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General introduction 

 

Since two decades, European electrical networks are facing new challenges due to several factors 

such as power industry restructuring, unbundling of energy services and incentives in renewable energy 

sources. In addition, the democratization of Information and Communication Technologies (ICT) has 

impacted the technological and digital transformation of the power industry. 

Traditionally, the organizational schemes were based on monopoly situations. Indeed, the high 

costs of deployment and maintenance of the electrical infrastructures have been favorable to vertically 

integrated utilities for production, transmission and distribution of electricity. This organization was 

allowing the system operators to guarantee the security and the reliability of their grids while searching 

its optimal operation. 

The liberalization of the European energy market that started in Europe with the directive EC 

92/96 [EC-96] led to the introduction of competition into the power industry, especially at the level of 

the wholesale market and gradually at the retail market side. All the new emerging unbundled actors can 

now participate in electricity trades depending on their own strategies. Transmission and distribution 

system operators have to ease these energy exchanges while preventing discrimination and 

guaranteeing a fair access to the grid to all participants. 

In parallel and in line with the growth of environmental and sustainable awareness, the 

European Union has adopted a large number of directives targeting energy savings, increase of the 

proportion of renewable energy resources, and reduction of the greenhouse gas emissions. 

Problem statement 

These main concerns have implied the introduction of a large amount of high variable renewable 

sources into the generation mix, and have induced an important need of flexibility in the electrical 

networks to preserve the system stability at different time horizons. More particularly, due to regulatory 

incentives and subsidies that have been established for environmental concerns, investors and 

particularly end users are now encouraged to install small-scale distributed generations. The need for 

flexibility is even more significant especially at local levels, in order to ensure an optimized and efficient 

operation of distribution grids (including microgrids situations). 

 Improved network capacity management is thus required in order to maximize sustainable 

generation in the most economical way for the whole society, while maintaining network stability and 

reliability. Whenever it is a cost-effective and stable alternative to reinforcement’s solutions, this 

capacity management can be increased via the operation of controllable sources and loads, allowing the 

grid to be more flexible at both demand and supply sides. If such solutions turn out to be more cost-
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effective and do not compromise security of supply and quality of service, grid operators should be able 

to postpone and even reduce their investments for capacity upgrading of the grid thanks to flexibility 

management solutions. 

In the actual situation, these flexibility opportunities are used at national level for Balancing 

Responsible Parties (BRPs) portfolio optimization, for balancing mechanism and for transmission 

contingency management. With the increasing interconnection rate of Distributed Energy Resources 

(DERs), more and more flexibility opportunities are available in distribution systems, which have to be 

transmitted up to the transmission level. 

The electricity system actor’s roles and responsibilities need to evolve. New tools should be 

elaborated in order to permit the DSOs to better operate their network, as well as to allow better 

interactions between Distribution System Operators (DSOs) and other stakeholders, such as 

Transmission System Operators (TSOs). In a context where all unbundled actors are dealing with an 

increasing number of local flexibility opportunities, the DSOs have to play locally a new key role. They 

should try to give a complete access to markets to all distributed end users and enable the transmission 

of local flexibility offers in the national energy exchanges places, while guaranteeing acceptable network 

operation conditions and ensuring the quality of supply to their customers. To allow this paradigm, the 

underlying New Information and Communication Technologies (NICT) architectures have to be as well re-

defined. 

Contributions of the work and originality claim 

A coordination infrastructure is needed in order to integrate in the best economical and 

technical way the large amount of DERs interconnected in the distribution grids. Existing grid flexibility 

resources such as OLTC transformers, capacitor banks and switching components can be adequately 

operated, as well as new emerging DERs flexibility means, for improving network energy efficiency while 

ensuring stability and reliability of the grid. However, in addition to their large number in the distribution 

system, all these flexible resources have decision variables and constraints of different natures. This 

makes the coordination very complex and combinatorial, leading to a NP-hard problem that cannot be 

optimally solved in a polynomial time. 

Another scientific challenge that has to be tackled is linked to the stochastic nature of the 

considered variables. Indeed, the highly variable productions of the renewable DGs are adding many 

uncertainties in the overall coordination of the system. Moreover, some uncertainties on the availability 

of the considered flexibility offers have also to be taken into account, in order to avoid unexpected 

critical situations. 

The already in place devices and exploited tools are a technologic barrier that has to be as well 

overcame. The developed algorithms and tools will thus have to be suitable with the already deployed 

network infrastructure, but also easily accessible for the DSOs and eligible for the different energy sector 
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stakeholders. Finally, in the same philosophy, the developed tools will have to fit with the already 

existing European market structure.  

In this context, this PhD work is proposing a new distributed coordination of local resources and 

grid components control, tackling the introduction of local balancing mechanisms and network 

management functions for the DSOs. A new local market architecture is also investigated, which permits 

the design of these new DSO flexibility services. 

More particularly, the developments presented in this thesis are the following: 

� The instauration of local intelligence via a multi-agent system that will enable 

functionalities to be distributed within the network, allowing an autonomous 

architecture for local resources and network’s components operation. 

 

� The design of different network areas based on the objectives of the implemented 

functions and on the available flexibility resources in the network, ensuring the global 

optimality of the solution found. 

 

� The design of a new local market architecture, facilitating the access to the market for 

distributed flexible end users. This architecture is based on the proposed distributed 

communication structure and takes into account the existing processes in the current 

European liberalized energy markets. 

 

� The development of solutions to help the DSOs to validate the distributed flexibility 

offers that are proposed in the market, ensuring that these power exchanges are not 

endangering the overall network operation, taking into account its associated 

uncertainties. 

 

� The introduction of new methodologies for short-term local risk management and 

contingency analysis for the DSOs. Several methods with different computational 

requirements and complexity are developed, dealing with near real-time remaining 

flexibility opportunities that have not been selected in the market processes.  

 

� The development of a distributed advanced function for the DSOs in order to increase 

network performance while minimizing the network losses with the possible use of OLTC 

transformer, capacitor bank at the primary substation, reconfiguration and reactive and 

active powers control of the flexible DERs. 

Thesis outline 

The PhD thesis outline is developed as follow: in the first chapter, the context of the distribution 

networks and the new challenges they have to face are presented. The overall processes of European 
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electricity markets are also described, as well as the new evolving roles of the different electricity system 

actors. 

The assumptions of the new heterarchical distributed architecture allowing the introduction of 

local balancing mechanisms and network management functions are presented in the second chapter. 

This new structure is developed with a bottom-up approach in order to limit data transfers among the 

entire considered distribution network. 

The developed tools to support the DSOs to act as a market enabler are then described in the 

third chapter. Some solutions to help the DSOs to give a wider access to end users to the energy markets 

are presented, via the technical validation of flexibility offers at the distribution level before their 

transmission to the upper voltage level and via a better consideration of the Low Voltage (LV) flexibility 

resources. In a second step, some solutions for near real-time distributed risk management and 

contingency analysis are investigated to help the DSOs to anticipate the operation of their network. 

Finally, innovative tools to support DSOs for network energy efficiency improvement are 

proposed in the fourth chapter. Some distributed solutions are proposed in order to optimize the 

network losses while considering all the available flexibility resources, including remaining flexibility 

offers that have not been selected during the market processes and mechanisms. 
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Chapter I. Context and challenges 

 

Context and challenges 

 

The first part of this chapter describes the classical power networks structures and the reasons 

that encourage electrical grids to become Smart(er) Grids. In the second part, the overall processes of 

European electricity markets and mechanisms are presented, as well as the new evolving and challenging 

roles of the regulated and deregulated European electricity system actors 
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I.1 Introduction 

The context of European electrical networks has evolved significantly during the last 20 years. 

These systems were originally designed to carry electricity from large generation power plants to end 

users in a secured, economical and efficient way. They are now facing new challenges encompassing 

technical, economical, regulatory and sociological issues. 

The liberalization of the European energy market in 1996 [EC-96] has contributed to the 

unbundling of the different electrical segments. The opening of competition between European 

electricity actors led to the emergence of many new stakeholders. In parallel, the growth in 

environmental and energy awareness is driving some evolutions in the electrical grids. The new 

engagements adopted in the Kyoto protocol in 1998 [UNIT-98] headed to new European and national 

directives defining new objectives on energy savings, on the proportion of sustainable energy resources 

production and on the greenhouse gas emissions reduction. This encouraged the introduction of more 

and more renewable generators into the grid. The large integration of variable renewable sources in the 

generation mix induces an important need of flexibility at all levels and scales. 

These main evolutions also led to a high increase of local distributed producers in the 

distribution grid. This situation has further highlighted local power system inadequacies and has pointed 

out for an increasing need of flexibility at more restricted levels for local network operation. 

Today, it is necessary to think about new structural and operational solutions for the planning 

and for the operation of the future power networks, in order to manage them more efficiently but also 

to continue to guarantee and even improve security, reliability and quality of supply to the customers. To 

enable these new strategies, actual distribution networks have to be adapted to become active 

networks. New Information and Communication Technologies (NICT) are regarded as increasing 

opportunities for better grid observability and controllability. Overall, distribution networks are 

encouraged to become Smart(er) Grids. 

Since the liberalization of the energy sector, the different market players can participate in 

electricity trades with different strategies. With the increasing need of flexibility emerging in the power 

system, the roles of the involved actors in the electricity sector are evolving and more and more data 

have to be exchanged for the optimal operation of the network. More particularly, the system operators 

have to play a key role, in order to ensure fairness and non-discriminatory market access, but also to 

continue to guarantee system stability and security of supply. 

The first part of this chapter describes the classical power networks structures and the reasons 

that encourage electrical grids to become Smart(er) Grids. In the second part, the overall processes of 

European electricity markets and mechanisms are presented, as well as the new evolving and challenging 

roles of the regulated and deregulated European electricity system actors.  
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I.2 From actual networks to Smarter Grids 

Power networks were built at the beginning to guarantee the demand/supply balance 

economical optimum by carrying electricity from the large generation power plants to end users. They 

are, since approximatively 20 years, undergoing tremendous changes because of new arising challenges, 

mainly driven by the opening of the energy market and by the new environmental policy incentives. 

These caused the multiplication of the electricity sector actors and the large growth of the decentralized 

generation, leading to some power system inadequacies and technical/economical concerns that have to 

be addressed. In this part, the power networks basic structure is firstly introduced. Then, the new 

emergent challenges which are encouraging the transition from actual network to Smart(er) Grids are 

presented in detail. 

I.2.1 Power grids basic structure 

Power grids have been built to transfer the electricity from generation power plants to end users 

while guaranteeing robustness and the best possible efficiency. To limit technical losses, the best 

economical solution is to transport electricity at very high voltage level. Therefore, the electricity is 

carried at different voltage levels: at high voltage levels for large power flows over long distances, and 

then at lower voltage levels down to the end users connections. The basic structure of power networks is 

shown in Figure I-1. 

 

Figure I-1 - Power networks basic structure 



Chapter I – Context and challenges 

23 / 259 

As it is represented in the Figure I-1, power networks are generally composed of different parts 

which have specific characteristics and distinct voltage levels. There are described more in details in the 

following sections. 

Bulk generation 

The electrical system slowly converged to a vertical architecture where the electricity production 

is generated by large generators which are connected to the transmission network through step-up 

transformers. These primary sources of energy are usually fossil, nuclear and hydro power plants, but 

they can also be off-shore wind farms or large scale solar power plants. Figure I-2 presents the evolution 

of the generation mix in ENTSO-E (the European Network of Transmission System Operators for 

Electricity) member TSO’s countries between 2013 and 2014. 

 

Figure I-2 - Generation mix repartition in ENTSO-E member TSO's countries in 2013 and 2014 

[EUR1-15] 

The percentage values in Figure I-2 are computed with respect to the total generated powers in 

the considered countries over the two years, which are respectively 3355 TWh in 2013 and 3261 TWh in 

2014. Figure I-2 illustrates the fact that there is more and more hydraulic and renewable generation in 

the European generation mix while fossil fuels generations are tending to decrease. A large part of 

renewable power plants are hardly predictable because their power generations depend directly on the 

weather conditions. With the growing share of renewables, the demand/supply balance becomes harder 

to ensure, and though the stability of the entire grid is more complicated to safeguard. 

The entire network stability is mainly ensured by the control of the large power plants connected 

in the transmission system, through frequency control. Different frequency reserve mechanisms enable, 

with different time constants, the balance between production and consumption to be ensured, while 

sharing the repartition of the reserves between the different power plants. These reserves are sized in 

order to stabilize the system in case of any imbalance. The characteristics of the different types of 

frequency control reserves are presented in Figure I-3. 
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Figure I-3 – Characteristics of the different types of frequency control reserves [BURN-13] 

After a disturbance, the Frequency Containment Reserve (FCR) is activated to stabilize the 

frequency at a steady-state value within the permissible maximum steady-state frequency deviation. The 

frequency restoration process brings back the frequency towards its set point value by the activation of 

the Frequency Restoration Reserve (FRR) and replaces the activated FCR. Finally, the Replacement 

Reserve (RR) replaces the activated FRR, but it can also support the FRR activation. 

Transmission network 

 The transmission network transfers electric power from the largest generating units to the 

distribution system. It permits to transmit electricity over large distances at very high voltage levels 

reducing the copper losses. The European typical voltage levels of the transmission network range 

between 150kV and over 400kV. In order to ensure its robustness, the transmission network is operated 

as a meshed system. The operational procedure of this system follows generally some rules, such as the 

N-1 rule [HAD1-13], which ensures that the power system is always operated with sufficient safety 

margins in order to withstand any single fault events that could impact the entire considered power 

system. Given its size and its power amount, power flow optimization and network operation are very 

complex: a large number of remote monitoring, control and protection devices are deployed to secure 

and oversee the whole system.  

In Europe, the transmission network allows energy and capacity exchanges between the various 

operators through interconnections for improved reliability and economy. The ENTSO-E (European 

Network of Transmission System Operators for Electricity) is connecting 41 TSOs from 34 countries 

across Europe. ENTSO-E’s overall objective is to promote the reliable operation, the optimal 

management and the technical evolution of the European electricity transmission system in order to 

ensure security of supply and to support the implementation of EU energy policy [ENTS-15]. Figure I-4 

shows the ENTSO-E country members and their physical energy flow values in GWh through their cross-

frontier transmission lines. 



Chapter I – Context and challenges 

25 / 259 

 

Figure I-4 - Physical energy flow values in GWh in 2014 in the ENTSO-E area [ENTS-15] 

When coming closer to the distribution network, the voltage levels are gradually adapted down 

to the regional transmission network (150kV) and HV distribution (or sub-transmission) network (110kV 

in Germany, 90-63kV in France). These types of networks are usually also operated in a loop structure. 

Distribution network 

The electricity is transferred to the local MV distribution networks through step-down 

transformers (voltage generally between 10kV and 50kV) and finally to LV distribution networks 

(230V/400V). Even if most of MV networks are planned looped or meshed, they are usually operated in 

radial topology in order to simplify protection schemes and to reduce short-circuit currents. It means 

that there is a unique supply-route coming down from the primary substation (HV/MV transformer) to 

every consumer. 

European distribution networks are made of around 10 million km of power lines and are 

delivering electricity to 260 million connected customers of whom 99% are residential customers and 

small businesses [EUR1-13]. Figure I-5 represents the length repartition of lines per voltage level 

managed by several European DSOs. It shows that in every country, the large majority of the power lines 

operated by the DSOs are in LV level. Urban and rural distribution networks have different 

characteristics: while urban areas are characterized by a high density of loads and a relatively high 

demand which require many equipment (transformers, cables, lines…), rural areas are characterized by a 

large geographical coverage and a low density of loads which are fed by longer lines with high network 

impedances. 
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Figure I-5 - Length of power lines per voltage level managed by DSOs in Europe in 2013 

[EUR1¬13] 

European DSOs have a wide diversity of businesses, sizes of operational areas, numbers of 

connected customers and network characteristics. However, DSOs have all to provide a good level of 

security, reliability and quality of supply to their customers. This includes, among others functionalities: 

control, monitoring, supervision and outage management. They are in charge of developing their 

network, and of designing new lines and transformers. They have to ensure the power delivery to 

existing connections to customers, and to ensure the connection of new loads and new distributed 

productions.  

There are around 2400 electricity distribution companies in Europe which have to find the most 

efficient way of delivering energy through their network. Meanwhile, they have to cope with the new 

changes and challenges that are arising due to the opening of the energy market, and to the new 

environmental policy incentives. 

I.2.2 Transition to the Smarter Grid 

Power system networks are now facing new challenges and evolutions, that have a significant 

impact on the planning and the operation of both transmission and distribution networks. With the 

opening of the energy market and because of new environmental policy incentives, new actors are 

appearing in the electricity system and particularly hardly-predictable sustainable energy producers. 

Since few years, a large increase of distributed generation in distribution networks has been observed, 

resulting in some needs in the distribution network operation. In parallel, the deployment of new 
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communicating devices in distribution networks permits all the actors to get communication and 

information exchanges, and so, a better vision on their operating systems. All these modifications and 

evolutions have to be considered in the new technical and economical frameworks of the Smart Grids. 

New challenges in the electrical system 

European power system networks have been developed since the beginning of the 20th century 

following monopoly situations, where large national entities were managing the production, the 

transmission and the delivery of electricity. In 1992, the European commission expressed an explicit 

interest in the establishment of an internal energy market, with the formalization of a regulatory 

framework for the creation of the internal electricity and gas market [GUIB-89]. It was only in 1996 that 

the European Directive 96/92/EC [EC-96] relative to the liberalization of the energy sector led to the 

opening of the energy market. This contributed to the opening of competition between European 

electricity actors, to the unbundling of the different electrical segments (e.g. production, transmission, 

distribution), and to the emergence of new actors. According to later European directives [HEDD-07], 

markets for all non-household electricity customers have been liberalized in July 2004. For private 

households, the deadline was July 2007 [EC-07]. After these two dates, businesses and private customers 

have been able to choose their power and gas suppliers freely in a competitive market. 

In addition, the households and services demand of electricity has steadily risen in Europe since 

2004 [EUR2-15] due to the increase of house loads (e.g. air conditioning, electrical heaters and boilers, 

computers, among others) but also to the development of new usages (e.g. electrical vehicles, heat 

pumps). Actual distribution power networks will, at some point, reach their sizing limits because of this 

continuous increase of consumption as well as change of consumption patterns. The largest part of 

European power infrastructures have been built between 1960 and 1980 and designed for traditional 

peak consumption periods. Because of investments costs concerns, the majority of grid components 

such as lines, cables and transformers are becoming aged and are even more ageing when they are 

operated close to their nominal power load because of thermal stress, but also when large voltages 

fluctuations are occurring. With the development of new usages and the changes in the energy 

consumption, large power flows and important voltage fluctuations might occur more frequently, and 

might have an even worse effect on the network components. 

Besides this, in order to face the causes of climate changes and to respect its engagements with 

the Kyoto protocol [UNIT-98], the European Union has adopted a large number of directives that are 

targeting energy savings and an increased use of renewable energy sources. This implies new objectives 

on energy efficiency, on the proportion of sustainable energy resources production and on the 

greenhouse gas emissions reduction. For example, in 2009, the 2020 package [EC-08] was set to ensure 

that the EU meets its climate and energy targets for the year 2020. The package defines three key 

targets: a 20% cut in greenhouse gas emissions (from the levels registered in 1990), 20% of the EU 

energy from renewables and 20% improvement in energy efficiency. A few years later, the 2030 climate 
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and energy framework [EC-14] reviewed the 2020 climate and energy package and redefined the new 

targets for the year 2030: At least a 40% cut in greenhouse gas emissions (from the levels registered in 

1990), a 27% share for renewable energy, and a 27% improvement in energy efficiency. This new 

roadmap has been adopted by EU leaders in October 2014. 

Other national directives have been also adopted in the different European countries, with the 

aim to succeed to reach these European objectives. This results in causing a large increase of sustainable 

energy sources and reducing fossil fuels dependency. More particularly, these new policy incentives are 

also inducing the large increase of integration of Distributed Generations (DGs) in the distribution 

networks. Because of the generally hard predictability of this type of energy sources, their integration in 

the distribution network is becoming really challenging, and the spatio-temporal correlation with the 

consumption has to be addressed. 

Distributed Generation impact 

Distributed Generation (DG) refers to all the small power generating plants connected to the 

distribution network at the different voltage levels [HAD2-13]. The primary sources of energy for DG are 

generally renewable sources as hydro, wind, photovoltaic, geothermal or biomass, but can also be fossil 

fuels sources such as for the Combined Heat and Power (CHP) plants. An overview of generation types 

connected at the different distribution voltage levels is presented in Figure I-6. 

 

Figure I-6 - Common generation technology types connected to the distribution network 

[EUR2¬13] 

Since approximatively 20 years, the opening of the energy market and the sustainable awareness 

has boosted the rise of DG interconnections in both MV and LV networks. Indeed, every local producer 

can now sell his electricity to the buyers through energy market platforms. Moreover, due to commercial 

incentives and subsidies that have been established for environmental concerns by European 

governments, investors and particularly end users were encouraged to install small-scale DGs. Last but 

not least, the technological progresses of DGs make it more and more attractive for owners, with 

increasing productivity and decreasing purchase and operational prices. 
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To illustrate this rise of DG penetration, Figure I-7 shows the trend of the evolution of the 

cumulative DG capacity power connected to the distribution grid managed by Enel Distribuzione, the 

largest Italian DSO. 

 

Figure I-7 – Evolution trend of the cumulative DG capacity power connected to the ENEL 

distribution grid [ABB-16] 

In this distribution grid, and generally all around Europe, the DG penetration in LV level 

represents more than 80% of the DG penetration [ENEL-13]. However, as observed in Figure I-7, the 

generation power capacity in MV level is representing around 80% of the total distributed generation 

power capacity. This can be explained because MV generation plants are more powerful than the LV 

ones. 

Another example is depicted in Figure I-8, which represents the evolution of connected DG 

capacity connected in Enedis (ex ErDF) network, the largest DSO in France. The installed DG capacity is 

steadily increasing since a few years, and particularly the capacity of PV power plants. 
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Figure I-8 - Evolution of installed DG capacity connected in Enedis network [ENED1-15] 

Due to the large integration of DGs all over the distribution networks, the power delivery system 

has been changed gradually from a downstream unidirectional scheme to a more and more bidirectional 

scheme, because of reverse power flows that can occur. Indeed, as it is illustrated in Figure I-9, the 

percentage of HV/MV sections operating in reverse flow conditions at least 1% of the year has increased 

from 9% in 2010 to 32% in 2014 in the Italian ENEL distribution system. Reverse power flows imply a risk 

of uncontrolled islanding mode in the distribution grid, which can lead to circuit protection scheme 

problems. 

 

Figure I-9 – HV/MV sections where reverse power flow from the MV side towards the National 

Grid occurred in ENEL distribution grid [ABB-16] 
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Hence, the integration of DGs creates significant technical and economic challenges for 

transmission and distribution system operators, and particularly due to DGs production profiles and 

locations. Indeed, DG production is usually hardly controllable, highly variable and not always correlated 

in time and in space with local consumptions. During certain hours, the large amount of DG connected to 

the distribution network could improve the network operation, producing near the consumption and 

though reducing the need of network capacity for transmission over long distances. However, the need 

to design the distribution systems for peak load remains undiminished because of the generally non-

coincident time periods of local production and consumption. It may often need more reinforcement at 

both distribution and transmission levels. 

Because many of these productions are derived from intermittent and local energy sources, such 

as wind and sun, it offers less flexibility to control or schedule than usual controllable energy sources. 

Adequate structural solutions are proposed to solve these emerging capacity problems, such as grid 

reinforcement leading to new investments to get a higher network capacity, or by following new 

advanced planning rules that can avoid these problems in future networks [ALVA-09], [GOUI-15]. 

Operational solutions can also be associated with these structural solutions, in order to transform the 

distribution grids into active and smart(er) networks, and to limit overloads and other physical 

constraints violations. 

In order to face these new trends and modifications, actual power networks have to be adapted 

and DSOs need to be able, today, to actively manage and operate their networks. These changes are 

going along with the evolution of actual electrical networks to the new Smart Grids. Moreover, the 

deployment of New Information and Communication Technologies (NICT) in power systems permits the 

interoperability of the networks and the coordination capacity of the DSOs to be increased. 

Deployment of communicating smart devices 

In order to enable new strategies dealing with flexibility resources of the grid, distributed 

generators and flexible loads, as well as state of the network and power flows values, should be 

monitored and controlled. Actual distribution networks have to be adapted and seizing NICT 

opportunities have to be increased, permitting these communication and information exchanges. The 

development of reliable Smart Grid has to be in line with the deployment of communicating smart 

devices. 

As Figure I-10 shows, the most important investments for developing Smart Grids according to 

the European DSOs, are network automation and communication as well as smart metering. This can be 

explained by the fact that if network automation, communication and monitoring are not deployed, the 

proposed solutions strategies and the overall global control could not be implemented. 
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Figure I-10 – Most important Smart Grid investments according to the European DSOs in 2014  

[EUR1-14] 

Several types of smart devices are still in deployment in distribution networks, in order to 

increase the efficiency of the operation but also to ensure and improve communications between the 

several actors of the electricity sector. Smart devices include line sensors, smart meters, synchro-

phasors, transformers, fault interrupters, power control modules, remote terminal units (RTUs), in home 

controllers and many more. Through monitoring, automation and remote control, the DSOs could 

manage either in a centralized or in a decentralized way, the overall network operation. 

More particularly, smart meters are currently deployed in end users facilities in order to support 

the DSO network operation. A smart meter records consumption of electric energy in intervals of an 

hour or less and communicates this information to the supplier through the DSO at least daily for billing 

concerns. This device is also generally able to measure in real-time its voltage magnitude at its 

connection point, as well as the consumed active and reactive power. Hence, the intensive deployment 

of smart meters could allow the DSO to better monitor their distribution networks and to identify the 

areas where constraints are often violated. 

EU member states are required to ensure the implementation of smart metering in the Third 

Energy Package. This implementation was subjected to a long-term cost-benefit analysis. In cases where 

the analysis was positive, a roll-out target of 80% market penetration for electricity by 2020 is set for the 

country. Figure I-11 highlights the concerned European countries in this case. By 2020, it is thus expected 

that almost 72% of European consumers will have a smart meter for electricity (around 200 million smart 

meters). 
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Figure I-11 – Wide-scale roll-out of smart metering by 2020 in the different EU countries [EC-15] 

The increased DG penetration poses not only a balancing challenge, but also a local network 

operation defy. Indeed, the security and the hosting capacity of the distribution system are mainly 

depending on the voltage constraints and the physical current limits of the network. DG penetration can 

locally emphasize system unbalance, voltage deviations and current congestions in certain cases. These 

new arising problems highlight an increasing need for new grid planning and operational solutions. Grid 

reinforcement is one of the mainly DSOs chosen solution, even though some of constraint deviations can 

happen in some lines only few hours per year. With the large amount of existing and projected DGs 

interconnections, this solution could become very expansive in the long-term. Other structural and 

operational solutions should emerge in line with this context in order to help the DSOs to optimize their 

network efficiency. The deployment of NICT in distribution networks can help the integration of these 

new solutions, and permit a better observability and interoperability of the networks. 

Finally, with the increasing need of flexibility emerging in the power system due to the large 

integration of variable renewable generations, the electricity actors should have new defined 

responsibilities dealing with flexibility procurement, flexibility validation, flexibility exchanges and 

flexibility uses. Therefore, the different roles of the electricity sector actors have also to evolve. These 

evolutions are discussed in the next section.  
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I.3 Electricity markets and mechanisms: the 

evolving roles of the electricity sector actors 

Since the liberalization of the energy sector and the opening of the energy market, the different 

electricity market players can participate in electricity trades. Since 2007, businesses and private 

customers are able to choose their power and gas suppliers freely in a competitive market [EC-07]. 

Energy products are traded and exchanged in a deregulated system, within certain regulatory constraints 

such as competition and market rules. Activities such as production, supply, trade, sales, and metering 

(such as in UK among others, for example) are competitive. 

However, physical power flows are exchanged through the same physical electrical networks 

which are operated by TSOs and DSOs, in a regulated system. Physical electricity flows are circulating in 

transmission and distribution networks within certain technical limits. 

The natural monopolistic activities must be separated from the other activities in order to 

prevent discrimination and to guarantee fair access to the grid. Within the electrical sector, some 

activities based on natural monopolistic situations, and some other activities based on competitive 

markets, have to be carried out simultaneously while staying decoupled. Indeed, the two systems are 

highly related and interactions between them should be handled to ensure the operation of the whole 

electricity system. Within this context of separation between commodity trades and network operations, 

the roles and strategies of the electricity actors are continuously evolving [WER1-05]. European 

commission is thus adapting and consolidating legislations with the aim to improve the overall operation 

of the energy market. 

I.3.1 Evolving roles of the market actors 

In electricity markets, two forms of commercial activities are possible: bilateral transactions 

called OTC (Over-The-Counter) and transactions in organized market places. The majority of energy is 

traded via bilateral transactions, which are contracts made directly between suppliers and purchasers of 

electricity. 

In organized energy markets (also called pools or wholesale markets), offers and requests meet 

through a system where sellers and buyers do not know each other. This system is called the power 

exchange or market place. In this type of system, the sale prices are determined by a mechanism based 

on the Marginal Clearing Price (MCP) [HAD1-13]. Supply and demand offers are sorted into a merit order 

list: from the less expensive one to the more expensive one for the supply (concerning the producers) 

and from the more expensive one to the less expensive one for the demand (concerning the customers). 

The sale price or market price is corresponding to the intersection of this two merit order lists. This 

intersection point is corresponding also to the quantity of energy that has been selected. All the 

producers which propose energy blocks at a price below or equal to the MCP are selected. In the same 
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way, all the buyers who have a price offer higher or equal than the MCP are selected. The price of the 

MWh is set for all the selected participants at the price of the last MWh that is included in the selection 

process. The basic MCP is established without taking into account the physical constraints of the 

network. Mechanisms of flow-based capacity allocation are now initiated in Europe in order to get a 

better price convergence between the different market zones, providing a better level of reliability and 

stability of the entire grid [CWE-14]. 

Overview of organized energy markets 

The wholesale markets address the trading of bids of energy to be delivered over several years-

long, to several hours-long (block bids), and in some cases to 15 minutes-long (quarter bids) periods. 

They can be ranked according to their timing. In the long term, electricity can be traded on forward 

electricity markets. In the short term, electricity can be traded on the day-ahead (also called spot 

market) and on the intraday markets. An overview of a simplified timeframe can be seen in Figure I-12. 

 

Figure I-12 – Overview of organized energy markets timeframe 

In the forward markets, for both medium term and long term, the base load energy products are 

usually exchanged. Forward markets reduce risks for all the actors of the market, since they reduce the 

quantity of energy that trades at the more volatile spot price. Thanks to these markets, all the market 

players can already be in a more balanced position at the opening of the spot market [AUSU-10]. 

The day-ahead market is held the day before the actual operation of the system on the basis of 

standardized hourly schedules. Energy is negotiated for a provision 24 hours ahead, and transactions are 

based on hourly or half-hourly products. The market sets a spot price that reflects the production-

consumption balance in the short term without considering network constraints and before the 

adjustment carried out by the TSO. The participants involved in this market are committed to inject or 

extract quantities of electricity at the time stipulated by the contract. In Europe, the largest market, in 

volume, traded for electrical energy is the Nord Pool Spot [NORD-16]. It operates in Norway, Denmark, 

Sweden, Finland, Estonia, Latvia, Lithuania, Germany and the UK. In parallel, the European Power 
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Exchange (EPEX SPOT) [EPEX-16] is operating in Germany, France, Austria, Switzerland and Luxembourg. 

The APX Group operates the spot market in Belgium, the Netherland and the United Kingdom. 

Complementary to the day-ahead market, the intraday market is based on a finer consumption 

and production forecast because the available information is up to date and more accurate. The time 

horizon of the intraday market is typically between 2 hours and 45 minutes before the physical delivery. 

At the end of these markets, all the market players should be in a balanced position, ensuring the global 

balance between production and consumption. To respect the overall system stability, new 

responsibilities are added for all the market players. 

The new role of the suppliers: Balancing Responsible Parties 

The role of Balance Responsible Parties (BRPs) in the liberalized European Union electricity 

market is described in the ENTSO-E Supporting Document for the Network Code on Electricity Balancing 

[EUR3-13] and refers to the fact that all the market players have an implicit responsibility to balance the 

system through their balanced portfolio. In other words, BRPs are financially responsible for keeping 

their own sum of injections, withdrawals and trades, balanced over a given timeframe. The notion and 

the roles of the BRP have been introduced to encourage balance between demand and offer for a certain 

metering point, so that overall deviations of the system are minimized. 

Energy suppliers are conventionally purchasing electricity from the producers and selling it to the 

consumers. Usually, small end users are delegating their balancing responsibility to the supplier, who can 

either take it up himself or arrange a BRP for them, i.e. a market participant who would be responsible 

for its imbalances. 

The procurement of energy blocks by a BRP is depicted in Figure I-13. Aiming to balance its 

portfolio, the BRP is purchasing its need of power from more than one year down to 15 minutes before 

delivery in an iterative process. Few years to few days in advance, he is able to buy the base power 

blocks (in dark grey) on the forward markets. Then, while uncertainty in the expected load profile 

decreases when going closer to real-time, the BRP can adjust its need of power in the day-ahead market 

(in light grey). Finally, he can fix its last unbalances during the intraday market, by purchasing (in orange) 

or reselling (in green) energy blocks until the markets gate closure. A BRP might also be a producer, 

adapting its production to its balancing needs. 
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Figure I-13 – Procurement of energy blocks by a BRP in the different energy markets [KOK-13] 

At the end of the intraday process each BRP acting on the national network should have a 

balanced portfolio. Any unbalance in the BRP program is penalized [EUR3-13]. Though, in order to reduce 

their unbalance at a minimum, the BRP sets generally contractual arrangements with their customers or 

with some commercial aggregators for getting enough flexibility resources and balancing services. 

The emerging sources of flexibility and associated semantic 

In order to ensure the general balance of the system until real-time at all levels of the system, 

more and more flexibility resources are needed. In systems with a high share of renewable DG which are 

mostly non-predictable and hardly-controllable, fast responding and reliable flexibilities are all the more 

needed. Hence, improved network capacity management is required in order to maximize sustainable 

generation in the most economical way for the whole society, while maintaining network stability and 

reliability. 

This capacity management can be increased in a more local level via the operation of 

controllable sources and loads, allowing the grid to be more flexible through the activation of end users’ 

flexibility at both demand and supply side. On an individual level, flexibility is the modification of 

generation injection and/or consumption patterns in reaction to an external signal (price signal or 

activation) in order to provide a service within the energy system. The parameters used to characterize 

flexibility include the amount of power modulation, the duration, the rate of change, the response time 

and the location [EUR2-14]. A flexibility offer can refer to an energy offer if its activation is scheduled, 

or/and refer to a capacity offer if its use is conditional. 

In order to encourage local customers to modify their patterns of electricity usage, and so to be 

more flexible, more and more incentives are addressed to them down to the lower levels of the 

distribution networks. The idea is to allow local customers to make more informed decisions about their 

energy consumption, adjusting both the timing and the quantity of their electricity use. This ability to 

control usage is called Demand Side Management (DSM). This management comprises two principal 

activities which are the Demand Response (DR) program, and the energy efficiency and conservation 
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programs [DAVI-10]. It aims to allow end users to have a greater role in shifting their own demand of 

electricity during load peak periods, and reducing their overall energy consumption.  

The Demand Response covers the complete range of load shape objectives depending on the 

loading periods. It includes load shedding, load shifting but also load growth. Load shedding 

denominates the curtailment of interruptible loads such as air conditioning, electrical heating, pumps, 

and other non-essential equipment. Load shifting defines the relocating of energy consumption to 

another time period, through rescheduling activities.  Load shifting can help end users to reduce their 

total demand at a given time, but may not necessarily reduce overall usage loads. Additional power may 

be required at other times to undertake the rescheduled processes or to return processes to the 

appropriate temperatures. The shifting of the load can be also useful for load growth during production 

peak periods, where the overall consumption of the network is low. Depending on their contract, DR 

participants may be dispatched from once or twice a year up to hundreds of hours per year.   

Energy boxes are smart devices that are installed at the residential premises, from which end 

users can receive orders of DR flexibility offers activation from a cloud based infrastructure, or directly 

coordinate themselves in a more decentralized way. Each energy box should be able to measure, 

estimate and control the household loads consumption defined by the end user that has a contract of 

DSM. These smart devices are essential to permit end users to share their flexibility opportunities. 

Nowadays, they are not largely deployed but they appear as one of the major solutions for managing 

local flexibility resources.  

Local flexibility opportunities can also come from generation capacity management via local 

production contracts. On the one hand, the assessment of firm capacity is important to foresee how 

much generation can contribute during consumption peak periods. On the other hand, if some over-

producing areas are identified, some DG connections contracts could allow the interruption of the DG 

generation output at some moments under specific conditions. Thanks to these types of flexibility 

contracts, DGs outputs may be dispatched down during low demand periods. For example, DGs such as 

CHPs can easily modulate their production depending on their contracts. 

Figure I-14 presents some key figures about firm production capacity and load shedding capacity 

directly connected to the distribution network operated by Enedis in 2015. More than 1000 MW of 

power capacity was available in France in 2015 for balancing usage and could be used as well for both 

transmission and distribution network management. 
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Figure I-14 - Share of firm production and load shifting capacity participating in balancing 

mechanisms directly connected to the distribution network operated by Enedis in 2015 [ENED2-15] 

DR is quite successfully applying in the industry sector [PGE-16] but its application in the 

residential sector is challenging. Managing millions of loads from the national dispatching center is 

introducing more practical complexity and scalability issues. Here appear the concepts of aggregators 

and Virtual Power Plant (VPP). 

The introduction of a third party: the aggregators and the VPP 

Aggregators are new entities in the electricity market that act as mediators between users and 

other market players [EUR2-14]. They own the technology to perform DR and are responsible for the 

installation of the communication and control devices at end user’s premises, such as energy boxes and 

relays. Since each aggregator represents a significant amount of total flexibility in the market, they can 

negotiate on behalf of the end users more efficiently and facilitate end users participation in the market. 

In this way, aggregators foster competition on the electricity market, by pooling the small flexibility 

opportunities to make commercial or technical use of them in energy markets or in the grid operation. 

Concretely, a VPP is a control and management system that aggregates DERs (including 

controllable loads, generations and storages), and presents them as a single entity to the energy market 

[EUR2-14]. The concept of VPP has been thought to enhance the visibility and control of DERs to all the 

electricity system actors by providing an appropriate interface between them [KIEN-09].  

Thus by aggregating the capacity of many diverse DERs, the VPP creates a single operating profile 

from a composite of the parameters characterizing each DER. At the distribution-transmission network 

interface the VPP presents a single profile representing the whole local network. Through the concept of 

VPP, individual DER can gain access and visibility across energy markets, can optimize its position and 

maximize its revenue opportunities. This approach reduces the imbalance risks associated with individual 

market participation because of the large scale and large numbers of flexibility opportunities in the VPP 

[LEBE-16]. It provides the benefits of the diversity of resources and an increased capacity achievement 

through aggregation. 
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Today, the concepts of aggregators and VPP are becoming quite similar, as it represents 

aggregator entities of local flexible resources. An advantage of the aggregation concept is that 

registration, communication and settlement are performed at the level of the aggregator. A hierarchy of 

VPP aggregation may be created to characterize the operation of DERs at low, medium and high voltage 

regions of a local network. This kind of structure is an assumption of the work done in this PhD.  

Thanks to aggregators, small DERs are able to participate not only in the global amount of energy 

exchanges in the wholesale markets but also in the responsibility for delivery of system support services 

for system operators. These services are very important for the regulated actors and could be, for 

example, system balancing or other ancillary services for the TSOs, or even local system management for 

the DSOs [KIEN-09]. 

I.3.2 Evolving roles of the bundled actors 

As explained in the previous parts, the energy exchanges are established without taking into 

account the physical constraints of the network. At the end of the intraday process each BRP acting on 

the national network should have a balanced set of DERs through its portfolio. However, as the offers 

and requests are based on forecasts, the balance between electricity supply and demand needs to be 

managed up to the real time. The TSO has then to validate the defined energy exchanges in order to 

permit the physical delivery of the energy. In case of possible constraints, the TSO will not approve the 

energy exchanges and will have to treat the congestions until real-time thanks to balancing mechanism 

and ancillary services. 

Balancing and ancillary services markets 

Balancing refers to the situation after the markets gate closure, in which a TSO acts to ensure 

that demand is equal to supply until real time. An important aspect of balancing is the procurement of 

ancillary services. Ancillary services refer to a range of functions which a TSO has to size and contract in 

order to guarantee the system security and stability [RTE-04]. These include black start capability (the 

ability to restart a grid following a blackout), frequency response (to maintain system frequency with 

automatic and very fast responses), fast reserve balancing capacities (which can provide additional 

energy when needed), the provision of reactive power, and various other services. 

Balancing reserve capacities provide flexibility to system operators to react to sudden changes 

on the supply or on the demand side. They have to be made available for the TSOs with an associated 

payment for their participation and use. Participants in these reserve capacities must have adequate 

technical characteristics such as a fast dynamic response, which make them able to quickly modify their 

operating point. All market parties can propose their availability of reserve capacity by sending a bid to 

the TSO. Concerning flexibility bids connected to the distribution system, they are collected by 

commercial aggregators and sent to the TSO in an aggregated form. By aggregating bids in a pool, the 

reliability of services provided individually by end users can be improved: for example, if a particular unit 
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is not able to deliver the planned capacity, the commercial aggregator can still provide the service using 

other units of its portfolio. DG producers can also directly participate in balancing services by committing 

their available average production in advance. In France, in order to participate in this mechanism, the 

involved DG power output should be more than 1MW. An aggregation of several small DGs can also 

participate if their resulting aggregated power capacity is more than 1MW [ENED3-15]. 

