVs as reserve providers. This is easily explained by 

analysing the AGC action in the area below bus 155. The only generator providing reserves in 

this area is 1157 and its final power output is 100 MW lower in the case where AGC operates 

with EVs. Yet, the contribution of EVs in that specific area is a reduction in load that amounts 

100 MW.  So, the two situations compensate each other and the flow in both cases is equal for 

the line 154-155. 
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a) 
 

b) 
 

Figure 5-62 – Branches loading rating 20 s after the disturbance: a) without EV participation; b) with EV participation 
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Figure 5-63 – Branches loading rating at the end of the simulation: a) without EV participation; b) with EV participation
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5.4.3 An Extreme Scenario 

The last case that will be presented is built upon the first, where generator 101 would go out 

of service. In this scenario a redistribution of participation factors was made, considering that 

one of the generators, 1157, would no longer provide secondary reserves. Subsequently, area 

1 does not have sufficient reserves to face the loss of generator 101 if EVs are not reserve 

providers. 

Observing Figure 5-64 it is possible to verify that frequency when EVs are not reserve providers 

does not return to its original value as there are no sufficient reserves. When EVs participate in 

AGC operation the system manages to correct frequency within the mobilization period of the 

secondary reserves. Likewise the lack of sufficient amount of reserves impeded the restoration 

of the original power flow value in the case of AGC operation without EVs, while with the 

participation of EVs the power flow is re-established in less than 300 s, Figure 5-65. 

 
Figure 5-64 – Frequency of the center of inertia of area 1 

 
Figure 5-65 – Tie line interconnection power for area 1 
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Figure 5-66 presents the ACE signal in areas 1 and 2. The error in area 1, when EVs do not 

participate in AGC operation, never disappears due to the lack of reserves in this area. 

Curiously, in area 2 the error disappears. This is due to the fact that the error is composed by 

two signals, one that reflects mismatches in frequency and the other in the interconnection 

power flow. As frequency is lower than the nominal value its error signal would demand an 

increase in generation, but area 2 was originally importing and so to correct the power flow at 

the interconnections the error signal would demand a generation decrease. As a consequence 

the two error signals compensate each other and turn the ACE value to null. In practice, this 

means that the generators of area 2 cannot take additional corrective measures to 

compensate for the loss of generator 101. When EVs participate in AGC operation the ACE gets 

eliminated in both control areas similarly to the previously presented scenarios.  

 

a) 

 

b) 

Figure 5-66 – Area control error for: a) area 1; b) area 2 
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Figure 5-67 – EVs power consumption per area when EVs participate in AGC control 
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be faster in the initial moments that follow a disturbance. Unlike the proportional gain of the 

droop control that reacts as a function of the absolute frequency error, the derivative gain 

present on the inertial emulation amplifies the moments when frequency changes at a faster 

pace, having no reaction to constant signals, even if frequency errors exist. The inertial 

emulation only reacts in cases where generation gets lower than load or load gets higher than 

generation as the controller is blocked to act merely on these events that tend to be the 

biggest trouble in weak systems. Both control methods had positive effects in primary 

frequency control, being able to reduce the band of oscillations when the system faces the 

defined chain of events with an effort of a maximum 6% EV load change and 1% on energy 

consumption by EVs. Using the two methods in combination gathered the advantages of both, 

faster initial response and overall frequency control improvement, at an almost negligible cost 

of a small extra effort demanded to EVs. The application of primary frequency control 

techniques managed to reduce the need for fast ramping of the hydro units, avoiding the 

harmful effects of fast gate opening and closing and consequently damping the otherwise 

existing overshoots in the loading and deloading processes. 

Both droop control loop and inertial emulation loop are assured by the control logic of the EV 

electronic grid interface that commands the battery charging process. So, it may be expectable 

that the reaction of EVs to frequency deviations is delayed by a number of reasons: frequency 

propagation delays, frequency measurement delays, internal processing and even battery 

chemical reaction delays. Summed up, this delay is not likely to be a large value, but may have 

some impact on the effectiveness of the control techniques. A considerably large delay was 

introduced to the EV controllers to assess this issue. The considered delay was different per 

node of aggregation in order to denote the differences that may be found between locations 

and diverse equipment manufacturers. The simulations were conducted again and the results 

proved to be very positive. Differences between the cases with delay and without delay were 

barely noticeable. 

The final test within the first case study was to add an extra wind generator to the system with 

the purpose of testing the hypothesis of EVs allowing further RES integration. The results of 

the simulation showed that not only frequency was still inside the admissible band defined by 

the norm EN50160,[148], but also that the system behaviour had a better performance than in 

the base case where EVs are regarded as uncontrollable loads and the generation expansion 

had not been done. In fact the presence of storage devices allows load following to take place 

in such conditions that the amount of RES with variability characteristics that can be exploited 

without compromising grid robustness will be maximized, since the batteries of the EVs will 

provide energy to fast balance generation and load mismatches. It is therefore concluded that 

RES integration can be safely expanded in this system, enabling the exploitation of the 

abundant endogenous resources in detriment of the oil dependant generation sources. This 

conclusion can possibly be extended to other isolated systems as the conditions that the full 

renewable based dispatch defined for this test system proven that EVs contribution is valuable 

even under extreme situations. 

The second test system is a representation of an interconnected network with several control 

areas. In two adjacent areas AGC units were installed to provide secondary reserves, as 

defined by ENTSO-E, [47], by restoring frequency and re-establishing the scheduled 
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interconnection power flows succeeding the occurrence of a disturbance. On a first step, the 

created scenario considered that sufficient reserves provided by conventional generator were 

available to face the loss of the largest generation group. Then, two disturbances were 

defined: the loss of a large conventional generation unit and the loss of some wind generation. 

When a large generator that was a part of the secondary reserves is lost both reserves and 

inertia of the system are reduced, being a rather severe event.  When wind generation is lost 

the reserves and inertia of the system remain constant but suddenly there is a large gap 

between load and generation. The location of the event within a control area should not 

influence the global reaction of the AGC units, but certainly has an influence on the power 

flowing along the lines internal to the control area and those linking two areas. So, in response 

to these disturbances the AGC was given two configurations: the participation factors are 

evenly distributed by the conventional generation units and the distribution is made among 

the conventional generation units and the EVs, with a stronger preponderance for the EVs.  

Then, the simulations were conducted. It was verified that the AGC performance got improved 

with the participation of EVs for both disturbances. After 100 s following the disturbance the 

frequency error was almost eliminated, whereas in the conventional AGC the machines take 

more time to achieve the same level due to the inertia constants of the machines that are 

reluctant to change the operation point. However, when they start following the error signal 

the conventional generators will tend to an overcompensation of the error and lead to some 

overshoots in the reposition of the original frequency and interconnection values. Thus, it 

seems that the AGC with EVs has an initial slower correction of the interconnection power 

flow, taking a few seconds more to achieve for the first time the scheduled tie-line value. But 

that apparently slower reaction serves to avoid the overcompensation caused by the delay of 

the conventional generators and ultimately reduce the resulting overshoot and assure earlier 

steady-state conditions. As it was already mentioned the location of the disturbance has a 

strong influence on the redistribution of power flows. In any of the cases the fact that the 

participation of EVs is achieved by reducing the load value contributing for alleviating the most 

loaded branches as opposed to the action of the participating generators whose increase in 

power is more likely to lead to additional loading of certain branches within the network. It 

should be noticed that if an EV aggregation is close to a generation unit or plant that was not 

affected by the disturbance, the load reduction of EVs can have a similar effect to the 

generation increase in conventional reserve providers. However, the occurrence of this 

situation is possibly more uncommon, in particular when the conventional power systems 

paradigm is verified. 

At a second stage part of the participation factors that were attributed to conventional 

generation was moved to EVs and the conventional generation reserve decreased and the 

system was reliant of the EVs for large disturbances. The loss of a large conventional unit was 

again simulated and the results evidence that AGC operation with EVs has good performance, 

being faster in the overall secondary reserve mobilization period and assuring the reserves 

negotiated in the reserves market. So, instead of requiring such strict reserve policies and the 

adoption of large conventional reserve levels, EVs can be accounted as reserves providers and 

facilitate in this way the increase in RES based generation of interconnected systems, allowing 

the reduction of the conventional reserves. 
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6.1 Main Contributions of the Thesis 
EVs may change not only the transportation system, but also the electric power systems, the 

aim of this thesis. The prospects of future EV integration in the electricity grids raise numerous 

questions regarding the ability of the system to cope with this and the possibility of actively 

exploiting this new type of load. EV load has the specificities of being a large load that will be 

present on the system for long periods of time. 

During the last decade the expansion of DER, especially RES based generation, led researchers 

to develop the smart grids concept, which until recently did not include EVs as active elements 

for DSM. Smart grid solutions are being sought by DSOs and TSOs worldwide, as a way of 

efficiently manage the grids and enable further integration of RES. The EVs insertion within the 

smart grid was explored in this thesis, which culminated with the following major 

achievements: 

 A conceptual framework for EV integration was described in order to enable EV 

technical management and control as well as market operation 

 Primary frequency control mechanisms for EVs in isolated systems 

 Control schemes for allowing EVs to participate in AGC operation and in this way 

provide secondary reserves 

The proposed framework was built upon the concepts of MG and MMG. In this way these 

existing concepts were successfully integrated and expanded with new rules and control 

schemes. In fact this was a particularly important goal since innovations on this subject should 

strengthen the smart grid paradigm instead of creating divergent solutions. The decision 

makers behind DSOs and TSOs have to plan the future of electricity grids very carefully. This 

industry deals with very large investments and planning is made in for long term prospects. 

Therefore, decision makers need to be conservative and possibly introduce innovation as it 

gathers consensus among the scientific community. So, taking the architecture of the MG and 

MMG as a reference for the technical operation of the conceptual framework for EV 

integration is a step towards normalization and towards seamless integration of EVs in active 

DSM schemes, granting robustness to the proposed framework and expectedly to the 

electricity grid of the future. It also allowed answering one of the big research questions of this 

thesis about the possibility of adaptation of MG and MMG for the context of EVs. 

The creation of this framework required the definition of an entity that would gather EVs, 

manage them and represent the interests of EV owners in the electricity markets. Individually 

EVs would not be able to enter some of these markets, nor have negotiating power. The so-

called Aggregator entity, which in an implementation scenario may be an utility company, is 

responsible for entering the energy market to charge EV batteries and the ancillary services 

markets to provide services to the grid. These services can be related to voltage control, 

congestion management or reserves provision. 

The hierarchical architecture of the technical control layer inherited from the MG and MMG 

concepts was also transposed to the Aggregator internal structuring. Such fact provides the 
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possibility of in a future implementation scenario technical and market layers sharing the 

communication paths, facilitating the exchange of crucial information between Aggregators 

and DSOs. To end with, this integration framework was described in the context of EVs, but it 

would easily be able to include other types of loads with high controllability degree, such as 

those with thermal inertia, e.g. refrigerators or air conditioning devices. 

Once the conditions to actively integrate EVs in the electricity networks were guaranteed, this 

thesis was dedicated to technical aspects of the mobilization of primary and secondary 

reserves with EVs. Thus the impacts of EVs in the dynamic behaviour of the electric power 

systems were analysed.  

With the first case study, it was possible to verify that EVs may gain a crucial role in the 

operation of isolated systems by participating in primary frequency control. The EV presence in 

islanded systems may benefit the system operation in different ways. The fact that a new load 

is integrated in the electricity grids is naturally beneficial for the resilience of this kind of 

system that tends to have low load values, especially during valley hours. EVs add up to the 

pre-existing load and allow the dispatch of an increased number of generators. Yet, reserves 

still have to cover for any losses of generation or for the variability of the primary sources of 

RES based generation.  This requirement may lead to limitations to the maximum installed RES 

based generation capacity as dispatches deeply rely on thermal units, fossil fuel based, to 

perform regulation and load following. As EVs are considered active participants in primary 

frequency control, then the reserve requirements can be met resourcing to loads instead of 

just generation. The dependence on the conventional reserve providers is reduced and the 

possibility of increasing the share of RES is enabled. 

The effectiveness of having EVs participating on primary frequency control in an isolated 

system was tested in a small test system, where an uncommon fully renewable dispatch was 

considered. It was verified that EVs participation reduced the frequency oscillation band of the 

system, with a small effort for EVs in terms of consumed energy. Evidently, by responding to 

frequency deviations with the reduction or increase of load EVs consumed energy changes and 

as the most demanding conditions are related to the loss of primary resource availability the 

consumed energy will tend to be lower when EVs participate in primary control. However, 

given that the charging period of an EV may take several hours, the substantiated 1% decrease 

of the consumed energy may represent just a few extra minutes to charge the vehicle. The 

general conclusions concerning the studied test system may be generalized to other isolated 

systems that have to deal with the same challenges. However, for quantifying the actual 

results and benefits simulations have to be performed to analyse each case. In this part of the 

work it was demonstrated that using the proper control schemes EVs can effectively 

contribute for a better exploitation of the endogenous resources of isolated systems, while 

keeping the system robustness of operation. 