Today, there are many differences between the different national balancing markets or 

mechanisms in Europe in terms of structures and rules, operational procedures etc. In order to unify the 

structure and to permit consistent and compatible exchanges between the countries, some of these 

differences have to be harmonized. The European commission and the two main European associations 

responsible in this field – ACER (Agency for the Cooperation of Energy Regulators) [ACER-16] and 

ENTSO¬E [ENTS-16] – recently have agreed on a timeline to elaborate a common basis framework to 

define the foundations of a future European balancing market [ACER-15]. 

The introduction of an efficient European balancing market could ensure the security of supply at 

the least cost and could deliver environmental benefits by reducing the overall need for back-up 

generation. In this context, a draft of a network code proposed by the ENTSO-E has been delivered in 

2013 [ENTS-13], followed by a public consultation process in recent months where several European 

stakeholders have been invited to submit their inputs. However, the European balancing market design 

is clearly not finished: it is only the beginning of continuous amendments and improvements in order to 

get finally a common framework. 

With the increasing number of flexibility resources, it could become interesting for the entire 

system to introduce a capacity market where the TSOs could buy their needed reserve capacity 

depending on the availability of the flexibility resources [BURN-13]. 

The emerging challenge of the capacity market 

The low return on investment of peaking plants is a first motivation for the instauration of a 

capacity market in the power system. System operators are facing large deficiency of peaking production 

plants because they are generally producing only during peak periods, and are not enough profitable for 

their owners [MEDA-14].  
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Figure I-15 – Status of capacity remuneration mechanisms in Europe in 2015 [EY-15] 

In some European countries, different capacity remuneration mechanisms are already in place as 

depicted in Figure I-15. In France, Germany and Poland, they are considered as a potential solution to 

the new grid challenges [EY-15]. Indeed, the instauration of a capacity market allows the number of 

offers on the balancing mechanism to be increased, and the interest of using all types of flexibility at all 

levels of the power system for recovering the contingencies and the stress of the grid to be emphasized. 

 A capacity market would guarantee a specific remuneration for flexibility resources, which 

would be independent of the wholesale markets. This would ensure the system operators that there 

would be enough reserve of both active and reactive power flexibility for any envisaged scenario 

happening in their grids. 

The evolving roles of the TSOs and the DSOs 

System operators (TSOs and DSOs) have the responsibility to operate their network in a certain 

given area as well as their interconnections. They also have to ensure the stability of their grid and the 

security of supply to their customers, while optimizing their own economic performance. Furthermore, 

they shall also facilitate market operation by supplying a non-discriminatory access to the grid and by 

providing the system users with the information they need for an efficient access to the system. They are 

as well in charge of maintenance and development of their power networks. Both TSOs and DSOs are 

finally responsible for providing system services: for example, TSOs have to provide balancing services, 

reserve capacity, power quality, and reactive power supply. DSOs are responsible for providing power 



Chapter I – Context and challenges 

43 / 259 

quality and reactive power supply. All these technical requirements and responsibilities are laid out in 

national laws, European standards [EC-10], and grid codes [ENTS-13].  

These requirements are measured or monitored thanks to specific indicators. For example in 

distribution networks, indicators for continuity of supply include SAIDI (the average duration of 

interruptions per customer per year) and SAIFI (the average number of interruptions per customer per 

year). In 2013 in the large majority of countries in Europe, the total time of interruptions per customer 

due to unplanned long interruptions excluding exceptional events, did not exceed 200 minutes per year 

[CEER-15]. Another example is about power quality requirements: the European standard EN50160 

[EURE¬95] specifies voltage characteristics of electricity supplied by public distribution systems, including 

among others, the voltage ranges characteristics that have to be respected at all end users’ connection 

points. Under normal conditions, the standard indicates that the admissible range of variation of the 

r.m.s magnitude of the supply voltage, whether line-to-neutral or line-to-phase, is Un ± 10% or Uc ± 10% 

for 95 % of a week, where Un is the nominal voltage magnitude value and Uc the contractual voltage 

magnitude value. Voltage unbalance is also limited: it consists of a loss of symmetry of the phase voltage 

vectors (magnitude and/or angle), created mainly by an unbalance of the load, and its r.m.s value is 

limited to 2% for 95% of a week. In practice the r.m.s value can be determined over a fixed interval of 20 

milliseconds and the basic measurement can be made by determining the average of these values over a 

period of 10 minutes. Finally, some intrinsic technical requirements have also to be respected by the 

DSOs. For example, in order to prevent components’ thermal damages, DSOs need to avoid lines or 

transformers overloads in their network. 

With the rise of sustainable productions and their low predictable characteristics, TSOs and DSOs 

should need more and more system flexibility in order to keep their systems in a safe operation mode. 

Moreover, the growing number of DERs is enlarging the number of flexibility resources that, as for other 

energy products, market parties will buy or sell for energy balancing without considering the grid 

physical state. New innovative mechanisms are necessary in order to coordinate the system operation, 

to validate consumption and production plans, and to allocate some of the remaining flexibility 

opportunities for network management. 

Today, TSOs have access to balancing services to maintain the real time balance by adjusting 

generation and consumption up and down, using contracted reserve capacities. The TSOs must take all 

measures to offset any imbalance and to resolve any congestion, by managing their margins.  

DSOs also have to cope with these less predictable energy flows, and it is important that they can 

use flexibility opportunities as well to react to sudden changes in the system, when it is a more cost-

efficient option than traditional grid reinforcement. Since a few years, a lot of projects involving 

European DSOs, such as the ones presented hereafter, are trying to redefine their roles and their 

possible new business models in this context, while respecting the already established models for TSOs. 
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For example, the EDSO association for Smart Grids proposed some recommendations [EDSO-14] 

for DSO regulations, market design and coordination with the other actors, in order to allow DSOs to also 

use system flexibility services. EDSO suggests that the European DSOs should be allowed not only to 

provide system flexibility services in all timescales and to recover their costs in an appropriate manner, 

but also to be able to use local flexibility opportunities for short-term constraints management. 

Communication standards should be also defined in order to secure the exchange of data between the 

DSOs and the flexibility providers, as well as between the DSOs and the TSOs. 

In this context, the EDSO for Smart Grids and the ENTSO-E, in close collaboration with the 

European Commission and other relevant stakeholders, have prepared the European Electricity Grid 

Initiative (EEGI) Roadmap 2010-18 and Implementation Plan 2010-12 [EEGI-10]. This initiative proposes a 

9¬year European research, development and demonstration (RD&D) program to accelerate the 

innovation and the development of the electricity networks of the future in Europe. In the same line, the 

project GRID+ has been created for providing operational support for the development of the EEGI 

[GRID+-14]. Many European projects, such as the Grid4EU project which lasted from 2011 to 2016 

[G4EU-11], have been founded by the EU to support the EEGI initiative. 

In the same philosophy, the project DISPOWER which lasted from 2002 to 2004 introduced some 

key notes about the changing role of suppliers and DSOs in this context. The authors showed that by 

developing new business activities with flexibility procurement and by changing networks into active 

networks, the DSOs could overcome the threats that arise from the increasing penetration of DGs, 

incentive regulation, regulated connection charges, and unbundling  [WER1-05] [WER2-05].  

Finally, the THINK project which lasted from 2010 to 2013, tried to advise the European 

commission on a diverse set of energy policy topics, and among them, about the rethinking of regulation 

of the European DSOs [PERE-13]. 

In 2013, the European Commission launched the energy topic 2013.7.1.1 call for EU projects and 

selected four European projects (INCREASE [INCR-13], IDE4L [IDE4L-13], evolvDSO [EVOL-13]and DREAM 

[DREAM-13]), in order to propose, develop and demonstrate methods and tools for the DSOs in a 

situation of high network integration of DERs. Within these four projects, the roles of DSOs are also 

extended: the general proposal is that DSOs should take over additional and new responsibilities on the 

distributed market level. First of all, the common proposed idea is that the DSOs should be involved in 

both prequalification and activation of flexibility offers. They should have the possibility to validate or 

limit the flexibility offers depending on their grid state. Then, the second common principle is that the 

DSOs should be able to adopt a pro-active approach of flexibility management for grid constraints 

management and energy efficiency, by having the possibility to contract remaining flexibility resources 

for system reliability and for efficiency optimization. Keeping these global proposals as a common 

thread, different objectives are pursued in the four EU projects.  
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The project INCREASE focusses mainly on increasing the penetration of renewable energy 

sources into the grid while ensuring a reliable operation of the distribution network [INCR-13]. Following 

this objective, they are designing new control strategies for DGs, via a smart DG inverter that can act 

independently and regulate the DGs output power depending on the grid situation. Within this project, a 

multi agent system which permits the communication between smart inverters has also been 

implemented. An optimization of the distribution system based on market information and on 

forecasting has been developed for the global control of the smart inverters. 

The main aim of IDE4L is concerning the overall energy efficiency of the distribution systems 

[IDE4L-13]. Different tools for the planning, the pre-operational scheduling and the real-time operation 

of the distribution network are investigated in order to permit the development of an ideal grid for all, 

enabling clean and reliable energy for the future. 

The project evolvDSO aims at defining the future roles for the DSOs, encompassing planning, 

operational scheduling, real-time operations and maintenance [EVOL-13]. The objective of this project is 

to develop the tools which are required for these new roles, on the basis of future scenarios which will 

be driven by different Distributed Renewable Energy Sources (DRES) penetration levels, various degrees 

of technological progress, and different customer acceptance patterns. Another objective of this project 

is to establish new recommendations for the modification of the European DSO regulatory framework 

and for the modifications of the energy markets architectures. 

The main goal of the DREAM project is to frame and demonstrate an industry-quality reference 

solution for DER aggregation level control and coordination, based on available ICT components. This 

project addresses the feasibility of a distributed and autonomous control of local resources and 

network’s components, which would help the DSO to operate its network dealing with a high share of 

DERs flexibility opportunities. The major idea of the project is the creation of ad-hoc federations of 

agents that will flexibly adjust their hierarchy to the current needs of the distribution grid. 

This PhD is clearly in line with these new global proposals of evolving roles and responsibilities of 

the DSOs, and some dedicated tools for these changes will be presented in the next chapters. More 

particularly, a new distributed architecture and new innovative strategies developed within the DREAM 

project are presented, compared and validated in the following chapters.  
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I.4 Conclusion 

This chapter presented the major reasons that encourage the evolution of classical electrical 

networks into Smart(er) Grids, as well as the new evolutions and challenges that the electricity system 

actors have to face. 

New structural and operational strategies for the planning and for the operation of the power 

networks are needed, in order to manage more efficiently the network, but also to continue to 

guarantee security, reliability and quality of supply to the customers. In order to ensure the general 

balance of the system until real-time at all levels of the system, more and more flexibility resources are 

needed. 

Until today, the possible market uses of flexibility offers are only for national energy markets and 

for TSO balancing mechanisms. A fundamental distinction has to be made between these different uses 

of flexibility [EDSO 14]. On the one hand, market players such as BRPs are using flexibility opportunities 

with a commercial interest for portfolio optimization, and focusing on satisfying the energy needs of 

their customers. On the other hand, TSOs are using flexibility offers to pursue an objective of efficient 

and reliable grid operation, ensuring the security of supply and the quality of service. 

With the large increase of renewable DG interconnections and with the growing number of 

distributed flexible resources, flexibility services should be also accessible at the lower levels of the grid, 

in distribution networks. This could allow DSOs to tackle local network constraints, to maintain reliability 

and quality of service and to maximize the integration of DERs. 

Within this new context, the DSOs can act as market enablers while verifying that all the local 

flexibility offers exchanged between deregulated market players are compatible with the security and 

the reliability of their distribution network operation. The DSOs should be also able to adopt a pro-active 

approach of flexibility use for grid constraints management and for energy efficiency, by having the 

possibility to contract remaining local flexibility resources for system reliability and for efficiency 

optimization.  

This could be possible thanks to the instauration of new local market architectures, and with the 

instauration of a distributed and autonomous control of local resources and network’s components. A 

coordination scheme between BRPs, TSOs and DSOs will then become crucial for the operation of these 

flexibility services. In this context, this PhD is proposing innovative methodologies to support DSOs to act 

as market enablers and to improve their network energy efficiency, based on distributed energy markets 

and mechanisms. 
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Chapter II. Towards distributed energy markets and mechanisms 

 

Towards distributed energy markets 

and mechanisms  

 

The first part of this chapter describes the existing solutions for the distribution of the intelligence 

within the distribution grids. Then, it presents the already existing network’s component flexibility means 

that have to be locally controlled by the developed communication and information infrastructure. In a 

second part, the new assumed local market architecture is described. 

 

  



Distributed intelligence and heterarchical approach of distributed balancing markets in Smart Grids 

48 / 259 

Chapter II – Towards distributed energy markets and mechanisms .................................................... 47 

II.1 Introduction ........................................................................................................................... 51 

II.2 Existing solutions for distributed control in distribution networks .......................................... 52 

II.2.1 Towards the distribution of intelligence.......................................................................... 52 

Organizational structures ............................................................................................... 53 

Heterarchical approach .................................................................................................. 56 

Multi-Agent System architecture .................................................................................... 56 

II.2.2 Existing network’s components flexibility means ............................................................ 58 

Network’s flexible components at the primary substations ............................................ 58 

Reactive power control of DGs outputs .......................................................................... 59 

Reconfiguration within distribution networks ................................................................ 60 

II.3 Toward distributed market mechanisms for the DSOs through the definition of a new 

distributed architecture ..................................................................................................................... 62 

II.3.1. A distributed and autonomous architecture for local resources and network’s 

components operation ................................................................................................................... 62 

LV cell ............................................................................................................................ 63 

MV elementary cell ........................................................................................................ 64 

Self-healing cell .............................................................................................................. 65 

Primary substation federation ........................................................................................ 66 

Distribution network optimization cell ........................................................................... 67 

II.3.2 Distributed balancing mechanisms and constraints management tools for the DSOs ...... 68 

A new local market architecture ..................................................................................... 69 

The introduction of a new short time balancing mechanism ........................................... 72 

II.4 Conclusion ............................................................................................................................. 74 

  



Chapter II– Towards distributed energy markets and mechanisms 

49 / 259 

Table of figures 

Figure II-1 – The three common communication organizational structures [BARA-64] ............... 53 

Figure II-2 - Operating principle of the on-load tap changer of a transformer [HAD2-13] ............ 59 

Figure II-3 – LV cell representation and communication within the cell ...................................... 63 

Figure II-4 – MV elementary cell representation and communication within the cell.................. 64 

Figure II-5 - One possible federation of MV elementary cells representation ............................. 65 

Figure II-6 – Self-healing cell representation and communication within the cell ....................... 66 

Figure II-7 – One primary substation federation representation ................................................. 67 

Figure II-8 – DNo cell representation and communication within the cell ................................... 68 

Figure II-9 – Schematic overview of the PowerMatcher agent structure [MAC 11] ..................... 69 

Figure II-10 – The DREAM overall architecture in a two-dimension SGAM modeling .................. 70 

Figure II-11 – DREAM local market architecture in a two-dimension SGAM modeling ................ 71 

Figure II-12 – Overview of the new time frame permitting distributed balancing mechanisms and 

distribution constraints management .................................................................................................... 72 



Distributed intelligence and heterarchical approach of distributed balancing markets in Smart Grids 

50 / 259 

  



Chapter II– Towards distributed energy markets and mechanisms 

51 / 259 

II.1 Introduction 

The European electricity markets and mechanisms had been principally thought to fulfill energy 

exchanges and capacity availabilities at transmission level. In the actual situation, flexibility opportunities 

are firstly used for the BRP portfolio optimization, for the balancing mechanism and for the transmission 

contingency management. With the increasing interconnection rate of DERs penetration, more and more 

flexibility opportunities are available in distribution systems, and have to be aggregated and transmitted 

up to the transmission level.  

Therefore, with the growing number of local flexibility opportunities, the DSOs’ roles and 

responsibilities need to evolve. New tools should be elaborated in order to make them able to validate 

the distributed flexibility opportunities and to enhance their transmission to national levels. New 

strategies are also needed to help the DSOs to operate their network in the best conditions, allowing 

them to use remaining local flexibility services for constraint management and for energy efficiency 

optimization. 

In order to ensure that the entire distribution grid should be compatible with existing systems 

and standards, architectures and solutions applied in transmission systems could be used as guidelines 

to develop advanced control mechanisms in distribution systems. However, there are considerable 

differences between transmission and distribution systems implying that the replication could not be the 

best option.  

In this context, this PhD work is proposing innovative methodologies based on a distributed 

coordination of local resources and grid components control, permitting the introduction of local 

balancing mechanisms and constraints management for the DSOs. 

This second chapter presents the assumptions of this distributed architecture. More particularly, 

the first part of this chapter describes the existing solutions for the distribution of the intelligence within 

the distribution grids. Then, it presents the already existing network’s component flexibility means that 

have to be locally controlled by the developed communication and information infrastructure. In a 

second part, the new assumed local market architecture is described. This will permit the design of new 

DSO flexibility services for validation and aggregation of local flexibility offers, but also for DSO 

constraints risk management and network operation management. 
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II.2 Existing solutions for distributed control in 

distribution networks 

With the increasing rate of renewable resources and due to their non-predictable and hardly-

controllable outputs, more and more flexibility opportunities are needed in electrical systems. In parallel 

with the opening of the electricity market, a large number of flexible DERs are appearing in distribution 

systems, enabling local flexibility offers which can be used in the national markets and mechanisms via 

commercial aggregators or BRPs. 

All the local flexibility offers exchanged between deregulated market players at the national level 

have to be compatible with the security and the reliability of distribution networks. To ensure this, the 

DSOs need to have some innovative tools and methodologies to validate these local flexibility offers 

before their exchange at the national level. Moreover, the DSOs could be also able to use local remaining 

flexibility offers for the increase of market access, for their own grid constraints management, and for 

their network energy efficiency optimization. 

All these new strategies could be possible thanks to the instauration of a distributed and 

autonomous coordination of local resources and network’s components. This has to go along with an 

adequate distribution of intelligence within the distribution grid. This first part presents the overall 

concept of the distribution of intelligence in distribution networks, describing the different existing 

organizational structures and the system architecture chosen in this work. Then, the already existing 

network’s component flexibility is presented. The intrinsic characteristics of this flexibility will guide the 

definition of the new distributed architecture control developed in the second part of this chapter. 

II.2.1 Towards the distribution of intelligence 

A typical approach used in distribution systems is the “fit-and-forget” planning rule [PECA-07]. It 

consists in designing distribution systems in a way that constraints should not appear by construction, 

and thus, no communication is required. This approach is quite conservative and could lead quickly to 

over-investments in the network. In order to monitor physical values in the distribution networks, to 

control distributed devices for grid operation, and to deploy innovative functionalities in the grid, NICT 

have to be deployed down to the lowest levels of the system. This will gradually transform distribution 

grids into active networks. 

The idea of the thesis is to determine the best option to develop a new system architecture that 

will permit an optimal control of flexibility resources and network’s components, helping the DSOs to 

face their new roles and taking into account the responsibilities of each electricity system actor. Different 

organizational structures for communication or computational requirements are possible.  
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Organizational structures 

Different organizational structures for communication and computational achievement are 

conceivable to manage data and to operate electrical networks. They are presented in this section. 

In 1964, Baran [BARA-64] redefined the three common communication structures: centralized, 

decentralized and distributed approach (illustrated in Figure II-1). In a centralized communication 

system, the control center directly controls the operation of all the individual units by sending and 

receiving all information. This kind of communication architecture is really vulnerable as the destruction 

of the central node would stop all coordination actions.  

In a hierarchical structure, each node communicates with the other nodes that are directly below 

it, and with the one that is directly above it. The central point can control the entire system, but the 

complete reliance upon a single point is not always necessary. However, the loss of a small number of 

communication points can destroy all the communication structure.  

Finally, in a distributed communication system, all nodes are networked on the basis of equality, 

independence, and cooperation. The lowest level nodes can communicate with their neighboring nodes, 

thereby building a strong network that can be more resilient than centralized or decentralized systems. 

The greatest advantage of distributed structures is that the robustness of the system grows with the 

increase in the number of participants. 

 

Figure II-1 – The three common communication organizational structures [BARA-64] 

From a purely computational point of view, the algorithms can be either performed in a central 

operation center or be distributed among the networks. In a centralized approach, data and information 

can be pre-processed and aggregated at the lower levels of the system and sent to the central operation 

center. The optimization can lead to global optimal operation [HORS-00]. However, this kind of 

computational deployment generally requires a large amount of data transfers. 

On the contrary, with a distributed deployment of the computational systems down to the lower 

levels of the grid, optimizations can be done more locally in the system. This might not lead to the global 
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optimum but it can permit the simplification of the problem by solving several sub-problems [HORS-00]. 

Depending on their defined computational area, distributed algorithms can also lead to the global 

optimum for the overall system [VICE-94]. Optimization outcomes can then be communicated to higher 

system levels. 

Several possibilities are thus possible for the development and the deployment of new smart 

operational strategies in distribution networks. A solution could be to duplicate the organizational 

structure and the communication technologies that are currently used in transmission networks, so that 

the entire distribution grid could be compatible with already existing systems and standards. 

Transmission networks are equipped with a lot of communication devices (thousands of sensors are 

typically deployed at the transmission level), and TSOs are able to monitor data and control production 

reserves. In addition to generators, the TSO also controls protections, network topology, and voltage 

regulation devices in real-time, especially during emergency conditions [RTE-04]. The decentralized 

communication operation mode is well adapted for these systems where TSOs are operating their 

meshed networks in a hierarchical way from their national control center. Indeed, while they are usually 

ensuring the frequency stability and operating the 400kV voltage control in their national center, they 

are usually performing the large majority of their other advanced functions in their dispatching centers 

(such as power flows dispatch control and other voltage levels control). 

This architecture could be a guideline for the Smart Grids development. However, there are 

considerable differences between transmission and distribution systems implying that the replication 

could not be the best option. Mainly because of the size of the considered distribution networks and of 

the number of devices to control, the deployed architecture should be well-suited, and dedicated 

methodologies should be adopted. Distribution systems are typically several orders larger than 

transmission systems. For example, the French distribution system is about 13 times larger in length of 

lines than the French transmission system [CRE-16]. The increasing number of DERs in distribution grids 

implies an increasing number of small players that could participate in the trading of energy and services 

and that have to be validated and coordinated thanks to communication devices. Therefore, from a 

communication point of view, a typical hierarchical communication structure could not be the best 

option.  

Indeed, in order to ensure a robust and secured operation network, any advanced strategy at the 

distribution level should be designed while minimizing the involvement of the control center, in order to 

minimize data flows and to avoid communication overloading (phenomenon often referred to as “data 

deluge” or “data storm”) [SLAV-14]. 

From investments costs point of view, the initial investment in a centralized system control might 

be more interesting than the one in a decentralized system, because of the smaller need of advanced 

devices spread over the grid. Moreover, once the investment is done in a centralized system control, 

there is a reduced need of investments in the system when its size is growing, until a certain point. 

However, after this specific extension point, the evolution of the investments costs for both systems 
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might be completely different. While the evolution of the investments costs should stay quite linear for 

the decentralized system development, it might be exponential for the centralized system development 

if the entire system control has to be updated and extended. 

These reasons are leading to the fact that the distribution of the functionalities among the whole 

system network could be a good alternative for the future architectures of Smart Grids. Indeed, the 

distribution of intelligence might permit a good share of computations among the network and avoids 

the reporting of all the data at a centralized level. This also could permit a better consideration of the 

DERs down to the lowest levels of the grid.  

Some Smart Grids functions are proposed in a decentralized way. This is illustrated in [LO-13] 

where the distribution network is divided into a set of subnetworks aiming to decentralize the 

coordination of Volt and VAR regulation. In another paper, [LOIA-11] proposes the concept of a 

decentralized non-hierarchal voltage regulation architecture based on intelligent and cooperative smart 

entities. [RUJ-13] proposes a decentralized security framework for Smart Grids that supports data 

aggregation and access control. 

Advanced strategies for distribution networks can also be established in a distributed 

organizational structure, with peer-to-peer communication mechanisms for example. Following this 

approach, [KOUK-16] presents the implementation of gossip protocol architecture in order to detect and 

to solve power flows limits deviations in distribution networks. In the same philosophy, the IntelliTeam 

SG Automatic Restoration System [S&C-16] automatically reconfigures the distribution system after a 

fault and quickly restores service to segments of the feeder which aren’t affected by the fault. In this 

system strategy, no SCADA control or central monitoring is required. Decisions are made locally, based 

on real-time loading data. 

The DREAM architecture is an inherent hypothesis of this PhD work. It is mixing the three 

different approaches, depending on the network situation and on the advanced coordination function 

necessary to the network operating point. For instance, local technical problems such as congestions or 

voltage profiles violations are solved in the optimal sized distributed areas. The centralized approach is 

then used to solve all the technical problems that cannot be resolved in a distributed way. 

The decentralized communication approach is applied for market functionalities. The collection 

of energy offers of controllable DERs in LV and MV grids is transferred in an aggregated way (including all 

bids and possible technical constraints) to the local market places. No optimization of energy exchanges 

takes place at lower levels, but the information is concentrated and filtered for a centralized processing 

on the higher level markets.  

This type of framework is developed via the introduction of distributed subordinate DSOs and 

commercial aggregators’ representative entities. In order to permit the compliance of the system 

depending on the network state and depending on the advanced function that has to be processed, a 

heterarchical structure has been assumed in the framework.  
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Heterarchical approach 

A heterarchical system is characterized by the absence of a permanently dominant entity; such 

an entity, however, is supposed to appear whenever the need arises, in a form that is best suited to 

respond to the event that caused it. The typical characteristic of a heterarchical system is that the size of 

the group of entities which interacted is dynamic, and is adjusted depending on the problem. A logical 

organization of this intelligence based on the network topology can thus be defined.  

In 1945, the neurophysiologist W. McCulloch introduced the concept of “heterarchy” into 

science [CULL-45]. While analyzing cognitive structures, he demonstrated that the human brain was 

obviously ordered, but not organized in a hierarchical manner. This concept of co-operation opened new 

horizons on research in neural study but also in computer science and in artificial intelligence fields. A 

heterarchical system can also include hierarchies; the two kinds of structure are complementary 

[GOLD¬03]. In a heterarchical approach, the natural leader is defined depending on the state of the 

system and the operating function needs. More recently, network theorists studied how heterarchy 

could be a new organizational structure in our world where interconnections between individuals, 

organizations, and societies are currently rising. [STEP-09] affirms that heterarchical systems, that bring 

together elements of networks and hierarchies, could be the most relevant organizational structures for 

our times. This kind of structure is completely in line with flexible, dynamic and adaptive systems that 

can be developed for distribution networks operation. 

Within the DREAM project, the concepts of autonomous control, autonomous cooperation and 

self-organization are highlighted, depending on the state and the needs of the distribution network. The 

control mechanisms are designed in a way that hierarchical relationships can be created and 

disassembled depending on the needs, without relying on a central planner.  

For example, a self-healing method has been developed in a heterarchical way, and the solving 

of the problem relies on the dynamic of the participants’ structure [DRAY-13]. Another example of this 

heterarchical structure is the creation of some dynamic structures for the validation and for the 

aggregation of flexibility offers depending on the current configuration of the network.  

Within this approach, the DSO is relying on local decisions in order not to overload its data 

center, but he can give orientations to the overall system in case of non-covered needs. This kind of 

control structure has been implemented within a Multi-Agent System, and mostly relies on the 

philosophy of dynamic agent federations. 

Multi-Agent System architecture 

Multi-Agent System (MAS) architecture in distribution networks is a solution largely studied and 

investigated for many years, but not widely applied in real power systems yet. MAS architecture has 

several advantages for the development of Smart Grids. First of all, it enables to specify and to simplify 

the communication process between the different parts of the grid, by establishing which information 
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has to be transmitted from one agent to another. The specification of the information exchanges permits 

communication needs to be reduced. Moreover, in a practical point of view, the deployment of MAS for 

Smart Grid is a business-like architecture as it can be done step-by-step thanks to its distributed 

communication structure. Thus, the development of MAS is very scalable and adaptable. Distributed and 

parallel processing is also possible thanks to the MAS because each agent has its own computational 

capacity. This can largely increase the system performance.  

A lot of papers have already been written aiming to integrate MAS in the Smart Grid 

development. For example, a MAS has been developed in [ROCH-12] in order to manage demand 

response in households, maintaining the demand curve below a certain threshold. In [NORD-05], the 

agents are representing distribution network sub-areas. The implementation of this cooperative system 

enables the decentralization of some dedicated functions in the distribution system such as fault 

management strategies. Distribution automation applications are not executed in the control center but 

by local substation controllers and by collaborating neighbors. The MAS is also an efficient architecture 

for self-healing process, including fault isolation and power restoration, as presented in [BAXE-07], 

[LI¬08], or also in [COLS-11]. 

Some European projects, as CRISP (2002-2006) [CRISP-02], More MICROGRIDS (2002-2006) 

[KARI-10], and INTEGRAL (2007-2011) [INTE¬11] have already demonstrated the potential of dynamic 

MAS to control DERs in Smart Grids. Within the CRISP project, a distributed architecture of agents has 

been implemented to carry out fault diagnosis, self-healing, intelligent load shedding, and automatic 

supply demand response in distribution systems. The More MICROGRIDS project aims to implement local 

control techniques for DGs and load controllers, in order to integrate several micro-grids into power 

system operation, while ensuring interactions with the central control system. Several demonstrations in 

different operational modes had been tested to evaluate the viability of the system. 

Built in the scope of the INTEGRAL project, the PowerMatcher city [BLIE-11] is a demonstration 

of a multi-agent control based on a common market model. In the PowerMatcher concept, software 

agents are used as representatives of the devices producing and/or consuming power. Via bottom-up 

market algorithms, a strategy is determined to ensure that their operational schemes are coordinated in 

order to balance supply and demand. With this implementation, end-users can buy their electricity when 

the price is low, and sell their production when the price is high, while ensuring that their comfort levels 

are always maintained. Moreover, the DSO is also able to reduce peak loads by sending incentives to the 

neighborhood. In INTEGRAL, other demonstrations [PEPP-11] have been handled in France and in Spain 

focusing on the multi-agent control during critical conditions only (islanding modes, voltage 

disturbances, or unexpected grid imbalances). 

Within the DREAM project, a MAS following a heterarchical approach is developed. In this 

system, agents are able to build federations to manage the different cases of network operations and 

can automatically switch from one architectural approach to another. Though, a hierarchical 

organization of the intelligence is conserved, based on the network topology and on the network 
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flexibility means. This organization is described in section II.3.1.  The intrinsic characteristics of the grid 

structure and of its existing operational regulation’s components are governing the definition and the 

development of this new distributed architecture control. 

II.2.2 Existing network’s components flexibility means 

The electrical distribution network itself has some resources of flexibility. They can be used to 

solve some cases of voltage deviations and/or congestions in real-time, to minimize network losses but 

also to carry out outage management. Aiming to define the best architectural structure of the developed 

MAS, it is important to have a clear idea of the already existing network’s components flexibility means 

and their respective effects on the overall network operation. 

The development of the heterarchical structure has to be in line with the inherent grid structure 

and grid flexibility means. The creation of the independent control areas and the apparition of local 

federations of agents should permit local optimizations for grid operation to be performed while taking 

into account all the possible combinations of available flexibility resources. 

Network’s flexible components at the primary substations 

Different network’s components located in the primary substations can be used for operational 

management. Among them, On-Load Tap Changer (OLTC) transformers are a major solution for voltage 

regulation. It consists in transformers with controlled variable transformer ratio. This enables to adjust 

the voltage at the MV buses depending on the loading of the downstream part and on the upstream 

network fluctuations.  

Two main strategies of regulation exist for OLTC transformers. The strategy without 

compounding is the most common solution, and keeps the voltage value of the secondary side of the 

transformer within a certain voltage dead band (in France usually between 1.02 and 1.04 pu). Thus, the 

only controlled parameter with this strategy is the voltage value at the secondary side of the 

transformer. These transformers have a characteristic dynamic for tap changes that can be observed in 

Figure II-2. The first tap change arises when a voltage limit is violated during a time longer than a defined 

duration ∆t1 which is generally set at 60 seconds. This first delay is set in order to ignore fast voltage 

fluctuations due to connections or disconnections of large loads, but also to bypass upstream network 

voltage fluctuations. Other tap changes are happening after a smaller delay ∆t2 generally set at 

10 seconds if the voltage value is still not within the reference range. 
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Figure II-2 - Operating principle of the on-load tap changer of a transformer [HAD2-13] 

With the presence of DGs in distribution networks, this solution is not always well adapted 

[HADJ-99]. Without compounding strategy, the on-load tap changer of the transformer might not detect 

the local voltage rises in the downstream part of the network due to DGs. The regulation can then be 

flawed and over-voltages on the downstream network can occur.  

The second existing OLTC regulation strategy is the solution with compounding. It permits, 

thanks to a measurement of the current in the transformer, to take into account the voltage drops in the 

downstream network [THOR-01]. Thus, it permits to regulate the voltage value at another node different 

from the substation. However, this strategy is also not always well-adapted in case of high DG 

penetration. Because of the local downstream production, the current measurement value might be 

decreased compared to the real one. In this case, the voltage regulation can be also inaccurate. 

Other network’s components usually located in the primary substations and used for operational 

management are capacitor banks. They represent one of the existing solutions for reactive power 

compensation at the primary substations, and reduce the reactive power flows at the substations to limit 

network losses and avoid the degradation of voltage profiles. The first objective of reactive power 

compensation is to decrease HV reactive power flows. However, they could also have an impact on MV 

voltage regulation and on distribution network losses [WYSO-06]. This kind of reactive power 

compensation means can also be decentralized in specific MV feeders of the downstream network, 

either via the installation of appropriate devices [MAJU-12] or via the reactive power control of DGs 

outputs. 

Reactive power control of DGs outputs 

Reactive power flows can also be regulated at DG connection points in MV level. Depending on 

the considered DG technology and its installed power capacity, reactive power control of DGs is also a 

mean of flexibility for network operation and voltage regulation. For example in France, if the voltage 

value at the connection point is included between ±5% of the contractual voltage value, a DG which 
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delivers its maximum installed active power should be able to provide also, without limitation of time, 

40% of its installed active power or to consume 35% of its installed active power [ARRE-15].This could be 

required to regulate the voltage on the entire MV feeder for instance.  

The DG injection or consumption of reactive power on MV level network can be regulated either 

locally without communication with the DSO [RAMI-06], or in a synchronized way where the DSO can 

send instructions [RICH-06]. The contracts and regulations are different depending on the DG installed 

power capacity and on the grid codes. For instance in France, if the considered DG complies with one of 

the following conditions, it has to be connected to the DSO control center and exchange information 

concerning the voltage value at its connection point and about its updated production plan, but also 

exchange instructions concerning reactive and active power management [ARRE-15]: 

• Its installed active power is equal or superior to 5 MW. 

• If the DG producer is directly connected via a dedicated MV feeder and its installed active 

power is more than 25% of the primary substation nominal power. 

• If the DG producer is connected to a MV feeder supplying also other end users and its 

installed active power is superior to 25% of the total average load of the feeder. 

Reactive power control of DG is a real source of flexibility for the DSO operation. By managing 

their reactive power injection and consumption with different strategies, the DSO can solve many 

technical constraints violations as local voltage deviations and congestions. For example, [MERC-15] 

proposes decentralized and centralized reactive power control strategies in order to solve networks 

constraints deviations and in order to increase the DG admissible penetration rate. 

These flexible network’s flexibility means located at the primary substations or decentralized in 

the MV feeders have an independent effect on each entire MV downstream network. This is one of the 

reasons why the structure of the developed architecture will consider the downstream part of each 

primary substation as a dedicated area. Moreover, distributed flexible network devices are now 

appearing in LV level, such as smart MV/LV transformers [KADU-10]. The developed architecture will also 

consider LV level networks as devoted flexible areas. 

Reconfiguration within distribution networks 

In distribution grids, different types of switching devices are used for different network 

functionalities. Remotely and manually controlled switches, as well as circuit breakers are ensuring the 

connectivity of lines. Remotely controlled switches can generally be operated on load, in order to realize 

a network reconfiguration in the context of outage management for instance [ENAC-07]. On the 

contrary, selectors have a dedicated protective role and can be operated only off-load to disconnect and 

protect an area. 

All these switching devices have intrinsic different characteristics such as their mechanical 

durability, defining their total possible amount of switching cycles, and their electrical performance, 



Chapter II– Towards distributed energy markets and mechanisms 

61 / 259 

including their breaking capacity. Until now, reconfiguration is a source of flexibility used almost only for 

outage management and for seasonal load transfer, due to the high cost of switching resulting from the 

repetitive stress of the device. Some works as [TOUR-14] shows that it could be also an interesting 

source of flexibility, coupled with other regulation means, in order to better operate the electrical 

network with a high penetration of DG and to reduce total network losses. 

In order to take into account more easily all the distribution network reconfiguration 

possibilities, the intrinsic non-reconfigurable areas of the network will be considered as dedicated and 

static parts in the developed architecture. Another specific group of areas will be defined as all the 

possible interconnected parts of the network. This area will permit exact local optimizations to be 

performed while considering all the combinations of flexibility resources, including reconfiguration. 

Finally, the intrinsic characteristics of these different existing flexible grid’s components are guiding the 

definition of the new developed distributed architecture control.  
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II.3 Toward distributed market mechanisms for 

the DSOs through the definition of a new 

distributed architecture 

In this PhD work, new local strategies for the DSOs are elaborated to ensure that all the local 

flexibility offers exchanged between deregulated market players at the national level will be compatible 

with the security and the reliability of distribution networks. Moreover, new strategies are proposed to 

allow the DSOs to use local remaining flexibility offers for their own grid constraints management and for 

their network energy efficiency optimization. The instauration of local intelligence via a multi-agent 

system will permit these functionalities to be distributed within the network, allowing an autonomous 

architecture for local resources and network’s components operation. 

In the following sections, the communication architecture reference that is assumed for the 

deployment of the solutions will be described. This architecture will be used for the developments that 

will be presented in the next chapters. Firstly, different specific local areas are defined for the 

deployment of functionalities in the distribution grid. Secondly, the distributed architecture needed for 

the possible instauration of DSOs balancing mechanisms is introduced, allowing local information 

exchanges between the different involved electricity sector actors. In parallel, novel mechanism 

performed near real-time are introduced in order to permit the DSOs to use the remaining flexibility 

resources for distribution constraints management and for energy efficiency optimization. 

II.3.1. A distributed and autonomous architecture for local 

resources and network’s components operation 

Usually, three main levels of automation are used for functionalities distribution among the 

networks: substation automation, feeder automation and customer automation. These are defining 

clearly locations where equipment are remotely monitored or/and controlled. As it is illustrated in 

[ENAC¬05], other different specific areas can be defined and automated in order to allow a better 

management of specific advanced functionalities and to minimize the need of data exchanges. The 

author presents a MV area that is specifically designed for reconfiguration after fault location and 

isolation. In the same philosophy, other dedicated areas (also called cells) have been defined for specific 

advanced functions during CRISP [ANDR-05] and INTEGRAL projects [LE-08]. The borders of the areas are 

highly depending on the electrical network constraints and on the impact of the existing flexibility means 

in the grid. 

In this work, the same process of cell management is adopted. Different cells are designed based 

on the objectives of the implemented functions and on the available flexibility resources in the network. 

Moreover, this concept is enlarged to a new dimension away from static configurations to the point of 

dynamic federations of cells, which can be created for specific needs related to a given time. 
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The difference between a cell and a dynamic federation lies within the time behavior. Cell 

structures are static: they are defining given network areas. On the contrary, federations are dynamic: 

they are built in order to solve specific problems for a given time, and then they are dissolved. This is 

totally in line with the heterarchical structure presented above. There is no pre-defined top-level 

intelligence, but depending on the task to perform, different actors can be the coordinators.  

Four different static cells have been designed for different network management functions 

[CAIR-13]. These cells can be dynamically federated to solve specific occurring problems. 

LV cell 

The LV cell is defined as the entire downstream LV network behind a MV/LV transformer (see 

Figure II-3). In this cell, two local agents are introduced, and can be physically installed in a data 

concentrator in the secondary substation.  

The main tasks of the LV DSO agent responsible of this cell are voltage control and overload 

management. He has also to technically validate the potential available flexibility bids that are 

aggregated by the LV commercial aggregator agent before their transmission to higher voltage grid 

levels. In the LV cell, the LV DSO agent can communicate with every LV end user equipped with a smart 

meter. The representative of a local market place is also present in this cell, and is called here the LV 

commercial aggregator agent. Each LV flexible end user equipped with an energy box can exchange data 

with the LV commercial aggregator agent. The LV commercial aggregator agent can as well communicate 

with the LV DSO agent and vice versa. 

The main flexibility resources in this cell are LV end users flexibility offers. The potential presence 

of a MV/LV OLTC transformer can be also taken into account for LV cell management, or for LV flexibility 

offers validation. 

 

Figure II-3 – LV cell representation and communication within the cell 
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MV elementary cell 

The MV elementary cell is a second static cell which has been designed in the architecture (see 

Figure II-4). It represents the smallest entity from a reconfiguration point of view in the MV level, 

meaning that no remotely controlled reconfiguration is possible within this cell. Therefore, when 

reconfiguration process is performed in the grid, each MV elementary cell can be seen as an aggregated 

node. 

It is defined as a MV section between two controllable switches. In this cell also, two different 

agents are introduced. The MV DSO agent is responsible for grid management in his cell. This agent can 

be physically installed into an aRTU at a remotely controlled switch location. As in the LV cell, a local 

market place is represented by the MV commercial aggregator agent. He can receive information from 

the downstream LV commercial aggregator agents as well as from its respective flexible end users 

directly connected to the MV network.  

The main flexibility resources in this cell are MV end users active power flexibility offers, but also 

aggregated LV end users flexibility offers. For the management of this cell, the MV DSO agent can also 

use DGs reactive power output control or distributed capacitor banks reactive power control if there are 

some in the cell. 