Two local control techniques were described and applied to perform primary frequency 

control with EVs. Both evidenced improvements in the power system dynamic behaviour of 

islanded systems, yet have different action principles. On one hand, inertial emulation has a 

predominant impact on the first moments that follow a disturbance, reacting very fast to the 

rate of change of frequency, and then its action fades. On the other hand, EV droop control is 
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slightly slower on the initial reaction, as it reacts proportionally to the frequency error and 

particularly due to the action of the dead band, but sustaining a more durable effect that 

accompanies the disturbance until frequency error is eliminated. So, the most suitable control 

action may result of a combination of the two techniques, as isolated systems typically have 

low inertia that may be compensated by the inertial emulation and require sufficient primary 

reserves to face possible disturbances granted by the EV droop control.  

Interconnected systems may also benefit from the described control actions for primary 

control. However, frequency excursions are not the main problem that occurs in this type of 

system. Therefore, the provision of secondary reserves by EVs was proposed for large 

interconnected systems. To do so, EVs must be included in AGC operation, which means that 

they first have to participate in the secondary reserves market and afterwards be able to 

receive set-points from the AGC unit. The Aggregators must serve as intermediaries in both 

these steps, negotiating the reserves in a first instance and then establishing the connection 

with the AGC unit. From this point onwards the Aggregators transmit individual set-points to 

EVs. 

A second test system was created for evaluating the ability and performance of EVs in the 

provision of secondary reserves. The results prove that EVs are quite effective performing this 

task and again the general conclusions may be extended to systems with similar 

characteristics, pending for individual tests for every new system to quantify the benefits. It 

was demonstrated that the performance of the AGC operation increased with EVs presence. 

Given that once EVs receive new set-points they almost instantaneously respond changing 

their load to the required value, the AGC achieved for the tested disturbances a bigger 

reduction of the error in frequency and interconnection power flow than the conventional 

AGC, during the first couple of minutes. As the conventional AGC has a slower reaction, it 

demands a swifter reaction from the participating generators that culminates with some 

relatively large overshoots. The AGC with EVs also managed to damp this reaction, performing 

a better control of the error. 

So far, it was shown how the performance of the AGC can be enhanced with the presence of 

EVs, yet the most important conclusion is that EVs provide an additional source of secondary 

reserves that can be operated side-by-side with conventional reserves or even replace them. 

By using EVs it will be possible to integrate further RES in interconnected systems as the 

secondary reserve requirements do not need to be met entirely by conventional generators. 

This decrease in conventional reserves not only allows the integration of new RES generation 

but also avoids the operation of some conventional generators in the spinning reserve and 

consequently the greenhouse gases emissions these units would be responsible for. 

In conclusion, it was verified for both isolated and interconnected systems that when EVs are 

considered active elements in the provision of reserves the global system behaviour is 

improved. It was also shown that EVs active management contributes for RES expansion and 

for replacing conventional fossil fuel based generation. This is achieved by providing reserves 

that grant robustness to operate the systems with RES integration levels that would otherwise 

be unfeasible or very difficult to sustain without curtailing some RES generation. In order to 
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support all those concepts a complete integration framework for EVs was proposed within this 

thesis, linking both technical and market operation layers.  

If a full life cycle analysis would be performed to the envisioned power system with active EV 

control, the result would certainly demonstrate a very beneficial impact of EVs. The power 

system envisioned in this thesis would contribute for the decreased need for new conventional 

generation facilities, their operational carbon footprint in both generation and spinning 

reserves and ultimately for the reduced need for grid reinforcements. Such achievements 

would be possible by investing in the management and control structures as well as software 

and information technology, all of which much less carbon footprint intensive than the 

conventional solutions. 

6.2 Future Developments 
The development of this thesis started before EV integration research began flourishing. There 

had been some periods in history, described in Chapter 1, where the presence of EVs in the 

electricity grids was discussed but as the prospects of a change in the transportation sector 

evaded so did the efforts in research. Nevertheless, from these periods important work was 

published covering some of the aspects of EV integration in the power systems. However, 

there were and still are a lot of issues to tackle. 

Hence, this thesis grew within a research group dedicated to EVs in the context of the smart 

grids alongside other PhD theses and the already discussed R&D project MERGE. Here, the 

focus was the study of the dynamic behaviour of the power system with the possibility of 

controlling EV to provide frequency related ancillary services. At the same time, another co-

author of the article, [134], Filipe Soares is concluding a thesis dedicated to the steady-state 

operation of the power system with EVs. That complementary work addresses the problems 

associated with the operation of distribution networks, addressing the problems of voltage 

control, congestion management as well as the participation of EVs in smart charging schemes. 

So, from the development of this thesis several future research paths may be identified, both 

in the technical field or grid management and in issues more related with market operation. 

Starting with the technical aspects of grid operation with EVs, there is an issue that was raised 

in Chapter 4 and surely requires future research to fully understand a way to overcome it. This 

issue is related to the voltage behaviour when the loads in a system have different reactions to 

voltage changes. It was verified that EVs in the grid perspective are approximately constant 

power loads and so in the occurrence of voltage sags the requested current will increase, 

leading to additional drops in voltage. If EV integration is small its impacts on voltage will be 

accommodated. Yet, when integration is bigger it is likely that new control schemes need to be 

defined so as to mitigate future voltage problems.  

When EVs are regarded not only as controllable loads but also as storage devices, there is a 

risk, described on Chapter 4, that EVs connection to the grid drops due to some faulty 

condition. In this case, the efficacy of the ancillary services they might be providing may be 

jeopardized, influencing negatively the amount of available reserves. So, in order to exploit EV 

absorbed energy it might be necessary to develop in future works mechanisms, such as fault 

ride through capability to guarantee that EVs do not trip in fault situations. 
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Then, there is another issue deserving further investigation that has to deal with the location 

of EVs as reserves providers. Typical primary and secondary control generation units would be 

located at the transmission network, dealing with the problems inherent to it. In opposition, 

EVs are sited at the distribution networks, more precisely in the LV grids, and providing 

ancillary services for both TSOs and DSOs. So, there may be occasions when the needs of DSOs 

and TSOs provide conflicting set-points for the EVs. Among these conflicts, voltage control and 

primary frequency control may be identified. The coordination between voltage, frequency 

and other possible control types should be addressed in future work to contribute for the 

effectiveness and for the maturity of the underlying concepts.  

Standardization is another issue that may need further attention. In particular, the standards 

about EV charging and charging interfaces should be revised to allow the implementation of 

some of the advanced management and control strategies, but also standards regarding the 

development of new smart grid concepts. 

So far, most of the research focused on the power system with EVs, intentionally neglecting 

possible cross effects and interactions with, for instance microgeneration units or other types 

of loads that may perform active DSM. It actually made sense as up until now researchers 

wanted to discover the challenges and opportunities posed by EVs without external 

interference. Now, the control architecture here defended should be extended, to include the 

active presence and potential of these elements, contributing for the robustness of the system 

and for a more holistic perspective of the power system as a whole. 

Still on the technical side, but moving from a pure system perspective to a technology insight, 

future work should deal with some aspects related to battery health and depletion, when used 

in reserve management. Studies could be performed for both primary and secondary 

frequency control in combination or separately, in which the individual EV participation 

patterns would be traced. To these patterns, driving patterns should be appended and their 

cyclic effect on popular battery technologies for EVs should be assessed. This assessment could 

be performed resourcing to battery degradation models or in laboratorial environment. 

Also on laboratorial environment, the primary and secondary control schemes could be 

incorporated into battery chargers’ and management units’ prototypes and their effectives 

tested and compared to simulation results. 

Regarding market interactions, future work could focus on the remuneration schemes for 

reserves and also on the availability of EVs for the provision of reserves. For instance, the 

presence of EV load for provision of secondary reserve must be guaranteed by Aggregators as 

they establish contracts in the reserve market. To do so accurate EV forecasting models should 

be created. 

Finally, on the environmental side, full life cycle analyses could be made to quantify the 

benefits of reserves provision with EVs or even of the implementation of the complete system 

including the impacts of the dynamic and steady-state operation control techniques. Carbon 

footprint, avoided fossil fuels usage and investment costs should be evaluated in these studies. 
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Appendix A – Stages of Dynamic Response to a Power Imbalance 

A-1 Rotor Swings in the Generators 
At this stage the reactions of the generation units differ regarding their electrical distance in 

relation to the disturbance, dealing with the transient behaviour of the system. Transient 

stability reveals the initial response of the system to a given disturbance indicating if the 

system is able to cope with that change. The rotors of the generators will accelerate and 

decelerate cyclically when a disturbance occurs. For instance, in a given system, if a generation 

plant, composed by two identical generation units, loses one of the generators the rotor 

swings on the other generating unit are larger than the swings with the rest of the system. 

After the disturbance, the mechanical power of the remaining generation unit remains 

constant and a transient stability model may be used. Therefore, a representation of each 

generators as an electromotive force   behind an equivalent reactance    and a 

representation of the system by an infinite bus with voltage    an equivalent reactance    can 

be made, resulting in the following power-angle characteristics, before,   ( ), and after the 

disturbance,    ( ), being   the rotor angle in relation to the infinite bus: 

  ( )  
    
   
    

       

 

(A-1) 

  ( )  
    
      

       (A-2) 

 

Figure A-1 shows graphically the phenomenon that occurs with the disturbance, by applying 

the equal area criterion. In the pre-disturbance situation the mechanical power   
  matched 

the power-angle characteristic. Immediately after the disturbance, the mechanical power 

contribution of the lost generation unit disappears and the equivalent reactance increases, 

leading to a new power-angle characteristic. As the rotor angle cannot be adjusted 

instantaneously, the electrical power is greater than the mechanical power (marked by the 

letter A in the figure). So the rotor decelerates, losing kinetic energy, given by the area A-A’-C. 

Yet, the rotor momentum impedes the system from stabilizing in the equilibrium point C and 

the angle decreases until point B is reached. At this point the area B-B’-C equals A-A’-C. If there 

were no damping effects the angle would oscillate indefinitely between points A and B and 

vice versa. The action of the damping torques gradually damps the oscillation amplitude, until 

the equilibrium point C is reached. 

If the area A-A’-C would be greater than B-B’-C, then the system would be unstable. This 

situation would happen if the inflexion point of the sinusoidal curve would be surpassed. This 

thesis is not analysing transient stability of the studied systems and all the scenarios that will 

be explored in this work should be stable from a transient stability perspective. 
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Figure A-1 – Equal area criterion for the evaluating rotor swings 

A-2 Frequency Deviation 
After the generators of the system slowing down or accelerating, resulting in a frequency drop 

or rise, this stage starts. Equations (4-8) and (4-13) were determined for a system composed by 

a single machine and a load. However, they remain valid for the equivalent model of a system 

with   machines and a given equivalent load. Therefore, the constant of inertia of the system 

is equal to the sum of the individual constants of inertias of the existing machines, [146]: 

       ∑  

 

 

 

 

(A-3) 

For a given disturbance, an accelerating power,    , occurs and, consequently, frequency 

deviates, . 

   
      

 
    
  

 

 

(A-4) 

However, each machine contributes to the new loading conditions by changing its power by a 

proportion of the total so that      ∑    
 
  , being the frequency sensed approximately the 

same: 

   
  

 
   
  

   
   
  

 
    
  

 

 

(A-5) 

The contribution of each machine also respects the following equation: 

      
    
  

 

 
(A-6) 

 

)(P

)(P



mP



mP

P



A

A’

B

B’

C



Appendix A – Stages of Dynamic Response to a Power Imbalance 

221 

Finally, the contribution of the machines in this stage is influenced only by their individual 

constant of inertia in relation to the inertia of the system and the magnitude of the 

disturbance, as can be verified by combining (A-5) and (A-6): 

    
  

      
    

 
(A-7) 

Concerning the work developed in this thesis this phenomenon is very important as it is 

related with the first reaction of a system to a load / generation imbalance and results on the 

maximum frequency deviation that may occur in the system. 

A-3 Primary Control Action by the Machine Governors 
The third stage of the dynamics associated with load / generation imbalances is related with 

the action of the governing units installed in the generators and the variation of the load with 

frequency. When frequency (speed) changes, the turbine governor opens or closes the main 

control valves to increase or decrease the flow of working fluid through the turbine, in order to 

increase or decrease the turbine mechanical power output. In the steady-state conditions, for 

very slow changes in frequency, the increase in mechanical power of each generating unit is 

inversely proportional to the droop characteristic of the static turbine. The following equation 

describes the changes in mechanical power output in relation to the deviation of frequency for 

a given turbine. 

         
 

(A-8) 

Where    is the proportional gain of the controller and is inversely proportional to  , the 

speed regulation or droop characteristic of the governor,      ⁄ .   is expressed as a 

percentage, frequency change over power output change. For instance, for a 1% droop 

characteristic, a 1% change in frequency results in 100% change in power output or valve 

regulation setting. Figure A-2 depicts a possible droop characteristic for a generator, where a 

given frequency deviation is transposed to a change in the power output. The block diagram of 

the droop control implementation in a governing system is presented in Figure A-3. 

 

Figure A-2 – Steady-state droop characteristic of a governor 
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Figure A-3 – Block diagram of the droop control in a governor 

In a system with more than one generator with speed-droop governing unit, the effects are 

cumulative and are determined by (A-9). Figure A-4 presents the action of the governors of two 

machines with different droop settings. Both output power changes influence the response of 

the system. 