 

Figure II-4 – MV elementary cell representation and communication within the cell 

It is then possible to build dynamic federated structures of MV elementary cells depending on 

the function that has to be fulfilled in the grid. For example, if a fault occurs in a part of the network, 

dynamic federations of MV elementary cells can be built. In this case, the MV DSO agent who detected 

the fault will start to search a solution within the intra-substation federation drawn in green dashed line 

on Figure II-5. It is composed of all the MV elementary cells in the feeder. 



Chapter II– Towards distributed energy markets and mechanisms 

65 / 259 

 

Figure II-5 - One possible federation of MV elementary cells representation 

If no solution can be found within this federation, the union will be enlarged until it includes all 

the possible interconnected internal MV feeders (Figure II-6). This final federation is in fact a static cell, 

called the self-healing cell, and which has been designed for power restauration after an occurring fault. 

Self-healing cell 

The self-healing cell is composed of all the MV elementary cells that could help for power 

restoration after the occurrence of a fault. The agent responsible for this cell is the substation DSO agent 

who detects the fault, and who is able to coordinate MV elementary cells, MV network components and 

all its remotely controlled resources. The self-healing cell for this exemplary network is shown in Figure 

II-6. 
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Figure II-6 – Self-healing cell representation and communication within the cell 

Other MV elementary cells federations can be also created for other Smart Grids functionalities, 

such as for local flexibility offer activation, or for DSO risk management. 

Primary substation federation 

The primary substation federation is defined as the federation of all the MV elementary cells that 

are fed by one substation within the actual grid configuration. This federation is in fact static when there 

is no reconfiguration. This federation is used for distribution network optimization, for congestion 

management, but also for local flexibility offers validation proposed by the substation commercial 

aggregator agent, when the reconfiguration is not necessary. An example of a primary substation cell is 

presented in Figure II-7.  

The main resources of flexibility in this federation are the combinations of those present in its 

downstream LV cells and MV elementary cells, as well as the possible flexibility of the network’s 

components at the considered primary substation (OLTC transformer and capacitor banks for example). 
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Figure II-7 – One primary substation federation representation 

Distribution network optimization cell 

Finally, the last static cell that has been designed is the Distribution Network Optimization cell 

(DNo cell) (see Figure II-8). This cell represents all the MV elementary cells that can be connected at MV 

level between primary substations.  

The top-level intelligence lies within the substations, and depending on what task have to be 

performed, the leader would be one of the substation agents. In this context, the cell could also be seen 

as a federation of MV elementary cell as it has no natural leader.  

All the flexibility resources available within this cell, including reconfiguration, can be used for 

the energy efficiency optimization, but also for the optimization of the operational costs operation. 

Within this cell, the leader substation DSO agent can validate the aggregated local flexibility offers in 

order to allow their transmission on the national level. 
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Figure II-8 – DNo cell representation and communication within the cell 

Thanks to this new distribution of automation, local functionalities can now be performed at a 

restricted level. More communications are also possible between the distributed representatives of the 

electricity system actors. Therefore, all the local flexibility resources, including end users flexibility offers 

and network’s components flexibility, are more accessible for balancing management and for grid 

operation. New distributed balancing mechanisms and distribution constraints management tools for the 

DSOs can thus be possible. 

II.3.2 Distributed balancing mechanisms and constraints 

management tools for the DSOs 

As explained in chapter I, market clearing and balancing mechanisms are usually performed at 

the national level. However, the DSOs need to validate flexibility offers which are coming from their local 

connected flexible end users before their aggregation, in order to ensure local system stability and 

security of supply in their entire distribution network. They also need tools for distribution contingency 

risk management, which will neither affect fairness between market players, nor national energy 

exchanges and transmission system operation.  

With this new architecture, the different roles of the electricity system actors are transferred in 

their local representatives. Hence, the possible communications between the local agents have to be 

defined and controlled in order to be compatible with existing systems and standards. The creation of a 
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new local market architecture using the presented cell concept has therefore to be proposed in parallel 

in order to develop these new DSO tools. 

A new local market architecture 

In order to facilitate the access to the market for distributed flexible end users, a new local 

market architecture is developed. It is based on the presented distributed communication structure and 

takes into account the existing processes in the current liberalized energy markets.  

Distributed market architecture has already been developed in the PowerMatcher concept. This 

consists in a general-purpose coordination mechanism for balancing demand and supply in a defined 

area. Several agents are organized into a logical tree: local device agents, an auctioneer agent, 

concentrator agents and an objective agent. Local device agents are used as representatives of the 

power producing and/or consuming installations. Some concentrator agents can be added to the 

structure for aggregation process so that scalability is obtained. The auctioneer agent is a unique agent 

that handles the equilibrium price over all the area. An objective agent can be optionally added to the 

system, which interfaces the cluster to the business logic defined by the specific use case. An example of 

a PowerMatcher cluster is shown in Figure II-9.  

Via market algorithms, a strategy is determined to ensure that their operational schemes are 

coordinated in order to achieve the objective according to the business case for the considered area 

[KOK-13]. 

 

Figure II-9 – Schematic overview of the PowerMatcher agent structure [MAC 11] 

In PowerMatcher, the only information that is exchanged between the local devices agents, the 

concentrator agents, and the auctioneer agent are energy bids and prices. There is no specific local 

validation of technical constraints of the grid. Locational pricing only is used to perform bids 

transformations in order to meet some technical requirements. 
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The market structure developed in this work aims to take into account the physical network 

before each iterative step of aggregation. The overall market architecture is depicted in a two-dimension 

SGAM format [CEN-12] in Figure II-10. The two dimensions represented are the Domain, which covers 

the complete electrical energy conversion chain, and the Zone, which represents the hierarchical levels 

of power system management.  

At the market and operation levels, commercial aggregators, TSO and DSO control centers are 

represented. All the DSO and commercial aggregator representatives are pictured within the station 

zone, which usually represents the aggregation or concentration level of the numerous data coming from 

the field zone. Physically, there are mainly distributed in primary and secondary substations, but they 

can also be in remotely controlled switches location. 

 

Figure II-10 – The DREAM overall architecture in a two-dimension SGAM modeling 

The different phases in this market architecture are assumed to be the following. First of all, it is 

assumed that commercial aggregators are giving some incentives to their respective flexible end users 

for the elaboration of their flexibility offers through their energy boxes (1). Thus, local commercial 

aggregator agents can collect all their LV and MV end users flexibility offers, aggregating them in a kind 

of local market places (2). 

Local commercial aggregator agents can then send their aggregated portfolio to local DSO agents 

that can validate or not the offers, depending on the situation of the grid in case of flexibility activation, 

and on their grid flexibility resources. To support the validation process, local DSO agents have access to 

physical measurement at LV and MV end users equipped with smart meters. The local DSO agents are in 

contact with the DSO who can also give directions for the wished behavior of each cell (2). 
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Each commercial aggregator agent sends its validated portfolio to the upper level commercial 

aggregator agent responsible for him. At the end of this iterative process, the portfolio of the validated 

offers is transmitted up to the TSO, to the commercial aggregators, and to the national market level (3). 

This process can be seen in details on Figure II-11 for the distribution steps level. 

 

Figure II-11 – DREAM local market architecture in a two-dimension SGAM modeling  

(zoom on the distribution level) 

This new local market architecture and its associated local communications between the 

different representatives of the electricity system actors permit the validation of the flexibility offers to 

be distributed. Thus, the large number of flexible DERs that are appearing in distribution systems can 

participate in the national markets and mechanisms via the commercial aggregators, while staying 

compatible with the security and the reliability of distribution networks. 

Moreover, in order to allow the DSOs to use local remaining flexibility offers for their own grid 

constraints risk management and for their network energy efficiency optimization, new mechanisms 

have to be defined. To ensure that these mechanisms will not affect the fairness between all the market 

players, new short-time distributed mechanisms have to be introduced. 
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The introduction of a new short time balancing mechanism 

In this work, a new short-time balancing mechanism has been focused on: its time-frame 

corresponds to the time between the markets gate closure and the time of electricity delivery (also 

called Real-Time (RT) operation).   

After the wholesale markets clearing, remaining local flexibility offers can be assessed as possible 

supplementary local reserves to network’s components flexibility means. All these flexibility resources 

can help the DSOs to solve short-term and real-time distribution network constraints (congestions, 

voltage deviations) in case of potential contingencies, but also to optimize its network energy efficiency. 

Therefore, the common market time-frame can be split into two different slots which are 

represented in Figure II-12. 

 

Figure II-12 – Overview of the new time frame permitting distributed balancing mechanisms 

and distribution constraints management 

The first defined time slot is corresponding to market driven operations, lasting during all the 

wholesale markets period. During this time-frame, the aim is to arrange and validate production and 

consumption plans, and to enable the active participation of small-scale players in the national markets. 

Thanks to the previously presented local market architecture, the validated day-ahead and intraday local 

flexibility offers can be transmitted up to the national markets and to the transmission level for TSOs 

ancillary services. 

The second time slot corresponds to the new period where the proposed mechanism should be 

performed. During this period, the day-ahead and intraday processes are assumed to be completed, 

leading to an optimal plan of energy exchanges and knowledge of remaining available flexibilities 

capacity. Taking the advantages of the distributed control, it is then possible to establish short-term 

distributed remaining flexibility mechanisms for DSO risk management and for grid operation 

optimization.  
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Specific rules of appropriate mechanisms for DSO flexibility use are not set up yet in the 

European regulation. Two alternatives for the remuneration of these mechanisms are possible: either via 

the instauration of local flexibility markets or via the instauration of bilateral agreements between the 

DSO and the aggregators [VALT-11]. In this work, the creation of short-term local remaining flexibility 

markets is considered.  

In these near real-time market, it is assumed that the market operator is the DSO itself, and that 

no other electricity actor can purchase flexibility offers at the moment. In the future, other actors could 

also participate in this market, such as near real-time flexibility owners. 

Finally, the system for price setting has to be also explored. It could follow the already applied 

system where a marginal pricing approach is used. However, this kind of approach will not be 

appropriate for the DSO because constraints management and energy efficiency optimization are really 

depending on the location of the flexibility opportunities. It would then imply the selection of a large 

number of non-sensitive flexibility offers, which would have no impact on the objective. That is the 

reason why the “Pay-as-bid” mechanism is proposed during this short-time period, allowing the DSO to 

select directly the interesting remaining flexibility offers and to pay only for these selected flexibility 

offers, as it is done in [GOEB-16]. 

To conclude, the instauration of a new distributed framework via a new architecture and a new 

time-frame is permitting the development of new distributed balancing mechanisms and of new network 

operational strategies for the DSOs that are presented in the next chapters. 
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II.4 Conclusion 

In this chapter, an innovative and dynamic communication infrastructure has been proposed for 

a better coordination and control of the DERs in order to allow the DSOs to best operate their networks. 

Thanks to the already existing solutions for the distribution of intelligence in distribution networks, a 

new architecture control has been elaborated while taking into account the intrinsic characteristics of 

the grid structure and of its existing operational regulation’s components.  

This new structure is developed with a bottom-up approach in order to in order to create a 

resilient and cost effective solution and, by limiting data transfers within the entire considered 

distribution network. The DSO, in the control center, should act as a system manager of the framework, 

giving orientations rather than solving local contingencies, and should have the possibility to rely on local 

and autonomous reactions of subparts of the distribution network. 

Assuming this distributed and autonomous structure, a new local market architecture has been 

then proposed in order to permit the design of new DSOs mechanisms for validation of local flexibility 

offers for system flexibility services. Within this new context, the DSOs will become market enablers 

while verifying that all the flexibility offers exchanged between deregulated market players are 

compatible with the security and the reliability of their network operation. 

Then, new DSOs strategies for local distribution constraints management and for network energy 

efficiency are also compatible with this local market architecture. Operational planning and network 

upgrading optimization will be possible for the DSOs while considering remaining local flexibility offers 

until near real-time. 

In the next chapter, the developed tools for validation of flexibility offers at distribution level for 

balancing flexibility services will be presented. The designed strategies for local DSO constraints risk 

management in case of sudden changes in the network will be also described. Then, some distributed 

tools for network energy efficiency optimization will be presented, still in line with this new distributed 

architecture. 

 



Chapter III – Innovative methodologies to support the DSO to act as a market enabler 

75 / 259 

Chapter III. Innovative methodologies to support the DSO to act as a market enabler 

 

Innovative methodologies to 

support the DSO to act as a market 

enabler 

 

The first part of this chapter presents and validates in some test cases some innovative 

methodologies for technical pre-validation of the distributed flexibility offers. In the second part of this 

chapter, a distributed mechanism is developed for the DSOs in order to take advantage of LV flexibility 

offers to give a wider access to end users to the energy markets, but also for the overall distribution 

network operation. Finally, new methodologies for short-term local risk management and contingency 

analysis are proposed in the third part of this chapter, dealing with near real-time remaining flexibility 

opportunities that have not been selected in the market processes. 
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III.1 Introduction 

In a context where the interactions between the actors in the electrical system are more 

frequent, and where the flexibility operators are dealing with an increasing number of local flexibility 

opportunities, the DSOs have to play locally a new transparent key role [RIVE-15]. In the actual 

unbundled context, commercial aggregators are not able to assess the potential impact of flexibility 

activation on the distribution network. New strategies have to be established in order to allow DSOs to 

optimize the energy market access to all actors and to enable the exchanges processes. Meanwhile, they 

have to guarantee acceptable network operation conditions and to ensure a good quality of supply to 

their customers. 

Hence, some solutions have to be developed to help the DSOs to validate the distributed 

flexibility offers that are proposed in the market, ensuring that these power exchanges are not 

endangering the overall network operation. Some innovative methodologies for technical pre-validation 

of the distributed flexibility offers are presented and validated in the first part of this chapter. 

As discussed in chapter I, the large majority of the flexible end users in Europe are in the LV level. 

The DSOs have also to consider these flexibility offers that are emerging. Through the deployment of 

NICT in distribution systems, the distribution of the intelligence is permitting to gradually expand local 

functionalities that could support DSOs to better consider LV network constraints and LV available 

flexibility offers. A distributed mechanism could be developed for the DSOs in order to take advantage of 

LV flexibility offers to give a wider access to end users to the energy markets, but also for the overall 

distribution network operation. It could be then easier to exploit small residential and commercial end 

users flexibility potential. With this aim, a new mechanism is proposed in the second part of this chapter. 

In addition to flexibility offers validation, DSOs still have to ensure continuously their distribution 

network operation in real-time, dealing with their network flexibility, but also with the available MV and 

LV flexibility offers that are remaining after markets gate closure. With the increasing number of 

unpredictable and volatile distributed generation, DSOs have to anticipate some scenarios where sudden 

changes in the expected network operation occur. New methodologies for short-term local risk 

management and contingency analysis have to be created. In this context, different methods dealing 

with near real-time remaining flexibility opportunities that have not been selected in the market 

processes are developed in the third part of this chapter. 
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III.2 Innovative tool for local technical 

validation of flexibility offers 

In order to permit commercial exchanges but also to increase end users full access to the energy 

markets and mechanisms, the DSOs have to check and ensure that the potential local offers will not 

affect the security and the operational reliability of the network. One of the new responsibilities of the 

DSOs is therefore to validate the provision of flexibility offers with respect to the security of the network 

and to the quality of electricity supply. These validations are based on the assessment of the impact of 

the proposed flexibility offers on the considered network state. 

In a context of distributed architecture, these validation processes can be done at all voltage 

levels, and for all flexibility offers which are likely to get on the national energy markets and 

mechanisms. 

III.2.1 Concerns and existing strategies 

Because of the fast increase of DG penetration and the emergent incentives for end users’ 

participation (via DR for example), local offers of flexibility are more and more viable. In order to ensure 

that the potential activation of these flexibility offers will not create network operational constraints, the 

DSO needs to validate them before their transmission to the energy markets.  

Assuming that these validations are done at all voltage levels of the distribution network, this 

would guarantee to all the deregulated actors that all the validated offers of flexible production and/or 

consumption would be technically applicable from a network point of view. At the upper level, the TSO is 

also ensured that any activation of the available flexibility opportunities for balancing or for transmission 

constraints management will not endanger the entire distribution system and will not create voltage 

deviations or current congestions. 

These pre-validation processes are the core of a new DSO-TSO coordination, permitting a more 

precise BRP risk management and a safer TSO operational planning. An example of a scenario has been 

proposed in evolvDSO [BART-14], showing the need of DSO-TSO coordination for TSO balancing 

mechanism. This use case highlights the importance of a validation mechanism of DER’s bids willing to be 

sold on the TSO’s balancing market. The objective is to foresee DER bids that are non-transmittable and 

avoid their submission on the balancing market in order not to weaken the distribution grid in case of 

activation. In an operational planning point of view, given that the energy offers accepted on the 

balancing market are not full-time activated, the final grid situation must stay compliant with the grid 

codes regardless the activation or not of each DER bids. 
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With the liberalization of the energy sector, the development of some methods involving both 

non-competitive and competitive actors is a highly relevant topic. Some strategies for this pre-validation 

process which have been already proposed are presented in the following section. 

Existing validation methods for flexibility offers 

With the growing number of the distributed flexible resources in the distribution network, the 

DSO has to check and validate the flexibility offers at the different levels of the grid before the 

commercial aggregation process. If the potential activation of the flexibility offer could endanger the 

security or create network constraints, the flexibility offer should be rejected. 

 These kinds of strategies have already been investigated in some research works. For example, 

the ADDRESS project [BELH-11] investigated different services that distributed active demand 

participation of domestic and small commercial consumers can provide to the competitive and non-

competitive electricity system players. Among other solutions, the technical validation performed by 

system operators has been developed. In ADDRESS, the technical validation approach is performed in 

two steps [VALT-11]. The first proposed “ex ante” technical validation is performed before the markets 

closure, before each commercial aggregation process. This aims to check if the declared MV and LV 

flexibility offers could be effectively activated if they are selected during the different market processes 

and mechanisms performed at the national level, without creating any congestions or voltage deviations, 

nor endangering the overall system reliability. With this aim, TSO and DSO are periodically updating 

some “flexibility tables” which correspond to the available validated offers. This validation mechanism is 

mostly based on power flow computations with different activation status of the available flexibility 

offers.  

The second step is called the “real-time” technical validation. It permits the DSO to adjust the 

“flexibility tables” near real-time, depending on the network state, through the computation of 

curtailment factors. For this process, a second power flow analysis is performed with the more accurate 

network and powers data. If no constraint is infringed, the validation is approved. In case of some 

constraints appear, the DSO has to find a solution thanks to grid flexibility to solve it (via changing tap 

ratio, switching shunts or SVCs for instance). Finally, if no solution is found, the algorithm updates the 

pre-validated flexibility offers via the computation of curtailment factors. 

In the INCREASE project [GUBI-15], a similar technical validation mechanism for near real-time 

time scale has been also developed. Based on a traffic light system, a first expected load schedule is 

either accepted or potentially rejected with respect to the network status. If it is potentially rejected, 

another advanced traffic light system permits deciding if the available flexibility opportunities schedule 

can be accepted or rejected depending on the “direction” of the flexibility offers, i.e. depending on the 

influence of the flexibility offers on the potential network constraints. 
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All these proposed methodologies are based on centralized strategies, and therefore require the 

knowledge of the overall distribution network topology, as well as the expected consumption and 

production schedules of all end users. While going closer to real-time, the forecasts are becoming more 

precise and the pre-validation computations have to be performed again. These methods are entirely 

based on deterministic approaches. This type of methods is requiring significant computational 

capabilities and might be limited by the large amount of data needed. In the following section, other 

different possible strategies to model the potential available flexibility offers are discussed. 

Possible strategies to model potential available flexibility offers 

In order to validate the potential available flexibility offers in a deterministic way, the expected 

load and production schedules of all end users have to be perfectly forecasted. However, consumptions 

and productions in the distribution network cannot be precisely predictable. Moreover, each end user 

who has a contract with a commercial aggregator for a certain amount of flexibility can derogate the 

flexibility activation at any moment [GREE-16]. Therefore, DR management is adding more uncertainties 

to load flow computation. Some models including uncertainties can be used to represent it. 

Using deterministic methods such as exhaustive enumeration [NIEV-00] can be an option for the 

pre-validation of the flexibility offers. The idea of this method is to enumerate every possible network 

states while checking if the different combinations of flexibility offers can be validated or not. This 

method is quite straightforward but the full enumeration is usually not possible because of the 

prohibitive number of system states and flexibility offers combinations, leading to a combinatorial 

explosion. 

Another deterministic approach can focus on the most severe states of the network over the 

year [ABDE-14]. A typical approach of the DSOs is to consider the critical time slots of consumption peaks 

periods and of production peaks periods, in order to determine the flexibility capacity needs but also the 

extreme limits of network operation. However, this method gives only the restricted limits and the 

minimum required flexibility needs that correspond to the worse network operating cases of the entire 

year. This is not well-suited for the validation of available flexibility offers that might be validated while 

considering a normal state of operation. 

Fortunately, different mathematical approaches are quite efficient to represent uncertainties 

and are largely used for risk assessment. For example, probabilistic techniques are characterized by the 

use of random variables aiming to mathematically characterize the uncertainty in the system response. 

In the same philosophy, possibilistic techniques involve the use of fuzzy arithmetic to model uncertainty 

and are particularly useful, fast and simple when dealing with large and complex systems [ROBI-98]. 

Among probabilistic methods, two fundamental approaches can be distinguished: analytical 

probabilistic methods and Monte Carlo simulations method. On the one hand, analytical probabilistic 

methods are characterized by the use of analytical techniques to find a particular point that can be 
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related (at least approximately) to the probability of system failure. These mathematical techniques can 

be for example based on mean value and convolutions methods, response surface methods, or others 

reliability methods [ROBI-98]. On the other hand, the Monte Carlo method essentially uses a random 

sampling of the possible system states with a sampling frequency related to the probability of the state 

occurrence. Inputs of the method are defined as probability density functions taking into account the 

uncertainties. Monte Carlo simulation methods are generally flexible for complex operating conditions 

where system considerations are incorporated (such as bus load uncertainty and weather effects) [BILL-

95]. However, in order to obtain an aggregated result that converges to a stable mean, the number of 

simulations can be very large, imposing heavy computational needs. A detailed analysis may be required 

for each sample (at least a power flow computation), therefore the computational effort can become 

considerable [CIGR¬07]. This reason encourages searching for a faster and simpler way to deal with 

uncertainties in the distribution grid. 

An approach based on fuzzy arithmetic has been investigated and developed. Fuzzy arithmetic is 

a mathematical method that can model uncertainties with fuzzy variables, which may have a truth value 

that ranges in degree between 0 and 1 [KLIR-95]. The fuzzy arithmetic allows uncertainties applied on 

input variables such as consumption or production uncertainty to be modelled. The obtained results give 

the upper and the lower possible boundaries of the electrical characteristics with much less computation 

effort [NIKO-98]. This method is a very efficient tool to model vagaries in distribution network and, as 

shown in the following sections, is helpful to perform local technical flexibility offers validation for large 

distribution networks. The following presented validation process of local flexibility offers is distributed 

among the distribution network and is aiming to assess the overall possibility of network constraints 

violations considering all the possible combinations of the available flexibility offers. Considering all the 

distributed results of the pre-validation method, the DSOs will be able to have a general point of view on 

the possible impact of the set of the available flexibility offers on their network, with a restricted 

computational need. 

III.2.2 Introduction to fuzzy arithmetic 

Fuzzy sets were introduced by Zadeh and Klaua in 1965 as an extension of the classical notion of 

set, in order to model the imprecise and fuzzy characteristic of concepts used in common language 

[ZADE-78]. Classical logic only permits conclusions which are either true or false. Fuzzy logic has been 

extended to handle the concept of partial truth, where the truth value may range between completely 

true and completely false. The introduction of the fuzzy logic has been the source of much confusion in 

the analysis of uncertainties. Indeed, degrees of truth and probabilities ranges between 0 and 1 are often 

mixed up. However, they are conceptually different: the degree of truth represents the degree of 

veracity of the property of the set, and not the probability of occurrence of an event. 

The whole concept can be illustrated with a typical example, which assesses the youngness of 

people. It can be assumed that people younger than 25 years old are young. The classical set function 
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describes the membership of the ‘young’ set as follow (see Figure III-1 (a)): people are either in the set if 

they are younger than 25, or they are not in the set if they are older than 25. This type of sharp edged 

membership functions works for binary operations and mathematics, but it does not give the best 

estimate when describing the human perception. This membership function makes no distinction 

between somebody who is 26 years old and someone who is 72 years old: they are both simply ‘not 

young’. The other side of this lack of distinction is the difference between a 24 years old and a 26 years 

old person. There is only a difference of 2 years but this membership function just says that one is young 

and the other is not young. A fuzzy set approach to the set of ‘young’ people can provide a much better 

representation of the youngness of a person. This fuzzy set is defined by a continuously decreasing 

function (see Figure III-1(b)). The membership function defines the fuzzy set for the possible values, set 

on the horizontal axis. The vertical axis, on a scale of 0 to 1, provides the membership value of the height 

in the fuzzy set.  

 

Figure III-1 – Youngness membership functions represented by classical and fuzzy sets 

Considering a given person: if the person has a membership of 0.3, it means that he is not very 

young. If the person has a membership of 0.98, it means that he is definitely young. Hence, thanks to the 

fuzzy logic, it is possible to add some degree of truth in order to consider qualitative uncertainties. 

In the following, the mathematical methods are based on fuzzy sets and on fuzzy logic, of which 

some of the basic rules are presented hereafter. 

Fuzzy sets, fuzzy membership functions and α-cuts 

A fuzzy set � in 	 is characterized by a membership function 
� which associates with each point 

in 	 a real number in the interval	[0, 1], with the values of 
�(�) at � representing the "grade of 

membership" of � in	�. Thus, the nearer the value of 
�(�) to unity, the higher the grade of membership 

of � in � [ZADE-78]. Hence, when	
�(�) = 0, the element	� is not included in the set A and 

when	
�(�) = 1, the element	� is included in the set	�. Each fuzzy set � can be defined by all the pairs 

composed of each element � and of its membership function value	
�(�).  
In fuzzy sets theory, each defined membership function has to respect the following properties: 

considering a fuzzy set	�, each membership function 
� has to be normalized, meaning that it exists at 

least one element � in ℝ that verifies the equality	
�(�) = 1. Secondly, each membership function has 
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to be continuous and bounded. Finally, each membership function has to be convex, implying that all the 

α-cuts of the set � are closed intervals in	ℝ. These intervals reflect the degree of truth α of the 

membership function of each element	�. Mathematically, this can be written as in equation (III.1). 

 ∀	�	 ∈ [0,1], ∀	(�, �) ∈ 	ℝ�, 
�(�� + (1 − �)�) ≥ min	(
�(�), 
�(�)) (III.1) 

 

A given degree of truth α determines a given interval of the considered membership function. 

The α-cuts are constituted by the elements � which have a degree of truth 
�(�) that is equal or higher 

than α. While coming back in the classical set theory, it is possible to define an α-cut as a set �� with the 

following characteristic function (equation (III.2)). 

  �!(�) = "1		#
	
�(�) ≥ �0		#
	
�(�) < � (III.2) 

 

Typical fuzzy membership functions 

Even if fuzzy membership functions can have whichever shape respecting the previous 

definitions, some standard shapes are usually used to represent them [HANS-05]. For example, the 

Gaussian membership function is characterized by a normalized Gaussian function, presented in 

equation (III.3). 

 
�(�) = %&	('&()²�	*²  (III.3) 

With the expected value μ and the variance	,² of the Gaussian function. Any α-cut of this 

membership function can be represented as the set ��	defined in equation (III.4). 

 ∀	�	 ∈ [0, 1], �� = [	- − 2,	/ln(�&1) , - + 2,	/ln(�&1)] (III.4) 

Another typical membership function shape is the trapezoidal membership function, 

characterized by the four parameters	21,	2�, 23, and	24, and mathematically defined as in 

equation (III.5). 

 
�(�) =
567
68 � − 212� − 21 ,			
9:	21 ≤ � ≤ 2�1,															
9:	2� ≤ � ≤ 2324 − �24 − 23 , 
9:	23 ≤ � ≤ 24  (III.5) 

Where 21and 24 locate the "feet" of the trapezoid (� = 0) and the parameters 2�	and 23	locate 

the "shoulders" of the trapezoid (� = 1), as represented in Figure III-2. 
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Figure III-2 – Typical trapezoidal membership function representation 

Any α-cut of this membership function can be determined as the set ��	defined in 

equation (III.6). 

 ∀	�	 ∈ [0, 1], �� = [	21 + 	�	(2� − 21), 24 − 	�	(24 − 23)] (III.6) 

As in classical set theory, some mathematical operations involving fuzzy sets are also possible. 

They are included in the fuzzy arithmetic and enhance, among other, fuzzy complement, fuzzy union, and 

fuzzy intersection. In the case of trapezoidal membership functions, the operations done on the fuzzy 

sets are involving only the extreme values of each interval. 

III.2.3 Validation of flexibility offers using fuzzy arithmetic 

Fuzzy arithmetic has already been used in some specific applications for the distribution 

network. For example, it has been applied to model distribution networks under uncertainties [BRIC-12], 

and also for power system fault diagnosis in [GAUT-11] using fuzzy model to determine the most likely 

fault sections. It is also used for optimal planning [RAMI-04] where fuzzy logic is associated with the 

uncertainties on the future demand, on the expansion cost of the distribution network, on the power 

flow in the feeders and substations, and on the network node voltages.  

Fuzzy arithmetic is used in this thesis in order to develop a novel and efficient local flexibility 

offers validation algorithm for the DSO, which is considering all the flexibility offers that are likely to get 

on the national energy markets and mechanisms. 

Fuzzy representation of the available flexibility offer  

In the model, each active power value is represented with a fuzzy approach and is associated 

with a trapezoidal membership function. Figure III-3 represents the fuzzy active power of a particular MV 

node consuming or producing	<=>=?. From an aggregated view of several LV flexible end users, or simply 

from a MV level flexible end user, this MV node can offer respectively either a flexible consumption 

dispatch down of ∆< via DR, or a flexible production dispatch down of	∆< via generation control. The 
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fuzzy model of the flexibility offer can also be created symmetrically with the similar shape for a 

production dispatch increase or a consumption dispatch increase at the node. 

 

Figure III-3 – Fuzzy membership function representation of the active power at a flexible MV 

node 

This trapezoidal membership function permits the different possible values of the considered 

active power at the node to be represented, depending on the state of activation of its available 

flexibility offers. The four parameters	21,	2�,	23 and 24 are defined as follow. 

Knowing the initial expected active power <=>=? at the node, and the available quantity of active 

power flexibility ∆<, the best estimate of the effective active power at the node is between these two 

quantities, represented by the parameters 2� and	23. Indeed, the whole aggregated flexibility offers at 

the MV node can either be activated or not. In case where the activation rate is not 100% because of 

possible derogations, the final active power will be also included within this interval. Hence, the fuzzy 

arithmetic can be used in order to surround the network characteristics obtained by the different 

possible combinations activations of the available flexibility offers. In the case where a node is not 

flexible at all meaning that	22 = 23, the fuzzy membership function representation of the active power 

at the node is triangular. 

Moreover, the expected active power and the available flexibility offer at each MV node can be 

more or less reliable and accurate data. The two parameters	21 and 24 are representing the maximum 

limits of the error on the data, and can be enlarged or reduced depending on the accuracy of the 

forecasts. Here, it is assumed that the expected active power and the available flexibility offer at the 

node are quite reliable but not very accurate, and that the forecasted values are rounded to the nearest 

ten of the declared powers. These errors can be non-symmetric, and of different values depending on 

the considering node. In the case where the forecasts are 100% reliable, meaning that 21 = 22 

and	23 = 24, the fuzzy membership of the active power at the node is rectangular. 

The same fuzzy representation can be applied on the reactive power at each node, by fixing the 

power factor as a constant and thus having a homothetic relation between reactive and active powers. 
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Presentation of the method 

Considering all the available flexibility offers in a given part of the network, it is possible to 

determine if they can be all validated and transmitted to upward levels. This requires that any 

combination of them is leading to a situation that respects local network constraints. If there are some 

risks of constraints violations for certain combinations of flexibility offers, the available flexibility offers 

cannot be validated as a whole. 

In order to assess the possible impact of the different combinations of the flexibility offers on the 

network operation, a fuzzy loadflow computation has been developed. Several fuzzy loadflows based on 

different techniques are proposed in the literature. For example, [CORT-07] introduces a loadflow based 

on the fuzzy numbers arithmetic and on the network linear model. [DARA-11] is proposing a fuzzy 

loadflow based on the Newton-Raphson technique, while [SARI-03] develops a fuzzy state-estimation 

based on the backward-forward method. In this work, the method is based on a fast and low 

computational requirements loadflow method based on backward-forward iterations, presented in the 

Annex I - Loadflow tools methodology.  

Internally in the loadflow tool, the computation of the resulting fuzzy parameters is considering 

the two worse cases of dispatch combinations for network operation. The first case is corresponding to 

the maximum of DR activation with a maximum of DG production, while the second case is 

corresponding to the maximum of DG production dispatch down with a maximum of load consumption. 

A flowchart of the method is presented in Figure III-4. Considering the distributed architecture 

presented in section II.3.1, the proposed methodology should be distributed in all the substation DSO 

agents, and performed locally in MV level for each primary substation federation. 
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 Figure III-4 – Flowchart of the developed validation method based on fuzzy arithmetic 

In order to consider also LV networks, it can also be distributed in LV DSO agents and performed 

in each LV cell. 

In the case where all the network constraints are respected for the chosen α-cut, all the available 

flexibility offers are validated. The resulting validated flexibility offers can then be sent to the local 

commercial aggregator agent, who can transmit them to the upper levels of the grid. 

If some network constraints are not respected, some combinations of flexibility offers activation 

have to be avoided. Due to the computational dependencies of the network power flows, the specific 

flexibility offers that cause constraint violations cannot directly be identified. Thanks to this method, it is 

possible to assess the risk of network constraints violations, depending on the combinations of the 

available flexibility offers. 

The choice of the α-cut is depending on the reliability of the declared data and on the error of 

the consumption and production forecasts. If the declared data at the node are 100% reliable, it is 

accurate to investigate the α-cut corresponding to � = 1 which represents only the limited set of all the 

combinations of possible active powers that can be consumed or produced in any cases of activation or 

of non-activation of the flexibility offers. However, if the data are not fully reliable or accurate, it is also 

possible to consider a larger α-cut corresponding to a smaller α. 
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Figure III-5 – Representation of a ��-cut of the active power at one node 

As shown in Figure III-5, the lower �= is considered, the more uncertainties on the declared 

power and on the flexibility offer are taken into account, and then, the larger �=-cut is considered. 

Examples of application 

The considered cases are specific examples of this method applied on a MV 33-nodes balanced 

electrical network, which corresponds to a given primary substation federation. Corresponding networks 

characteristics are presented in Annex II ¬ Test networks data.  The loading curves applied on the 

network are corresponding to the 4 p.m loading and are also presented in the Annex II - Test networks 

data. In these cases, the voltage value at the bus-bar is set at 1.01	DE and the OLTC tap of the 

transformer at the primary substation is fixed. 

Before the wholesale markets closure, it is assumed that some flexibility offers are available at 

some nodes in the 33¬nodes network. The available flexibility offers in the following examples are 

assumed to be only decreases of active power, either of production via production dispatch down, or of 

consumption via DR. 

 

They have to be validated by the DSO before being transmitted up to the upper level by the 

commercial aggregator agent for the intraday market processes. The validation method is performed in 

order to assess the risk of possible network contingencies in case of any activation of these flexibility 

offers. The deterministic expected voltage profile and flowing currents without any flexibility activation 

in the 33-nodes network at 4 p.m. are represented in Figure III-6. 
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Figure III-6 – Expected voltage profile and flowing currents in the 33-nodes network at 4 p.m.  

A first set of available flexibility shown in Figure III-7 is assumed to be available in the local 

primary substation federation. In this first set, only consumption reductions are proposed via DR 

management. 

 

Figure III-7 – First set of available flexibility offers in the 33-nodes network at 4 p.m. 

The fuzzy membership functions of the active powers at each node of the considered network 

are represented in Figure III-8. As explained previously, the fuzzy membership functions at the flexible 

nodes are trapezoidal, illustrating the possible activation of the flexibility offer and the round values of 

the forecasts; whereas those corresponding to non-flexible nodes are triangular, characterizing only the 

second digit round values of the previsions. 
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4 31
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15 16
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17 14
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Figure III-8 – Fuzzy membership functions of active powers in the network 

 Two simulations are then performed for two different α-cuts. In the first one, � = 1,	meaning 

that the errors on the forecasts are not taken into account, and thus, the power values are not rounded 

to the nearest ten. The resulting fuzzy voltage profiles are shown in Figure III-9. Dealing only with DR 

flexibility offers in this set, the lower cut in the membership functions is corresponding to the case where 

all the flexibility offers are activated. Therefore, the voltage profile corresponding to the lower cut in the 

membership functions is the upper limit of the possible voltage profile. The higher cut is corresponding 

to the case where no flexibility offer is activated. Hence, it is matching with the initial deterministic 

situation without any flexibility activation. 

 

Figure III-9 – Fuzzy voltage profiles in the 33-nodes network (α=1) / first set of flexibility offers 
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 In this case, when the errors on the forecasts are not taken into account, the voltage profiles of 

the two cuts are respecting all voltage constraints. Thanks to this method based on fuzzy arithmetic, the 

substation DSO agent can conclude on this specific case that any combination of available flexibility 

offers activation will lead to a given voltage profile included within these two cuts. Therefore, all the 

available flexibility offers can be validated and transmitted up to the upper level of the grid. 

 In a second simulation, some errors on the forecasts are taken into account and the values of the 

expected powers are rounded to the nearest ten (� = 0). The fuzzy voltage profiles for the two different 

cuts are represented in Figure III-10. 

 

Figure III-10 – Fuzzy voltage profiles in the 33-nodes network (α=0) / first set of flexibility offers 

In this case, the uncertainties on the forecasts enlarge the range between the two extreme 

voltage limits. If all the flexibility offers are validated, there is a risk of voltage constraints violations at 

nodes 16, 17 and 18 if all these flexibility offers are activated and have all a magnitude error lower than 

10 kW on their values. These cases illustrate the importance for the DSO to have a good knowledge on 

the possible errors and accuracy on the forecasts in order to be able to anticipate the possible voltage 

constraints deviations and to validate the different available flexibility offers possibility. 

In a second scenario, another set of available flexibility offers is proposed by the local 

commercial aggregator agents, shown in Figure III-11. In this second set, consumption reductions are 

proposed via DR management but also production dispatches down. 
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Figure III-11– Second set of available flexibility offers in the 33-nodes network at 4 p.m. 

The same simulation is performed for the α-cut corresponding to	� = 1, i.e. the errors on the 

forecasts are not taken into account. The voltage profiles are shown in Figure III-12. 

 

Figure III-12– Fuzzy voltage profiles in the 33-nodes network (α=1)/ second set of flexibility 

offers 

In this case, the two cuts are corresponding to the worse cases of network operation that can 

happen with flexibility offers activation. The lower one is illustrating the situation where only DR 

flexibility offers are activated whereas the upper one is representing the case where only DG production 

dispatch down are activated. Thanks to this method, it is very easy to consider the worse cases of 

network operation depending on the available flexibility offers at each time step.  
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node
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4 0 31
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20 268 0

30 0 54

31 0 36

33 170 0



Chapter III – Innovative methodologies to support the DSO to act as a market enabler 

95 / 259 

If the DSO considers that the data are 100% reliable and accurate, the substation DSO agent can 

validate all the proposed available flexibility offers because he knows that any combination of these 

flexibility offers activation will lead to a voltage profile that respects network voltage constraints. 

On the contrary, if the DSO considers that the data are not accurate and have to be rounded to 

the next 10 kW, the substation will not be able to validate all the proposed available flexibility offers in 

this specific case. Indeed, as represented in Figure III-13, there is a risk of under-voltages for some 

particular combinations of these flexibility offers. 

 

Figure III-13 - Fuzzy voltage profiles in the 33-nodes network (α=0)/ second set of flexibility 

offers 

Finally, a great advantage of the fuzzy arithmetic is the possibility to assess the effect of the 

forecast reliability and accuracy on the expected voltage profiles. Depending on its confidence on the 

data, the DSO can estimate the new limits of voltage profiles of the worse cases for network operation. 

Others complementary results of this technical validation process performed on a 72¬nodes 

network are presented in Annex III – Complementary results of the local technical validation of flexibility 

offers. 

In this part, a decentralized methodology based on fuzzy arithmetic has been elaborated for the 

DSO. Thanks to it, the DSO can enable the provision of flexibility offers by validating them and ensuring 

that their potential participation will not affect the security and the operational reliability of the network 

in MV level. Moreover, thanks to the decentralization of the method in every primary substation cell, 

computational requirements remain low and the commercial aggregation of the offers can be done step 

by step at the different voltage levels. In order to apply this method, the message exchanges between 
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the DSO and the different commercial aggregators have to be formalized and controlled to avoid 

potential forbidden agreements between the actors. 

This new methodology of technical pre-validation before the exchanges process will permit the 

DSOs to increase end users full access to the energy markets, by assessing the potential impacts of the 

potential flexibility offers on the distribution network. The presented part focused only on MV network 

constraints and on MV flexibility offers. A complementary tool could be also used in order to enlarge the 

MV network constraints where only LV networks are connected, leading to a larger validation of 

potential flexibility offers and to an increase of the end users access to the energy markets. 

Moreover, this technical pre-validation method permits the DSOs to better manage their 

network risk assessment. Indeed, this kind of tool will permit the DSOs to better anticipate their network 

situations and thus, will permit them to check if enough remaining local flexibility opportunities will be 

available for potential constraints management in both MV and LV levels. 

Hence, in order to increase the end users access to the energy markets, but also to provision the 

more remaining local flexibility opportunities for MV and LV network management, it is interesting to 

consider both MV and LV available flexibility offers. In the next part, a DSO tool to support the operation 

of LV networks and the provision of LV flexibility offers is presented.  
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III.3 A DSO tool to support the operation of LV 

networks and the provision of LV flexibility offers 

Until few years, the monitoring and the automation of LV networks were extremely limited. 