    ∑   

 

   

    ∑
 

  

 

   

  
 

  
    

 

(A-9) 

Where 

    is the output  power change of the generator   

    is the cumulative output power change of all generators 

   is the droop for the governor of generator   

   is the equivalent droop for the governors of all the generators 

 

 

Figure A-4 – Load sharing by two generator with speed-droop governors 

Using only the droop control leads to a frequency steady-state error that can be determined 

using an equivalent system (formed by an equivalent generator and a lumped load) neglecting 

possible intermachine oscillations and transmission system capability. The speed droop 

characteristic of the generator presents the combined characteristic of all generators in the 
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system. In a system with N generators the response of the equivalent generator to a load / 

generation disturbance is: 

     
 

  
    

 
(A-10) 

And the load damping reaction is taken from (4-14): 

         
 

(A-11) 

At the instant preceding the disturbance,   , the system was steady-steady the equivalent 

generator output power was     and the load    . The new load / generation conditions will 

cause power and frequency oscillations that if the system is stable will result in new steady-

state values for the equivalent generator power output and load: 

                 
 

  
    (A-12) 

 

                      

 
(A-13) 

The disturbance,    , then leads to a deviation frequency that may be determined using the 

following expression: 

             
 

  
         

 
(A-14) 

Putting frequency in evidence results in, 

     (
 

  
  )     

 
(A-15) 

The term 
 

  
   is the system regulation capability, commonly known as stiffness and 

represented by the Greek symbol  . Finally, the steady-state frequency deviation is: 

      
   
 
  
  

 

 

(A-16) 

Figure A-5 illustrates the detailed phenomenon for a system where at time   a load increase 

with the magnitude of     occurred. Initial generation and load conditions are given by   
  

and   
 . At    the generation characteristic is kept constant   

    
 , but load changed to   

 . 

The  new equilibrium conditions is given by the intersection of   
  and   

 . The grey line 

depicts a possible system reaction to the imbalance. The frequency drops with a maximum 

deviation of      , oscillates around the new equilibrium point and finally achieves a steady-

state value of with a deviation of     . During this process generation and load values also 

oscillate, achieving steady-state values that deviate from the original operation point by     

and    , respectively. 
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Figure A-5 – System dynamics caused by a load increase 

This stage of the dynamics involved in load / generation imbalances is one of the focal points 

of this thesis, as adding primary frequency control to EVs may limit the maximum frequency 

excursion due to the quick reaction of the batteries to a governing request. The chemical 

reactions of the batteries in EVs are much faster than the reaction of electrical machines. 

Moreover, the additional spinning reserve provided by EVs may provide stability to the system 

when facing larger disturbances, potentially allowing the integration of larger volumes of 

intermittent energy sources. 

A-4 Secondary Control Action 
The secondary control action follows primary control and deals with the restoration of system 

frequency to normal. This control adjusts the load reference set-point of the generators in 

order to eliminate the frequency error that the primary control action is unable to avoid. As 

the loading conditions of a system are constantly changing, an automatic process is required, 

the AGC or LFC. AGC is conducted differently in isolated systems and interconnected systems.  

In isolated systems the central AGC can be distributed by the generators performing the 

primary control action by adding a reset or integral control loop to the governors of at least 

one of the generators, Figure A-6. The gain of this controller,   , should be such that its action 

only becomes noticeable after the primary control action has stabilized the initial frequency 

deviation. Additionally, the generators that are not performing secondary control will restore 

their scheduled generation value as soon as the frequency has returned to the nominal value. 

Figure A-7 illustrates the same situation as Figure A-5, but in this case including the secondary 

control action. Up to the primary control action everything processes similarly to the case 

without secondary control. When primary control is fully deployed the integral control is 

visible changing the generators load reference,             
 , until nominal frequency is 

achieved. 
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Figure A-6 – Integral control loop used in governors of isolated systems 

 

Figure A-7 – System dynamics caused by a load increase, including secondary control action 

In interconnected systems, besides restoration of frequency, the AGC needs to restore the 

power flows at the tie-lines. For instance, in a system with two areas where area A is much 

bigger than area B, if a deviation in load occurs in area B,    , using (A-7) it is verifiable that 

the contribution of area A to compensate the imbalance is much bigger than that of area B, as 

the inertia of the generators in area A is bigger than the inertia of the generators of area B. 

This situation may overload the interconnection lines, leading to possible loss of stability, due 

to asynchronous operation between areas A and B, causing large oscillations in the power 

flowing in tie-lines and possible tripping of these lines forced by the automatic protection 

systems. To prevent this situation it is crucial to include interconnection power flow control in 

the AGC operation. 

Equation (A-14) shows that the response to a deviation in load in area B,    , is given by the 

difference between the changes of generated power and load, which in a two-area system has 

contributions from both areas: 
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So, from (A-16), the resulting frequency deviation is: 

    
   

 
   

    
 
   

   

  
   

     
 

 

(A-18) 

And the change in the tie-line can be determined by calculating the power balance in a single 

area: 

                       
  

     
     

 
(A-19) 

Again, from this equation it is perceivable that if      , then          , and so almost 

only area  A would be reacting to the imbalance in area B. When the system is stable, the AGC 

uses an indicator called ACE, which results from the sum of the deviation of power in the tie-

lines and the deviation in frequency weighed by a bias factor,  , (4-14). The bias factor for a 

given area may typically assume the value of the stiffness of that area. 

                 
 
                 
 

(A-20) 

For the disturbance in area B and      the values of ACE for the two areas are determined in 

(A-21). As the disturbance occurred in area B the AGC of area A will not react whereas in area B 

the AGC will provide set-points to the generators that compose the secondary control to take 

all the load deviation. 

     
  

     
        

   
     

   

 

      
  

     
        

   
     

      

 

(A-21) 

In terms of implementation in interconnected systems, the AGC of each area is centralized, 

being the integral control loop, presented in Figure A-6, removed from the generators. Instead, 

the centralized AGC receives periodically, with very short time steps, within the range of a few 

seconds, updated data on frequency and power flow for every tie-line. It calculates the ACE 

and filters it with an integral controller. The integrated ACE then is divided by the generators 

providing secondary control according to their participation factors,   . The participation 

factors traditionally would be defined according to an economic dispatch, yet in a market 

environment participation factors are defined according to reserve market closure.  Figure A-8 

presents the block diagram of an implementation of the AGC for interconnected systems. 
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Figure A-8 – AGC model for interconnected systems 

The inclusion of EVs in secondary control may bring two benefits for secondary reserve 

provision, increased reserve margins at possibly lower costs and decreased deployment times 

as EV batteries can rapidly respond to new power set-points without having ramping 

limitations as conventional generators. 
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Appendix B – AGC with EV Implementation 
Using the previously described implementation methodology, a script using Python was 

created to define all the required functionalities of an AGC unit. 

In Chapter 4 the AGC main conceptual architecture was presented as a block diagram. Its core 

block is the integration function that was programmed using the numerical integration 

Trapezoidal Rule. 

To calculate numerically the integral of a given function,  ( ), over the period [   ], using this 

rule, an integration time step    is defined and each of the intervals for integration is 

approximated by the area of a trapezoid, as illustrated in Figure 7 (the function  ( ) is 

depicted in blue and the trapezoidal approximation is shown in red).  

 

Figure B-1 – Integration of function f(x) using the Trapezoidal Rule 

The mathematical formulation for the Trapezoidal integration of the function  ( ) is the 

following: 

∫  ( )
 

 

   ∑
 (    )   (  )

 

 

   

   (B-1) 

 

Where: 

       

  
 

  
 

  is the current interval of integration 

  is the number of periods for integration 

 

Returning to the case of the AGC, the Trapezoidal Rule was used to integrate the value of the 

ACE, which is a measure of the interconnection power flows deviations in relation to a 

specified value plus frequency deviations. To add these two values a constant is multiplied by a 

0 TΔt 2Δt (...) t
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constant that reads the variation in frequency as active power. As a central controller, the 

frequency value must be that of the centre of inertia of the system, which is composed by the 

individual synchronous machines of a given control area, multiplied by their individual inertia 

over the inertia of that area: 

                    
∑       
 
   

∑   
 
   

 (B-2) 

 

Where: 

                    is the frequency deviation of the centre of inertia of a given control area 

  is the iterator for the synchronous machines of a given control area 

  is the number of synchronous machines of a given control area 

    is the frequency deviation of machine   

   is the inertia of machine   

 

The box below shows in pseudo-code the implementation of the routine that determines and 

integrates the ACE, conducted at every integration step for each of the controlled areas. 

for every          from 0 to simulation end 

 get    from PSS/E 

 get    from PSS/E 

              

 ∫        ∫              [
                  

 
        ] 

 

Where: 

         is the Python script integration step 

   is the frequency deviation 

   is the interconnection power flow deviation 

    is the Area Control Error 

∫       is the value of the integral of     at the current integration step 

∫            is the value of the integral of     at the previous integration step 

   is the integral gain of the AGC controller 
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The value of the integral of the ACE then has to be distributed through the machines 

participating in AGC operation, using the machines’ participation factors. When a certain 

generation unit is not providing secondary reserve, its participation factor is 0. The sum of all 

participation factors must be equal to 1, in order to fully deploy the needed reserve value. 

Each participation factor is multiplied by the integral of the ACE and the result summed to the 

scheduled value of the corresponding generator active power. This process is described next: 

for every generation unit 

 if         then 

      
   

           
   

       ∫        

  send      to PSS/E 

 

Where: 

      is the participation factor of the selected generation unit 

    
   

 is the new active power set-point for the selected generation unit 

          
   

 is the scheduled active power value for the selected generation unit 

 

When EV are incorporated in AGC operation, then the participations factors get readjusted to 

include EV and keep their sum equal to 1. As EV are modelled as loads, their participation 

factor multiplied by the integral of the ACE is subtracted to their scheduled load value. This is 

schematically presented by the following pseudo-code: 

for every EV 

 if        then 

      
             

        ∫        

  send      to PSS/E 

command PSS/E to factorize the admittance matrix 
 

Where: 

     is the participation factor of the selected EV 

    
   is the new load set-point for the selected EV 

          
   

 is the scheduled load value for the selected generation unit 
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With this code block, the main functionalities of the AGC were presented. Next, the 

implementation of the additional restrictions is shown, for: 

 Participation factor recalculation in case of generator/load minimum/maximum active 

power injection/consumption limit reached  

 Measurement cycle times, integration times and controller cycle time 

To create the participation factor recalculation method in case of generator/load 

minimum/maximum active power injection/consumption limit reached, when an AGC unit 

reaches a limit the participation factor of this unit is distributed evenly by the non-saturated 

units, as described below. 

for every generation unit 

 read     
   

 from PSS/E 

 if ∫         then 

  if     
   

     
   

 then 

   for every AGC participation unit/EV except saturated unit 

                      
     

       

              
 

        
          

 else 

 if ∫         then 

  if     
   

     
   

 then 

   for every AGC participation unit/EV except saturated unit 

                      
     

       

              
 

        
          

for every EV 

 read     
   from PSS/E 

 if ∫         then 

  if     
       

   then 

   for every AGC participation unit/EV except saturated unit 
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 else 

 if ∫         then 

  if     
       

   then 

   for every AGC participation unit/EV except saturated unit 

                      
    

       

              
 

       
          

 

Where: 

    
   

 and     
   are the current active power value for the selected generation unit/EV 

    
   

,     
   

,     
   and     

   are the upper/lower limits of the participating generation 

units/EV 

     
          and      

          are the participation factors of the generation unit/EV 

that has reached the limit 

               is the number of generation units/EV that have not reached the limit 

 

Finally, to include measurement cycle times, integration times and controller cycle time, 

additional delays have to be added to the code. Instead of reading the state variables, 

integrating and sending control actions to participating machines at the same moment a small 

delay is introduced to each of these actions, as a function of         . 





Appendix C – Test Systems Data and Models 

C-1 Island of Flores 
As previously seen, the first test system refers to the Portuguese island of Flores. The line data 

for this 15 kV distribution network is presented in Table C-1. 

Table C-1 – Line data for the island of Flores 

From Bus Number To Bus Number Line R (pu) Line X (pu) Charging (pu) 

1 2 0.06518 0.0359 0.000127 

2 3 0.013036 0.00718 2.54E-05 

3 4 0.016295 0.008975 3.17E-05 

4 5 0.019228 0.010591 3.74E-05 

5 6 0.089279 0.007913 0.00146 

1 7 0 4.44E-06 0 

1 8 0.057358 0.031592 0.000112 

8 9 0.055035 0.004878 0.0009 

9 10 0.010092 0.001952 0.0004 

10 11 0.00546 0.001728 0 

11 12 0.00546 0.001728 0 

12 13 0.010092 0.001952 0.0004 

13 14 0.010092 0.001952 0.0004 

14 15 0.018345 0.001626 0.0003 

15 16 0.004892 0.000434 8E-05 

1 17 0.127101 0.070005 0.000247 

17 18 0.114065 0.062825 0.000222 

18 19 0.06518 0.0359 0.000127 

19 20 0.044648 0.024592 8.69E-05 

20 21 0.01787 0.01705 6.71E-05 

21 22 0.038063 0.036316 0.000143 

22 23 0.03259 0.01795 6.35E-05 

23 24 0.016295 0.008975 3.17E-05 

24 25 0.029331 0.016155 5.71E-05 

25 26 0.016295 0.008975 3.17E-05 

26 27 0.016295 0.008975 3.17E-05 

18 28 0.192281 0.105905 0.000374 

28 29 0.093955 0.010298 0.0019 

28 30 0.04192 0.011806 0.002416 

18 35 0.187393 0.103213 0.000365 

35 31 0.024482 0.023358 9.19E-05 

31 32 0.007684 0.007331 2.88E-05 

32 33 0.055403 0.030515 0.000108 

33 34 0.1083 0.03726 0.000122 

35 36 0.020185 0.014215 5.27E-05 

36 37 0.026072 0.01436 5.08E-05 

37 38 0.16295 0.08975 0.000317 

38 39 0.03259 0.01795 6.35E-05 

39 40 0.018473 0.005846 0 

1 41 0.257754 0.088679 0.00029 

41 42 0.048735 0.016767 5.49E-05 

42 43 0.070434 0.022291 0 

43 44 0.039108 0.02154 7.61E-05 

43 45 0.012509 0.011935 4.69E-05 
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The conventional load data for this network is presented in Table C-2. 