DSOs did not consider economic optimization of LV networks operation but adopted a fit and forget 

approach which ensured that the LV network constraints were respected in the worse cases of operation 

[EUR2-13]. However, the large penetration of Distributed Renewable Energy Sources (DRES) undergoing 

worldwide within the distribution grids, engenders a degradation of the voltage profiles on both the MV 

and LV levels [TRAN-03]. As operational margins are becoming smaller, DSOs are now faced to a 

compromise between grid reinforcement solutions and grid operational solutions. 

With the development of Smart Grids, more and more cheap and reliable NICT are available in 

distribution systems down to the lowest levels of the grid, which enable new operational solutions. The 

choice of the distribution of the intelligence permits to gradually deploy local functionalities such as to 

support DSOs to better consider LV network constraints and LV available flexibility offers. Indeed, 

considering for example that there are almost 770 000 secondary substations in France [ENED1-14], the 

developed functionalities should be designed in a way that the DSOs can deploy them progressively. 

Since a few years, monitoring techniques of the LV networks [FERD-14] and state estimation 

based on smart meter data [WAER-15] are largely investigated. Some techniques based on smart meter 

data are as well attempting to rebuild the entire topology and the characteristics of the LV networks 

[BENO-15].  

Based on an assumed monitoring possibility and on an expected knowledge of LV networks, 

several papers are presenting new LV local operational functionalities. For example, the project DG 

DemoNet – Smart LV Grid [EINF-12] is proposing a set of different local methods for active LV grids. 

Strategies for intelligent monitoring and active management and control of smart MV/LV transformers 

and local PV inverters are investigated with the aim to ensure that LV networks constraints are always 

respected. In the same vein, a three-stage control model is proposed in [OERT-13] combining voltage 

control by use of a controllable transformer, power-factor control of individual generation, load and 

storage units, and active power curtailment if inevitable. Finally, [GOIK-09] analyzes the possible 

outcomes of the instauration of active secondary substation in critical LV grids. The contribution of 

different active devices such as OLTC and STATCOM with energy storage and dump-loads are 

investigated. 

Other works are also proposing LV flexibility offers aggregation for MV network support. For 

example, during the INTEGRAL project, a method has been developed to aggregate all the LV flexibility 

offers available in each considered LV network during normal operation [LE-08]. These aggregations can 

be done at the scale of each household or at the scale of the LV network and are aiming to find the best 

power balance in the area. This solution is created in order to support the MV grid in a sense that it 
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permits the overall consumption or production power at a considered node to be reduced. The same 

methodology has been also tested in case of critical situations of the MV grid, in order to permit 

islanding mode of operation for the LV network for example. 

All these proposed strategies are aiming to create a local and independent control of each LV 

network, which can lead to suboptimal network operation and to unfair local markets with high prices 

volatility. 

In this work, the proposed strategy is aiming to get a more accurate visibility on all the equipped 

LV networks characteristics in order to better take them into account when operating the network at MV 

level. The aggregation of the LV flexibility offers is done while taking into account the LV network 

constraints. This tool has been thought as a pre-operational service for DSOs, permitting them to assess 

the available overall LV network limits during MV network optimization. Thanks to the distributed 

approach of the method, the solution can be gradually deployable in order to permit DSOs to focus firstly 

on specific critical LV networks.  

III.3.1 Getting an aggregated visibility on LV network 

constraints 

In order to give an accurate aggregated visibility on critical LV networks, the basic idea of the 

method is to convert LV network constraints in a new dependent MV admissible voltage range.  

A similar concept has been elaborated for evaluating the benefits of off-load tap changer in 

MV/LV substations in [GONZ-13]. A method is proposed to determine the Voltage Operational Margin, 

which is defined as the voltage range within which the tap changer can be kept without incurring voltage 

deviations all over the LV grid. This methodology permits the critical PV penetration level and the critical 

load level to be estimated beyond which local operations in the LV distribution grid may be required. 

In the same philosophy, the aim of the developed concept is to determine a constraints-

dependent voltage margin at each MV node where only LV network is connected. This new voltage 

margin reflects the downstream LV network loading and will help for MV network optimization. 

Concept of the method 

According to EN 50160 [EURE-95], it is recommended that, under normal conditions, the 

variations range of the r.m.s. magnitude at the supply terminals for LV levels should be Un ±10% for 95% 

in any period of one week, where Un is the nominal voltage. Moreover, the European standard is also 

imposing that the supply voltage imbalance has to stay below 2% for 95% of the week in all European 

distribution networks in order to limit neutral currents. Practically the unbalance #FG= 	of the supply 

voltage at a node # is defined by the ratio between the negative sequence component H=& and the 

positive sequence component H=I (see equation (III.8)). 
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Until now in Europe, few DSOs were really able to monitor and operate LV networks. They 

generally guarantee voltage margins in MV level in order to ensure the operation in LV level. This often 

leads to suboptimal operation of the system network, adding oversized MV structural constraints for the 

DSOs due to the lack of monitoring and control in LV networks.  

With the large deployment of smart meters in the LV networks, DSOs are able to monitor their 

LV networks and to integrate more and more DGs by operating their networks closer to their technical 

and regulatory limits. With this aim, the developed LV4MV tool has been designed to release the 

admissible MV constraints by considering downstream LV network constraints. This method is also 

presented in [VANE-15] and [VANE-16]. 

The aim of the LV4MV concept is to reflect the LV network constraints and flexibility resources in 

MV level, via the monitoring of LV networks and via the management of the LV DER available dispatches. 

The idea is to consider a specific and constraint-dependent admissible voltage range per MV node, 

instead of a fix MV voltage range for all the MV nodes. It enables increasing the degree of freedom of the 

MV nodes where only LV networks are connected: at these nodes, the voltage at the MV/LV transformer 

might be outside of the MV admissible voltage range commonly used in network planning, while all LV 

nodes fed by this connection point are respecting the LV admissible voltage constraints. 

The algorithm consists in determining the admissible voltage limits HJKL	L=> and HJKL	LJ' for 

every considered MV node where only LV network is connected. At this MV node, any voltage value 

comprised within these new limits will therefore induce that all the downstream LV connection points 

are respecting the LV admissible voltage ranges and that all flowing currents in LV network are below the 

maximum admissible current. This new aggregated MV vision of the downstream LV network allows the 

DSO to treat it as an aggregated MV node with specific admissible voltage limits, which are reflecting the 

downstream LV network constraints. 

Algorithm presentation 

This section presents the LV4MV algorithm core. The objective of the algorithm is to determine 

the MV admissible voltage range interval for a given LV network in a particular loading condition. This 

interval is depending on the limiting LV network constraints. 

• Determination of the limiting LV network constraints 

In this research work, the considered LV limiting constraints are the supply voltage magnitude at 

LV end users connections and the imbalance of the LV network, as the EN 50160 suggests [EURE-95].In 

European LV networks, most of the end users connections are single-phase connections. Single-phase 

connections are done between one phase and the neutral wire. A schematic overview of a 4-wires line (#, M) is represented in Figure III-14, as well as a single-phase end user connection on phase 2 at node	#. If 
the end users power consumptions and productions are not equally spread on the three phases, some 

imbalances between the phases might appear and phase-to-neutral voltage profiles might be highly 
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impacted. In order to study this type of unbalanced systems, a dedicated loadflow tool based on 

backward-forward technique has been developed. It is presented in the Annex I - Loadflow tools 

methodology. In the computations, the self-impedance of each line and the mutual impedances between 

the four wires are considered. 

 

Figure III-14 – Representation of a 4-wires line (�, �) and of a single-phase end user connection 

in phase � 

The r.m.s voltage magnitude at the supply terminals in LV level is the magnitude of the voltage 

between the connection phase and the neutral wire. In the case presented in Figure III-14, the supply 

voltage magnitude of the single-phase end user |H=	J>|	can be computed thanks to the equation (III.7). 

 |H=	J>| = |H=J − H=>| (III.7) 

Where H=J is the complex voltage value at node # on phase 2, and H=>	is the complex voltage 

value at node # on the neutral wire [PHAD-99]. 

The voltage imbalance is defined at every node by the ratio magnitude of the negative 

sequence to the positive sequence of the voltage. Concerning the node #, the voltage imbalance #FG= 
can be computed with the equation (III.8) [HAD2-13]. 

 #FG= = OH=&H=IO = 	 PH=J + 2²	H=Q + 2	H=RH=J + 2	H=Q + 2²	H=RP (III.8) 

 2 = %S�T3  (III.9) 

Where H=& is the negative sequence of the voltage at node #, H=I is the positive sequence of the 

voltage at node #, H=J is the complex voltage value at node # on phase 2, H=Q is the complex voltage value 

at node # on phase G, and H=R is the complex voltage value at node # on phase U. 

• Identification of the MV admissible voltage range interval 

The LV4MV process is based on an iterative process which checks if all the LV network 

constraints are still respected for the different voltage values applied at the primary side of the MV/LV 
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transformer. If all the LV network constraints are respected, this voltage value is part of the admissible 

voltage range interval. If the LV network constraints are violated, this voltage value is not included in the 

admissible interval. 

The voltage drop due to the MV/LV transformer is considered in the method thanks to the 

equation (III.10). 

 ∆H?VJ>WXY = Z?VJ>WXY 	× \?VJ>WXY (III.10) 

Where ∆H?VJ>WXY is the complex voltage drop due to the MV/LV transformer, Z?VJ>WXY is the 

transformer impedance and \?VJ>WXY is the complex current flowing through the transformer. 

The overall LV4MV process is presented in Figure III-16 and Figure III-16. During the initialization 

of the process, a first loadflow is performed in order to find the initial state of the considered LV network 

in the initial conditions. In case of voltage imbalances or overloads in the LV network in the initial 

conditions, the algorithm is not performed. Hence, any voltage imbalance or overload in the LV network 

has minor chances to be solved by a change of voltage magnitude value at the primary part of the MV/LV 

transformer. 

If voltage deviations are already occurring in the initial conditions, the algorithm will try to 

reduce or increase the initial voltage magnitude value H], in order to come back to the “case 1” status 

and to perform the whole LV4MV algorithm presented hereafter. The applied voltage offset magnitude 

steps ∆H]	are computed via the subtraction between the maximum exceeding voltage value Ĥ ' and the 

admissible LV network voltage magnitude limits	H_`_L=>	and	H_`_LJ'. These particular steps of the 

algorithm are presented in Figure III-15. 

 

Figure III-15 – Initialization of the LV4MV process for the initial loading state of the considered 

LV network 
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In the following, it is assumed that all the LV network constraints are respected for the initial 

voltage value H]	at the primary part of the MV/LV transformer (case 1). The algorithm consists in 

changing iteratively the voltage magnitude value H]	at the primary part of the MV/LV transformer and in 

performing an unbalanced loadflow at each iteration. It is possible to find in parallel the admissible 

voltage magnitude limits HJKL	L=> and H	JKL	LJ' that ensure that all downstream LV connection points 

are respecting LV network constraints. The next paragraph describes the determination of H	JKL	LJ'	in 

more details.  

The initialization step sets	H	JKL	LJ' = H]. The increase voltage magnitude offset step	∆HLJ' is 

then computed. It corresponds to the voltage magnitude difference between the highest voltage of the 

LV network and the maximal admissible LV voltage. If this voltage offset step ∆HLJ' is higher than a 

certain threshold b�	(fixed at 0.1% of the reference voltage in this case), the voltage magnitude value H]	at the primary part of the MV/LV transformer is increased of ∆HLJ'. The loadflow is performed again 

and the network constraints are checked. 

If there is no over-voltage deviation or other network constraints violation, the admissible 

voltage magnitude limit HJKL	L=> is set at this new H] and the process is repeated. If there is no over-

voltage deviation but other network constraints violations, the LV4MV process is stopped and H	JKL	LJ' 

is not updated. Finally, if there are over-voltage deviations but no other network constraints violation, it 

means that the offset magnitude step ∆HLJ' is too large. This offset step is then divided by two and 

while it remains larger than the threshold b�, the process is repeated. 

The same methodology is applied to determine the minimal admissible voltage magnitude limit HJKL	L=>.  

The computation of the applied voltage offset magnitude steps ∆HLJ' and ∆HL=>	corresponding 

to the deviation between the nearest voltages of the LV network and the LV voltage limits permits the 

number of iterations to be limited, and thus to gain CPU time. 



Chapter III – Innovative methodologies to support the DSO to act as a market enabler 

103 / 259 

 

Figure III-16 – LV4MV process flowchart: Determination of the admissible voltage range 

Finally, thanks to this more accurate information of the admissible voltage limits at critical MV 

nodes, the DSOs will be able to operate their MV network closer to their limits. This should permit them 

to increase end users full access to the energy markets by giving more degree of freedom in the 

validation process. This should also allow them to have a better flexibility for MV network risk 

management optimization. Finally, they could avoid some investments which they would have done 

without this methodology to guarantee the respect of LV network constraints. 

It is important to notice that if not enough LV network data are available and particularly 

expected LV consumptions and/or LV productions, this method can also be based on unbalanced LV state 

estimation using smart meter measurements. 

Examples of application 

The considered cases are specific examples of LV4MV applied on a 12-nodes LV unbalanced 

electrical network. Corresponding network characteristics and loading cases data are presented in 

Annex II ¬ Test networks data. Other simulations are performed on a larger real LV network and 

presented in Annex IV – Complementary results of the LV4MV process. 
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• Simulations on the 12-nodes network, winter loading case 

 Considering the 12-nodes network in the winter loading case, the new computed effective MV 

admissible voltage ranges are presented in the table below (Figure III-17). In order to take the 

transformer into account, the equation (III.10) is applied where the flowing current through the 

transformer is equal to the flowing current through the first line of the network. 

 

Figure III-17 – Results of the LV4MV algorithm performed on the 12-nodes network in winter 

loading case 

 In this case, the maximum admissible voltage value in MV level is enlarged up to 8.6% of the 

nominal voltage instead of the 5% of nominal voltage that is currently adopted in distribution network 

operational planning. On the other hand, the minimum admissible voltage value is fixed at around 2% of 

the nominal voltage instead of the currently adopted 5% value. For this loading case of the LV network, 

the voltage at the primary side of the MV/LV transformer can vary within the new determined range 

without creating any LV network constraints. If the voltage value in MV level is exceeding these limits, 

some LV network constraints deviations will occur. Figure III-18 represents the phases-to-neutral voltage 

profiles in the network, for the two extreme limits of the admissible voltage value at the secondary side 

of the MV/LV transformer. 

 

Figure III-18 – Voltage profiles of the 12-nodes network with the winter loading case and  

determination of the new MV admissible voltage range 
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In this case, the DSO gets a more accurate vision on this critical LV network, which can be useful 

for MV level operation.  

• Simulations on the 12-nodes network, summer loading case 

The same computations have been done for the 12-nodes network in the summer loading 

conditions. The new MV admissible voltage margins are presented in the table below (Figure III-19).  

 

Figure III-19 – Results of the LV4MV algorithm performed on the 12-nodes network in summer 

loading case 

Unlike the previous case, this case permits the DSOs to know that the maximum admissible 

voltage value in MV level is reduced to almost 4% of the nominal voltage instead of the 5% currently 

adopted in distribution network operational planning. However, the minimum admissible voltage value 

in MV level is enlarged up to more than 7%. Figure III-20 represents the phases-to-neutral voltage 

profiles in the network, for the two limits of the admissible voltage value at the secondary side of the 

MV/LV transformer. 

In this case, the voltage drop inside the transformer is small because the flowing current into it is 

reduced due to the large participation of local DG production. 

 

Figure III-20 – Voltage profiles of the 12-nodes network with the summer loading case and  

determination of the new MV admissible voltage range 
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To conclude, these new MV admissible voltage ranges are permitting to give more accurate 

information on the considered downstream LV networks to the DSO. Hence, this methodology could 

permit them to get more degree of freedom in their technical pre-validation process and thus to give a 

wider access to end users to the energy markets. Moreover, if some voltage constraints are potentially 

appearing during some specific hours over a year, this methodology could help the DSOs to get a better 

visibility of their downstream LV networks, and thus to reduce their network reinforcement investment 

costs in MV level. 

Taking advantage of this distributed functionality, it would be also possible to enlarge these new 

MV admissible voltage margins thanks to the potential available LV flexibility offers. 

III.3.2 Through the extension of the admissible voltage 

margins with LV flexibility offers 

The developed tool is aiming not only to permit DSOs to plan their network operation while 

considering both MV and LV networks, but also to support the provision of LV flexibility offers. The 

extension of the admissible voltage ranges via the activation of LV flexibility offers permits to transmit 

the LV flexibility resources at the MV level and thus, to increase the amount of flexible means for 

technical pre-validation of flexibility offers, for DSO risk management and for MV network optimization. 

Extension of the admissible voltage margins thanks to LV flexibility offers 

activation 

As explained previously, the LV4MV process is aiming first to determine the admissible voltage 

range for each given LV network. The voltage profile is mainly depending on the load value of the 

considered network. A highly loaded LV network will have large voltage drops along its feeders and thus, 

the voltage value at the secondary substation will have a restricted degree of freedom. On the other 

hand, a slightly loaded LV network will have a quasi-flat voltage profile. The voltage value at the 

secondary substation will have a large degree of freedom, still ensuring that all the LV network 

constraints are respected. 

This observation is leading to the extension of the LV4MV methodology. Depending on the state 

of activation of the downstream LV flexibility offers, it is possible to determine several MV admissible 

voltage range intervals at each MV node. 

This solution permits bypassing the instauration of new local markets at LV level which can be 

challenging nowadays: until now, LV offers are not sufficient in quantity and not enough spread over the 

LV network in order to solve local constraints while ensuring a fair market. High price volatility can 

appear between the different LV networks because of the local aspect of these flexibility offers. The 

LV4MV permits to aggregate the available LV flexibility offers and to make them available in MV level. 
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From an operational point of view, step-by-step LV flexibility offers activation in a given LV 

network should enlarge the MV admissible voltage range at the corresponding MV node. Several 

different voltage range intervals with their corresponding prices of LV flexibility offers activation can be 

determined. The best option for DSO operation is to determine the largest possible MV admissible 

voltage ranges that can be obtained with the less expensive combinations of LV flexibility offers 

activation.  

Concerning three-phase flexibility offers, in order to use only the flexibility offers that have a 

good impact on the voltage drops along the feeders, a very simple rule can be followed:  

- If the overall voltage profile in the LV network is increasing, the production dispatch down 

three-phase offers are retained as well as the increasing consumption three-phase offers, 

while the decreasing consumption three-phase offers will not be used. 

- Inversely, if the overall voltage profile in the LV network is decreasing, the decreasing 

consumption three-phase offers are retained, and the production dispatch down three-

phase offers and the increasing consumption three-phase offers will not be used. 

From a validation point of view, this rule cannot be applied. Indeed, it is possible that the 

validation of a flexibility offer that has a bad impact on the margin could allow the validation of several 

others flexibility offers which would have not been validated otherwise. Therefore, with the aim to give 

access to the more end users in the distribution grid, this kind of rule cannot be applied and all the 

available flexibility offers have to be considered. 

In the following, the general goal is only operational, for DSO risk management or for near real-

time network optimization. The aim is to enlarge the MV admissible voltage ranges, and therefore to 

reduce the voltage variations along the considered LV network. It can be written mathematically as in 

equation (III.11). 

 ∀#	 ∈ c,mind|H]| − |H=|d (III.11) 

Where c is the set of the nodes in the LV network, |H]| is the voltage magnitude at the 

secondary side of the transformer and |H=| is the voltage magnitude at node #. 
Several methods can be investigated in order to determine the best order of flexibility offers 

activation to enlarge the MV admissible voltage range. An exhaustive approach could be adopted, in 

which all the orders are tested to find the more efficient one. However, this kind of method is requiring a 

lot of computational effort. In this work, two methods are proposed and tested. These retained methods 

are based on the prices of the flexibility offers and on their sensitivity on the voltage margin 

enlargement. 
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• Economical step-by-step LV flexibility offers activation 

The first proposed LV flexibility offers activation order is based on a simple merit order list built 

with respect to the prices of the available LV flexibility offers. Considering an equipped LV network with 

some local available flexibility offers, the considered flexibility offers are ranked with respect to their 

respective prices. The MV admissible voltage range for the corresponding MV node is computed at each 

step of offer activation. The different stages of the method are presented in Figure III-21. 

 

Figure III-21 - Flowchart of the economical step-by-step LV flexibility offers activation method 

This method is very basic and can be applied easily. However, due to the imbalanced 

characteristic of the considered LV networks, the activation of a single-phase LV flexibility offer can 

increase the imbalance of the system and increase the voltage drops on the LV network. It is thus not 

sufficient to check only the flexibility type of the offer. 

• Efficient single-phase step-by-step LV flexibility offers activation 

A second method has been created in order to enhance the step-by-step flexibility offers 

activation. The concept here is to rank the LV available flexibility offers with respect to their efficiency on 

the enlargement of the MV admissible voltage range. Some other works are also using voltage sensitivity 

computation in unbalanced systems in order to permit a better integration of PV and electrical vehicles 

in LV networks [MERC-15] but also to implement reactive power management control methods using 

local PV inverters [DEMI-11].  
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In this case, voltage sensitivity computation is used in order to rank the different available three-

phase and single-phase LV flexibility offers with respect to the possible enlargement of the MV 

admissible voltage range. Following an iterative process, the limited voltage constraint is first 

determined. The voltage efficiency coefficients of each flexibility offer with respect to this constraint are 

computed thanks to voltage sensitivity computation. The merit order list is then built. The method is 

based on an iterative process and is performed as presented in the flowchart in Figure III-22. 

 

Figure III-22 – Flowchart of the efficient step-by-step LV flexibility offers activation method 
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In this method, the efficiency of each single-phase LV flexibility offer is introduced. Here, it is 

defined by the equation (III.12).  

 %=e,Sf,g = b=e,SfUSf,g  (III.12) 

Where %=e,Sf,g  is the efficiency of the h?i	flexibility offer available at node	M, phase j, on the voltage 

constraint at node #, phase D. b=e is the voltage sensitivity at the node	#, phase D with respect to a 

flexibility activation at the node	M, phase j. USf,g 	is the activation price of the h?i	flexibility offer available 

at node M, phase j. 

In order to compute the voltage magnitude sensitivity coefficients b=e,Sf of the constrained node #, phase D, with respect to the available flexibility offer at node M, phase j, a computational procedure 

based on the developed three-wire loadflow presented in Annex I – Loadflow tools methodology. is 

applied. The voltage sensitivity matrix is built with respect to the power injection in the different phases. 

It is then possible to assess the line-to-neutral voltage magnitude sensitivity of all nodes of the network 

with respect to the change of power at a single-phase of one given node of the system. The voltage 

sensitivity matrix is derived from the following equations (III.13)-(III.16). 

 klQmWnolQmWpolQmWqor = kHQmWnoHQmWpoHQmWqor × k
\∗QmWno\∗QmWpo\∗QmWqor (III.13) 

 k\QmWno\QmWpo\QmWqor = #tu(vwxJQR) × (kH=>=?noH=>=?poH=>=?qor − k
HQmWnoHQmWpoHQmWqor) (III.14) 

 

y klQmWnolQmWpolQmWqo r
y zdHQmWnoddHQmWpoddHQmWqod{

= y kHQmWnoHQmWpoHQmWqor
y zdHQmWnoddHQmWpoddHQmWqod{

× k\∗QmWno\∗QmWpo\∗QmWqo r + k
HQmWnoHQmWpoHQmWqor ×

y k\∗QmWno\∗QmWpo\∗QmWqor
y zdHQmWnoddHQmWpoddHQmWqod{

 (III.15) 

 

y klQmWnolQmWpolQmWqor
y k|QmWno|QmWpo|QmWqor

= y kHQmWnoHQmWpoHQmWqor
y k|QmWno|QmWpo|QmWqor

× k\∗QmWno\∗QmWpo\∗QmWqor + k
HQmWnoHQmWpoHQmWqor ×

y k\∗QmWno\∗QmWpo\∗QmWqor
y k|QmWno|QmWpo|QmWqor

 (III.16) 
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WhereklQmWnolQmWpolQmWqor	is the complex line-to-neutral apparent power at the bus for the three phases, kHQmWnoHQmWpoHQmWqo r is 

the complex line-to-neutral voltage at the bus for the three phases, and k\∗QmWno\∗QmWpo\∗QmWqor is the conjugate of the 

complex current consumed at the bus for the three phases. 

vwxJQR is the matrix related the buses line-to-neutral voltage drops to the consumed currents at the 

buses, and (kH=>=?noH=>=?poH=>=?qor − k
HQmWnoHQmWpoHQmWqor) is corresponding to the line-to-neutral voltage drops at each bus for 

the three phases. Finally, zdHQmWnoddHQmWpoddHQmWqod{ and k|QmWno|QmWpo|QmWqor are respectively the line-to-neutral voltage magnitudes 

and angles at the considered bus for the three phases. 

Finally, the voltage sensitivity matrix is built by the concatenation of the derivative coefficients as 

done in equation (III.17). 

 

}~~
~~~
~�∆ zdHQmWnoddHQmWpoddHQmWqod{
∆ k|QmWno|QmWpo|QmWqor ��

���
��� =

}~
~~~
~~~
~~~
~~
�� zdHQmWnoddHQmWpoddHQmWqod{
� �<J><Q><R> �

� zdHQmWnoddHQmWpoddHQmWqod{
� ��J>�Q>�R>�

� k|QmWno|QmWpo|QmWqor
� �<J><Q><R> �

� k|QmWno|QmWpo|QmWqor
� ��J>�Q>�R>� ��

���
���
���
��
�

}~~
~~�∆ �

<J><Q><R> �
∆ ��J>�Q>�R>���

���
�
 (III.17) 

Where ∆ k|QmWno|QmWpo|QmWqor and ∆ zdHQmWnoddHQmWpoddHQmWqod{ are changes in voltage angles and magnitudes, ∆ �<J><Q><R> � and ∆ ��J>�Q>�R>� 
are changes in active and reactive powers. 

Considering that angle-related problems are not a concern for voltage deviations, the voltage 

sensitivity can be defined as in equation (III.18). 
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 are the voltage sensitivity coefficients with respect to the 

power modulation at the nodes. Their diagonal elements are representing the voltage magnitude 

sensitivity of one phase of one bus to the injection of power at the same phase, same bus. Their off-

diagonal elements represent the bus voltage magnitude sensitivity to power injected at other buses and 

at others phases. An example of this matrix for an injection at bus M to the voltage at bus # will have the 

following coefficients: 
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 (III.19) 

 

If the forecasts of the network’s loading state are not enough reliable, some techniques 

developed in [MERC-15] can also be used in order to determine an approximation of voltage sensitivity 

coefficients thanks to smart meters measurements. 

Examples of application 

The two presented methodologies for the extension of the admissible voltage margins thanks to 

the activation of LV flexibility offers are here illustrated. They are applied on the two scenarios presented 

in section III.3.1. Some LV flexibility offers are assumed to be available in the considered 12-nodes 

network. The power factors at the LV nodes are considered as fixed power factors.  

In these cases, the flexibility energy prices are based on the basic spot price which usually varies 

from 28€/MWh to 35€/MWh [EPEX-16]. Therefore, domestic DR prices are evaluated between 

50€/MWh and 150€/MWh. On the other hand, DG dispatch down prices are assumed to be between 
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120€/MWh and 200€/MWh [MINI-16]. In these cases, the available flexibility offers are assumed to be 

equivalent to power blocks, and can only be activated entirely over one hour. 

• Simulations on the 12-nodes network, winter loading case 

In the previous section, the computed effective MV admissible voltage range for the 12-nodes 

network with the winter loading case was [0.981; 1.086] p.u. 

The available LV flexibility offers in this case are presented in Figure III-23. 

 

Figure III-23 – Available LV flexibility offers in the 12-nodes network (winter loading case) 

In this specific case, the two presented methodologies for extension of the admissible voltage 

margins thanks to the activation of LV flexibility offers are performed. The resulting enlarged MV voltage 

ranges obtained with the two methods are showed in Figure III-24. 

 

Figure III-24 – Resulting MV admissible voltage ranges after step-by-step LV flexibility 

activation (winter loading case) 

When applying the economical step-by-step LV flexibility activation method, all the available 

flexibility offers are ranked with respect to their prices. They are then activated one after the other 

following the merit order list. As showed in Figure III-24 (a), the three first activated LV flexibility offers 

are not permitting to enlarge directly the MV voltage range. After having activated them, the activations 

of the fourth and of the fifth flexibility offers are permitting to enlarge the MV admissible voltage range 

Flexible 

node
Phase

∆P demand 

response (kW)

Activation price (€/1h)

€ €/MWh

5 3-phase 4 0,240 60

5 a 1,5 0,150 100

6 3-phase 1,2 0,060 50

12 3-phase 1 0,080 80

12 c 0,7 0,084 120
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up to [0.960; 1.090] p.u. The limit of this method is that it ends only when all the flexibility offers have 

been activated, even if some of them have no impact on the enlargement of the MV admissible voltage 

range.  

The methodology based on efficient step-by-step flexibility activation permits activating directly 

the LV activated flexibility offers that have an effective impact on the enlargement of the MV admissible 

voltage range. As showed in Figure III-24 (b), the MV admissible voltage range has been also enlarged up 

to [0.960; 1.090] p.u. However, only three flexibility offers over the five available have been activated to 

get this result, implying a lower total cost of LV flexibility activation. 

• Simulations on the 12-nodes network, summer loading case 

In the previous part, the computed effective MV admissible voltage range for the 12-nodes 

network with the winter loading case was [0.927; 1.042] p.u. In this specific case, it is assumed that some 

LV flexibility offers are also available. These flexibility offers are shown in Figure III-25. 

  

Figure III-25 – Available LV flexibility offers in the 12-nodes network (summer loading case) 

In this case, the two presented methodologies for extension of the admissible voltage margins 

thanks to the activation of LV flexibility offers are also performed. The resulting enlarged MV voltage 

ranges obtained with the two methods are showed in Figure III-26. 

 

Figure III-26 – Resulting MV admissible voltage ranges after step-by-step LV flexibility 

activation (summer loading case) 

Flexible 

node
Phase

∆P dispatch 

down (kW)

∆P demand 

response (kW)

Activation price (€/1h)

€ €/MWh

5 3-phase 0,5 0 0,030 60

5 a 0 0,3 0,036 120

5 b 0 0,3 0,045 150

8 b 0 0,2 0,026 130

12 b 0 0,5 0,090 180



Chapter III – Innovative methodologies to support the DSO to act as a market enabler 

115 / 259 

As it can be observed in Figure III-26, the MV admissible voltage range can be enlarged up to 

[0.927; 1.050] p.u. thanks to the activation of the available LV flexibility offers. As observed in the 

previous example, following an economical merit-order list can be not as efficient as if the sensitivity 

voltage on the margins is considered. Here, thanks to the efficient step-by-step methodology, the most 

efficient flexibility offer (node 12, phase b) is activated. This implies the enlargement of the MV 

admissible voltage range up to [0.927; 1.050] p.u. In the second iteration, the flexibility offer at node 8, 

phase b is chosen to be activated but has not enough effect on the MV admissible voltage range 

enlargement. Then, there is no more influencing available flexibility offer and the process is ended. 

To conclude on the two developed methodologies, the first one based on economic merit order 

list requires less mathematical development than the one based on efficiency merit order list. However, 

using this second methodology permits the activation of less flexibility offers to enlarge the MV 

admissible voltage range.  

The comparison between the two developed methods shows the importance of both the price 

and the location of flexibility offers for network optimization. Thanks to the deployment of NICT, this 

information should be soon accessible by different electricity system actors, which are respectively the 

commercial aggregators and the DSOs. Thus, the instauration of local market places could be really 

interesting for the efficient aggregation of LV flexibility offers. 

Finally, thanks to these methodologies, LV flexibility offers can be directly transferred to MV level 

in the form of a new MV admissible voltage range with a corresponding price of enlargement. They can 

thus be used for operational planning or for network optimization in MV level. These specific data 

exchanges between LV and MV levels can be made possible thanks to the developed distributed 

architecture presented in section II.3. 

III.3.3 LV4MV architecture deployment  

The LV4MV mechanism rests on a distributed mode of network operation, with an architecture 

where functionalities are distributed among the whole system network. The dynamic infrastructure that 

has been proposed in chapter II permits the progressive deployment of the LV4MV mechanism over the 

distribution system, and will limit data transfers over the whole considered network. 

Figure III-27 represents the LV4MV architecture deployment in a particular primary substation 

federation, as presented in section II.3.1. In this scheme, it is assumed that the primary substation and 

several secondary substations are equipped with advanced RTUs. 

In a first step, each LV DSO agent is able to determine its effective MV admissible voltage range 

which depends on the loading state of the downstream LV network, monitored thanks to the deployed 

smart meters in each considered LV cell. Ever flexible load or generator can propose some flexibility 

offers via their energy boxes. The available LV flexibility offers can be transmitted via the commercial 
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aggregator agent to the LV DSO agent, who can therefore determine the possible enlargements of the 

MV admissible voltage range. 

 

Figure III-27 – LV4MV architecture in a primary substation federation 

In a second step, LV DSO agents are sending their new possible MV admissible voltage ranges to 

the substation DSO agent, via their respective elementary MV cell DSO agent if it exists. These new 

possible MV admissible voltage ranges are transmitted as other available MV flexibility offers. At the 

same time, the substation DSO agent can also receive the available MV flexibility offers from the 

substation commercial aggregator agent.  

Knowing all these end users flexibility information, the substation DSO agent can have a global 

vision of the MV and LV flexibility offers and increase its overall flexibility resources. 

From an operational point of view, the LV4MV algorithm can help the DSOs to better manage its 

network risk assessment while knowing all its available flexibility resources, including those coming from 

the LV level. The DSOs will be able to check if enough remaining local flexibility opportunities will be 

available for potential constraints management as it is proposed in the next part.  
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III.4 Innovative tool for the provision of 

flexibility offers for DSO constraints management at 

a minimum cost 

Thanks to the technical pre-validation process of the local flexibility offers and the LV4MV 

process in critical LV networks, DSOs can guarantee that any activation of MV and LV flexibility offers will 

not endanger their network operation. However, in order to ensure the security and the operational 

reliability of the distribution network until real-time, DSOs have to assess the potential risks of 

contingency and prepare action plans to react to potential sudden changes due to internal network 

failures or to weather conditions. As it is done for transmission systems, risk management and 

contingency analysis could be performed also for distribution networks. 

III.4.1 DSO risk management and contingency analysis 

Power systems are conventionally planned to meet a defined level of failure of different 

individual system assets. Even with this inherent security, the risk is not completely mitigated: failures of 

power systems can and do occur [CIGR-10]. Risk management and contingency analysis are really 

essential for system operators, in order to ensure system security and quality of supply while limiting 

their operational and investments costs. It corresponds to the processes of identification, analysis and 

mitigation of uncertainties in investment decision-making. Energy regulators generally define risk 

management policies for electrical grids investments, and especially for transmission systems. A trade-

off between the cost of the power system and its reliability has to be reached. 

Due to the growing complexity of power system operations and electricity trading arrangements, 

networks are increasingly operated near to their technical limits. This drives systems operators to 

enhance their risk management and contingency analysis. As it is done by the TSOs, risk management 

and contingency analysis should be also performed by the DSOs that are willing to use their active 

distribution network management tool as an effective way to reduce their investments. 

Risk management and contingency analysis in transmission systems 

To ensure the best operation of their electrical grid, system operators are generally performing 

contingency plans in order to prepare the possible critical states of their network. There are different 

kinds of disturbances which can be registered and cause contingencies in the transmission system. They 

include for example: 

• Internal failure of transformers, lines, switchgears, or other grid components, 

• Weather conditions leading to short circuits and subsequent trips of network components, 

especially overhead lines, 

• Failure of control and/or protection systems, 

• Generator or power station subsystems failure, 
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• Variable power output from stochastic generation (such as wind or solar), 

• Changes in demand due to a connection failure, or due to users’ behavior. 

For transmission systems, the secured events are conventionally defined in terms of N-k 

scenarios where N represents the initial state of the system and, depending on the convention used in 

the particular standard, k represents either a number of primary components going out of service or a 

number of events [RTE-04]. The N-1 rule is practiced in most large transmission power systems 

worldwide. This rule ensures that the power system is always operated in a robust condition with 

sufficient safety margins in order to withstand single fault events.  

The introduction of renewable generation, and particularly distributed generation, changes the 

performance requirements of the transmission grid. Specifically, the variable output of some renewable 

generation creates more uncertainty for transmission planning and investments [CIGR-07]. Moreover, 

the bidirectional power flows are also adding a lot of uncertainties in transmission network operation. 

Towards distributed risk management for the DSOs 

Risk management has also to be extended to the distribution network. Indeed, consumptions at 

local levels are not precisely predictable, and the decentralized renewable generation plants can have 

unexpected behaviors. This is adding a lot of uncertainties in the network flow patterns. The principal 

disturbances or potential sudden changes that can occur in a distribution system include, for example: 

• Variable power output from stochastic generation (due to unexpected changes in weather 

conditions for example),  

• Short circuits and subsequent trips of network components, especially overhead lines (due to 

unexpected changes in weather conditions for example), 

• Disconnection of some parts of the network for maintenance work, or due to network 

reconfiguration, 

• Service restoration of a feeder by the reconnection of it on the back-up transformer, 

• Failures of transformers, overhead lines or underground cables. 

Distribution system operators are usually dealing with decentralized power reserves and grid 

reinforcements for their operational planning. They could also think about using local flexibility 

opportunities to contribute to their operational risk management. 

However, given the size of the distribution network, it is not conceivable to think at predefining a 

possible solution for each potential change at the scale of a control center. Hence, some decentralized 

tools for DSO flexibility provision have been developed in this work. Running near real-time, these 

innovative tools aim at allowing the DSOs to cover their operational risks, and to prepare operational 

margins to ensure security and quality of supply to their end users.  

In order to enable the DSOs to react to sudden changes in their network, and to permit them to 

fulfill their contracts concerning the production and consumption plans that have been validated before 
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the market processes, the following presented methods have been elaborated. The principal aim of 

these methods is to assess if enough flexibility offers is remaining, to solve grid constraints after a 

potential disturbance.  

The considered set of flexibility opportunities includes grid flexibility and remaining end users 

flexibility offers that have not been selected during market processes. 

III.4.2 Provision of remaining MV and LV flexibility offers 

for DSO constraints management, at a minimum cost 

A methodology is developed in order to provision the potential remaining flexibility offers for 

DSO constraint management purpose. At the end of the markets closure and before the delivery time, 

the reliability of the forecasted consumption and production is quite high, and the scheduled planning is 

almost fixed. During the near real-time scale defined in section II.3.2, the DSO can check if any network 

constraints will occur for the given planned load schedule in case of sudden changes in the expected 

network conditions. The proposed method helps the DSO to foresee if the available remaining local 

flexibility offers could solve the potential appearing constraints.  

As proposed in section II.3.2, distributed flexibility exchanges are assumed to possibly emerge 

after the market clearing, involving only the remaining flexibility offers that are not selected in any 

market process. It is assumed that these remaining flexibility offers are 100% available and reliable. 

Here, the distribution of intelligence is really crucial to limit the data exchanges and to enable 

the fast responsiveness needed near real-time. From an architecture point of view, the developed 

mechanism should be performed locally at the primary substation level by the substation DSO agent, 

defined in section II.3.1. In these methods, the reconfiguration of the network is not considered as a 

flexible resource. Therefore, the algorithms will be processed in primary substation federation, which 

will have to be redefined at each network reconfiguration. 

From an implementation point of view, this kind of algorithm should be distributed in a local RTU 

located at the primary substation. Different generations of algorithms have been created so that the 

more accurate method corresponding to the computational specifications of the installed RTU can be 

chosen. 

Heuristic based provision processes 

Two heuristic-based methods have been investigated during this work for comparison. The first 

method is based on an economical merit order list, which rank the most sensitive flexibility offers with 

respect to their prices of activation. The second one is based on an efficiency merit order list, and 

provides the DSO with a vision of the remaining flexibility offers’ efficiencies on its potential network 

constraints.  
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Both methods are based on the exhaustive computation of voltage sensitivity coefficients and 

flowing current coefficients with respect to the modification of powers at the considered nodes of the 

network. Several papers are using voltage sensitivity analysis for balanced system planning in order to 

size and to find the best location to install DG in radial distribution system [CAIR-03], [GOZE-09] and 

[CONT¬10]. Alternative types of sensitivity coefficients such as losses sensitivity coefficients are also 

studied in order to optimize the sitting of new DG [POPO-05].  

Knowing the voltage sensitivity with respect to the modulation of active and reactive power in a 

considered network enables the DSO to get a global overview of the voltage magnitude reaction after 

flexibility activation. This will allow the DSO to analyze and to evaluate the effect of the proposed 

flexibility offers on the constrained network depending on their location. According to the same logic, 

flowing current sensitivity coefficients can be deduced from the network topology. 

• Voltage sensitivity coefficients at the MV level 

Considering a given balanced constrained network, a load-flow based on the backward–forward 

sweep process is computed to obtain the individual voltages at all buses corresponding to the network 

specified conditions. From this state, it is then possible to compute the voltage sensitivity coefficients 

matrix. The matrix is constructed with the derivatives of the apparent power at the considered node 

with respect to the voltage magnitude and angle at the given node. The voltage sensitivity coefficients 

are computed based on a linear approximation at a specific operating point. Therefore, they have to be 

recomputed for every load state in order to be as accurate as possible.  

Assuming a given expected load state, the effective apparent power consumed at a node is 

determined by the equation (III.20). The complex current consumed at the bus \QmW can be easily 

deduced from equation (III.21), referring to the backward-forward loadflow method presented in 

Annex I ¬ Loadflow tools methodology. The derivatives with respect to the voltage magnitude and angle 

are computed thanks to the equations (III.22) and (III.23). 

 lQmW = HQmW × \QmW∗  (III.20) 

 \QmW = #tu(vwx) × (H=>=? − HQmW) (III.21) 

 
ylQmWy|HQmW| = y(HQmW)y|HQmW| × \QmW∗ + HQmW × y(\QmW∗ )y|HQmW| (III.22) 

 
ylQmWy|QmW = y(HQmW)y|QmW × \QmW∗ + HQmW × y(\QmW∗ )y|QmW  (III.23) 

Where	lQmW	is the bus complex apparent power vector, HQmW is the bus complex voltage vector, and \QmW∗  

is the conjugate of the consumed complex currents vectors. vwx is the complex matrix related the 

voltage drops with respect to the consumed currents at the nodes, and (H=>=? − HQmW) is corresponding 

to the voltage drops at each node. Finally, |HQmW| and |QmW are respectively the voltage magnitude and 

angle at the considered node. 
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The voltage sensitivity matrix is then built by the concatenation of the derivative coefficients as 

depicted in equation (III.24). 

 �∆|HQmW|∆|QmW � = }~
~��|HQmW|�< �|HQmW|���|QmW�< �|QmW�� ��

�� �∆<∆�� (III.24) 

Where ∆|QmW and ∆|HQmW| are changes in voltage angle and magnitude, ∆< and ∆� are changes in active 

and reactive power. 

The voltage sensitivity matrix is also equals to the inverse power flow Jacobian matrix which 

relates changes in power modulation to changes in voltage angle and magnitude. This Jacobian matrix 

can also directly be derived from a Newton-Raphson load flow computation. However, performing a 

Newton-Raphson loadflow method requires a large amount of computational resources [BALA-11]. From 

a distributed point of view, fast and less CPU requirements algorithms are preferred. 

Considering that angle-related problems are not a concern for voltage deviations, the voltage 

sensitivity can be defined as in equation (III.25). 

 [∆|HQmW|] = ��|HQmW|�< � [∆<] + ��|HQmW|�� � [∆�] (III.25) 

 

The derivatives ��|`p��|�� � and ��|`p��|�� � are the voltage sensitivity coefficients with respect to the power 

modulation at the nodes. Their diagonal elements are representing the sensitivity of one node voltage 

magnitude to the injection of power at the same node. Their off-diagonal elements represent the node 

voltage magnitude sensitivity to power injected at other nodes. An example of this matrix for a 3-buses 

network will have the following coefficients: 

 