Table C-2 – Conventional load data for the island of Flores 

Bus Number Pload (MW) Qload (Mvar) 

2 0.01153 0.003459 

3 0.018448 0.005534 

4 0.01153 0.003459 

5 0.028825 0.008647 

6 0.072639 0.021792 

7 0.018448 0.005534 

8 0.028825 0.008647 

9 0.005765 0.001729 

10 0.036319 0.010896 

11 0.028825 0.008647 

12 0.018448 0.005534 

13 0.028825 0.008647 

14 0.018448 0.005534 

15 0.02306 0.006918 

16 0.018448 0.005534 

17 0.002306 0.000692 

18 0.002306 0.000692 

20 0.009224 0.002767 

21 0.002306 0.000692 

22 0.01153 0.003459 

23 0.009224 0.002767 

24 0.018448 0.005534 

25 0.04612 0.013836 

26 0.04612 0.013836 

27 0.01153 0.003459 

29 0.01153 0.003459 

30 0.005765 0.001729 

31 0.005765 0.001729 

32 0.005765 0.001729 

33 0.018448 0.005534 

34 0.002882 0.000865 

35 0.002882 0.000865 

36 0.005765 0.001729 

37 0.01153 0.003459 

38 0.05765 0.017295 

39 0.02306 0.006918 

40 0.009224 0.002767 

41 0.005765 0.001729 

42 0.002882 0.000865 

44 0.028825 0.008647 

45 0.005765 0.001729 
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The hydro units were modelled as synchronous generators, with transient droop 

compensation installed on the governor, see Figure C-1. 

 

Figure C-1 – Hydro governor and turbine block diagram 

Table C-3 presents the parameters of the hydro turbines (for all the dynamic models presented 

the per unit values refer to the machine base). 

Table C-3 – Parameters of the hydro units 

Hydro units 
1 to 3 

Sb 
(MVA) 

Ub 
(kV) 

H (s) (machine 
base) 

D 
(p.u./Hz) 

Xd 
(p.u.) 

Xq 
(p.u.) 

X'd 
(p.u.) 

T'd (s) 

0.37 0.4 8.3 0.005 

0.444 0.266 0.067 3.5 KI R Tg (s) Tw (s) 

1 0.1 1 4 

Hydro unit 
4 

Sb 
(MVA) 

Ub 
(kV) 

H (s) (machine 
base) 

D 
(p.u./Hz) 

Xd 
(p.u.) 

Xq 
(p.u.) 

X'd 
(p.u.) 

T'd (s) 

0.74 0.4 16.7 0.005 

0.384 0.23 0.058 3.5 KI R Tg (s) Tw (s) 

1 0.05 1 4 

All hydro 
units 

Ka Ke Ks Ta (s) Te (s) Tr (s) Ts (s) 
Vmax 
(p.u.) 

Vmin 
(p.u.) 

400 0.5 0.035 0.05 0.9 0.02 1 7.3 -7.3 

 

As already mentioned, all the wind turbines considered on this case study were identical. So, 

Table C-4 shows the parameters of one wind unit, modelled as an asynchronous generator. 

Table C-4 – Parameters of one wind generator 

S (MVA) U (kV) H Xm Rr Rs Xr Xs 

0.33 0.69 2.675 3.936 0.01218 0.0067 0.1256 0.095 
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C-2 Interconnected Test System 
The considered interconnected system was adapted from an example case provided with 

PSS/E. The line data for this network is presented in Table C-5. 

Table C-5 – Line data for the interconnected system 

From Bus Number To Bus Number Voltage (kV) Line R (p.u.) Line X (p.u.) Charging (p.u.) 

151 152 500 0.0026 0.046 3.5 

151 152 500 0.0026 0.046 3.5 

151 201 500 0.001 0.015 1.2 

152 202 500 0.0008 0.01 0.95 

152 3004 500 0.003 0.03 2.5 

153 154 230 0.005 0.045 0.1 

153 154 230 0.006 0.054 0.15 

153 3006 230 0.001 0.012 0.03 

154 155 230 0.006 0.054 0.15 

154 155 230 0.006 0.054 0.15 

154 160 230 0.006 0.054 0.15 

154 160 230 0.006 0.054 0.15 

154 203 230 0.004 0.04 0.1 

154 205 230 0.00033 0.00333 0.09 

154 3008 230 0.0027 0.022 0.3 

155 156 230 0.006 0.054 0.15 

155 156 230 0.006 0.054 0.15 

156 157 230 0.006 0.054 0.15 

156 157 230 0.006 0.054 0.15 

156 159 230 0.006 0.054 0.15 

157 158 230 0.006 0.054 0.15 

201 202 500 0.002 0.025 2 

201 204 500 0.003 0.03 2.5 

203 205 230 0.005 0.045 0.08 

203 205 230 0.005 0.045 0.08 

3001 3003 230 0 0.008 0 

3002 3004 500 0.006 0.054 0.09 

3003 3005 230 0.006 0.054 0.09 

3003 3005 230 0.006 0.054 0.09 

3005 3006 230 0.0035 0.03 0.07 

3005 3007 230 0.003 0.025 0.06 

3005 3008 230 0.006 0.05 0.12 

3007 3008 230 0.003 0.025 0.06 

 

The transformer data is described in Table C-6. 

Table C-6 – Transformer data for the interconnected system 

From Bus Number Voltage (kV) To Bus Number Voltage (kV) Line R (p.u.) Line X (p.u.) 

1 0.4 151 500 0 0.09 

2 0.4 154 230 0 0.09 

3 0.4 7 230 0 0.09 

4 0.4 205 230 0 0.09 

5 0.4 3005 230 0 0.09 

7 230 201 500 0 0.02 

101 21.6 151 500 0.0003 0.0136 

102 21.6 151 500 0.0003 0.0136 

152 500 153 230 0 0.005 

155 230 1155 0.4 0 0.09 
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From Bus Number Voltage (kV) To Bus Number Voltage (kV) Line R (p.u.) Line X (p.u.) 

156 230 1156 0.4 0 0.09 

157 230 1157 20 0 0.01 

159 230 1159 0.4 0 0.09 

160 230 1160 18 0 0.01 

201 500 211 20 0.0007 0.02125 

202 500 203 230 0.0004 0.01625 

204 500 205 230 0.0003 0.015 

205 230 206 18 0.00026 0.01333 

3001 230 3002 500 0.0003 0.015 

3001 230 3011 13.8 0.0002 0.01 

3004 500 3005 230 0.0004 0.01625 

3008 230 3018 13.8 0.00021 0.085 

 

The total system load by bus is presented in Table C-7. Conventional loads were modelled as 

constant admittance loads and EV loads were modelled as constant power loads. 

Table C-7 – Total system load by bus for the interconnected system 

Bus Number Pload (MW) Qload (Mvar) 

151 200 0 

153 400 100 

154 400 300 

154 900 500 

156 350 50 

158 350 50 

160 250 25 

203 300 150 

205 1200 700 

3005 100 50 

3007 200 75 

3008 200 75 

 

The generators rated power, voltage level, type, exciter type and governor type are displayed 

on Table C-8 (for all the dynamic models presented the per unit values refer to the machine 

base). Available models of the PSS/E model library were used, [154]. 

Table C-8 – Generators of the interconnected system 

Bus Rated power (MVA) Voltage (kV) Generator Exciter Governor 

101, 102 900 21.6 GENROU IEEET1 TGOV1 

1157, 211 725 20 GENSAL SCRX HYGOV 

1160, 206 1000 18 GENROU IEEET1 TGOV1 

3011 1000 13.8 GENROU SEXS None 

3018 130 13.8 GENROU SEXS None 
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The data for the generator of the type GENROU is presented in Table C-9. 

Table C-9 – Data for generators of the type GENROU 

Buses 
101, 102 

T'do (s) T''do (s) T'qo (s) T''qo (s) H D Xd 

6.5 0.06 0.2 0.05 4 0 1.8 

Xq X'd X'q X''d XI S(1.0) S(1.2) 

1.75 0.6 0.8 0.3 0.15 0.09 0.38 

Buses 
1160, 206 

T'do (s) T''do (s) T'qo (s) T''qo (s) H D Xd 

4.5 0.07 0.15 0.05 2.5 0 1.4 

Xq X'd X'q X''d XI S(1.0) S(1.2) 

1.35 0.5 0.7 0.25 0.1 0.09 0.38 

Buses 
3011, 3018 

T'do (s) T''do (s) T'qo (s) T''qo (s) H D Xd 

5 0.06 0.2 0.06 3 0 1.6 

Xq X'd X'q X''d XI S(1.0) S(1.2) 

1.55 0.7 0.85 0.35 0.2 0.09 0.38 

 

The data for the generator of the type GENSAL is presented in Table C-10. 

Table C-10 – Data for generators of the type GENSAL 

Buses 
1157, 211 

T'do (s) T''do (s) T''qo (s) Inertia Speed Xd Xq 

5 0.05 0.2 5 0 

1 0.75 X'd X''d X1 S(1.0) S(1.2) 

0.4 0.26 0.1 0.11 0.62 

 

Regarding the voltage regulators, two models were used, IEEET1 and SEXS, and their block 

diagrams are presented in Figure C-2 and Figure C-3. 

 

Figure C-2 – IEEET1 block diagram, [154] 
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Table C-11 displays the data for the generator with IEEET1 voltage regulators. 

Table C-11 – Data for IEEET1 voltage regulators 

Buses 
101, 102 

TR (s) KA TA (s) VRMAX VRMIN KE TE (s) 

0 400 0.04 7.3 -7.3 1 0.8 

KF TF (s) Switch E1 SE(E1) E2 SE(E2) 

0.03 1 0 2.47 0.035 4.5 0.47 

Buses 
1160, 206 

TR (s) KA TA (s) VRMAX VRMIN KE TE (s) 

0 40 0.06 2.1 -2.1 0 0.5 

KF TF (s) Switch E1 SE(E1) E2 SE(E2) 

0.08 0.8 0 2.47 0.035 3.5 0.6 

Buses 
1157, 211 

TR (s) KA TA (s) VRMAX VRMIN KE TE (s) 

0 20 0.06 2.1 -2.1 0 0.5 

KF TF (s) Switch E1 SE(E1) E2 SE(E2) 

0.08 0.8 0 2.47 0.035 3.5 0.6 

 

 

Figure C-3 – SEXS block diagram, [154] 

Table C-12 displays the data for the generator with IEEET1 voltage regulators. 

Table C-12 – Data for SEXS voltage regulator 

Buses 
101, 102 

TR KA TA VRMAX VRMIN KE 

0 400 0.04 7.3 -7.3 1 

 

Figure C-4 and Figure C-5 depict the block diagrams of the governors of the thermal units, 

TGOV1, and those of the existing hydro units, HYGOV. 

 

Figure C-4 – TGOV1 governor block diagram, [154] 

  



Appendix C– Test Systems Data and Models 

242 

Table C-13 presents the data for the TGOV1 governors. 

Table C-13 – Data for TGOV1 governors 

Buses 
101, 102 

R T1 (s) VMAX VMIN T2 (s) T3 (s) Dt 

0.05 0.05 1.05 0.3 1 1 0 

Buses 
1160, 206 

R T1 (s) VMAX VMIN T2 (s) T3 (s) Dt 

0.05 0.05 0.9 0.3 3 9 0 

 

 

Figure C-5 – HYGOV governor block diagram, [154] 

Table C-14 presents the data for the HYGOV governors. 

Table C-14 – Data for HYGOV governor 

Buses 
1157, 211 

R r Tr (s) Tf (s) Tg (s) VELM 

0.005 0.3 5 0.05 0.5 0.2 

GMAX GMIN TW (s) At Dturb qNL 

1 0 1.25 1.2 0.5 0.08 

 

Concerning the wind generators the PSS/E Dynamic Simulation Model ExF2 for ENERCON Wind 

Turbines was used, supplied by ENERCON20 to PSS/E users21 and so the complete model data is 

not publicly available. The wind turbine model ENERCON E-70 was considered, with 2.3 MW 

rated power, 4000 A short-circuit current and a maximum 0.43 p.u. of rated power reactive 

import / export. The wind generators were assumed to have no fault ride through capability. 

The wind farms were modelled as a single machine equivalent, according to the model 

specifications, and are operated with unity power factor. 

                                                           
20

 ENERCON is a wind turbine manufacturer. For more information visit http://www.enercon.de/en-en/  
21

 The wind turbine model is available at the PSS/E user support webpage 
https://www.pti-us.com/pti/software/psse/user_support.cfm  

http://www.enercon.de/en-en/
https://www.pti-us.com/pti/software/psse/user_support.cfm