�|H�|�< =
}~~
~~~
��|H1|�<1 �|H1|�<� �|H1|�<3�|H�|�<1 �|H�|�<� �|H�|�<3�|H3|�<1 �|H3|�<� �|H3|�<3 ��

���
��
 (III.26) 

In order to solve a voltage constraint appearing in the third node, it will be efficient to focus on the third 

line to have an idea about the influence of the injection of power at all the different nodes on the 

voltage at this node. 

 In a similar way, it is possible to focus only on the parts of the network that are constrained, and 

to find which flexibility offers will be of the greatest benefit for the voltage deviations. 
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• Flowing current sensitivity coefficients at the MV level 

In case of a possible overload problem in a transformer or in a line, a method which computes 

flowing current sensitivity coefficients has also been developed, in order to help the DSO to select the 

remaining flexibility offers that are improving the network state. The method is based on the Kirchhoff 

first law, illustrated in Figure III-28, which states that at any node of an electrical network, the sum of the 

currents flowing into that node is equal to the sum of the currents flowing out of that node.  

 

Figure III-28 - Illustration of the Kirchhoff 1st Law 

As distribution networks are generally radial, a Depth First Search algorithm (DFS) can be applied 

in the primary substation federation in order to determine all the nodes that are downstream or 

upstream the potential overloaded component. Then, depending on the location of the flexibility 

resources, it is possible to assess their effect on the congestion.  

For each flexibility offer, the corresponding flowing current coefficient is set to 1 if the flexibility 

offer activation can help solving of the congestion. It is set to 0 if the flexibility offer activation has no 

impact on the congestion. It is set to -1 if the flexibility offer activation aggravates the congestion. A 

small example of this topological rule is presented in Figure III-29. 

 

Figure III-29 – Selection of flexibility offers for current congestion solving  

 



Chapter III – Innovative methodologies to support the DSO to act as a market enabler 

123 / 259 

In this example, some flexible loads are able to decrease their consumption, some others are 

able to increase their consumption and some flexible DGs are able to reduce their production. The aim of 

this topological rule is to consider only the flexibility offers that can help the line congestion (in red). 

First, the DFS algorithm permits the searching space of the solutions (in green bold type) to be 

found, i.e. the part of the network where flexibility offers activation might have an impact on the current 

congestion. Then, the developed algorithm affects a flowing current sensitivity coefficient for each 

flexibility offer. In this case, all the proposed decreasing consumptions flexibility offers that are 

downstream the congested line will have a coefficient set at 1. On the other hand, all the decreasing 

flexible productions or increasing flexible consumptions offers which are downstream the congested line 

will have a coefficient set at -1. All the flexibility offers that are upstream the congested line have no 

impact on the overload. Coefficients corresponding to these flexibility offers are set at 0. 

All the flexibility offers that are in the other parts of the primary substation federation, which are 

not in the suitable ad-hoc space of solutions, are not considered by the substation DSO agent. 

• Efficiency coefficients for MV level 

As mentioned before, two heuristic based methods have been investigated for the provision of 

flexibility offers for DSO operational planning. The second one is based on an efficiency merit order list. 

Thus, in this method, a complementary computation is performed in order to assess the 

efficiency of each flexibility offer and to rank them with respect to their ability to solve the considered 

constraints. It is assumed that the voltage efficiency of each flexibility offer can be computed thanks to 

equation (III.27).  

 %u=,S,g = (�|H|=�<S )US,g  
(III.27) 

Where ev�,�,� is the voltage efficiency on node i of the k��	flexibility offer available at node	j. �|��|� ¡ 	is the 

voltage magnitude sensitivity at the node	i with respect to a flexibility activation at the node	j. c�,�	is the 

activation price of the k��	flexibility offer available at node j. 
And the flowing current efficiency of each flexibility offer is computed thanks to equation (III.28). 

 %U==£,S,g = b==£,SUS,g  (III.28) 

In the same manner, %U==£,S,g is the flowing current efficiency on component (line or transformer) ##′ of 

the h?i	flexibility offer available at node	M. b==£,S is the flowing current sensitivity on component ##′ with 

respect to a flexibility activation at the node M. And US,g	is the activation price of the h?i	flexibility offer 

available at node M.  
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These efficiency coefficients permit the flexibility offers to be ranked in another manner than by 

considering only the cost of the flexibility offers. Hence, if two flexibility offers have the same voltage 

sensitivity with respect to a voltage deviation, the cheapest one will have highest voltage efficiency. It 

will be then more interesting to activate it instead of the more expensive one. However, if one flexibility 

offer is quite sensitive but very expensive, its efficiency will be low. If another flexibility offer is available, 

less sensitive but clearly less expensive, this latter offer will be more efficient. 

The ranking based on efficiency calculation is in fact a kind of transposition of what is called 

“locational pricing” or “local marginal prices” at the transmission system level. This mechanism is used in 

Europe to optimize the use of transmission systems interconnections between countries. As it is 

explained in [LI-05], when there is a congestion in the system, the market has to be cleared on the bus 

level instead of on the system level. The clearing price at each bus is called the locational marginal price 

and is determined at each bus considering the transmission line constraints.  

In the presented case, the computation of the offer efficiency permits the offers ranking to be 

redefined, not only depending on the initial price but also depending on their location. This new sorting 

of flexibility offers is directly linked with the potential network constraints. 

• Concepts of the provision methods of MV and LV flexibility offers 

The concepts and the logical sequences of the two heuristic based provision methods of 

flexibility offers for DSO risk management are described in this paragraph.  

The objectives of these methods are to help the DSO to determine in an operational planning 

phase, one of the best economic combinations of MV and LV flexibility offers to be activated in order to 

solve potential voltage deviations and current congestions that could occur. 

The initial steps of these two methods are the same and are shown in Figure III-30. They aim at 

determining if there is a potential risk of voltage deviations or of congestions when a sudden non-

expected change occurs. Hence, for a given forecasted base load and production plan, different 

contingency scenarios are simulated. Primary substation federations are constructed by the substation 

DSO agents in order to determine if potential constraints can occur. As reconfiguration is not taking into 

account in these methods, these zones represent the total areas where flexibility resources can help the 

solving of the potential constraints. 
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Figure III-30 – Initial steps of the provision method for DSO risk management 

In Figure III-30, three different cases are presented. Case 1 represents a case where potential 

appearing network constraints are both voltage deviations and line congestions. Case 2 illustrates a case 

where the contingency provokes only voltage deviations. Finally, case 3 represents a case where only 

overloads are appearing because of the assumed contingency.  

If existing grid flexibility resources such as OLTC transformer are not sufficient to solve the 

potential appearing constraints, the remaining available flexibility offers are taken as variables in the 

process. The idea is to first select or not the remaining available flexibility offers depending on their 

possible effects on the potential network constraints. 

Thanks to the computation of the sensitivity coefficients, it is possible to assess the effect of the 

different flexibility offers on the considered network constraints. For each network constraint, flexibility 

offers that have a non-negligible positive effect on the constraint are selected. All flexibility offers which 

have a negative impact will not be used. 

At the end of the process, the tables of the selected offers and the tables of the non-selected 

offers are constructed. The tables of the selected offers are then checked in order to delete the 

conflictual flexibility offers that are also appearing in the tables of the non-selected offers. This type of 

flexibility offer could typically help the operation in one part of the primary substation federation but 

also aggravate the situation in another part of this area. The flowchart of the selection method is 

depicted in Figure III-31. 
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Figure III-31 – Flexibility offers selection method for DSO risk management 

 Once the selected offers are listed, they are sorted by cost in the first developed method, and by 

efficiency per constraint in the second developed method. They are then activated accordingly to the 

merit order list until the potential network constraints are released. 

The proposed algorithms are focusing first on possible voltage deviations, and then they are 

treating the potential congestions. This choice can be justified by the fact that there are generally more 

sensitive offers to solve congestions than to solve voltage deviations by construction of the topological 

rule. Therefore, the retained flexibility offers for solving voltage deviations might be included in the ones 

that can solve potential congestions, and help the two problems solving simultaneously. For each type of 

constraint, the two methods focus step by step at the largest constraint to solve until there is no 

constraint anymore or until there is not enough sensitive flexibility offers. 

At the end of these provision methods of flexibility offers for DSO risk management, a set of 

flexibility offers is found, ensuring the DSO that its activation would permit to avoid or restraint the 

potential appearing network constraints. The choice of these heuristic algorithms ensures small 

computational requirements because no advanced optimization processes are performed. This is well-

suited for distributed methods that can be embedded directly into an RTU in the primary substation. This 

is a first mathematical approach to solve flexibility provision problematic for DSO risk management, 

which is easily apprehensible and implementable. 
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• Examples of DSO risk management scenarios solved with the proposed heuristic 

methods 

The considered cases are specific examples of DSO risk management scenarios applied on a 

72¬nodes MV balanced electrical network. Corresponding networks characteristics and applied load 

curves are presented in Annex II - Test networks data. 

The three following scenarios of contingency are studied: 

1. Disconnection of a part of the network for maintenance work, removing suddenly a part of the 

connected loads of a feeder: in this case, the disconnected part of the network is recovered by another 

part of the network, connected in another primary substation. It is assumed that this operation can 

cause over-voltages in the network, due to a non-expected decrease of loading while DGs are still 

producing in the remaining connected feeder. 

2. Sudden changes in weather conditions, decreasing suddenly the overall decentralized 

production: it is assumed here, that the sudden decrease of the overall decentralized production is 

causing under-voltages deviations in the network. 

3. Service restoration of a feeder by its reconnection through a back-up transformer: it is 

assumed that the service restoration of the secured feeder leads to a sharp increase of the load in the 

securing considered network. This could imply current overloads in some lines or under-voltages in some 

parts of the network. 

 

For illustration concerns, it is assumed that the tap of the OLTC transformer at the primary 

substation is fixed, and that there is neither capacitor bank nor possibility to control the DG reactive 

power outputs. Only active flexibility offers remaining after the markets closure are assumed to be 

available in the considered 72-nodes network, via production dispatch down and via DR management. 

The power factors at the MV nodes are considered as fixed power factors.  

In these cases, the flexibility energy prices are based on the basic spot price which varies from 

28€/MWh to 35€/MWh [EPEX-16]. Domestic DR prices are evaluated between 50€/MWh and 

150€/MWh. DG dispatch down prices are assumed to be between 120€/MWh and 200€/MWh. In these 

cases, the available flexibility offers are assumed to be equivalent to power blocks, meaning that it is 

only possible to activate the entire flexibility offer over one hour. 

Risk management on the 72-nodes network (test case 1) 

The first contingency scenario is tested on the 72-nodes network at 2p.m. loading. The voltage 

value at the secondary part of the primary substation transformer is fixed at 1.03 p.u. It is assumed that 

a part of the network is disconnected from the considered primary substation for maintenance work. 

The initially expected voltage profile with the forecasted loading conditions was respecting all the 

network admissible voltage characteristics (see Figure III-32(a)). However, when a given part of a feeder 

is disconnected from the primary substation, some over-voltages deviations are appearing (see Figure 
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III-32(b)) because of the non-expected decrease of loading. For illustrative reasons, the nodes of the 72-

nodes network have been re-indexed to plot the voltage profiles along the network. The correspondence 

matrix relating the initial nodes to the re-indexed ones is presented in Annex II - Test networks data. 

 

Figure III-32 – Voltage profiles in the 72-nodes network (2 p.m.) – test case 1 – initial  

In order to assess if enough flexibility resources will be available if this scenario occurs, the 

substation DSO agent should build locally its primary substation federation, including all the possible 

means of regulation in this particular configuration. In this example, the only available flexibility 

resources are assumed to be only remaining active power flexibility offers which are presented in Figure 

III-33(b). 

 

Figure III-33 – List and status of the available flexibility offers – Sensitivity threshold set at 1% 

(a) Status of available flexibility offers 

with respect to all voltage deviations

Flexible 

reindexed

node

∆P dispatch 

down (kW)

∆P demand 

response (kW)
Activation price (€/1h)

€ €/MWh

11 0 2 0,05 25

58 0 5 0,20 40

18 0 5 0,30 60

13 0 5 0,30 60

67 0 20 0,60 30

6 0 25 0,75 30

39 0 10 0,80 80

32 0 25 1,13 45

30 0 20 1,40 70

45 0 20 1,40 70

43 70 0 8,40 120

63 80 0 12,00 150

Solution found by both heuristic methods

Optimal solution

(b) List of available flexibility offers 

in the 72-nodes network at 2p.m.
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Given all the available flexibility offers in the 72-nodes network in this case, it is possible to 

compute their respective voltage sensitivity with respect to the potentially occurring constraints. As 

explained in the previous part, flexibility offers that have a non-negligible positive effect on the 

constraint are selected. All flexibility offers which have a negative impact are declined. The final status of 

the available flexibility offers are presented in Figure III-33(a).  

Finally, the only selected flexibility offer that can help the potential occurring constraints is the 

production dispatch down proposed at node 62. Its activation permits the potential over-voltages to be 

solved, as shown in Figure III-34(b).  

 

Figure III-34 – Voltage profiles in the 72-nodes network (2 p.m.) – test case 1 – final  

The both developed methods, based respectively on cost merit order list and on efficiency merit 

order list, lead to the same solution. The activation of this flexibility offer is also the optimal economical 

solution found after an exhaustive computation of all the possible combinations of the available 

flexibility offers. 

 Risk management on the 72-nodes network (test case 2) 

The second contingency scenario is now tested on the 72-nodes network at 4p.m. loading. The 

voltage value at the secondary part of the primary substation transformer is fixed at 1.01 p.u. The 

expected voltage profile with the forecasted weather conditions is respecting all the network admissible 

voltage characteristics (Figure III-35(a)). However, if sudden changes in the weather conditions are 

happening, i.e. if the weather becomes suddenly cloudy, the DGs (which are only PV production in this 

network) are not producing anymore. Some under-voltages deviations are appearing (see Figure 

III-35(b)). Here again, for illustrative reasons, the nodes of the 72-nodes network have been re-indexed 

to plot the voltage profiles along the network. The correspondence matrix relating the initial nodes to 

the re-indexed ones is presented in Annex II - Test networks data. 

(a) Voltage profile 

after the disconnection of a part of a feeder (2p.m)

(b) Voltage profile after the disconnection of a part of a feeder (2p.m) 

and after the activation of the retained flexibility offer
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Figure III-35 – Voltage profiles in the 72-nodes network (4 p.m.) – test case 2 – initial 

In this example, the only available flexibility resources are the remaining active power flexibility 

offers presented in Figure III-36. They are only consumption decrease offers via DR management. Given 

these flexibility offers, their respective voltage sensitivity coefficients with respect to the potentially 

occurring constraints are first computed. In this specific case, 9 flexibility offers have a non-negligible 

positive effect on the constraints. These flexibility offers are then ranked respectively by cost and by 

efficiency, and activated following the merit order lists until the potential occurring constraints are 

solved. The retained flexibility offers to solve the potential occurring under-voltages are presented in 

Figure III-36 (a) and (b), respectively found with the heuristics based on the cost, and based on the 

efficiency. 

 

Figure III-36 – Lists of the available flexibility offers selected by the heuristic methods – 

Sensitivity threshold set at 1% 

Flexible 

reindexed 

node

∆P demand 

response (kW)

Activation price (€/1h)

€ €/MWh

62 1 0,05 50

11 3 0,08 25

54 2 0,10 50

22 2,5 0,15 60

58 5 0,20 40

18 5 0,25 50

13 10 0,30 30

48 12 0,36 30

65 5 0,40 80

6 20 0,60 30

44 20 0,60 30

67 10 0,60 60

32 20 0,90 45

39 12 0,96 80

30 15 1,05 70

45 20 1,40 70

Solution found by the heuristic based on cost

Optimal solution

Flexible 

reindexed 

node

∆P demand 

response (kW)
Activation price (€/1h)

€ €/MWh

62 1 0,05 50

11 3 0,08 25

54 2 0,10 50

22 2,5 0,15 60

58 5 0,20 40

18 5 0,25 50

13 10 0,30 30

48 12 0,36 30

65 5 0,40 80

6 20 0,60 30

44 20 0,60 30

67 10 0,60 60

32 20 0,90 45

39 12 0,96 80

30 15 1,05 70

45 20 1,40 70

Solution found by the heuristic based on efficiency

Optimal solution
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The both heuristic methods are not permitting the optimal solution to be found in this specific 

case. However, the heuristic method based on the efficiency of the flexibility offers leads to a better 

economical solution than the one based on their costs. 

In this specific case, an illustration of the application of the LV4MV algorithm presented in part 

III.3 is proposed. It is assumed that two specific LV networks are connected to nodes 49 and 50 in the 

72¬nodes network, and that their respective secondary substations are equipped with advanced RTUs. In 

order to respect the respective loading cases of these nodes, the LV4MV process is performed on a 

particular LV network which is presented in Annex V – Example of the LV4MV process for MV DSO risk 

management. 

As a reminder, the LV4MV algorithm allows getting an aggregated MV vision of a downstream LV 

network and its inherent flexibility opportunities. It allows the DSO to treat each LV network as a flexible 

aggregated MV node, with a given specific flexible power, and with specific admissible voltage limits 

reflecting the downstream LV network constraints. 

Hence, after the LV4MV process, two new MV admissible voltage ranges are available at nodes 

49 and 50. They are not associated with any flexibility activation because no downstream LV flexibility is 

assumed. The new resulting flexibility resources for this test case are presented in Figure III-37. 

 

Figure III-37 – Lists of the available flexibility offers (including LV4MV inputs offers) selected by 

the heuristic method based on efficiency – Sensitivity threshold set at 1% 

Flexible 

reindexed 

node

∆P demand 

response 

(kW)

Activation price (€/1h) New MV voltage range

€ €/MWh Vadm min Vadm max

46 0 0 0 0,941 1,10

47 0 0 0 0,946 1,10

62 1 0,05 50 0,95 1,05

11 3 0,08 25 0,95 1,05

54 2 0,10 50 0,95 1,05

22 2,5 0,15 60 0,95 1,05

58 5 0,20 40 0,95 1,05

18 5 0,25 50 0,95 1,05

13 10 0,30 30 0,95 1,05

48 12 0,36 30 0,95 1,05

65 5 0,40 80 0,95 1,05

6 20 0,60 30 0,95 1,05

44 20 0,60 30 0,95 1,05

67 10 0,60 60 0,95 1,05

32 20 0,90 45 0,95 1,05

39 12 0,96 80 0,95 1,05

30 15 1,05 70 0,95 1,05

45 20 1,40 70 0,95 1,05

Solution found by the heuristic based on efficiency

Optimal solution
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The heuristic methods are also considering the potential LV4MV inputs. Therefore, the new 

retained flexibility offers by the heuristic based on the efficiency for this test case are presented in Figure 

III-37. In this specific case, the LV4MV algorithm permits avoiding the activation of 4 other flexibility 

offers by enlarging some MV admissible voltage ranges, while ensuring that all LV network constraints 

are still respected. The final voltage profiles in the 72-nodes MV network are represented in Figure III-38. 

More particularly, Figure III-38 (a) represents the voltage profile after the activation of the retained 

flexibility offers by the efficiency-based heuristic method, without considering any LV downstream 

networks. Figure III-38 (b) represents the voltage profile after the activation of the retained flexibility 

offers by the efficiency-based heuristic method, when considering the two critical LV downstream 

networks at nodes 49 and 50 (respectively corresponding to the re-indexed nodes 46 and 47 in the 

figure). 

 

Figure III-38 – Voltage profiles in the 72-nodes network (4 p.m.) – test case 2 – final 

To conclude, the two heuristic based provision processes are permitting the DSOs to determine 

locally if a solution exists to solve the potential occurring network constraints in case of sudden changes 

in their network. In this specific test case, the two methods are giving different economical results. While 

the heuristic method based on flexibility offers costs leads to a solution that costs 4.67€, the one based 

on flexibility offers efficiency leads to a solution that costs 3.51€. In this specific test case, if the LV4MV 

process is performed at nodes 49 and 50, the final cost of the solution is even decreasing down to 1.05€. 

Risk management on the 72-nodes network (test case 3) 

Finally, the third contingency scenario is tested on the 72-nodes network at 8p.m. loading. In this 

case, all the flowing currents in the network are respecting their maximum admissible current rate (see 

Figure III-39 (a)). It is assumed that the service restoration of a secured feeder is leading to a sharp 

increase of the load in the securing 72-nodes network. Due to this non-expected change, the flowing 

current in the feeding transformer is exceeding its admissible current rate (see Figure III-39 (b)). 

(a) Voltage profile in case of sudden changes of weather conditions 

(4p.m) and after the activation of the retained flexibility offers

(b) Voltage profile in case of sudden changes of weather conditions (4p.m) 

and after the activation of the retained flexibility offers 

(including LV4MV offers)
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Figure III-39 – Flowing currents in the 72-nodes network (8 p.m.) – test case 3 – initial 

Here again, it is assumed that some remaining flexibility offers that have not been selected 

during the market processes are available. They are presented in Figure III-40 (b). Given these flexibility 

offers, their respective current sensitivity coefficients with respect to the potentially occurring overload 

are first computed. Their statuses are presented in Figure III-40 (a). All the selected flexibility offers are 

then ranked by prices and activated following the merit order until the potential occurring overload is 

solved. The retained flexibility offers are presented in grey in Figure III-40 (b). 

 

Figure III-40 – List and status of the available flexibility offers 

In this specific case, all the DR flexibility offers that are proposed are taken into consideration for 

the optimization because the overload is occurring in the upstream feeding transformer of the network. 

Flexible 

reindexed

node

∆P dispatch 

down (kW)

∆P demand 

response 

(kW)

Activation price (€/1h)

€ €/MWh

62 0 1 0,05 50

11 0 3 0,08 25

22 0 2,5 0,15 60

54 0 4 0,20 50

18 0 5 0,25 50

13 0 10 0,30 30

58 0 10 0,40 40

65 0 5 0,40 80

6 0 20 0,60 30

48 0 30 0,90 30

32 0 20 0,90 45

39 0 12 0,96 80

45 0 20 1,20 60

67 0 20 1,20 60

30 0 20 1,40 70

44 0 20 1,40 70

63 10 0 1,50 150

43 20 0 2,40 120

Solution found by the heuristic based on efficiency

Optimal solution
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Hence, all the current sensitivity coefficients of these DR offers have the same sensitivity weight, and 

both heuristic methods based on cost and on efficiency are leading to the same solution.  

These contingency scenarios have been also applied on a 33-nodes MV network and solved with 

the same heuristic methods. More results are provided in Annex VI – Complementary results of the 

heuristic based provision process for DSO risk management. An example of the resolution of a 

combination of simultaneous voltage deviations and overloads is also presented. 

Optimization based provision processes 

The previously presented provision process method was based on simple heuristics ranking the 

remaining available flexibility offers and activating them while following merit order lists. These heuristic 

methods have been deliberately developed in a simple manner in order to be accessible by all the 

system operators, and to be easily deployed in the field. The same provision process is now reformulated 

as an optimization problem to minimize the cost of flexibility offers activation. The objective of this 

optimization is to determine the best economic combination of remaining available MV and LV 

flexibilities to be activated in order to solve the different cases of potential voltage deviations and 

current overloads at the MV level, ensuring also that all network constraints are respected in 

downstream LV networks. In this optimization process, the decision variables are: 

- MV flexibility offers of MV controllable productions or loads, 

- LV flexibility combinations offers in downstream networks corresponding to the new MV 

admissible voltage ranges and their associated prices of LV flexibility offers activation, at equipped 

MV/LV transformers where LV4MV can be executed, 

- OLTC position at the primary substation, if existing, 

- Capacitor bank position at the bus-bar, if existing. 

All the non-equipped secondary substations are considered as MV aggregated non-flexible loads 

and their MV admissible voltage ranges are fixed at +/-5% of the nominal voltage value. The admissible 

voltage range at MV connection point of MV end users are as well set at +/-5% of the nominal voltage 

value, as the European norm EN 50160 suggests [EURE-95]. 

The objective function, corresponding to the total price of the flexibility offers activation can be 

formulated as in equation (III.29). Prices for OLTC positions and for capacitor bank positions are not 

considered, as they are direct DSO flexibility means. 

 min¥¥(U=¦ × �=¦¦ )=  (III.29) 

where #	is the index of the MV node, § the index of the flexibility offer at node #, U=¦ is the cost of 

the flexibility activation § at node #, and �=¦ is the state of activation of the flexibility § at node #. This 

binary variable is either equal to 0 if the flexibility offer is not activated or 1 if the flexibility offer is 

activated.  
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The problem is ruled by the classical loadflow equations, and the constraints of the problem are: 

 ∀#	 ∈ c, Ḧ `	L=>,= ≤ |H=| (III.30) 

 ∀#	 ∈ c, |H=| ≤ Ḧ `	LJ',= (III.31) 

 ∀M	 ∈ w, d\Sd ≤ \S	LJ' (III.32) 

 ©2D	F#t ≤ �?Jeª«¬­ ≤ ©2D	F2� (III.33) 

 ®¯	F#t ≤ �°± ≤ ®¯	F2� (III.34) 

Where c is the set of nodes, w the set of lines of the considered MV network, and |H=| is the 

voltage magnitude at the MV node	#. 
Ḧ `	L=>,= and Ḧ `	LJ',= are respectively the minimum and maximum MV voltage magnitude 

admissible constraints at the MV node	#. As presented in part III.3, the LV4MV algorithm allows the DSO 

to treat each LV network as a flexible aggregated MV node, with a given specific flexible power, and with 

specific admissible voltage limits which are reflecting the downstream LV network constraints. If 

information about downstream LV networks is not available, they are treated as MV aggregated load or 

generator. Given a node h where the LV4MV has been performed on its downstream LV network, and	§ 
the index of one LV flexibility combination activation at this node, if		�g¦ = 1, the associated MV voltage 

limits Ḧ `	L=>,g  and Ḧ `²³´,g are updated. 

 d\Sd is the magnitude of the current flowing into the line j, \S	LJ' is the maximum limit of current 

flowing into the line j. �?Je_µ_¶° 	is the OLTC position, ©2D	F#t and ©2D	F2� are the bounds positions of 

the OLTC. �°± is the capacitor bank position, ®¯	F#t and ®¯	F2� are the bounds positions of the 

capacitor bank. These positions can be represented either directly by integer variables, or by 

combinations of binary variables. 

The optimization problem is formulated as an Integer Quadratic Constraints Programming (IQCP) 

problem, which is part of Mixed Integer Quadratic Constraints Programming (MIQCP) problems [LEE-11], 

because all the decision variables are restricted to be integers, the objective function is linear and the 

constraints are all linear or quadratic (due to some quadratic loadflow equations).  

This combinatorial problem is NP-hard and classical algorithms used for the resolution of this 

type of problems, such as cutting planes methods and branch-and-bound methods, have an exponential 

execution time with respect to the number of decision variables. In this case, the number of decision 

variables is increasing with the number of remaining available flexibility offers, and with the number of 

possible OLTC and capacitor bank positions. In an exhaustive approach point of view, knowing that all 

the decision variables are binary variables, it is possible to assess that for t given decision variables, the 

total number of possible combinations is equal to 2>. The exponential feature of the evolution of the 

number of possible combinations with respect to the number of variables is drawn on Figure III-41.  
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Figure III-41 – Evolution of the number of possible combinations with respect to the number of 

binary variables 

Even if the exhaustive approach ensures to find the global optimal solution, this methodology is 

really time and CPU consuming, and even more for a large number of decision variables. Other methods 

have been investigated in order to find a good solution, and if possible, the global optimal one. 

In this work, a genetic algorithm has been tested to find a solution to this optimization problem. 

Metaheuristic methods can be used to solve combinatorial problems in a reasonable time and without 

needing large computational requirements. However, they are basically based on randomness and 

cannot ensure to find the global optimal solution unless if the resolution time is tending to infinity 

[DREO-06]. The dedicated algorithm that has been developed is dealing with both discrete and binary 

variables, representing the OLTC and the capacitor bank positions and the flexibility offers activation 

status. More details on genetic algorithm can be found in Annex VII – Optimization methods details. 

Exact algorithms can also be used to solve combinatorial problems, as cutting-plane methods, or 

branch-and-bound methods. The method that has been also introduced in this work is the branch-and-

cut method, which is a mix of these two methods. This method is solving the problem by using the 

branch-and-bound method, with the progressive introduction of cuts to eliminate unrealistic solutions in 

the solution space. The branch-and-cut method is faster than the branch-and-bound method, and 

guarantees the convergence to the global optimal in the case of combinatorial problems [MITC-02]. 

More details about this method can be found in Annex VII – Optimization methods details. 

Performances comparison between the methods 

The most interesting feature to compare between all the tested methods is the final objective 

value, which corresponds to the cost of the selected flexibility offers that have to be activated to solve 

the potential appearing network constraints. However, it is also important to compare the execution 

times of the algorithms and the number of function evaluations in the different cases, in order to have 

an idea on the computational requirements that are needed in the deployed RTU. 
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The idea is to have different methods which give acceptable solutions with different 

computational requirements, so it will be possible to deploy algorithms that are adapted with the 

available CPU in the field. In order to compare the proposed strategies, the tests have been done on a 

computer Intel® Core™2 Duo CPU E8400 @ 3.00GHz with 4,00 Go of RAM. 

The same considered cases of DSO risk management scenarios are simulated on the MV 

balanced electrical networks and solved with the different presented methods. The table presented in 

Figure III-42 summarizes the results of the different test cases. 

 
Figure III-42 – Summary of the results of the different methods on the test cases 

As mentioned previously, the most interesting feature to compare between the methods is the 

final objective value. In this sense, the branch-and-cut method and the exhaustive method are the best 

strategies to have the guarantee to find the global optimal solution, as the problem is combinatorial. 

As seen in the test cases, the heuristic method based on efficiency is generally leading to a better 

solution than the heuristic based on cost. However, it does not always converge to the global optimal. 

This is due to the gluttonous characteristic of the method, which is highly depending on the chosen 

sensitivity threshold, as explained in Annex VIII – Sensitivity threshold impact in the developed heuristic 

methods. The method is selecting the sensitive flexibility offers one after the other, and is not going back 

on its selection. This has a direct impact on the objective value which can differ from the optimal one. 

Test cases Algorithm Fobj (€)
Execution 

time (s)

Number of 

function 

evaluations

Number of possible 

combinations

Heuristic (cost) 12 0,25 1 4096

Heuristic (efficiency) 12 0,28 1 4096

Metaheuristic 12 5,63 200 4096

Branch-and-cut 12 0,70 5 4096

Exhaustive 12 69,71 4096 4096

Heuristic (cost) 4,67 0,65 9 65536

Heuristic (efficiency) 3,51 0,51 7 65536

Metaheuristic 2,85 11,98 600 65536

Branch-and-cut 2,85 4,67 46 65536

Exhaustive 2,85 1438,29 65536 65536

Heuristic (cost) 2,43 0,51 9 262144

Heuristic (efficiency) 2,43 0,46 9 262144

Metaheuristic 1,63 15,23 1000 262144

Branch-and-cut 1,63 8,85 123 262144

Exhaustive 1,63 6369,22 262144 262144

Heuristic (cost) 12,42 0,46 8 1024

Heuristic (efficiency) 10,31 0,38 7 1024

Metaheuristic 10,31 2,01 200 1024

Branch-and-cut 10,31 0,89 9 1024

Exhaustive 10,31 8,01 1024 1024

Heuristic (cost) 8,7 0,62 11 32768

Heuristic (efficiency) 8,70 0,54 11 32768

Metaheuristic 6,05 9,41 1000 32768

Branch-and-cut 6,05 1,08 27 32768

Exhaustive 6,05 264,94 32768 32768

33-nodes 

network - case 3 

33-nodes 

network - case 2

72-nodes 

network - case 2

72-nodes 

network - case 1

72-nodes 

network - case 3
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The metaheuristic method based on the genetic algorithm is a random process. Depending on 

the shutoff criteria, the algorithm can either stop in a local optimum or find the global one. The more 

iterations the algorithm runs, the more chances it has to find the global optimum. However, it cannot 

guarantee to find the global optimal solution.  

It is important to remind that these algorithms have to be performed in a decentralized 

architecture by the local substation DSO agents, distributed in the local advanced RTUs. They have to run 

the algorithm near real-time for their respective primary substation federation. Therefore, it is useful to 

compare not only the objective values found by the different methods, but also their respective 

execution time. Execution times mostly depend on the computer performances and that is the reason 

why it is also significant to compare their respective number of objective function evaluations. 

The heuristic method is a fast method due to its mathematical low requirements. It evaluates the 

objective function every time it activates a new flexibility offer, until all network constraints are 

respected. The metaheuristic method has a fixed number of objective function evaluations which 

correspond to the maximum number of iterations times the size of the population. This has a direct link 

with the execution time of the algorithm. For each generated combination of flexibility offers, it 

evaluates the objective function. Here, a compromise has to be found between the maximum number of 

iterations and the optimal convergence of the algorithm. The number of iteration can be chosen after 

several observations of the convergence decay curves in different cases. These curves permit to give an 

idea of the minimum number of iterations to find a good solution and of the limit where the algorithm 

always converges to the same solution. These choices for the different test cases are justified in 

Annex VII – Optimization methods details. However, as for the adjustment of cross-over and mutations 

parameters, the tuning of the maximum number of iterations is really subjective. The branch-and-cut 

algorithm seems to be the best method to get efficiently the global optimal solution in a reasonable 

number of objective function evaluations. Finally, the exhaustive method is evaluating all the possible 

combinations of flexibility offers. As for the number of function evaluations, the execution time is 

growing exponentially. 

Advantages and drawbacks of the methods 

This part presents a summary of the advantages and of the drawbacks of the presented 

methods, for the distribution of short-term DSO operational planning method in the advanced RTUs 

deployed in primary substations. 

• Heuristic method based on an efficiency merit order list 

One of the reasons to distribute short-term DSO operational planning is to reduce data transfer 

and computational requirements in the centralized system. A fast and simple algorithm as the developed 

heuristic method based on sensitivity can be easily implemented in an advanced RTU. Even if it does not 

guarantee to find the global optimum in case of sudden contingency, it is always converging and gives 
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more accurate solutions than a simple algorithm only based on cost merit order list. For simple cases 

with small network constraint deviations and large number of remaining available flexibility offers, it is 

an efficient algorithm to find a not always optimal but enough good solution. Moreover, in the case of 

not enough remaining flexibility offers are available to solve the occurring network constraints, it always 

permits the flexibility offers to be ranked depending on their potential effects on the network 

constraints, and it proposes a solution that can improve the network state. However, the gluttonous 

characteristic of the algorithm is not always favorable to find the optimal solution. Indeed, if a highly 

voltage efficient flexibility offer is found, it will be selected without taking into account its power 

quantity. In some particular cases, it could be more interesting to select a less voltage efficient flexibility 

offer which proposes a larger power quantity. 

• Metaheuristic method based on the genetic algorithm 

The metaheuristic method can converge to the global optimal solution with a fixed number of 

iterations, which is neither depending on the network constraints nor on the number of the remaining 

available flexibility offers. This is a good advantage in order to easily limit the CPU requirements 

depending on the deployed RTU. However, this type of algorithm is based on a random generation of 

possible combinations. The convergence of the algorithm is highly depending on the size of the initial 

population, on the types of cross-over, and on the rate of mutations. The shutoff parameter has to be 

chosen arbitrarily depending on the decay curve of convergence. In some cases, the algorithm could not 

converge and could give no solution. 

• Exact method based on the branch-and-cut algorithm 

 The use of exact methods as the one based on the branch-and-cut algorithm seems to be a good 

compromise for short-term DSO operational planning, leading to the optimal solution in a quite 

reasonable time.  However, the distribution of this kind of algorithm in all primary substations might be 

impossible at the moment. This method requires embedding the branch-and-cut solver in the RTU. The 

majority of branch-and-cut solvers requires high CPU capacity and is commercialized for industrial 

applications. Most probably, in few years, it is possible to think about this type of method which is the 

most efficient one. 

• Exhaustive method 

The exhaustive method is a simple method that guarantees finding the global optimal solution. 

However the combinatorial aspect of the problem is an eliminatory criterion for this method which 

would requires too much computational efforts and which would take too much computational time to 

find the solution in large networks with a large amount of flexibility resources. It can be however used as 

a reference for comparison purposes. 
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III.5 Conclusion 

In this chapter, innovative methodologies to support the DSO to act as a market enabler have 

been developed and presented. In a context where the flexibility operators are dealing with an 

increasing number of local flexibility opportunities, the DSOs have to play a key role to enable the market 

exchanges processes. They have also to guarantee acceptable network operation conditions and to 

ensure a good quality of supply to their customers, and also if non-expected changes are occurring on 

their network. 

First, a distributed solution for the validation of the available distributed flexibility offers that will 

be exchanged in the market processes and mechanisms has been elaborated. This tool is based on fuzzy 

arithmetic in order to have the possibility to assess the effect of the forecast reliability and accuracy on 

the voltage profiles. Thanks to the method and depending on their confidence on the data, the DSOs are 

able to validate or not the available flexibility offers which are contracted by the commercial 

aggregators, as presented in the particular test cases. 

A second method has been presented in order to support the DSOs to better consider LV 

network constraints and LV available flexibility offers, and to take advantage of it for the overall 

distribution network operation. The method helps the DSOs to get more accurate information of the 

admissible voltage limits at critical MV nodes where only a LV network is connected. Thanks to this tool, 

the DSOs will be able to operate their MV network closer to the limits while guaranteeing security and 

efficiency, and so to avoid some investments which they would have done without this knowledge. 

Moreover, two methodologies have been investigated with the aim to enlarge these new MV admissible 

voltage limits, by activating the available LV flexibility offers. Thanks to these methods, LV flexibility 

offers can be directly transferred to the MV level as a new MV admissible voltage range, and used for 

DSO risk management for example. 

After having validated the local flexibility offers which are transmitted up to the market 

processes and mechanisms, by ensuring that any activation of these flexibility offers will not endanger 

the network operation, the DSOs have to assess their potential grid contingency risks. In order to ensure 

the security and the operational reliability of the distribution network until real-time, they should 

prepare action plans to react to potential sudden changes in their network. Several mathematical 

methodologies have been explored on different test cases, in order to find the best economical 

combinations of flexibility means to activate in case of apparition of non-expected network constraints. 

All these methods have been elaborated from a market-based point of view. Another important 

challenge for the DSOs is to optimize their network operation, and particularly their network losses. In 

the next chapter, some distributed solutions are proposed in order to optimize the network losses, while 

considering the remaining flexibility offers which could be pre-empted by the DSOs after the market 

processes and mechanisms.  
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Chapter IV. Innovative tools to support the DSO for network energy efficiency improvement 

 

Innovative tools to support the DSO 

for network energy efficiency 

improvement 

 

The first part of this chapter introduces and validates a mathematical formulation of network loss 

optimization problem, taking into account all types of flexibility means that can be available in each DNo 

cell. The second part of this chapter is aiming at introducing the operational costs of this flexibility 

procurement as a constraint in the model. The evolution of the network losses optimization solutions is 

then evaluated for different values of admissible active power flexibility cost. 
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IV.1 Introduction 

Power losses in electrical networks are generally split into two different categories: the technical 

(or physical) losses and the non-technical (or commercial) losses. Technical losses are due to energy 

dissipation in the conductors and transformers, caused by the inherent resistance of the electrical 

components. More particularly, copper losses are proportional to the amount of energy that is delivered, 

to the distance between generation and consumption, and inversely related to the voltage level of the 

network. Non-technical losses are corresponding to the non-paid energy delivered for consumption. This 

can be a consequence of several different reasons, such as theft, non-registered consumptions or 

differences in billing and in metering. From an operational point of view, technical power losses are an 

unavoidable expense due to the transit of power through transmission and distribution networks. This 

results in considerable financial and environmental costs, being the consequence of a need of additional 

generation to cover the losses. In line with transition to sustainability, network losses reduction becomes 

a real challenge for the DSOs.  

The improvement of DSO network energetic performance has to be duly tackled: if the reduction 

is substantial, this could encourage the energy cost reduction and the greenhouse gas reduction. From 

European Commission’s point of view, the treatment of losses is a key topic which needs to be addressed 

in order to achieve energy efficiency improvements in electricity networks. This objective is explicitly set 

as one of the duties of the European network operators in the Third Energy Package adopted in July 2009 

[EC-09]. In this respect, regulators have designed incentive mechanisms which continuously deliver 

rewards or penalties for DSOs whenever losses are below or above a pre-set target level [ERGE-08]. The 

aim is that DSOs face adequate incentives in order that they make an appropriate effort on evaluating 

the costs and benefits of reducing their network losses. 

DSOs have, to some extent, the ability to mitigate network losses since they are responsible for 

network design and operation of the grid. Considering this large set of actions, the losses reduction has 

to be evaluated over long periods to be valid. In order to be comforting, the expected benefits have to 

be at least equivalent to the investment and operational costs that the losses reduction strategies would 

require. The DSOs have to find the economical tradeoff between total expenditure and network losses. 

Existing grid flexibility resources such as OLTC transformers, capacitor banks and switching 

components can be adequately operated for network loss optimization [TOUR-14]. New emerging end 

users flexibility means could also improve network energy efficiency. In the first part of the chapter, a 

mathematical formulation of network loss optimization problem is introduced and tested, taking into 

account all types of flexibility means that can be available in each DNo cell. The second part of this 

chapter is aiming at introducing the operational costs of this flexibility procurement as a constraint in the 

model. The evolution of the network losses optimization solutions is then evaluated for different values 

of admissible active power flexibility cost. This constraint could be then extended to other means of 

flexibility in the model.  
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IV.2 Minimization of the network losses 

The electricity flow in the power networks induces technical losses, which are corresponding to 

the difference between the electric energy produced by the power generators and the effective energy 

distributed to the end users. In 2015, transmission network technical losses were evaluated to 10.3 TWh 

in France, representing around 2% of the total power injections (including productions and imports) 

[RTE-15]. In parallel, the French main DSO Enedis estimated that the distribution network technical 

losses in its network reached 22.9 TWh in 2015, representing 6.5% of the total energy flow in the 

network [ENED4-15]. These proportions can be roughly extended to all European DSOs [WOBD-16]. 

 In this work, the considered network losses will be only the technical ones. Some technical 

losses reduction strategies for the DSOs are defined and evaluated at a given time, corresponding to a 

static operating point of the network. 

IV.2.1 State of the art and problem positioning 

According to the Article 15 of the Energy Efficiency Directive (2012/27/EU) [EC-13], the European 

Member States have to ensure that network operators have incentives to improve the efficiency of 

infrastructure design and operation. Moreover, by June 2015, they have to ensure that an assessment is 

made of the energy potentials of their gas and electricity infrastructures, and that concrete measures 

and investments are identified for the introduction of cost-effective energy efficiency improvements in 

the network infrastructure. 

In order to reduce technical losses in distribution networks, several strategies can be 

investigated such as an adequate regulation of the voltage in the network, different changes of the 

topology of the network, an adequate active control of the DERs, or any combination of these strategies. 

Existing strategies to improve technical losses reduction 

Different strategies to improve technical losses reduction have been largely investigated over the 

past years. With the deployment of NICT in the distribution grids, more and more advanced functions 

have been studied and demonstrated to regulate voltage with the use of the available flexible reactive 

power in the network. For example, in order to guarantee the global optimality of the solution, [RESE-16] 

presents a centralized optimization model for Volt VAr Control (VVC) and energy losses minimization in 

power distribution networks which is solved through branch-and-cut techniques. Given the size of the 

distribution network, [FUKU-15] developed a parallel particle swarm optimization technique for parallel 

local VVC computations, investigating dependability between the distributed areas. [BERS-10] chose to 

develop a local auto-adaptive and coordinated VVC, using decoupling mixed network optimization 

techniques. Other grid flexibility means, such as reconfiguration, have been quite less investigated but 

can also be interesting for losses minimization problem. 
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Usually, network reconfiguration is only used once or twice a year for seasonal changes to 

reduce overall network losses. The applied configurations are generally a tradeoff between network 

losses minimization and reliability of the network. In some research works, dynamic network 

reconfiguration has been explored in order to reduce network losses and to permit load balancing. 

Different mathematical approaches have been studied. Among others, [BAR1-89] developed a general 

formulation of the heuristic branch exchange problem based on the branch flow model (also called 

DistFlow model) in order to find the best configuration for losses reduction and load balancing. Later, 

[TAYL-12] proposed to derive this problem formulation into a second-order cone programming model in 

order to solve it to optimality. However, this reformulation is implying simplifications that affect the final 

solution in specific cases. In parallel, heuristic and meta-heuristic methods have been also explored for 

this problem. For example, [ENAC-07] compared gluttonous heuristic method based on branch exchange 

problem and genetic algorithm in several scenarios with the aim to find the optimal succession of 

network configurations to minimize the network losses. Subsequently, [AHUJ-07] and [SWAR-11] 

proposed to solve this optimization with the use of ant colony optimizations. 

Finally, demand response and decentralized production dispatch are also flexibility means that 

can be used for network energy efficiency. [SHAW-09] shows that shifting domestic load to off-peak time 

periods can potentially reduce electrical distribution losses and associated carbon emissions. His paper 

provides quantitative estimates of the possible reduction in losses, for a situation where domestic 

energy demand is shifted in time but not reduced. In parallel, [VENK-12] determines the positive impacts 

that DR can have on distribution networks, and among others, quotes the network losses minimization. 

However, the active control of the DERs should be used only in case of highly constrained network 

situations, and not only for network losses optimization, because it directly impacts the end users active 

consumption or injection.  

All these strategies have been investigated and categorized depending on their potential benefits 

on investment planning and on grid operation in different European networks in [TRAC-15], while 

considering also the different assets to deploy. This survey provides a synthetic qualitative indication of 

levels of benefits and costs of the different solutions. The assessment assumes only the stand-alone 

implementation of a given solution (it is not assuming possible synergies with other measures or other 

investments). Moreover, the cost-effectiveness of each measure strongly depends on the specific grid 

conditions where it is implemented. 

The combination of these strategies, taking into account all the flexibility means of the 

distribution grid, is a very key topic for the improvement of distribution network energy efficiency. It can 

permit the minimization of the grid losses while ensuring that all the network constraints are respected. 

This kind of tool has been far less developed because of the complexity of the problem. Indeed, even if 

the final objective is still the minimization of the technical losses, the combination of all these possible 

strategies increases the number of constraints and the number of decision variables. This is a reason why 

the distribution of the intelligence is well-suited for this kind of problem. This permits the number of 
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decision variables to be reduced while ensuring optimal solutions if the decoupling of the problem is 

done in an appropriate way. 

Problem statement 

In this work, the aim is to develop a distributed advanced function for the DSOs in order to 

minimize the network losses with the possible coupled use of OLTC, capacitor bank at the substation, 

reconfiguration, and reactive and active powers control of the flexible DERs. 

In [TOUR-14], several methodologies have been tested with this aim, taking into account all 

these regulation means except active power flexibility offers. Regulation means have been modeled as 

discrete variables (representing OLTC and capacitor banks), as binary variables (representing the 

components connectivity for reconfiguration purpose) and as continuous variables (representing DGs 

reactive power output). Because of the diversity of the variables, and because of the non-linearity and 

non-convexity of some of the constraints, this optimization problem is included in Mixed Integer Non 

Linear Programming (MINLP) problems. For this kind of problems, the determination of the global 

optimal solution cannot be guaranteed with usual algorithms. Different meta-heuristic algorithms such 

as ant colony algorithm have been tested to solve this problem. In a second phase, the optimization 

problem has been reformulated into a convex model included in Mixed Integer Second Order Cone 

Programming (MISOCP) problems. Deterministic algorithms such as generalized Benders decomposition 

and branch-and-cut algorithm have been then used to solve it, guaranteeing the optimality of the 

solutions found [GEOF-72]- [JABR-12] and permitting the treatment of several problems in one without 

any simplifications. 

The idea is to adapt the use of these powerful mathematical reformulation techniques in order 

to also consider the active power flexibility resources that can be available in the MV distribution 

network.  

Following a distributed approach, the optimization has to be performed in each relevant DNo cell 

in order to guarantee the optimality of the solution while considering all the possible flexibility means. 

Indeed, by intrinsic construction of the cell, any mean of flexibility that is outside of this cell cannot 

influence the optimization in the considered area. As a reminder, a DNo cell representation is presented 

in Figure II-8. 
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Figure IV-1 – DNo cell representation 

In the next section, the formulation of the optimization problem is presented. The active power 

flexibility offers activations are added and modeled as binary variables. Then, the relaxation of the 

optimization problem into a MISOCP is explained and presented. The branch-and-cut algorithm will then 

permit to guarantee to find in a very efficient way the optimal solution. 

IV.2.2 Optimization problem formulation 

The distributed network losses optimization problem, based on the branch flow model, is 

formulated in this part. First of all, the optimization problem is presented including the losses 

minimization objective function and the physical constraints of the network. Then, a reminder of the 

branch flow model is explained. The relaxation of the problem into a convex model is then described. 

Finally, the introduction of the different flexibility means in the problem formulation is proposed. 

NB: In the entire document, the notation 	� is corresponding to the square of the 

magnitude	|	|�. 

Optimization problem 

As stated previously, the objective function of the problem is the minimization of the network 

copper losses, which is directly related with the flowing currents into the network lines and which can be 

formulated as in equation (IV.1). 

 min ¥ :=S . \=S�(=,S)∈·  (IV.1) 
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Where Ω	is the set of components (#, M) constituting the entire considered network, :=S	is the 

resistance of the component (#, M) and \=S is the complex current flowing into the component (#, M). 
The technical network constraints on the voltages at the nodes and on the flowing currents in 

the components can be formulated as presented in equations (IV.2)-(IV.5).  

 |HW¦| = HWe^R  (IV.2) 

 |W¦ = 0 (IV.3) 

 H=L=> ≤ |H=| ≤ H=LJ' (IV.4) 

 0	 ≤ d\=Sd ≤ \=SLJ' (IV.5) 

 
Where |HW¦|	and |W¦are respectively the voltage magnitude and the voltage angle at the slack 

bus. By construction, it is assumed that the voltage at the slack bus is fixed and constant, as it is the 

reference bus. |H=|	is corresponding to the voltage magnitude at node #, and should be included in the 

admissible voltage range [H=L=>; H=LJ']. d\=Sd	is the current magnitude flowing into the component (#, M) 
and should be below the maximum admissible flowing current in this component \=SLJ'. 

In addition to these technical network constraints, the optimization problem is also ruled by 

some physical constraints that are related to the flows of active and reactive powers. These physical 

constraints can be expressed thanks to the branch flow model presented in the next section. 

Formulation of the branch flow model 

In order to illustrate the following equations, a given network is represented in Figure IV-2. The 

network is composed of F	lines included in the set Ω	 and of t nodes included in the set	Γ. Some DERs 

are connected at these nodes. In Figure IV-2, the slack bus is corresponding to the node 1. At the node	#, 
the consumed active and reactive powers are respectively <= and �=. This powers can be negative if there 

is power production at the node #. 

 

Figure IV-2 – Illustration of the flowing powers in a radial network 
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The system of power flow equations presented in the branch flow model [BAR2-89] is 

constituted of the following equations (IV.6)-(IV.8). 

 l=S = H=. \=S∗  (IV.6) 

 HS = H= − »=S. \=S (IV.7) 

 ¥ ¼l=S − »=S. \=S�½ − ¥ lSgg∈¾�(S) = lS=	∈	¾¿(S)  (IV.8) 

 
Where l=S and \=S are respectively the apparent power and the complex current flowing through 

the component	(#, M), »=S is the complex impedance of the component	(#, M). H=  and	l#	are respectively 

the complex voltage at node	# and the apparent power consumed at node	#.  Γ^(M) and ΓW(M) are the sets 

of components connected to node M where the current respectively enters and leaves the node M. 
In order to work in the real domain, the previous equations (IV.6)-(IV.8) are rewritten, based on 

the equations (IV.9)-(IV.12).  

 l=S = <=S + M. �=S (IV.9) 

 l= = <= + M. �= (IV.10) 

 »=S = :=S + M. �=S (IV.11) 

 »=S∗ . l=S + »=S . l=S∗ = 2. À%2§(»=S. l=S∗ ) (IV.12) 

 
Where <=S and �=S are respectively the considered active and reactive powers flowing in the 

component (#, M), <= and �= are respectively the total active and reactive powers consumed by the node #, and where :=S	and �=S 	are respectively the resistance and the reactance of the component (#, M). 
It is then possible to rewrite an equivalent branch flow model with the following equations 

(IV.13)-(IV.16), where <SR and �SR are the active and reactive powers consumed by the node M, and <SÁ and  �SÁ are the active and reactive powers produced by the node M. 
 ¥ ¼<=S − :=S. \=S�½ − ¥ <Sgg∈¾�(S) = <S=	∈	¾¿(S) = <SR − <SÁ (IV.13) 

 ¥ ¼�=S − �=S . \=S�½ − ¥ �Sgg∈¾�(S) = �S = �SR − �SÁ=	∈	¾¿(S)  (IV.14) 

 HS� = H=� − 2. ¼:=S . <=S + �=S. �=S½ + ¼:=S� + �=S� ½. \=S�  (IV.15) 

 \=S� = <=S� + �=S�H=�  (IV.16) 

 
This branch flow model is equivalent to a load flow computation which can be performed on a 

given operating point. 
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It is important to remind that the aim of this optimization problem formulation is to guarantee 

the global optimality of the solution found, when minimizing the network losses and by exploiting all the 

available flexibility means that can be used by the DSO in the network. In order to prove the global 

optimality, it is necessary to work in the convex optimization domain. Until now, the branch flow model 

equations that are ruling the power flows computations are non-linear and non-convex. 

The main difficulty here is to reformulate the non-convex problem into a convex problem 

without restraining the initial set of possible solutions. To do so, some changes of variables are 

performed in order to rewrite the branch flow model, as it is done in [GAN-15] and presented in 

equations (IV.17)-(IV.22). 

 §=S = \=S�  (IV.17) 

 u= = H=� (IV.18) 

 ¥ ¼<=S − :=S . §=S½ − ¥ <Sgg∈¾�(S) = <S=	∈	¾¿(S)  (IV.19) 

 ¥ ¼�=S − �=S . §=S½ − ¥ �Sgg∈¾�(S) = �S=	∈	¾¿(S)  (IV.20) 

 uS = u= − 2. ¼:=S. <=S + �=S . �=S½ + ¼:=S� + �=S� ½. §=S (IV.21) 

 §=S = <=S� + �=S�u=  (IV.22) 

 
After these variables substitutions, the equations (IV.13)-(IV.15) which are non-linear and non-

convex are rewritten in equations (IV.19)-(IV.21) which are now linear and convex.  

Here, it is important to note that the objective function has been also impacted by the variables 

substitution and so, the equation (IV.1) becomes equation (IV.23). The physical network constraints 

(IV.2)-(IV.5) are not impacted. 

 F#t ¥ :=S.(=,S)∈· §=S (IV.23) 

 
The only remaining non-linear and non-convex constraint in the optimization problem is the 

equation (IV.22) which is relative to the flowing currents. Because of this constraint, the optimization 

problem is still included in MINLP problems and any use of a mathematical solver cannot guarantee the 

global optimal of the solution found. 

The MISOCP relaxation presented in the next section is aiming at rewriting this equation into a 

convex constraint to finally guarantee the global optimality of the solution found. 
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MISOCP relaxation 

The proposed MISOCP relaxation has been used in several papers [FARI-13]-[LOW1-14] and 

consists in relaxing the equality (IV.22) into the inequality (IV.24). 

 §=S ≥ <=S� + �=S�u=  (IV.24) 

 
This equation is in fact equivalent to the second order cone inequality (IV.28) that can be 

deduced from the following equations (IV.25)-(IV.27). 

 <=S� + �=S� − §=S . u= ≤ 0 (IV.25) 

⟺ 4. <=S� + 4.�=S� − 4. §=S. u= ≤ 0 (IV.26) 

⟺ ¼2. <=S½� + ¼2. �=S½� − ¼§=S + u=½� + ¼§=S − u=½� ≤ 0 (IV.27) 

 
By applying the square root on the equation (IV.27), it is finally possible to find the following 

second order cone inequality. 

 Ã 2. <=S2. �=S§=S − u=Ã� ≤ §=S + u= (IV.28) 

 
The authors of [FARI-13]-[LOW2-14] proved that the relaxation is exact under certain conditions, 

meaning that if an optimal solution is found to the relaxed problem and if it is physically feasible, then it 

is also optimal for the initial problem. The proposed conditions for the exact relaxation are the following: 

(C1)  The network graph is connected. 

(C2)  The objective function of the problem is convex. 

(C3)  The objective function is strictly increasing in §=S, non-increasing in load, and independent of l. 

(C4) The optimal power flow problem is feasible. 

The conditions (C1) and (C4) are directly linked to the network and to the physical feasibility of 

the problem. Given the objective function (IV.23), the conditions (C2) and (C3) are also satisfied. Hence, 

when the solution found will be a physically possible solution, the relaxation will be exact and the 

inequality (IV.28) will become equality, ensuring that the solution corresponds to the global optimal 

solution. 

This relaxation can be illustrated with the Figure IV-3, where the set of possible solutions of the 

initial MINLP problem is represented in black. Due to the non-convexity of the problem, some local 

optimal solutions exist. The relaxation permits to make a mathematical projection of the set of solutions 

to a convex set of solutions, depicted in red. If the relaxation is exact, implying that the inequality (IV.28) 

is a equality, the global optimal solutions of the two problems are coincident. 
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Figure IV-3 – Illustration of the MISOCP relaxation on the sets of possible solutions 

Thanks to this relaxation, the branch flow model equations that are ruling the power flows 

computations are finally convex. If all the conditions are respected, the global optimality of the solution 

found with exact method will be guaranteed. 

However, until now, no flexibility means has been included in the optimization problem. It 

means that there are no decision variables that can influence the objective function. At this point, the 

formulated problem optimization is in fact equivalent to a power flow computation. In order to minimize 

the overall network losses, all the available flexibility means of the distribution grid including OLTC 

position, reconfiguration, reactive power control of the GED, and available flexible active power control 

have to be taken into account in the model. 

Formulation of the available flexibility means 

In this section, all the possible flexibility resources available in the distribution network are 

added in the problem formulation. A particular attention will have to be paid in order to continue to 

ensure that all the constraints of the problem are remaining linear or at least convex. 

• OLTC transformer model 

The OLTC transformer permits the modification of downstream voltages through the 

modification of the transformation ratio of the transformer. Thus, a transformer can be modeled as a 

connection line with a discrete variable h=S which represents its transformation ratio [KUND-94]. The 

transformer ratio is varying with the number of turns of the transformer, and therefore is a discrete 

variable that can take the following values (equation (IV.29)). 

 h=S = Ä2DÅ2�=S − Ä2Dl#»%=S . (©=S − 1) (IV.29) 

 
Where Ä2DÅ2�=S is the maximum tap of the transformer	(#, M), Ä2Dl#»%=S is the size of each tap 

change, and ©=S is a discrete variable that is represented the possible tap positions of the transformer, 

therefore that is included in ÆÄ2DÅ#t=S , … , Ä2DÅ2�=SÈ. 
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The model of an OLTC transformer connected between node #	and node M	is presented in Figure 

IV-4. The copper losses and the leakage powers of the transformer are modeled by the complex 

parameter	Z=S.  Iron losses are also considered in the model even if there are negligible. 

 

Figure IV-4 – Representation of the OLTC transformer model 

It is then possible to derive the relation (IV.32) between the voltages at the two ends of the 

component	(#, M), as it was done for the lines in equation (IV.21). In this case, it is assumed that the 

transformer is not an angle-shifting transformer and therefore that the transformation ratio is real. 

 H= − h=S . HS = h=S� . Z=S . \=S (IV.30) 

⟺ dHSd� = O`ÉgÉÊ − h=S. Z=S . \=SO�  (IV.31) 

⟺ uS = u=h=S� − 2. (:=S. <=S + �=S . �=S) + h=S� . ¼:=S� + �=S� ½. §=S (IV.32) 

 
Adopting the same philosophy, it is needed to rewrite the previous equations (IV.19) and (IV.20) 

in order to take into account the effect of the transformer ratio on the flowing powers. They become 

therefore equations (IV.33) and (IV.34).  

 ¥ ¼<=S − h=S. :=S . §=S½ − ¥ <Sgg∈¾�(S) = <S=	∈	¾¿(S)  (IV.33) 

 ¥ ¼�=S − h=S. �=S . §=S½ − ¥ �Sgg∈¾�(S) = �S=	∈	¾¿(S)  (IV.34) 

 
The global set of the network connections can be considered as OLTC transformers components. 

When considering a basic line without any transformer, the transformer ratio is set at	h=S = 1 and the 

derived equations are equivalent to the previously developed ones.  

These new equations are now involving discrete variables and are therefore non-convex 

equations. In order to reduce the difficulty of the problem containing discrete variables, [TOUR-14] 

converted these discrete variables into binary variables that are linked to the possible transformation 

ratios. Thus, after some changes of variables, h=S is redefined as follow: 

 
h=S ∈ Ë where Ë =	 [y1&=S , … , y>�&=S] 

and where y1&=S = Ä2DÅ#t=S and y>�&=S = Ä2DÅ2�=S (IV.35) 
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Here, every tap corresponds to only one transformation ratio, and the OLTC has t< taps. 

Then the following reformulation is performed to reduce the complexity of the problem due to 

the presence of discrete variables. For each index of the tap	j	 ∈ 	Ψ=S where Ψ=S = [1,… , t<], a binary 

variable Íf=S 	 ∈ Æ0,1Èf is defined. It is then possible to reformulate all the discrete variables into binary 

variables thanks to equations (IV.36)-(IV.38). 

 hf=S = yf&=S. Íf=S (IV.36) 

 h=S =	 ¥ yf&=S . Íf=Sf∈ÎÉÊ
 (IV.37) 

 ¥ Íf=Sf∈ÎÉÊ
= 1 (IV.38) 

 
The equation (IV.37) shows that the final transformation ratio is the sum of the transformation 

ratios computed in (IV.36). As the equation (IV.38) imposes the condition that only one tap should be 

chosen, the equation (IV.37) is valid.  Thanks to this reformulation, the difficulties due to the presence of 

discrete variables have been overcome. 

The remaining difficulties are due to the complexity of the emerging products between 

continuous and binary variables in equations (IV.32), (IV.33) and (IV.34) where the products Íf=S	. u=  and Íf=S	. §=S are now appearing. They can be eliminated thanks to the following exact linearization proposed 

in [TOUR-14].  

For each triplet	(j, #, M), two new continuous variables Ïf=S and Ðf=S are introduced and replace 

respectively the products	Íf=S . u= 	and	Íf=S . §=S. The linearization is exact if the following conditions are 

respected. 

 H=L=>� ≤	Ïf=S ≤ H=LJ'�	 (IV.39) 

 H=L=>�. 	Íf=S 	≤ 	 Ïf=S ≤ H=LJ'�	. 	Íf=S (IV.40) 

 Ïf=S ≤ u= − ¼1 − 	Íf=S½. H=L=>� (IV.41) 

 Ïf=S ≥ u= − ¼1 − 	Íf=S½. H=LJ'� (IV.42) 

 0	 ≤ Ðf=S 	≤ \=SLJ'�	 (IV.43) 

 0	 ≤ Ðf=S 	≤ \=SLJ'�	. 	Íf=S (IV.44) 

 Ðf=S ≥ §=S − ¼1 − 	Íf=S½. \=SLJ'� (IV.45) 

 
Finally, it is then possible to reformulate the equations (IV.32)-(IV.34) into the convex equations 

(IV.46)-(IV.48). 
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 uS = ¥ 1yf&=S� . Ïf=Sf∈ÎÉÊ
− 2. (:=S . <=S + �=S. �=S) + ¼:=S� + �=S� ½. ¥ yf&=S� . Ðf=Sf∈ÎÉÊ

 (IV.46) 

 ¥ Ñ<=S − :=S. ¥ yf&=S . Ðf=Sf∈ÎÉÊ
Ò− ¥ <Sgg∈¾�(S) = <S=	∈	¾¿(S)  (IV.47) 

 ¥ Ñ�=S − 	�=S. ¥ yf&=S . Ðf=Sf∈ÎÉÊ
Ò− ¥ �Sgg∈¾�(S) = �S=	∈	¾¿(S)  (IV.48) 

 
To summarize this section, the introduction of the possible taps of the OLTC transformer has 

induced some changes in the power flows equations related to the transformer sections. These changes 

were due to the introduction of discrete variables that are representing the taps of the OLTC transformer 

and made the equations nonconvex. 

Two mathematical tools have been used in order to overcome this non-convexity: first, the 

transformation of discrete variables into binary variables and secondly, the exact linearization of the 

appearing products of binary and continuous variables. 

• Reconfiguration model in radial networks 

As pointed out in chapter I, distribution networks are usually designed as looped or meshed 

networks but they are generally exploited as radial networks. In this distributed optimization problem, 

the idea is to find the best configuration that will minimize the overall DNo cell copper losses while 

ensuring the radial topology of the network.  

The common representation of electrical networks is based on graph theory representation, 

where the vertices are representing the nodes of the network and where the edges are representing the 

connection lines. Therefore, a meshed network can be seen as a connected graph, while a radial network 

with no isolated node can be seen as a spanning tree.  

NB: if there is more than one transformer in the considered DNo cell, the resulting radial networks will 

not be a spanning tree since the different parts of the considered network will not be connected. They 

will be seen as several spanning trees. In the following, the examples consider each spanning tree fed by 

one primary substation independently but the equations can be extended to the entire DNo cell. 

 Let’s consider again a network composed of F	controllable lines, each associated with a switch, 

included in the set Ω	 and of t nodes included in the set	Γ. Every looped or meshed network can be 

decomposed in elementary loops, which are defined as the loops composed of a minimal number of 

lines. Here, we consider that the considered network is composed of t® elementary loops. In order to 

ensure that the network is radial, the constraint (IV.49) is applied. 

 ¥ %=S = F − t®(=,S)∈·  (IV.49) 



Distributed intelligence and heterarchical approach of distributed balancing markets in Smart Grids 

158 / 259 

 
Where %=S is a binary variable representing the connectivity status of the component	(#, M) which 

is equal to 1 if the component is closed or to 0 if the component is open.  

This constraint permits ensuring a spanning tree configuration, forcing the number of connected 

components to be equal to the difference between the total number of lines and the number of 

elementary loops.  

A small example is presented in Figure IV-5. A meshed network composed of 7 nodes and 8 

maneuverable lines is presented in Figure IV-5(a). This network is composed of two elementary loops w1 

and w�. According to the constraint (IV.49), in order to ensure a radial topology, exactly 6 lines have to be 

connected. An example of a possible radial configuration of the network that respects the constraint is 

presented in Figure IV-5(b), where 2 lines have been opened. 

 

Figure IV-5 – Effect of the constraint (IV.49) on a meshed network without DG 

This constraint is necessary and sufficient in the case where there are only consumption nodes. 

However, considering possible DGs production, a second constraint has to be added in order to prevent 

the network from undesired islanded mode. Indeed, if a production is sufficient to supply power to the 

loads close to it, a non-radial configuration can be found, as presented in Figure IV-6(b), where a part of 

the network is in an islanded mode. 

 

Figure IV-6 – Illustration of the limit of the constraint (IV.49) if some DGs are producing  

enough to supply power to the close loads 

To overcome these possible cases, another constraint (IV-50) that ensures the radial topology of 

the network with the presence of DGs is proposed in [TOUR-14]. This topological constraint is ensuring 
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that all the nodes of each elementary loop of the considered network are linked together and thus, is 

preventing islanding modes. 

 ¥ %=S ≤ t®Q − 1(=,S)∈°p  (IV.50) 

 
Where ®Q and |®Q| = t®Q are respectively an elementary loop and the number of components 

in the loop.  

In addition to these two constraints, the binary reconfiguration variables %=S have to be added in 

the equations for active and reactive power flows, as well as in the relation linking the voltage values at 

the two sides of the component. Thus, equations (IV.19)-(IV.20) becomes (IV.51)-(IV.52). The same 

changes are applied on equations (IV.47)-(IV.48) for the OLTC transformer connection. 

 ¥ %=S. ¼<=S − :=S. §=S½ − ¥ %=S. <Sgg∈¾�(S) = <S=	∈	¾¿(S)  (IV.51) 

 ¥ %=S. ¼�=S − 	�=S . §=S½ − ¥ %=S. �Sgg∈¾�(S) = �S=	∈	¾¿(S)  (IV.52) 

To ensure that u= ≠ uS when	%=S = 0, disjoint constraints proposed in [LIBE-09] are applied: the 

equation (IV.21) becomes (IV.53) and (IV.54). Here again, the same changes are applied on the equation 

(IV.46) for the OLTC transformer connection. 

 uS ≥ u= − 2. ¼:=S. <=S + �=S . �=S½ + ¼:=S� + �=S� ½. §=S − ¼1 − %=S½.Å (IV.53) 

 uS ≤ u= − 2. ¼:=S. <=S + �=S . �=S½ + ¼:=S� + �=S� ½. §=S + ¼1 − %=S½.Å (IV.54) 

Where Å	 ∈ 	ℝ∗I. 

The addition of the two constraints (IV.49) and (IV.50), as well as the reformulation of the 

constraints which are impacting the connections and the power flows in the network permit to ensure 

that the configuration of the solution found will be radial. 

• Capacitor banks model 

The capacitor banks model can be added on the problem formulation as follow. Reactive powers 

of the capacitor banks are assumed to be constant reactive power outputs. They can be represented as 

discrete variables, which are expressing their different reactive power outputs depending on their 

respective positions. 

Hence, it is possible to represent the reactive power output �=°± connected at node #	as 

presented in equations (IV.55)-(IV.56). 

 �=°± = ¥t=°±. ∆j=°±Ô­Õ  (IV.55) 
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 ¥t=°±Ô­Õ = 1 (IV.56) 

Where c°± is the number of possible positions of the considered capacitor bank, 	t=°± is a binary 

variable and ∆j=°± is the added reactive power output of each position of the capacitor bank. The 

equality (IV.56) permits to ensure that only one position is chosen for the considered capacitor bank 

connected at node #. 
At any node M of the network where a capacitor bank is connected, the equation (IV.20) becomes 

(IV.57). 

 ¥ ¼�=S − �=S . §=S½ − ¥ �Sgg∈¾�(S) = �S=	∈	¾¿(S) − �S°± (IV.57) 

 

• Model of the DGs reactive power outputs 

Another flexibility mean that can be used by the DSOs to optimize the efficiency of their 

networks is the modulation of the reactive power output of the present DGs. As explained in chapter I, 

depending on the considered DG technology and on its installed capacity power, DGs can participate in 

VVC via the absorption or the injection of reactive power. 

In France, if the voltage value at the connection point is included between ± 5% of the 

contractual voltage value, a DG which delivers its maximum installed active power should be able to 

provide reactive power, without limitation of time, until 40% of its installed active power, or to consume 

reactive power until 35% of its installed active power [ARRE-15]. This rule is also added in the problem 

formulation in a simplified way. It is assumed that any DG connected at node #	which produces an 

amount of active power <=Ö×Ø should be able to provide an amount of reactive power �=Ö×Ø such as 

depicted in equation (IV.58). 

 −0.35	<=Ö×Ø ≤ �=Ö×Ø ≤ 	0.4	<=Ö×Ø (IV.58) 

 

At any node	M of the network where a DG is connected, the equation (IV.20) becomes (IV.59). 

 ¥ ¼�=S − �=S . §=S½ − ¥ �Sgg∈¾�(S) = �S=	∈	¾¿(S) − �SÖ×Ø (IV.59) 

Finally, all the commonly used flexibility means of the DSOs (OLTC transformer, reconfiguration, 

capacitor banks, and DGs reactive power control) have been formulated in the optimization problem. 

• Remaining available active power flexibility model 

Some modifications on the equations are made in order to take into account the possible 

impacts of the end users flexibility resources, via DR management or DG active power output dispatch. 
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As modeled in chapter III, the available active power flexibility offers in the network are assumed to be 

equivalent to power blocks, meaning that it is possible to activate only the entire flexibility offer over 

one hour. If a reduction of active power consumption Δ<S¦R is activated, the power factor at the node is 

considered as a constant, and then, the reactive power consumption Δ�S¦R  is also subtracted. On the 

other hand, if a reduction or an increment of a DG production Δ<S¦Á is activated, the previously presented 

constraints (IV.58) and (IV.59) on DGs reactive power outputs are still applied. 

Hence, equations (IV.19) and (IV.20) become (IV.60) and (IV.61) in case where a reduction offer 

of power consumption at node M is available. 

 ¥ ¼<=S − :=S. §=S½ − ¥ <Sgg∈¾�(S) = <S − ¥ �S¦. Δ<S¦R¦	∈_(S)=	∈	¾¿(S)  (IV.60) 

 ¥ ¼�=S − �=S. §=S½ − ¥ �Sgg∈¾�(S) = �S=	∈	¾¿(S) − ¥ �S¦ . Δ�S¦R¦	∈_(S)  (IV.61) 

 Δ�S¦ = Δ<S¦. tan	( S¦) (IV.62) 

 
In case where a dispatch down offer of a DG production is available, the equation (IV.19) 

becomes the equation (IV.63). 

 ¥ ¼<=S − :=S . §=S½ − ¥ <Sgg∈¾�(S) = <S + ¥ �S¦ . Δ<S¦Á¦	∈_(S)=	∈	¾¿(S)  (IV.63) 

 
On the other hand, if a DG is controllable and can increase its production, the equation (IV.19) 

becomes (IV.64). 

 ¥ ¼<=S − :=S . §=S½ − ¥ <Sgg∈¾�(S) = <S − ¥ �S¦ . Δ<S¦Á¦	∈_(S)=	∈	¾¿(S)  (IV.64) 

Where w(M) is the set of flexibility offers available at node M, �S¦ is the state of activation of the 

flexibility § at node M, and Δ<S¦ and Δ�S¦	are respectively the amount of available active and reactive 

power modulation of the flexibility §	at node M. The variable �S¦  is a binary variable and it is either equal 

to 0 if the flexibility offer is not activated or 1 if the flexibility offer is activated. 

 All these different equations are added and coupled in the formulation problem. Hence, the 

distributed network losses minimization problem is set, while considering all the potential flexibility that 

can appear in the considered DNo cell. The major advantage of this formulation is that it permits 

ensuring the convergence to the global optimal in the DNo cell thanks to the convex relaxation of the 

problem if the adequate resolution method is used. 

As discussed in part IV.2.1, several methodologies have been investigated in order to reduce 

network losses in the distribution systems, using all or a part of the flexibility resources that the DSOs 

can have access to. Some of these strategies are based on heuristic controls, some others on 
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metaheuristic algorithms, and others are using determinist methods to ensure the optimality of their 

strategies.  

In this work, the optimization problem has been formulated in a way such as the global optimum 

can be found in each DNo cell, while considering all the potential flexibility resources and while ensuring 

that all the network constraints are respected. To do so, deterministic methods for convex optimization 

are used as resolution methods, and particularly the branch-and-cut method. More details on this 

method can be found in Annex VII – Optimization methods details. Some results of the optimization are 

presented in the next section, focusing on two DNo cells. 

IV.2.3 Examples of application 

This section presents some results of the network losses minimization problem solved with the 

branch-and-cut algorithm via the CPLEX solver. The tests are done on a computer Intel® Core™2 Duo CPU 

E8400 @ 3.00GHz with 4,00 Go of RAM. Different scenarios are applied on two specific DNo cells fed by 

two respective primary substations and where different means of flexibility are available. 

The study cases are representing two different scenarios. They are applied on a 33-nodes 

distribution network that can be seen as a DNo cell, where 4 DGs are connected at nodes 9, 20, 22 and 

33. The studied operating point of the network is corresponding to the 4 p.m. loading case. It is assumed 

that the voltage at the primary side of the primary substation is equal to 1.015 p.u. 

The two scenarios are also applied on a 72-nodes distribution network, where 4 DGs are 

connected at nodes 29, 38, 62 and 67. In this specific case also, the studied operating point of the 

network is corresponding to the 4 p.m. loading case. The voltage at the primary side of the primary 

substation is equal to 1.01 p.u. 

More details on the topology and on the load profiles of these networks are presented in 

Annex II – Test networks data. It is assumed that in the two networks, a 17-tap OLTC is present at the 

substation and that a 3-tap capacitor bank is connected at the bus-bar. For reconfiguration purpose, it is 

assumed that all the lines of the considered networks are controllable, meaning that each line can be 

either open or closed. Assuming this, there are 50751 possible radial configurations [VANE-13] of the 33-

nodes network and more than 50 billion of possible radial configurations [TOUR-14] of the 72-nodes 

network. 

Scenario 1: Network losses optimization in normal network situations 

This first scenario is considering the two distribution networks when all the network constraints 

are respected. Six different cases of network losses optimization are studied for comparison.  

The first cases (1.1) correspond to initial cases where an initial configuration (respectively C33.1 

and C72.1) is fixed, the OLTC is fixed at a unitary ratio, there is no connected capacitor bank at the bus-

bar, and there is no DG reactive power output control, nor available active power flexibility offers. In this 
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case, the optimization corresponds to a basic loadflow computation as there is no available flexibility 

mean. The total network losses are equal to 87.4 kW in the 33-nodes network and to 77.1 kW in the 

72¬nodes network. 

In the second cases (1.2), the initial configurations C33.1 or C72.1 are still fixed but the OLTC and 

the capacitor bank positions are free. There is no DG reactive power output control, nor available active 

power flexibility offers. In the best possible solutions of network losses optimization, the OLTC positions 

are increased of one tap so that the voltage at the secondary side of the primary substation is 

respectively equal to 1.040 p.u and to 1.035 p.u. In the both networks, the best reactive power output of 

the capacitor bank is 1.5 MVAr, which is corresponding to the middle position of the possible taps. By 

increasing the voltage in the entire considered DNo cell, and by injecting the adequate reactive power at 

the bus-bar to reduce reactive power flows, the total network losses are decreasing down to 73.7 kW in 

the 33¬nodes network (decrease of around 15% compared to (1.1)) and to 72.2 kW in the 72-nodes 

network (decrease of around 6% compared to (1.1)). 

The reconfiguration is added as network flexibility resource in the third cases (1.3). Two new 

configurations C33.2 and C72.2 are found as the best configurations for network losses optimization in 

these loading cases for these specific networks. The OLTC positions are still at the tap ratio 1.025 and the 

capacitor bank reactive power outputs are remaining equal to 1.5 MVAr. Due to a better repartition of 

the power flows, the total network losses are decreasing down to 42.2 kW in the 33-nodes network 

(decrease of almost 52% compared to the initial case (1.1)) and to 66.6 kW in the 72-nodes network 

(decrease of almost 14% compared to the initial case (1.1)). 

In the fourth cases (1.4), it is assumed that the DGs reactive power outputs are controllable and 

that any DG can provide reactive power up to 40% of its active power output or can consume reactive 

power up to 35% of its active power output. Here again, the network losses optimization permits to find 

the optimal solutions for both networks which correspond to the same than in the third cases, but where 

all the DGs are producing the maximum of reactive power that they regulatory have to. 

Some active power end users flexibility offers are assumed to be available in the two last cases. 

In the fifth cases (1.5), only DR flexibility offers are considered. These flexibility offers are assumed to be 

the same that the ones presented in section III.3 of this thesis. Their associated prices of activation are 

given for an hourly basis. As a reminder, they are presented in Figure IV-7 below. 
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Figure IV-7 – Respective available active power flexibility offers in the cases (1.5) 

The best solutions in these cases are corresponding to the situations where the OLTC positions 

are increasing up to the tap ratio 1.025 and the capacitor bank reactive power output are equal to 

1.5 MVAr. All the DGs reactive power outputs are set to their maximal production and all the DR 

flexibility offers are activated, so that the power flows are limited. To limit this new power flows amount, 

the best radial configurations found are respectively the configurations C33.3 and C72.3. The total 

network losses at the considered operating points are equal to 28.5 kW in the 33-nodes network 

(decrease of around 67% compared to case (1.1)) and to 56.3 kW in the 72-nodes network (decrease of 

almost 27% compared to case (1.1)). 

In the last cases (1.6), it is assumed that the connected DGs in the 33-nodes network are 

distributed 300 kW combined heat and power plants, and that they offer some possibilities of dispatch 

ramp up. Similarly for the 72-nodes network, it is assumed that a distributed 300kW CHP is connected at 

node 29. The new available active power flexibility offers are presented in Figure IV-8. 

Flexible 

node

∆P demand 

response (kW)

Activation price (€/1h)

€ €/MWh

4 31 1,24 40

5 16 2,11 130

6 14 0,55 38

7 55 11,04 200

15 16 0,79 50

16 13 1,20 95

17 14 0,65 45

18 21 3,37 160

30 54 6,48 120

31 36 2,52 70

(a) Available active flexibility offers 

in the 33-nodes network

Flexible 

node

∆P demand 

response (kW)

Activation price (€/1h)

€ €/MWh

4 20 0,60 30

9 3 0,08 25

14 5 0,25 50

18 2,5 0,15 60

26 15 1,05 70

28 20 0,90 45

34 12 0,96 80

39 12 0,36 30

44 2 0,10 50

47 20 0,60 30

48 20 1,40 70

53 5 0,20 40

61 1 0,05 50

64 5 0,40 80

66 10 0,60 60

69 10 0,30 30

(b) Available active flexibility offers 

in the 72-nodes network
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Figure IV-8 – Respective available active power flexibility offers in the cases (1.6) 

In these cases, all the active power flexibility offers are also activated and are used in order to 

balance the production and the consumption locally as much as possible. Two new configurations C33.4 

and C72.4 are respectively found as the best configurations of the two respective networks. The 

configuration C33.4 corresponds to a configuration where all the DGs are connected to the same feeder 

and compensate the consumption of the majority of the loads. In the configuration C72.4, three of the 

four DGs are connected to the same high-loaded feeder. These two configurations permit to limit the 

maximum of power flows in these specific situations. 

The four possible radial configurations found in the different solutions of the 33-nodes network 

are shown in Figure IV-9. The four possible radial configurations found in the different solutions of the 

72¬nodes network are shown in Figure IV-10. Each configuration is represented by the vector of 

respectively the 5 and the 11 open switches of the considered distribution network. 

The synthesis of the results of these studies is depicted in Figure IV-11 and in Figure IV-12 below. 

For each case, the equality of the relaxation proposed in equation (IV.28) is checked in order to ensure 

that the solution is physically feasible, and therefore to ensure that the MISOCP relaxation is exact and 

that the solution is effectively the global optimum. 

The execution time, highly related to the number of needed function evaluations, is increasing 

remarkably when the reconfiguration is possible. More particularly, it is becoming very high for the last 

different cases of the 72-nodes network, where the set of possible solutions is really large. 

Finally, the different available flexibility means in an active and flexible network can provide 

tremendous support to the DSOs for network losses optimization. With a large amount of available 

flexibility resources, it is possible to reduce significantly the network losses. Moreover, the use of 

Flexible 

node

∆P dispatch 

up (kW)

∆P demand 

response (kW)

Activation price (€/1h)

€ €/MWh

4 0 31 1,24 40

5 0 16 2,11 130

6 0 14 0,55 38

7 0 55 11,04 200

9 122 0 7,32 60

15 0 16 0,79 50

16 0 13 1,20 95

17 0 14 0,65 45

18 0 21 3,37 160

22 77 0 5,39 70

30 0 54 6,48 120

31 0 36 2,52 70

33 130 0 11,70 90

Flexible 

node

∆P dispatch 

up (kW)

∆P demand 

response (kW)

Activation price (€/1h)

€ €/MWh

4 0 20 0,60 30

9 0 3 0,08 25

14 0 5 0,25 50

18 0 2,5 0,15 60

26 0 15 1,05 70

28 0 20 0,90 45

29 265 0 15,90 60

34 0 12 0,96 80

39 0 12 0,36 30

44 0 2 0,10 50

47 0 20 0,60 30

48 0 20 1,40 70

53 0 5 0,20 40

61 0 1 0,05 50

64 0 5 0,40 80

66 0 10 0,60 60

69 0 10 0,30 30
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mathematical reformulation techniques permitted the optimality of the solution found to be 

guaranteed, when the algorithm is performed in each distributed and independent DNo cell. 

The objective function of the optimization problem depends only on the power flows in the DNo 

cell. As it can be observed in the different cases, the best solution of the algorithm is always the situation 

where the flows are the more locally balanced in the network, and where the voltage values at the nodes 

are the higher as possible. Hence, in the cases where the feeders are more consuming than producing, 

the minimization of the losses implies the activation of all the DR flexibility offers or the activation of the 

DGs production ramp up offers. Similarly, in case of high production periods, the network losses 

optimization will imply a reduction of the produced power or an increase of the local consumed power 

to balance locally the flows. 

 

Figure IV-9 – The four different possible 33-nodes radial configurations found in scenario 1 
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Figure IV-10 – The four different possible 72-nodes radial configurations found in scenario 1 

 

 



D
istrib

u
te

d
 in

te
llig

e
n

ce
 a

n
d

 h
e

te
ra

rch
ica

l a
p

p
ro

a
ch

 o
f d

istrib
u

te
d

 b
a

la
n

cin
g

 m
a

rk
e

ts in
 S

m
a

rt G
rid

s 

1
6

8
 / 2

5
9

 

 

Figure IV-11 – Results of the network losses optimization in the 33-nodes network for the different cases of the scenario 1 

OLTC 

(ratio,V2)

Capacitor 

Bank
Configuration QGED control

QGED control 

min (kVAr)

QGED control 

max (KVAr)
QGED (KVAr)

active power 

flex

Losses 

(kW)

Gain in losses 

resp. to (1.1) (%)

Time of 

execution (s)

Number of 

iterations

Equality 

(IV-28)

Case 33 (1.1)

fixed no fixed

no

54

no 87,4 0,752 126 ok
1 0 C33.1 80

V2 [33 34 35 36 37] 67

1,015 51

Case 33 (1.2)

free yes fixed

no

54

no 73,7 15,68% 0,933 423 ok
1,025 tap 2 C33.1 80

V2 1,5 MVAr [33 34 35 36 37] 67

1,040 51

Case 33 (1.3)

free yes free

no

54

no 42,2 51,72% 3,442 19605 ok
1,025 tap 2 C33.2 80

V2 1,5 MVAr [6 8 9 30 37] 67

1,040 51

Case 33 (1.4)

free yes free

yes

-62,4 71,4 71,4

no 41,0 53,09% 3,749 12375 ok 
1,025 tap 2 C33.2 -93,7 107,0 107,0

V2 1,5 MVAr [6 8 9 30 37] -78,1 89,2 89,2

1,040 -59,3 67,8 67,8

Case 33 (1.5)

free yes free

yes

-62,4 71,4 71,4

yes (only DR) 28,5 67,39% 2,513 34183 ok
1,025 tap 2 C33.3 -93,7 107,0 107,0

V2 1,5 MVAr [6 9 14  30 37] -78,1 89,2 89,2

1,040 -59,3 67,8 67,8

Case 33 (1.6)

free yes free

yes

-105,0 120,0 120,0
yes (DR + 

prod dispatch 
increase)

21,5 75,40% 3,425 18223 ok
1,025 tap 2 C33.4 -93,7 107,0 102,0

V2 1,5 MVAr [6 10 14 19 37] -105,0 120,0 -21,0

1,040 -105,0 120,0 120,0
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Figure IV-12 – Results of the network losses optimization in the 72-nodes network for the different cases of the scenario 1 

OLTC 

(ratio,V2)

Capacitor 

Bank
Configuration

QGED

control

QGED control 

min (kVAr)

QGED control 

max (KVAr)
QGED (KVAr)

active power 

flex
Losses (kW)

Gain in losses resp. 

to (1.1) (%)

Time of 

execution (s)

Number of 

iterations

Equality 

(IV-28)

Case 72 (1.1)

fixed no fixed

no

13,1

no 77,1 0,876 218 ok
1 0 C72.1 107,1

V2 [72 73 74 75 76 77 78 79 80 81 82] 66,9

1,01 107,1

Case 72 (1.2)

free yes fixed

no

13,1

no 72,2 6,36% 0,868 954 ok
1,025 tap 2 C72.1 107,1

V2 1,5 MVAr [72 73 74 75 76 77 78 79 80 81 82] 66,9

1,035 107,1

Case 72 (1.3)

free yes free

no

13,1

no 66,6 13,60% 567,745 3903995 ok
1,025 tap 2 C72.2 107,1

V2 1,5 MVAr [10 17 26 32 47 72 74 77 79 80 81] 66,9

1,035 107,1

Case 72 (1.4)

free yes free

yes

-15,2 17,4 17,4

no 63,9 17,12% 547,710 3594775 ok
1,025 tap 2 C72.2 -124,9 142,7 142,7

V2 1,5 MVAr [10 17 26 32 47 72 74 77 79 80 81] -78,1 89,2 89,2

1,035 -124,9 142,7 142,7

Case 72 (1.5)

free yes free

yes

-15,2 17,4 17,4

yes (only DR) 56,3 26,98% 576,770 3236912 ok
1,025 tap 2 C72.3 -124,9 142,7 142,7

V2 1,5 MVAr [10 16 26 32 47 72 74 77 79 80 81] -78,1 89,2 89,2

1,035 -124,9 142,7 142,7

Case 72 (1.6)

free yes free

yes

-105,0 120,0 120,0
yes (DR + 

prod dispatch 
increase)

48,1 37,61% 652,057 3356880 ok
1,025 tap 2 C72.4 -124,9 142,7 142,7

V2 1,5 MVAr [10 16 26 29 47 72 74 77 79 80 81] -78,1 89,2 89,2

1,035 -124,9 142,7 142,7
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Scenario 2: Network losses optimization in constrained network situations 

This part presents the results of the network losses optimization on the same distribution 

networks when the DGs are not producing anymore. In these cases, the considered networks are 

constrained because some under-voltages are appearing. These scenarios correspond to the second risk 

management scenarios that have been presented previously in section III.3. The idea here is to show 

how the flexibility resources can be optimally used to solve the network constraints deviations while 

minimizing the total network losses. Six cases for each network are studied for comparison. 

The first cases (2.1) correspond to the initial cases, where the respective initial configurations 

C33.1 and C72.1 are fixed, the OLTC is fixed at a unitary ratio, there is no connected capacitor bank at the 

bus-bar, and where there is no DG production, nor available active power flexibility offers. In these 

cases, there is not any available flexibility mean. As under-voltage deviations are occurring in the 

considered distribution networks, the algorithm is not converging and no solution is found in any of the 

two networks. 

Some flexible resources are added in the second cases (2.2), which are the OLTC transformer and 

the capacitor bank. Optimal solutions are found for these situations. The change of the unitary 

transformer tap ratio to 1.025 permits to increase the voltage in the entire DNo cells, and to solve the 

voltage deviations. Moreover, in both networks, the capacitor bank position is changed, permitting a 

reactive power injection of 1.5MVAr at the bus-bar and limiting the reactive power flows in the DNo 

cells. These new networks situations lead to 100.9kW of DNo cell losses in the 33-nodes network and to 

106.3kW in the 72-nodes network. 

In cases (2.3), only the reconfiguration is available. In the 33-nodes network, the reconfiguration 

helps to solve the voltage deviations. Without any other flexibility resources, the reconfiguration of the 

network into the best configurations C33.1’ permits to release the voltage constraints deviations. The 

total copper losses are decreased down to 78.4 kW (decrease of around 22% compared to the case 

(2.2)). However, the reconfiguration only is not permitting to solve the voltage deviations in the 72-

nodes network. 

The combination of the OLTC transformer, the capacitor bank and the reconfiguration permits 

the under-voltage deviations in these situations to be solved, which are studied in cases (2.4). The 

combination permits the level of the losses to be decreased down to 67.9 kW in the 33-nodes network 

(decrease of almost 33% compared to the case (2.2)). Concerning the 72-nodes network, the 

configuration is remaining the same as the initial one, meaning that it was already the best configuration 

of the network for this loading case. Therefore, the network losses are still equal to 106.3 kW in this 

case. 

Active power flexibility offers through DR management can also be added to the optimization 

problem. In this scenario, all the feeders are consuming power because no DG is producing. As it has 

been demonstrated in the previous scenario, all the flexibility offers will be activated in order to reduce 
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the power flows. In the cases (2.5), it has been chosen to consider the same active power flexibility offers 

that have been presented in the previous cases (1.5) in Figure IV-7. 

As presented in risk management scenario in the part III.3 of this thesis, active power flexibility 

offers activation only permits also to solve some cases of voltage constraints. Here, the network losses 

minimization is kept as the objective function, and so all the available flexibility offers are activated in 

order to reduce the power flows. The 33-nodes network losses are decreasing down to 85.5 kW 

(decrease of 15% compared to the case (2.2)) and the 72-nodes network losses are decreasing down to 

102kW (decrease of around 4% compared to the case (2.2)). In the case of the 33-nodes network, the 

possibility to reconfigure the cell without any other means of flexibility permits having a higher reduction 

of the losses than with the use of any other resources of flexibility.  

If the reconfiguration is possible in addition to DR management (cases 2.6), the copper losses are 

decreasing down to 57.7kW in the 33-nodes network (decrease of around 42% compared to the case 

(2.2)) and are remaining the same for the 72-nodes network. The recap results of these studies are 

depicted in the tables below (see Figure IV-13 and Figure IV-14). 

 

 

Figure IV-13 – Results of the 33-nodes network losses optimization for the different cases of the 

scenario 2 

 

OLTC 

(ratio,V2)

Capacitor 

Bank
Configuration

active 

power flex
Losses (kW)

Gain in losses 

resp. to (2.2) (%)

Time of 

execution (s)

Number of 

iterations

Equality 

(IV-28)

Case 33 

(2.1)

fixed no fixed

no No solution -> voltage deviations1 0 C33.1

V2: 1,015 [33 34 35 36 37]

Case 33 

(2.2)

free yes fixed

no 100,9 0,823 424 ok1,025 tap 2 C33.1

V2: 1,040 1,5 MVAr [33 34 35 36 37]

Case 33 

(2.3)

fixed no free

no 78,4 22,30% 3,025 22884 ok1 0 C33.1'

V2: 1,015 [7 9 14 31 37]

Case 33 

(2.4)

free yes free

no 67,9 32,71% 3,120 22323 ok1,025 tap 2 C33.1'

V2: 1,040 1,5 MVAr [7 9 14 31 37]

Case 33 

(2.5)

fixed no fixed

yes (all) 85,5 15,26% 0,626 116 ok1 0 C33.1

V2: 1,015 [33 34 35 36 37]

Case 33 

(2.6)

fixed no free

yes (all) 57,7 42,81% 2,881 14826 ok1 0 C33.1'

V2: 1,015 [7 9 14 31 37]
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Figure IV-14 – Results of the 72-nodes network losses optimization for the different cases of the 

scenario 2 

The two different possible radial configurations applied in the 33-nodes network in the different 

cases are shown in Figure IV-15. 

 

Figure IV-15 – The two different possible 33-nodes radial configurations found in scenario 2 

Finally, the activation of the different available flexibility means can support DSOs for the 

combination of network constraint management and network losses optimization. In the two presented 

networks, the optimization permits the network losses to be minimized with the different available 

flexibility means, while solving the occurring constraints. 

By construction, the network losses optimization problem is based on the reduction of the power 

flows in the considered DNo cell. As there are no constraints on the different flexibility resources 

OLTC 

(ratio,V2)

Capacitor 

Bank
Configuration

active 

power flex
Losses (kW)

Gain in losses 

resp. to (2.2) (%)

Time of 

execution (s)

Number of 

iterations

Equality 

(IV-28)

Case 72 (2.1)

fixed no fixed

no No solution -> voltage deviations1 0 C72.1

V2: 1,015 [72 73 74 75 76 77 78 79 80 81 82]

Case 72 (2.2)

free yes fixed

no 106,3 0,975 916 ok1,025 tap 3 C72.1

V2: 1,040 3,4 MVAr [72 73 74 75 76 77 78 79 80 81 82]

Case 72 (2.3)

fixed no

no No solution1 0 free

V2: 1,015

Case 72 (2.4)

free yes free

no 106,3 0% 0,975 916 ok1,025 tap 3 C72.1

V2: 1,040 3,4 MVAr [72 73 74 75 76 77 78 79 80 81 82]

Case 72 (2.5)

fixed no fixed

yes (all) 102,0 4,05% 1,033 244 ok1 0 C72.1

V2: 1,015 [72 73 74 75 76 77 78 79 80 81 82]

Case 72 (2.6)

fixed no free

yes (all) 102,0 4,05% 1,033 244 ok1 0 C72.1

V2: 1,015 [72 73 74 75 76 77 78 79 80 81 82]
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activation, the operational costs of the different flexibility means are not taken into account in the 

optimization. 

However, these different flexibility means have an associated operational cost for the DSOs. 

Indeed, considering an OLTC transformer, each tap position change has an associated operational usage 

cost that can be evaluated by the DSOs. The same reasoning can be done for the capacitor banks. Hence, 

some constraints on the number of OLTC and capacitor banks position changes along a defined period 

could be interesting to add. In the same vein, each reconfiguration implies a given number of switches to 

perform which is depending on the difference between the two configurations. These switches have a 

direct impact on the switching components of the network and their operational costs can be assessed 

by the DSOs. A limitation may be if the switch equipment is designed for a limited number of operations 

per lifetime, which limits the applicability of control actions. Then, some technical constraints could be 

added on the total number of switches permitted along a period, but also on the number of switches 

allowed per component along the period. 

End users power flexibility means have also a non-negligible operational cost. Indeed, DGs 

reactive power output control implies the overuse of the power electronic devices that are connecting 

the power plants. At the moment, the payment for reactive power control to the DG owner is divided in 

two parts: a capacity payment and a real-time payment for actual production, for which tariffs are 

defined in the regulation [ENED5-15] [ELIA-15]. 

Active power flexibility offers are the consequence of DR management or of controllable DG 

power dispatch. Unlike the other means of flexibility, the activation of these flexibility offers are 

managed by the commercial aggregators and have a direct impact on the end users comfort or/and 

remuneration. Therefore, if the DSOs choose to use this type of offers for constraint management and 

network optimization after the markets closure, they will have to remunerate the commercial 

aggregators for the flexibility pre-emption. 

To conclude, flexibility means in active and flexible networks can provide significant support to 

the DSOs for constraints management and for network losses optimization. However, these flexibility 

means have all an associated operational cost. The DSOs will have to make a trade-off between the cost 

of their total network losses and the cost of their flexibility procurement. 

  



Distributed intelligence and heterarchical approach of distributed balancing markets in Smart Grids 

174 / 259 

IV.3 Addition of the flexibility procurement cost 

in the problem formulation 

As seen in the previous part, flexibility procurement by the DSOs can improve significantly the 

network energy efficiency. The deployment of NICT in the distribution systems as well as the growing 

number of DGs and of flexible end users could therefore help the DSOs to assess and minimize their 

expense due to the transit of power through their networks. 

However, any type of flexibility procurement is associated with a cost for the DSOs. This cost can 

be described as operational if the flexibility activation implies the use of the grid components, or 

contractual if the flexibility activation is procured by a commercial aggregator. Hence, the DSOs will have 

to inevitably make a trade-off between their network losses cost and their flexibility procurement cost to 

optimize the overall network operation. 

In this section, the idea is to illustrate the addition of a part of the flexibility procurement cost in 

the problem formulation. As the presented optimization is performed on particular operating points, the 

number of OLTC and capacitor bank position changes, as well as the number of switches between the 

different configurations at different time slots, cannot be taken into account in the optimization. Here, 

the modification of the problem formulation is only focusing on the active power flexibility that is 

proposed by the commercial aggregators via DR management or DG production dispatch. Therefore, as it 

has been done in chapter III, a price of an hourly activation is associated for each available active power 

flexibility offer. It is then possible to assess the cost of active power flexibility procurement for the DSOs. 

IV.3.1 Modification in the problem formulation 

In order to keep the network energy efficiency as an objective, the minimization of the network 

losses has to remain in the objective function. The cost of the active power flexibility activation can thus 

be added in the objective function. To be consistent, the network losses should be characterized by their 

cost for the DSOs. The new objective function could be written as in equation (IV.65). 

 F#t	(�. ¥ :=S. \=S�(=,S)∈· +¥ ¥ �_2U©=¦ . U=¦¦	∈	_(=)=∈¾ ) (IV.65) 

Where �	represents the price of the network losses, ∑ 	(:=S . \=S� )(=,S)∈· 	is the total amount of the 

considered network losses. The set w(#) is representing a set of available active power flexibility offers at 

node #	 ∈ Γ.  �_2U©=¦ is the state of activation of the active power flexibility offer § ∈ w(#) available at 

node #. U=¦ 	is its associated activation cost for the DSO. 

Formulated as describe above, the problem formulation is becoming a weighted multi-objective 

optimization. Given this new multi-objective function, the necessary conditions for the exact relaxation 

into MISOCP problem, presented in section IV.2.2, could not be entirely respected in some cases. 
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Particularly, the condition C3 is stating that the objective function has to be strictly increasing with the 

square of the flowing currents magnitude, non-increasing in loads, and independent of the apparent 

powers. 

The activation of an active power flexibility offer has a direct impact on the flowing currents 

magnitude, on the loads and on the apparent powers. Due to this fact, the relaxation might not be exact 

in all the cases and the verification should be done for every optimization procedure. 

In order to address this limitation, another formulation of the problem is proposed in order to 

allow the integration of the flexibility procurement cost. The objective function is remaining the same as 

in equation (IV.23) and the cost of active power flexibility procurement is added in the problem as a 

constraint. By doing so, the relaxation of the problem into a MISOCP problem is remaining exact. 

Moreover, the estimated operational cost of the network losses for the considered operating point can 

be directly set by the DSOs as a limit in the problem. 

The new constraint can be formulated as in the following equation (IV.66). 

 ¥ ¥ �_2U©=¦. U=¦¦	∈	_(=)=∈¾ ≤ ULJ' (IV.66) 

Here again, the set w(#) is representing the set of available active power flexibility offers at node #	 ∈ Γ.  �_2U©=¦ is the state of activation of the active power flexibility offer § ∈ w(#) available at node #. U=¦ 	is its associated activation cost for the DSO. ULJ'	is the estimated operational cost of the network 

losses for the considered operating point. Some examples of application of this modified optimization 

problem are presented in the next section. 

IV.3.2 Examples of application  

This section presents some results of the network losses minimization problem on the two DNo 

cells presented in the previous section, where different means of flexibility are available and where the 

constraint on active power flexibility procurement is added. The study cases are the same scenarios 

presented in the first part of this chapter. The resolution method is still the branch-and-cut algorithm. 

As the constraint (IV.66) is restricting the objective value (IV.23), the evolution of the evolution 

of the total network losses with respect to the admissible total cost of active power flexibility activation 

is studied in the different cases. Given this trend line, it will be possible for the DSOs to find a trade-off 

between network losses minimization and active power flexibility procurement. 

Scenario 1: Network losses optimization in normal network situations 

As a reminder, this scenario is dealing with the network losses optimization on the 33-nodes 

network and on the 72-nodes network when all the network constraints are respected. This part is 

focusing on the cases (1.5) and (1.6) presented in part IV.2.3, where all the flexibility means in the DNo 

cells are assumed to be available, including some active power flexibility offers. 
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When performing the network losses optimization without any constraint on the active power 

flexibility procurement, all the end users flexibility offers were activated in both cases. The total network 

losses at the considered operating point were respectively equal to 28.5 kW in case (1.5) and to 21.5 kW 

in case (1.6) in the 33-nodes network. They were equal respectively to 56.3 kW in case (1.5) and 48.1 kW 

in case (1.6) in the 72-nodes network. 

For different values of the total admissible cost of flexibility offers activation, different optimal 

solutions are found, as presented in Figure IV-17 and Figure IV-18. As expected, the more the flexibility 

procurement cost is constrained, the less power flows are compensated locally and the higher is the 

level of network losses. The cases where the total cost of active power flexibility activation is fixed at 

zero correspond to the cases (1.4) where no active power flexibility is available. 

Among the different optimal solutions, several configurations are found for the two networks. 

Indeed, depending on the modifications of the power flows in the DNo cells which are depending on the 

price of activation of each flexibility offer, the best configuration is changing. These resulting 

configurations are all detailed in the following tables (see Figure IV-16). 

 

Figure IV-16 – Resulting configurations in the different optimization solutions 

In this example, for the 33-nodes network, when the total admissible cost of activation is 

comprised between 0€ and 14€, it is more efficient to activate only the proposed DR flexibility offers and 

to keep the configuration C33.2 in order to minimize the DNo cell losses. Above this limit, the 

cogeneration dispatch offers (in case 1.6) are more profitable and their activations permit decreasing 

even more the total DNo cell losses. 

Concerning the 72-nodes network, it is more efficient to activate only the available DR flexibility 

offers and to keep the configuration C72.2 in order to minimize the DNo cell losses as long as the total 

admissible cost of activation is lower than 4€. Then, for the available flexibility offers considered in the 

cases (1.5) and (1.6), it is more interesting to switch to configuration C72.3 as long as the total admissible 

cost of activation is lower than 19€. 

33-nodes network 72-nodes network

C33.1 [33 34 35 36 37] C72.1 [72 73 74 75 76 77 78 79 80 81 82]

C33.2 [6 8 9 30 37] C72.2 [10 17 26 32 47 72 74 77 79 80 81]

C33.3 [6 9 14  30 37] C72.3 [10 16 26 32 47 72 74 77 79 80 81]

C33.4 [6 10 14 19 37] C72.4 [10 16 26 29 47 72 74 77 79 80 81]

C33.5 [6 8 11 14 37] C72.5 [10 16 26 47 72 74 76 77 79 80 81]

C33.6 [6 8 10 15 37]

C33.7 [6 8 9 14 37]

C33.8 [6 8 9 36 37]

C33.9 [6 8 11 30 37]

C33.10 [6 8 10 30 37]
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Figure IV-17 – Evolution of the 33-nodes network losses optimization solutions with respect to 

the maximum admissible cost of active power flexibility procurement in cases 1.5 and 1. 6 

 

Figure IV-18– Evolution of the 72-nodes network losses optimization solutions with respect to 

the maximum admissible cost of active power flexibility procurement in cases 1.5 and 1. 6 

Mathematically, the optimization problem is minimizing a single objective. The introduction of a 

new constraint on the active power flexibility activation is restricting this objective. Hence, the evolution 
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of the objective function with respect to the admissible total cost of active power flexibility activation 

can be seen as a kind of Pareto curve, where the objective function cannot be improved in value without 

violating the limiting constraint. 

 These trend curves give to the DSO an idea of the evolution of the total DNo cell losses 

depending on the price he is willing to pay for active power flexibility procurement. Obviously, this 

evolution highly depends on the location of the available flexibility offers and though, the DSO cannot 

generalize these curves for all its DNo cells for all the possible loading cases. This is the reason why this 

distributed procedure has to be performed in each DNo cell, for each operating point with the 

knowledge of the available flexibility offers. 

The benefits of the network losses optimization compared to the associated cost of flexibility 

offer activation have to be evaluated on a given period, and not on a single operating point. Indeed, the 

considered prices of activation of the offers are given for one hour. It is therefore necessary to take into 

account the loading fluctuations in each DNo cell in order to evaluate more precisely the amount of 

network losses reduction. 

 This distributed algorithm can be performed not only for network efficiency optimization but 

also for the combination of network losses minimization with network constraints management, as 

described in the next section. 

Scenario 2: Network losses optimization in constrained network situations 

This scenario is concerning the network losses optimization on the two networks when the DGs 

are not producing anymore. This part is focusing on the cases (2.5), where the initial configuration C1, 

the OLTC position and the capacitor bank position are fixed. Only some active power flexibility offers are 

available as flexibility resources. Here again, the evolution of the network losses optimization solutions 

with respect to the total admissible cost of flexibility activation is studied. It can be seen on Figure IV-19 

for the 33-nodes network and on Figure IV-20 for the 72-nodes network. 
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Figure IV-19 – Evolution of the 33-nodes network losses optimization solutions with respect to 

the maximum admissible cost of active power flexibility procurement in case 2.5 

In this specific case in the 33-nodes network, 10.31€ is the minimum cost that has to be paid by 

the DSO in order to solve the occurring voltage constraints at this operating point. Below this price, it 

does not exist any combination of available flexibility offers activation that can solve the occurring 

network constraints. From a network losses optimization point of view, other combinations of active 

power flexibility offers activations permit the DNo cell losses to be decreased down to 85.5 kW for this 

operating point. 

 

Figure IV-20 – Evolution of the 72-nodes network losses optimization solutions with respect to 

the maximum admissible cost of active power flexibility procurement in case 2.5 
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Concerning the 72-nodes network test case,  the minimum cost that has to be paid by the DSO in 

order to solve the occurring voltage constraints at this operating point is 2.85€. With a higher price of DR 

flexibility activation, it is possible to reduce the network losses until 102kW. 

Thanks to this method, the DSOs are able to assess simultaneously the minimum cost they have 

to pay to solve their occurring network constraints, and the evolution of their network losses with 

respect to the price they are ready to pay for additional flexibility procurement. 

This kind of constraining limits can also be developed in the distributed algorithm for other 

flexibility means if a given period of time is considered. All that remains to be done by the DSOs is to find 

the best trade-off between network energy efficiency and operational cost of flexibility means 

procurement, depending on its network and its loading conditions.  
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IV.4 Conclusion 

In this chapter, a distributed advanced function for the DSOs has been developed for minimizing 

the network losses with the possible use of OLTC transformer, capacitor bank at the primary substation, 

reconfiguration and reactive and active powers control of the flexible DERs. As shown through the 

different examples, this method can help the DSOs optimizing their network losses, but also managing 

their grid constraints. 

Unlike the optimization problem presented in the section III.3, the problem is not only 

combinatorial but cannot be directly solved to optimality with the branch-and-cut algorithm. The use of 

mathematical reformulation techniques permitted the optimality of the solution found to be 

guaranteed, when the algorithm is performed in each distributed and independent DNo cell. It is 

therefore assumed that some advanced RTUs are installed at the relevant primary substations and that 

they have enough mathematical performances to carry out this algorithm. 

The application of this methodology in a more distributed context would not permit the global 

optimality of the solution to be guaranteed because of dependencies between the cells. Multilevel 

optimization techniques as proposed in [RIDE-13] would then be required in order to define new 

disjointed and complementary constraints in the model, to guarantee the optimality of the solution 

found. 

The second part of this chapter has the objective of moving closer to the market schemes reality, 

considering that any type of flexibility procurement is associated with a cost for the DSOs. This cost can 

be operational if the flexibility activation implies the use of the grid components, and/or contractual if 

the flexibility offer is procured by an end user via a commercial aggregator. Knowing this, a specific 

constraint on the total cost of active power flexibility activation is added, ensuring that the mathematical 

relaxation is remaining exact. The evolution of the network losses with respect to this cost is determined 

for some particular operating points, while guaranteeing the global optimality of the solutions. 

Extended on an adequate period of time, this methodology could help the DSOs to make a trade-

off between their network energy losses cost and their flexibility procurement cost. More especially, the 

extension of this tool on a longer period of time would permit the DSOs to take into account the rebound 

and report effects of the active power flexibility activation. In addition, it would be also possible to 

introduce others dynamic constraints on flexibility resources, such as on the number of changes of OLTC 

positions or on the number of switches, but also on the availability of the flexibility offers that can evolve 

along the period. Thanks to this kind of enlargement of the proposed methodology, the DSOs could focus 

on more profitable investment plans and prepare a more energy efficient operation of their network. 
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Final conclusion 

 

With the large increase of renewable DG interconnections and with the growing number of 

flexible DERs in distribution systems, the electricity system operator’s roles and responsibilities need to 

evolve. In a context where all market actors are dealing with an increasing number of local flexibility 

opportunities, the DSOs have to play locally a new key role. They have to ensure a complete access to 

the energy and capacity markets to all distributed actors. They should also enable the valorization of 

these offers in the national market places. They must ensure the security and the quality of supply to 

their customers while guaranteeing optimal network operation conditions. 

Scientific contributions of the research work 

The research work carried out within this thesis proposes the definition of a new dynamic 

coordination and control infrastructure in order to allow the DSOs to best operate their networks with a 

large amount of DERs. This new structure has been developed with a bottom-up approach in order to 

create a resilient and cost effective solution.  

The European existing markets processes, mechanisms, and standards have been firstly studied 

in order to propose a complementary local market architecture. New near real time distributed 

balancing markets have been thus introduced, in order to permit the design of new DSO mechanisms. 

Thanks to it, the DSOs can act as market enablers while verifying that all the flexibility offers exchanged 

between market players are compatible with the security and the reliability of their network operation. 

New DSOs strategies for local distribution constraints management and for network energy efficiency 

have been also proposed in this thesis. Both operational planning and enhanced network optimization 

are then possible while considering remaining near real-time local flexibility offers. Several mathematical 

tools have been investigated, compared and validated systematically on typical IEEE distribution 

networks in order to create these different strategies.  

First of all, network modeling, power flow computations and sensitivity analysis have been 

considered in order to assess the behaviors of balanced and unbalanced systems characteristics with 

respect to the consumed and produced powers in the network. 

Fuzzy arithmetic has then been used for the elaboration of a technical flexibility offer validation 

method, permitting uncertainties due to possible withdrawals of the proposed offers but also on the 

reliability of their forecasted volumes to be taken into account. Thanks to the developed method and 

depending on their confidence on the data, it has been showed on specific cases that the DSOs can 

validate or not the available flexibility offers which are contracted by the commercial aggregators. 
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Different types of algorithms, characterized by different mathematical complexity, have been 

created, investigated and validated in order to permit the DSOs to assess the potential risks of 

contingency in their network. In order to ensure the security and the operational reliability of the 

distribution network up to real-time, they have to prepare counter measures to react to potential 

sudden changes in their network. With the aim to be accessible and easily implemented by the DSOs, 

simple heuristic methods based on cost and sensitivity analysis have been first proposed. These methods 

are also compliant with computational performances of the actual deployed RTUs. More advanced 

strategies, i.e. metaheuristic and exact optimization methods, have been also validated to compare the 

accuracy and the performances of the different algorithms on a combinatorial problem. It has been 

demonstrated on specific cases, that the developed methods are able to find the best economical 

combinations of flexibility means (including flexibility of the grid and remaining flexibility offers) to be 

activated in case of apparition of non-expected network constraints. 

Finally, an optimization formulation based on continuous and discrete variables have been 

introduced in order to support the DSOs for network losses optimization and constraints management. It 

considers the possible use of transformer’s OLTCs, capacitor banks at the primary substation, 

reconfiguration, and both reactive and active powers control of the flexible DERs. The use of 

mathematical reformulation techniques guarantees the optimality of the solution found, when the 

algorithm is performed in each distributed and independent network area. This method permits also the 

evolution of the network losses with respect to a maximum admissible flexibility operational cost to be 

apprehended. While preserving the exact formulation of the optimization problem, Pareto curves have 

been drawn for specific cases in order to allow the DSOs to get an evolution trend of the total losses in 

each Distribution Network optimization (DNo) cell depending on the price of active power flexibility 

procurement. 

Further works 

All these methodologies have been developed for a given operating point. It could be interesting 

to extend them on an adequate time frame, in order to consider potential rebound and report effects of 

the active power flexibility activation. The GreenLys project [GREE-15] quantified these rebound and 

report effects for essentially thermal heaters load shifting. It established that the energy report is 

included between 40% and 60% of the shifted energy in the next hour following the activation. More 

generally, the energy report is higher than 95% of the shifted energy in the next 24 hours. Concerning 

the rebound power, it is evaluated at around 50% of the shifted peak power. 

If the rebound power is large, additional temporary power flows might occur, creating other 

network constraint violations, and potentially increasing the network losses. It would be interesting to 

introduce dynamic constraints on flexibility resources over the period, such as on the number of OLTC 

and switches operations, but also on the availability of the flexibility offers along the period. As the 

proposed algorithms are not taking into account the rebound and report effect, they can lead to non-
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optimal situations for the considered period.  In the same philosophy, network losses optimization over a 

given period can be challenged if these effects are not taken into account. This illustrates the need of 

considering adequate periods of time instead of specific operating points. This new type of tools could 

then be used for unit commitment at distribution level. 

In this research work, the evolution of the flexibility resources availability between the different 

market time frames is not considered. Any remaining flexibility resources available near real-time could 

also be proposed or selected for the next day market exchanges. In this philosophy, a common 

framework is actually designed in order to include all the developed methodologies considering the 

different time frames of the algorithms as well as the needed data exchanges. 

All the developed methodologies are assuming the availability of end users flexibility. However, 

end users flexibility acquisition appears to be really challenging and costly in the current period. New 

incentives should be adopted in order to permit an increase of these flexibility opportunities. Moreover, 

as the assumed flexibility offers are directly proposed by the end users, they cannot be always 100% 

reliable. Even if the aggregation concept permits some imbalance risks associated with individual market 

participation to be reduced, some uncertainties on the availability of the flexibility offers should be 

added in the methodologies. 

Some research work on the potential replicability and scalability of the methods should be also 

done to ensure the reliability of this architecture in large power networks. The developed distributed 

architecture has been proposed with the aim of being highly scalable and easily deployable. Though, it 

would be interesting to perform robustness and cost-analysis comparisons between decentralized and 

centralized systems while considering large networks. Some comparisons could be also conducted to 

assess the potential performances of new hybrid architectures, coupling decentralized and centralized 

advanced functions for DSOs in Smart Grids. 

Finally, all along this thesis, it has been assumed that all local flexibility exchanges were 

exclusively done through local market places. Other local exchanges possibilities could be imagined, such 

as local OTC contracts and exchanges, or even new transactions schemes including blockchain, which 

could interact with the proposed market architecture. Some of these kinds of exchanges can be observed 

within the project “Reforming the Energy Vision” (REV) [REV-16] in the New York state, aiming at 

empowering end users to make more informed energy choices and to reform New York State’s energy 

industry and regulatory practices. 

Contributions to the DREAM project 

This work has been elaborated within the DREAM project, funded by the European Commission 

under FP7 grant agreement 609359. Twelve industrial and academic partners from seven different 

countries are currently working on this project. The DREAM project aims at laying the foundations for a 

novel heterarchical management approach of distribution electrical power networks. Its major goal is to 
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allow the economic integration of DERs and the participation of all end users in energy markets, with the 

development of an autonomous agent based system. 

All the scientific and technical implementations done in this thesis are integrated within the 

DREAM project and in the common framework for demonstrations on field tests. The DREAM 

architecture framework consists in a number of coupled coherent packages, each covering a part of the 

desired functionality, in which the proposed methodologies are included and are dependent from the 

others. 

Some of the developed methodologies are also tested in two different test fields. The MV level 

methodologies are partly experimented in the trial site of Milano Malpensa Airport (Italy). This field test 

is including a trigeneration plant and modern electrical substations, and critical equipment. Several 

resources of flexibility are considered in the airport, such as HVAC auxiliaries and lightning apron towers. 

Some of these methodologies have been also adapted for LV level operation and are partly tested in 

Opkamer field test, which is the PowerMatching City test site located in Groningen (The Netherlands). 

The considered available flexibility resources are offered by smart appliances located in the households 

of the site test.  
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Annex AI. Loadflow tools methodology 

Loadflow tools methodology  

 

In this thesis, network modeling, power flow computations and sensitivity analysis have been 

considered in order to appreciate the behaviors of balanced and unbalanced systems characteristics with 

respect to the consumed and produced powers in the network. Technically, they require the processing 

of independent loadflow computations for LV and MV networks. 

In order to perform independent loadflow calculations in distribution level, efficient and reliable 

load-flow techniques should be used. Gauss-Seidel, Newton-Raphson, and Fast decoupled methods have 

been developed and widely used for transmission system operation, control and planning [STOT-74]. 

However, it has been shown [BALA-11] that these methods may become inefficient in the analysis of 

distribution systems with high R/X ratios or for unbalanced networks. 

Generally, loadflow calculations tools do not model all three phases explicitly, but assume the 

three phases are balanced and simply use a single phase to represent the positive sequence components 

to approximate the three-phase operation. However LV distribution networks are generally unbalanced 

systems because LV end users are generally connected to a single phase (in case of consumption less 

than 36 kW in France [ENED2-14]). It causes different currents flows in all three phases which in turn 

induce different effects depending on the mutual impedances of the three phases’ lines.  

In this thesis, a backward/forward loadflow calculations technique [CIRI-03], [TENG-03] has been 

modified and used on both radial balanced and unbalanced distribution systems.  

AI.1. Loadflow method for balanced systems 

Considering a radial balanced system, a single-phase loadflow computation can be performed to 

approximate the three-phase operation. It is based on an iterative process that stops when the voltage 

characteristics in the system are found. 

The method is based on two matrixes derived from the network topology: the BIBC (Bus Injection 

Branch Current) matrix and the BCBV (Branch Current Bus Voltage) matrix.  

For each iteration	k, the complex injected current at each node	i of a network composed of c 

nodes is depending on the connected consumed or produced power at the node, and can be assessed 

thanks to equation (AI.1). 

 \=g = Þl=H=ß∗
g

 (AI.1) 



Distributed intelligence and heterarchical approach of distributed balancing markets in Smart Grids 

202 / 259 

Where l=  is the complex apparent power produced at the node, H= is the complex voltage at the node, 

and \= is the complex injected current at the node. 

 

Figure AI-1 – Representation of a 6-buses radial network 

Given the represented network in Figure AI-1, and knowing the complex injected current at each 

node thanks to equation (AI.1), it is possible to deduce the flowing currents in each branch, by applying 

equation (AI.2). 

 [¯] = [¯\¯®] × [\] (AI.2) 

 [¯] = 	 z 1̄……̄à{ (AI.3) 

 [\] = 	 z\�……\á{ (AI.4) 

 [¯\¯®] = 	
}~~
~�1 1 1 1 10 1 1 1 10 0 1 1 00 0 0 1 00 0 0 0 1���

��
 (AI.5) 

Where [¯\¯®]	is the binary matrix which relates the branch flowing complex currents [¯] to the injected 

complex currents [\] at each node of the network. The BIBC example presented in equation (AI.5) 

corresponds to the network represented in Figure AI-1. 

 Thus, the complex voltage at each node can be expressed as a function of the branch flowing 

currents, of the lines impedances characteristics and of the reference voltage at the infinite bus (see 

equation (AI.6)). 

 [∆H] = âHV^Xã − [H] = [¯®¯H] × [¯] (AI.6) 
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 âHV^Xã = 	 zH1……H1{ (AI.7) 

 [H] = 	 zH�……Há{ (AI.8) 

 [¯®¯H] = 	
}~~
~�Z1� 0 0 0 0Z1� Z�3 0 0 0Z1� Z�3 Z34 0 0Z1� Z�3 Z34 Z4à 0Z1� Z�3 0 0 Z3á��

��� (AI.9) 

Where [∆H] is the complex voltage drops between the infinite bus and the nodes of the network, HV^X is 

the reference complex voltage at the infinite bus, [H] is the complex voltages at the different nodes of 

the network, and BCBV is the matrix which relates the bus voltages to the flowing branch currents. It is 

composed of the complex lines impedances Z=S characterizing the line	(#, M). The BCBV example 

presented in equation (AI.9) corresponds to the network represented in Figure AI-1. 

The two matrixes are elaborated thanks to the network topology and characteristics. By 

combining equations (AI.2) and (AI.6), it is possible to relate at each iteration h the complex voltage drop [∆H]g between the infinite bus and the nodes of the network with the injected current [\]g	at each node 

(equation (AI.10)). 

 [∆H]g = [¯®¯H] × [¯\¯®] × [\]g (AI.10) 

 [∆H]g = [vwx] × [\]g (AI.11) 

 [vwx] = [¯®¯H] × [¯\¯®] (AI.12) 

 

Thus, the iterative process can be handled as done in equation (AI.13), and stops when the condition 

(AI.14) is respected, where ε is the desired accuracy on the voltages. 

 HgI1 = âHV^Xã + [∆H]gI1 (AI.13) 

 [∆H]gI1 − [∆H]g < ä (AI.14) 

 

Given that the matrix [vwx] is constant for a given network, this method is very direct and low time 

consuming. This method can be easily extended to unbalanced systems, as describe in the next part. 
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AI.2. Loadflow method for unbalanced systems 

The previously presented method is now extended for unbalanced systems. This method has 

thus to take into account all the three phases and the neutral wire, with different mutual impedances, in 

order to get the more accurate as possible results. 

The current injection equations corresponding to node # at iteration	h can be computed thanks 
to equations (AI.15) and (AI.16). 

 �\=J\=Q\=R�
g =

}~~
~~~
�Þl=JH=Jß∗Þl=QH=Qß∗Þl=RH=Rß∗��

���
��
g&1

 (AI.15) 

 \=>g = −(\=Jg + \=Qg + \=Rg ) (AI.16) 

 

Where I�³, I�æ, I�ç, I�è are the complex current injections at node i in the three phases (a, b, c) and in the 

neutral wire n; S�³, S�æ, S�ç	are the complex power injections at node i in the three phases (a, b, c) and in 

the neutral wire n; and V�³, V�æ, V�ç are the complex voltages at node i in the three phases (a, b, c) and in 

the neutral wire n. 

The respective matrices [¯\¯®] and [¯®¯H] can be constructed considering either the 3-wires 

or the 4¬wires systems, depending on the choice of the developer. In any chosen method, the four wires 

impedance matrix has to be considered. 

 

Figure AI-2 – Single-phase load connection in a three-phase system 

Hence, given a four-wire line as represented in Figure AI-2, the corresponding four wires complex 

impedance matrix is depicted in equation (AI.17). 
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 Z=S =	 zZ22 Z2G Z2U Z2tZG2 ZGG ZGU ZGtZU2 ZUG ZUU ZUtZt2 ZtG ZtU Ztt{ (AI.17) 

Where Z22, ZGG, ZUU and Ztt are the proper impedances of the line	(#, M), and where Z2G, ZG2, Z2U, ZU2, ZGU, ZUG, Z2t, Zt2, ZGt, ZtG, ZUt and ZtU are the mutual impedances of the line (#, M). 
Assuming a symmetrical network where the mutual impedances do not depend on the line 

section, the following simplifications can be done. 

 Z22 = ZGG = ZUU = ZD (AI.18) 

 Z2G = ZG2 = Z2U = 	ZU2 = ZGU = ZUG = ZF (AI.19) 

 Z2t = Zt2 = 	ZGt = ZtG = ZUt = ZtU = Z (AI.20) 

 Ztt = Zt (AI.21) 

 

The corresponding three-phase line representation can be represented as in Figure AI-3.   

 

Figure AI-3 – three-phase line representation 

It is also possible to reduce this four-wire matrix to a three-wire matrix by using the system of 

equations (AI.22), equivalent to equation (AI.23), which relates the three-phase complex voltage to the 

three-phase complex flowing current into a line or a cable [MYAT-68]. 

 ìH2 = \2	ZD + (\G + \U)ZF − \tZ + \tZt − (\2 + \G + \U)ZHG = \GZD + (\2 + \U)ZF − \tZ + \tZt − (\2 + \G + \U)ZHU = \UZD + (\2 + \G)ZF − \tZ + \tZt − (\2 + \G + \U)Z  (AI.22) 

 ìH2 = \2	(ZD − 2Z + Zt) + \G	(ZF − 2Z + Zt) + \U	(ZF − 2Z + Zt)HG = \2	(ZF − 2Z + Zt) + \G	(ZD − 2Z + Zt) + \U	(ZF − 2Z + Zt)HU = \2	(ZF − 2Z + Zt) + \G	(ZF − 2Z + Zt) + \U	(ZD − 2Z + Zt) (AI.23) 
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Finally, the four wires complex impedance matrix can be reduced to a three wires complex 

impedance matrix as depicted in equation (AI.24). 

 Z=S =	 z ZD − 2Z + Zt ZF − 2Z + Zt ZF − 2Z + Zt 0ZF − 2Z + Zt ZD − 2Z + Zt ZF − 2Z + Zt 0ZF − 2Z + ZtZU2 ZF − 2Z + Zt ZD − 2Z + Zt 00 0 0 0{ (AI.24) 

 

 Either with the four-wire or with the three-wire model, the methodology used for balanced 

systems can be easily applied to perform unbalance loadflow computations.  

The computation of the two matrices [¯\¯®] and [¯®¯H] are based on the same logic, keeping 

in mind that each line connection and each line impedance Z=S is a 4x4 matrix or a 3x3 matrix. 

Thus, thanks to the injected complex currents at each node in each phase computed thanks to 

equations (AI.15) and (AI.16), it is possible to follow the same algorithm. 

 [∆H]g = [¯®¯H] × [¯\¯®] × [\]g (AI.25) 

 [∆H]g = [vwx] × [\]g (AI.26) 

 [vwx] = [¯®¯H] × [¯\¯®] (AI.27) 

 

The iterative process can be also handled as done in equation (AI.28), and stops when the 

condition (AI.29) is respected, where ε is the desired accuracy on the voltages. 

 HgI1 = âHV^Xã + [∆H]gI1 (AI.28) 

 [∆H]gI1 − [∆H]g < ä (AI.29) 
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Annex AII.  Test networks data 

Test networks data 

 

Throughout the whole PhD thesis, several results are presented based on simulations performed 

on particular electrical networks. This annex presents the data used for the simulation of these 

networks. 

Concerning MV balanced networks, two models are used. They are coming from the IEEE 

literature (Institute of Electrical and Electronics Engineers) and can be used in order to compare our 

results to other studies in this domain.  

Three LV unbalanced networks are also studied. The first one is quite small and is representing a 

real overhead lines French LV network. The second one is larger and is based on network data made 

available by Electricité de Strasbourg, a French DSO involved in the DREAM project. It is representing a 

real LV unbalanced network located in their operating area. 

AII.1. 33-nodes network (MV level) 

The 33-nodes network data come from [BAR1-89]. This balanced MV network is composed of 33 

buses, and is operated radially. Among the 37 branches, five are normally open. An overview of the 

network can be seen in Figure AII-1. During the simulations, it is assumed that the voltage magnitude 

value is always a constant value at the slack bus (node 1). 

 

Figure AII-1 - 33-nodes network overview 
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In order to be able to work in the per unit system, some reference values are set in the following 

equations. All per unit values are therefore corresponding to this reference system. 

 lQJW^ 	= 3 × HQJW^ 	× \QJW^ = 	1000	hH� (AII.1) 

 íQJW^ 	= HQJW^ × √3 = 	12,660	hH (AII.2) 

 \QJW^ 	= lQJW^íQJW^ × √3 = 	46	� (AII.3) 

 ZQJW^ 	= íQJW^�lQJW^ = 160	Ω (AII.4) 

 

When available, the considered OLTC transformer (line 1) of the 33-nodes network primary 

substation has the following characteristics (Figure AII-2): 

 

Figure AII-2 – 33-nodes network OLTC characteristics 

The installed capacitor bank in the considered bus-bar of the primary substation is composed of 

two capacitor stacks of 1.5 MVAr and 1.9 MVAr. Therefore, three positions for the capacitor banks are 

possible: 0MVAr, 1.5 MVAr and 3.4 MVAr. 

1.1 Initial case: without any DG 

In [BAR1-89], the connected branches characteristics are defined, as well as the maximum active 

and reactive power consumption at each node. These values are shown in the tables of the Figure AII-4. 

The tie-lines characteristics are presented in the table in Figure AII-3. 

 

Figure AII-3 – 33 nodes tie-lines characteristics 

Reference values OLTC characteristics

Sn (kVA) Un2 (kV) dU(%) Tap number dU/tap (%) Coupling

1000 12,6 ±20 17 2,5 YNyn0

bus init bus final R (ohm) X (ohm)

7 20 2,0 2,0

8 14 2,0 2,0

11 21 2,0 2,0

17 32 0,5 0,5

24 28 0,5 0,5
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Figure AII-4 – 33-nodes network lines and buses initial characteristics 

It is assumed that the installed lines are commonly used overhead lines of section S-AL-0070, 

with a maximum admissible flowing current of 195A. 

 

 

bus init bus final R (ohm) X (ohm)

1 2 0,092 0,047

2 3 0,493 0,251

3 4 0,366 0,186

4 5 0,381 0,194

5 6 0,819 0,707

6 7 0,187 0,619

7 8 0,711 0,235

8 9 1,030 0,740

9 10 1,044 0,740

10 11 0,197 0,065

11 12 0,374 0,124

12 13 1,468 1,155

13 14 0,542 0,713

14 15 0,591 0,526

15 16 0,746 0,545

16 17 1,289 1,721

17 18 0,732 0,574

2 19 0,164 0,157

19 20 1,504 1,355

20 21 0,410 0,478

21 22 0,709 0,937

3 23 0,451 0,308

23 24 0,898 0,709

24 25 0,896 0,701

6 26 0,203 0,103

26 27 0,284 0,145

27 28 1,059 0,934

28 29 0,804 0,701

29 30 0,508 0,259

30 31 0,974 0,963

31 32 0,311 0,362

32 33 0,341 0,530

bus PL(kW) QL(kVAr)

1 0 0

2 100 60

3 90 40

4 120 80

5 60 30

6 60 20

7 200 100

8 200 100

9 60 20

10 60 20

11 45 30

12 60 35

13 60 35

14 120 80

15 60 10

16 60 20

17 60 20

18 90 40

19 90 40

20 90 40

21 90 40

22 90 40

23 90 50

24 420 200

25 420 200

26 60 25

27 60 25

28 60 20

29 120 10

30 200 600

31 150 70

32 210 100

33 60 40
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1.2 Modified case: with DG insertion 

This network has not been initially planned with the aim to integrate DGs. If some end users are 

willing to connect some DGs in this network, a planning study would be performed in order to assess the 

most effective solution to adopt, between reinforcement and active solutions for example. However, in 

this case, in order to create use cases that are more interesting for the developed algorithms, some DGs 

are assumed to be inserted in the 33-nodes network. The added DGs are only PV productions and are 

connected at nodes 9, 20, 22 and 33. Their respective peak powers are showed in Figure AII-5. Their 

power factors are changed and are fixed at 0.96 (©2t	(Dð#) = 0.3). 

 

Figure AII-5 – Respective peak powers for the inserted DG in the 33-nodes network 

 With the insertion of these decentralized productions, the DG insertion rate becomes equal to 

around 25%, as depicted in equation (AII.5) [KORD-14]. 

 ©=>W^V?=Y>(%) = ∑D%2h	D9ò%:∑ bEGbU:#G%y	D9ò%: = 940	hôU3415	hô = 0.27 (AII.5) 

A representation of the 33-nodes network in its initial configuration and with the DGs insertion is 

presented in Figure AII-6. 

 

Figure AII-6 – 33-nodes network overview (initial configuration, DG insertion rate = 27%) 

The load type repartition and the applied load profiles on the 33-nodes network are presented in 

section AII.3.  

bus Pg (kWc)

9 200

20 300

22 250

33 190
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AII.2. 72-nodes network (MV level) 

The 72-nodes network data come from [DAS-06]. This balanced MV network is composed of 72 

buses, and is operated radially. Among the 82 branches, 11 are normally open. An overview of the 

network representation can be seen in Figure AII-7. During the simulations, it is assumed that the voltage 

magnitude value is always a constant value at the slack bus (node 72). 

 

Figure AII-7 – 72-nodes network overview 

In order to be able to work in the per unit system, some reference values are set in the following 

equations. All per unit values are therefore corresponding to this reference system. 

 lQJW^ 	= 3 × HQJW^ 	× \QJW^ = 	1000	hH� (AII.6) 

 íQJW^ 	= HQJW^ ×√3 = 	11,0	hH (AII.7) 
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 \QJW^ 	= lQJW^íQJW^ × √3 = 		52,48� (AII.8) 

 ZQJW^ 	= íQJW^�lQJW^ = 	121Ω (AII.9) 

 

When available, the considered OLTC transformer (line 1) of the 72-nodes network primary 

substation has the following characteristics (Figure AII-8): 

 

Figure AII-8 – 72-nodes network OLTC characteristics 

The installed capacitor bank in the considered bus-bar of the primary substation is composed of 

two capacitor stacks of 1.5 MVAr and 1.9 MVAr. Therefore, three positions for the capacitor banks are 

possible: 0MVAr, 1.5 MVAr and 3.4 MVAr. 

 

2.1 Initial case: without any DG 

In [DAS-06], the connected branches characteristics are defined, as well as the maximum active 

and reactive power consumption at each node. These values are shown in the tables of the Figure AII-9 

and Figure AII-10. 

 

Reference values OLTC characteristics

Sn (kVA) Un2 (kV) dU(%) Tap number dU/tap (%) Coupling

1000 11 ±20 17 2,5 YNyn0
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Figure AII-9 – 72-nodes network lines characteristics 

 

 

 

bus init bus final R (ohm) X (ohm) Imax (A) bus init bus final R (ohm) X (ohm) Imax (A)

72 71 0 0 270 32 33 0,804 0,787 270

71 1 0 0 208 33 34 1,170 1,145 270

71 70 0 0 208 34 35 0,768 0,752 270

1 2 1,097 1,074 270 35 36 0,731 0,716 270

2 3 1,463 1,432 270 36 37 1,097 1,074 270

3 4 0,731 0,716 270 37 38 1,463 1,432 270

4 5 0,366 0,358 270 32 39 1,080 0,734 208

5 6 1,828 1,790 270 39 40 0,540 0,367 208

6 7 1,097 1,074 270 40 41 1,080 0,734 208

7 8 0,731 0,716 270 41 42 1,836 1,248 208

8 9 0,731 0,716 270 42 43 1,296 0,881 208

4 10 1,080 0,734 208 40 44 1,188 0,807 208

10 11 1,620 1,101 208 44 45 0,540 0,367 208

11 12 1,080 0,734 208 42 46 1,080 0,734 208

12 13 1,350 0,917 208 35 47 0,540 0,367 208

13 14 0,810 0,550 208 47 48 1,080 0,734 208

14 15 1,944 1,321 208 48 49 1,080 0,734 208

7 68 1,080 0,734 208 49 50 1,080 0,734 208

68 69 1,620 1,101 208 70 51 0,366 0,358 270

1 16 1,097 1,074 270 51 52 1,463 1,432 270

16 17 0,366 0,358 270 52 53 1,463 1,432 270

17 18 1,463 1,432 270 53 54 0,914 0,895 270

18 19 0,914 0,895 270 54 55 1,097 1,074 270

19 20 0,804 0,787 270 55 56 1,097 1,074 270

20 21 1,133 1,110 270 52 57 0,270 0,183 208

21 22 0,475 0,465 270 57 58 0,270 0,183 208

17 23 2,214 1,505 208 58 59 0,810 0,550 208

23 24 1,620 1,110 208 59 60 1,296 0,881 208

24 25 1,080 0,734 208 55 61 1,188 0,807 208

25 26 0,540 0,367 208 61 62 1,188 0,807 208

26 27 0,540 0,367 208 62 63 0,810 0,550 208

27 28 1,080 0,734 208 63 64 1,620 1,101 208

28 29 1,080 0,734 208 62 65 1,080 0,734 208

70 30 0,366 0,358 270 65 66 0,540 0,367 208

30 31 0,731 0,716 270 66 67 1,080 0,734 208

31 32 0,731 0,716 270
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Figure AII-10 – 72-nodes network consumption powers characteristics 

  

bus PL(kW) QL(kVAr) p.f bus PL(kW) QL(kVAr) p.f

1 0 0 0,00 37 40 30 0,75

2 100 90 0,90 38 30 25 0,83

3 60 40 0,67 39 150 100 0,67

4 150 130 0,87 40 60 35 0,58

5 75 50 0,67 41 120 70 0,58

6 15 9 0,60 42 90 60 0,67

7 18 14 0,78 43 18 10 0,56

8 13 10 0,77 44 16 10 0,63

9 16 11 0,69 45 100 50 0,50

10 20 10 0,50 46 60 40 0,67

11 16 9 0,56 47 90 70 0,78

12 50 40 0,80 48 85 55 0,65

13 105 90 0,86 49 100 70 0,70

14 25 15 0,60 50 140 90 0,64

15 40 25 0,63 51 60 40 0,67

16 60 30 0,50 52 20 11 0,55

17 40 25 0,63 53 40 30 0,75

18 15 9 0,60 54 36 24 0,67

19 13 7 0,54 55 30 20 0,67

20 30 20 0,67 56 43 30 0,70

21 90 50 0,56 57 80 50 0,63

22 50 30 0,60 58 240 120 0,50

23 60 40 0,67 59 125 110 0,88

24 100 80 0,80 60 25 10 0,40

25 80 65 0,81 61 10 5 0,50

26 100 60 0,60 62 150 130 0,87

27 100 55 0,55 63 50 30 0,60

28 120 70 0,58 64 30 20 0,67

29 105 70 0,67 65 130 120 0,92

30 80 50 0,63 66 150 130 0,87

31 60 40 0,67 67 25 15 0,60

32 13 8 0,62 68 100 60 0,60

33 16 9 0,56 69 40 30 0,75

34 50 30 0,60 70 0 0 0,00

35 40 28 0,70 71 0 0 0,00

36 60 40 0,67 72 0 0 0,00
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The tie-lines characteristics of the 72-nodes network are presented in the table in Figure AII-11. 

 

Figure AII-11 – 72-nodes tie-lines characteristics 

2.2 Modified case: with DG insertion 

As the previously presented MV network, this network has not been initially planned with the 

aim to integrate DGs. However, in order to create use cases that are more interesting for the developed 

algorithms, four DGs are assumed to be inserted in the 72-nodes network. The added DGs are assumed 

to be only PV productions and are connected at nodes 29, 38, 62 and 67. Their respective peak powers 

are showed in Figure AII-12. Their power factors are changed and are fixed at 0.96 (©2t	(Dð#) = 0.3). 

 

Figure AII-12 – Respective peak powers for the inserted DG in the 72-nodes network 

 With the insertion of these decentralized productions, the DG insertion rate becomes equal to 

around 25%, as depicted in equation (AII.10) [KORD-14]. 

 ©=>W^V?=Y>(%) = ∑D%2h	D9ò%:∑ bEGbU:#G%y	D9ò%: = 1200	hôU4470	hô = 0.27 (AII.10) 

The load type repartition and the applied load profiles on the 72-nodes network are presented in 

section AII.3. 

 

bus init bus final R (ohm) X (ohm) Imax (A)

9 50 0,908 0,726 234

9 38 0,381 0,244 234

15 46 0,681 0,544 234

22 67 0,254 0,203 234

29 64 0,254 0,203 234

45 60 0,254 0,203 234

43 38 0,454 0,363 234

39 59 0,454 0,363 234

21 27 0,454 0,363 234

15 9 0,681 0,544 234

67 15 0,454 0,363 234

Node
Reindexed

node
Pg (kWc)

29 33 150

38 43 400

62 63 250

67 68 400
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2.3 Re-indexed nodes: correspondence matrix 

For illustrative reasons, the nodes of the 72-nodes network have been re-indexed before each 

voltage profile representation. The correspondence matrix relating the initial nodes to the re-indexed 

ones is presented here (Figure AII-13). 

 

Figure AII-13 – Correspondence matrix of the re-indexation of the 72-nodes network 

  

Initial nodes

Reindexed 

nodes Initial nodes

Reindexed 

nodes

1 3 37 42

2 4 38 43

3 5 39 48

4 6 40 49

5 7 41 50

6 8 42 51

7 9 43 52

8 10 44 54

9 11 45 55

10 14 46 53

11 15 47 44

12 16 48 45

13 17 49 46

14 18 50 47

15 19 51 56

16 20 52 57

17 21 53 58

18 22 54 59

19 23 55 60

20 24 56 61

21 25 57 69

22 26 58 70

23 27 59 71

24 28 60 72

25 29 61 62

26 30 62 63

27 31 63 64

28 32 64 65

29 33 65 66

30 35 66 67

31 36 67 68

32 37 68 12

33 38 69 13

34 39 70 34

35 40 71 2

36 41 72 1
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AII.3. Applied load curves on MV level 

The previously presented consumed and/or produced powers in the 2 MV networks correspond 

to the maximum active and reactive consumption and/or production powers. In order to study specific 

cases that could correspond to a particular hour of a day, some load and generation profiles curves are 

applied at each bus of the network. Residential, industrial and commercial profiles are allocated as 

presented in the bar charts (Figure AII-14 and Figure AII-15) at each node of the networks. This concerns 

only the consuming nodes.  

 

Figure AII-14 – 33-nodes network load type repartition 

 

Figure AII-15 – 72-nodes network load type repartition 
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Figure AII-16 represents the load and generation profiles coefficients that have been set at the 

different nodes. These profiles consumption coefficients are coming from [HUPI-08]. The profile of PV 

production (Figure AII-17) has been constructed by the normalization of the PRD3 profile coefficients 

defined in [ENED-13] and in [RTE-13] for the day corresponding to the highest peak production. 

 

Figure AII-16 – MV network daily load profiles 

 

Figure AII-17 – MV network daily PV production profile 

. 
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AII.4. 12-nodes network (LV level) 

The 12-nodes network is representing a real small French LV network that has been used for 

small application examples in this PhD work. It is composed of only overhead lines and its total length is 

2.217 km, supplying a total maximum load of 35.7kW. The neutral is grounded at the MV/LV transformer 

and at every node where a load is present, except at node 6. 

A single-line representation of the network is depicted in Figure AII-18. 

 

Figure AII-18 – Single line representation of the 12-nodes network 

The nominal apparent power of the Dyn transformer is 50kVA, with a primary nominal voltage of 

20kV and a secondary nominal voltage of 0.41kV. The short-circuit voltage is equal to 4% and the copper 

losses of the transformer are around 1320W. 

In order to be able to work in the per unit system, some reference values are set in the following 

equations. All per unit values are therefore corresponding to this reference system. 

 lQJW^ 	= 	50	hH� (AII.11) 

 íQJW^ 	= 0.41	hH (AII.12) 

All the conductors are TAL70AM54 (70mm² section) except the one between nodes 7 and 8 

which is a TAL35AM54 (35mm² section).  

3.1 Initial case: without any DG 

In the initial model, no DG are connected in the network. The characteristics of the lines and the 

maximum load of the connected LV end users are presented in Figure AII-19 and Figure AII-20.  
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Figure AII-19 – Self and mutual impedances of the 12-nodes LV network (in mOhm) 

 

 

bus init bus final Z phase a Z phase b Z phase c Z neutral

1 2

0,66 + 1,16 i 0,07 + 1,04 i 0,07 + 1,04 i 0,07+ 1,04 i

0,07 + 1,04 i 0,66 + 1,16 i 0,07 + 1,04 i 0,07+ 1,04 i

0,07 + 1,04 i 0,07 + 1,04 i 0,66 + 1,16 i 0,07+ 1,04 i

0,07 + 1,04 i 0,07 + 1,04 i 0,07 + 1,04 i 0,94+ 1,18 i

2 3

10,54 + 18,58 i 1,17 + 16,66 i 1,17 + 16,66 i 1,17+ 16,66 i

1,17 + 16,66 i 10,54 + 18,58 i 1,17 + 16,66 i 1,17+ 16,66 i

1,17 + 16,66 i 1,17 + 16,66 i 10,54 + 18,58 i 1,17+ 16,66 i

1,17 + 16,66 i 1,17 + 16,66 i 1,17 + 16,66 i 14,99+ 18,94 i

3 4

42,82 + 75,50 i 4,74 + 67,67 i 4,74 + 67,67 i 4,74+ 67,67 i

4,74 + 67,67 i 42,82 + 75,50 i 4,74 + 67,67 i 4,74+ 67,67 i

4,74 + 67,67 i 4,74 + 67,67 i 42,82 + 75,50 i 4,74+ 67,67 i

4,74 + 67,67 i 4,74 + 67,67 i 4,74 + 67,67 i 60,90+ 76,95 i

4 5

21,74 + 38,33 i 2,40 + 34,35 i 2,40 + 34,35 i 2,40+ 34,35 i

2,40 + 34,35 i 21,74 + 38,33 i 2,40 + 34,35 i 2,40+ 34,35 i

2,40 + 34,35 i 2,40 + 34,35 i 21,74 + 38,33 i 2,40+ 34,35 i

2,40 + 34,35 i 2,40 + 34,35 i 2,40 + 34,35 i 30,92+ 39,07 i

2 6

1,32 + 2,32 i 0,15 + 2,08 i 0,15 + 2,08 i 0,15+ 2,08 i

0,15 + 2,08 i 1,32 + 2,32 i 0,15 + 2,08 i 0,15+ 2,08 i

0,15 + 2,08 i 0,15 + 2,08 i 1,32 + 2,32 i 0,15+ 2,08 i

0,15 + 2,08 i 0,15 + 2,08 i 0,15 + 2,08 i 1,87+ 2,37 i

6 7

43,48 + 76,66 i 4,81 + 68,71 i 4,81 + 68,71 i 4,81+ 68,71 i

4,81 + 68,71 i 43,48 + 76,66 i 4,81 + 68,71 i 4,81+ 68,71 i

4,81 + 68,71 i 4,81 + 68,71 i 43,48 + 76,66 i 4,81+ 68,71 i

4,81 + 68,71 i 4,81 + 68,71 i 4,81 + 68,71 i 61,84+ 78,13 i

7 8

18,07 + 16,86 i 1,02 + 14,57 i 1,02 + 14,57 i 1,02+ 14,57 i

1,02 + 14,57 i 18,07 + 16,86 i 1,02 + 14,57 i 1,02+ 14,57 i

1,02 + 14,57 i 1,02 + 14,57 i 18,07 + 16,86 i 1,02+ 14,57 i

1,02 + 14,57 i 1,02 + 14,57 i 1,02 + 14,57 i 13,12+ 16,57 i

6 9

36,89 + 65,04 i 4,08 + 58,30 i 4,08 + 58,30 i 4,08+ 58,30 i

4,08 + 58,30 i 36,89 + 65,04 i 4,08 + 58,30 i 4,08+ 58,30 i

4,08 + 58,30 i 4,08 + 58,30 i 36,89 + 65,04 i 4,08+ 58,30 i

4,08 + 58,30 i 4,08 + 58,30 i 4,08 + 58,30 i 52,47+ 66,29 i

9 10

73,00 + 128,70 i 8,07 + 115,35 i 8,07 + 115,35 i 8,07+ 115,35 i

8,07 + 115,35 i 73,00 + 128,70 i 8,07 + 115,35 i 8,07+ 115,35 i

8,07 + 115,35 i 8,07 + 115,35 i 73,00 + 128,70 i 8,07+ 115,35 i

8,07 + 115,35 i 8,07 + 115,35 i 8,07 + 115,35 i 103,81+ 131,17 i

10 11

26,49 + 46,69 i 2,93 + 41,85 i 2,93 + 41,85 i 2,93+ 41,85 i

2,93 + 41,85 i 26,49 + 46,69 i 2,93 + 41,85 i 2,93+ 41,85 i

2,93 + 41,85 i 2,93 + 41,85 i 26,49 + 46,69 i 2,93+ 41,85 i

2,93 + 41,85 i 2,93 + 41,85 i 2,93 + 41,85 i 37,67+ 47,59 i

10 12

25,96 + 45,76 i 2,87 + 41,02 i 2,87 + 41,02 i 2,87+ 41,02 i

2,87 + 41,02 i 25,96 + 45,76 i 2,87 + 41,02 i 2,87+ 41,02 i

2,87 + 41,02 i 2,87 + 41,02 i 25,96 + 45,76 i 2,87+ 41,02 i

2,87 + 41,02 i 2,87 + 41,02 i 2,87 + 41,02 i 36,92+ 46,64 i
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Figure AII-20 – Maximum load of the connected LV end users (winter scenario) 

3.2 Modified case: with DG insertion 

Another scenario has been created in order to simulate the same LV network with some DGs. 

The added DGs are only PV productions and are connected at nodes 5, 6, 8 and 12. The new DG insertion 

rate is equal to 41%. Considering a summer scenario, the consumption of the loads is set at the minimal 

loading. The new power data is shown in Figure AII-21.  

 

Figure AII-21– Minimum load/maximum production of the connected LV end users (summer 

scenario) 

 

  

bus P(kW) Q(kVAr) phase

1 0 0 -

2 0 0 -

3 0 0 -

4 0,54 0,27 3-phase

5 12,80 6,40 3-phase

5 5,50 2,75 a

5 2,10 1,05 b

6 3,43 1,72 3-phase

7 0 0 -

8 4,94 2,47 3-phase

9 0 0 -

10 0 0 -

11 0 0 -

12 4,60 2,30 3-phase

12 1,80 0,90 c

bus P(kW) Q(kVAr) phase Pg(kWc) Qg(kVAr) phase

1 0 0 - 0 0 -

2 0 0 - 0 0 -

3 0 0 - 0 0 -

4 0,11 0,05 3-phase 0 0 -

5 2,56 1,28 3-phase 0 0 -

5 1,10 0,55 a 3 0,6 a

5 0,42 0,21 b 3 0,6 b

6 0,69 0,34 3-phase 3 0,6 c

7 0 0 - 0 0 -

8 0,99 0,49 3-phase 2,8 0,56 b

9 0 0 - 0 0 -

10 0 0 - 0 0 -

11 0 0 - 0 0 -

12 0,92 0,46 3-phase 3 0,6 a

12 0,36 0,18 c 0 0 -
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AII.5. ESR network (LV level) 

This unbalanced LV network data has been made available by the French DSO Electricité de 

Strasbourg (ESR), and is representing a real French LV network located in the North-eastern part of their 

operating area. The total length of the LV network is 5.88 km, and there are 323 connection points of LV 

end users. 

The nominal apparent power of the Dyn transformer is 630kVA, with a primary nominal voltage 

of 20kV and a secondary nominal voltage of 0.41kV. The short-circuit voltage is equal to 4% and the 

copper losses of the transformer are around 1320W. 

In order to be able to work in the per unit system, some reference values are set in the following 

equations. All per unit values are therefore corresponding to this reference system. 

 lQJW^ 	= 	630	hH� (AII.13) 

 íQJW^ 	 = 0.41	hH (AII.14) 

 

In the real case, the total subscribed power is equal to 1.690 MW, split between different LV end 

users with different consumption profiles, and there is only one DG of 6kWc. In order to increase the DG 

penetration rate, some DGs have been added in the simulation. The final total power of the DGs is 

516kWc. 

In order to correspond to the most realistic loading cases, the load and generation profiles are 

based on French profiles characteristics (data from the year 2011 [ENED-13], [RTE-13]) and depend on 

the subscribed powers of the LV end users. Thus, in the presented test cases, the winter scenario 

corresponds to the loading case of the day 2 of the week 4 at 7.30 p.m. The summer scenario 

corresponds to the loading case of the day 4 of the week 26 at 1.30 p.m. 
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Annex AIII. Complementary results of the local technical validation of flexibility offers 

Complementary results of the local 

technical validation of flexibility offers 

 

In part III.2, a decentralized methodology based on fuzzy logic model has been elaborated for the 

DSOs in order to enable the provision of flexibility offers. It allows them to validate the flexibility offers 

while ensuring that their potential participation will not affect the security and the operational reliability 

of the network in MV level. Complementary results of the technical validation process performed on a 

72¬nodes network are presented here. 

The considered cases are specific examples of DSO technical pre-validation of flexibility offers 

applied on a MV 72-nodes balanced electrical network. Corresponding networks characteristics are 

presented in Annex II - Test networks data.  The loading curves applied on the network are also 

presented in the Annex II - Test networks data.  

 

Before the markets gate closure, it is assumed that some flexibility offers are available at some 

nodes in the 72¬nodes network at 2 p.m. They have to be validated by the DSO before being transmitted 

up to the upper level for the market processes.  

The voltage value at the bus-bar is set at 1.03	DE and no OLTC at the primary substation is 

considered. The expected voltage profile without any flexibility activation in the 72-nodes network at 

2 p.m. is represented in Figure AIII-1. For illustrative reasons, the nodes of the 72-nodes network have 

been re-indexed. The correspondence matrix relating the initial nodes to the re-indexed ones is 

presented in Annex II - Test networks data. 
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Figure AIII-1 – Expected voltage profile in the 72-nodes network at 2 p.m. 

The set of available flexibility in the network is shown in Figure AIII-2 (a). In this set, consumption 

reductions are proposed via DR management but also production reductions are available via production 

dispatch down. As done in the core of the thesis, the fuzzy membership functions of the active powers at 

each node of the considered network are constructed and represented in Figure AIII-2 (b). Those at the 

flexible nodes are trapezoidal, illustrating the possible activation of the flexibility offer and the round 

values to the next 10 kW of the forecasts; whereas those corresponding to non-flexible nodes are 

triangular, characterizing only the second digit round values of the previsions. 

 

Figure AIII-2 –Available flexibility offers in the 72-nodes network at 2 p.m. and corresponding 

membership functions at each node of the network 

 

Flexible 

reindexed 

node

∆P dispatch 

down (kW)

∆P demand 

response (kW)

6 0 25

11 0 2

18 0 5

30 0 20

32 0 25

39 0 10

43 70 0

45 0 20

58 0 5

63 80 0

67 0 20

13 0 5
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Three simulations are performed for different α-cuts. In the first one, � = 1,	meaning that the 

errors on the forecasts are not taken into account, and thus, the power values are not rounded to the 

nearest 10 kW. The resulting fuzzy voltage profiles are shown in Figure AIII-3. 

 

Figure AIII-3 – Fuzzy voltage profiles in the 72-nodes network (α=1) 

In this case, when the errors on the forecasts are not taken into account, the voltage profiles of 

the two cuts are respecting all voltage constraints. Thanks to this method based on fuzzy arithmetic, the 

substation DSO agent can conclude on this specific case that any combination of the available flexibility 

offers activation will lead to a given voltage profile included within these two cuts. Therefore, all the 

available flexibility offers can be validated and transmitted up to the upper level of the grid. 

 In a second simulation, some errors on the forecasts are taken into account and the values of the 

expected powers are rounded to the next 10 kW (� = 0). The fuzzy voltage profiles for the two different 

cuts are represented in Figure AIII-4. 
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Figure AIII-4 – Fuzzy voltage profiles in the 72-nodes network (α=0) 

In this case, the uncertainties on the forecasts enlarge the range between the two extreme 

voltage limits. If all the flexibility offers are validated, there is a risk of over-voltages occurrences. 

Therefore, the DSO substation agent cannot validate all the available flexibility offers without taking a 

given risk of network operation constraints. 
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Annex AIV. Complementary results of the LV4MV process 

Complementary results of the 

LV4MV process 

 

The objective of the LV4MV algorithm presented in part III.3 is to determine the MV admissible 

voltage range interval for a given LV network in a particular loading condition. This interval is depending 

on the limiting LV network constraints, which are LV voltage deviations constraints and LV voltage 

imbalances. 

The LV4MV process has been applied for the real data of the LV ESR network, which are 

presented in Annex II – Test networks data. Even in the extreme loading cases, the LV ESR network is still 

over-sized. Indeed, there are few voltage deviations along the feeders, which permit to get directly large 

MV admissible voltage ranges. 

NB: For illustrative concerns, the figures represent the voltage values at each node of the network, and 

not the voltage profiles along the real connections. 

Winter loading case 

Figure AIV-1 represents the phases-to-neutral voltage values in the LV ESR network in the winter 

loading case. 

 

Figure AIV-1 – Voltage values in the LV ESR network – winter loading condition 
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After performing the LV4MV process, the new computed effective MV admissible voltage ranges 

are presented in the table below (Figure AIV-2). 

 

Figure AIV-2 – Results of the LV4MV algorithm performed on the ESR network in the winter 

loading case 

In this case, the maximum admissible voltage value in MV level is enlarged up to 9% of the 

nominal voltage instead of the 5% of nominal voltage that is currently adopted in distribution network 

operational planning. The minimum admissible voltage value is enlarged at more than 7% of the nominal 

voltage instead of the currently adopted 5% value. For this loading case of the LV network, the voltage at 

the primary side of the MV/LV transformer can vary within the new determined range without creating 

any LV network constraints. If the voltage value in MV level is exceeding these limits, some LV network 

constraints deviations will occur.  

Figure AIV-3 represents the phases-to-neutral voltage profiles in the network, for the two 

extreme limits of the admissible voltage value at the secondary side of the MV/LV transformer. 

 

Figure AIV-3 – Voltage profiles of the LV ESR network with the winter loading case and  

determination of the new MV admissible voltage range 

 

Winter case Admissible voltage ranges

At the primary side of the MV/LV transformer  
(before LV4MV)

[0.95; 1.05] p.u.

At the secondary side of the MV/LV transformer
(after LV4MV)

[0.924; 1.090] p.u.

At the primary side of the MV/LV transformer 
(after LV4MV)

[0.924; 1.090] p.u.
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Summer loading case 

The phases-to-neutral voltage values in the LV ESR network in the summer loading case is 

presented in Figure AIV-4. 

 

Figure AIV-4 – Voltage values in the LV ESR network – summer loading condition 

In the summer loading case, the new defined MV admissible voltage range is enlarged up to 

[0.909; 1.095] p.u. representing an admissible voltage variation in MV level of Un [-9%; +9%], as depicted 

in the table below (Figure AIV-5). 

 

Figure AIV-5 – Results of the LV4MV algorithm performed on the ESR network in the summer 

loading case 

The phases-to-neutral voltage profiles in the network for the two extreme limits of the 

admissible voltage value at the secondary side of the MV/LV transformer are shown in Figure AIV-6. 

Summer case Admissible voltage ranges

At the primary side of the MV/LV transformer 
(before LV4MV)

[0.95; 1.05] p.u.

At the secondary side of the MV/LV transformer
(after LV4MV)

[0.909; 1.095] p.u.

At the primary side of the MV/LV transformer 
(after LV4MV)

[0.909; 1.095] p.u.
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Figure AIV-6 – Voltage profiles of the LV ESR network with the summer loading case and  

determination of the new MV admissible voltage range 

Given the already extremely large MV admissible voltage range, and the relatively flat voltage 

profiles for the two loading conditions, the enlargement of the MV admissible voltage range thanks to LV 

flexibility offers activation is not really useful and accurate in this case. 

However, this particular study permits to determine the real physical limits of the network and 

to give more degree of freedom to the DSO, who gets a more accurate vision on its LV network for MV 

level operation for example.  
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Annex AV.  Example of the LV4MV process for MV DSO risk management 

Example of the LV4MV process for 

MV DSO risk management 

 

In part III.4.2 of the thesis, an illustration of the application of the LV4MV algorithm presented in 

part III.3 is proposed in a MV DSO risk management scenario. In the 72-nodes network, it is assumed that 

two specific LV networks are connected to nodes 49 and 50, and that their respective secondary 

substations are equipped with advanced RTUs, where the LV4MV is performed. 

As a reminder, the LV4MV algorithm permits to have an aggregated MV vision of a downstream 

LV network and its inherent flexibility opportunities. It allows the DSO to treat each LV network as a 

flexible aggregated MV node, with a given specific flexible power, and with specific admissible voltage 

limits reflecting the downstream LV network constraints. 

The considered LV networks connected to nodes 49 and 50 are presented hereafter. Because of 

a lack of available LV data, the same network is considered in the two cases, for the two different loading 

cases. 

AV.1. Description of the considered LV network 

An 8-nodes network has been considered for these cases. It represents a real small French LV 

network. It is composed of only overhead lines and its total length is 630 m, with a longest feeder of 

435m. It is sized in order to supply a total load of 83.6 kW. A single-line representation of the network is 

depicted in Figure AV-1. 

 

Figure AV-1 – Single line representation of the 8-nodes network 
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The nominal apparent power of the Dyn transformer is 100 kVA, with a primary nominal voltage 

of 20kV and a secondary nominal voltage of 0.41kV. The short-circuit voltage is equal to 4% and the 

copper losses of the transformer are around 1320W. 

The complex impedances of the lines are presented in the table below (Figure AV-2). The 

consumed powers of the connected LV end users in the two loading cases are presented in Figure AV-3.  

 

Figure AV-2 – 8-nodes LV network lines characteristics 

 

Figure AV-3 – 8-nodes LV network loading characteristics 

bus init bus final Ra (Ω) Rb (Ω) Rc (Ω) Rn (Ω) Xa (Ω) Xb (Ω) Xc (Ω) Xn (Ω) Imax (A)

1 2 0,126 0,015 0,015 0,015 0,237 0,150 0,150 0,150 134,41

1 2 0,015 0,126 0,015 0,015 0,150 0,237 0,150 0,150 134,41

1 2 0,015 0,015 0,126 0,015 0,150 0,150 0,237 0,150 134,41

1 2 0,015 0,015 0,015 0,156 0,150 0,150 0,150 0,240 134,41

2 3 0,057 0,005 0,005 0,005 0,088 0,055 0,055 0,055 106,41

2 3 0,005 0,057 0,005 0,005 0,055 0,088 0,055 0,055 106,41

2 3 0,005 0,005 0,057 0,005 0,055 0,055 0,088 0,055 106,41

2 3 0,005 0,005 0,005 0,057 0,055 0,055 0,055 0,088 106,41

2 4 0,035 0,003 0,003 0,003 0,054 0,034 0,034 0,034 106,41

2 4 0,003 0,035 0,003 0,003 0,034 0,054 0,034 0,034 106,41

2 4 0,003 0,003 0,035 0,003 0,034 0,034 0,054 0,034 106,41

2 4 0,003 0,003 0,003 0,035 0,034 0,034 0,034 0,054 106,41

4 5 0,012 0,001 0,001 0,001 0,018 0,012 0,012 0,012 106,41

4 5 0,001 0,012 0,001 0,001 0,012 0,018 0,012 0,012 106,41

4 5 0,001 0,001 0,012 0,001 0,012 0,012 0,018 0,012 106,41

4 5 0,001 0,001 0,001 0,012 0,012 0,012 0,012 0,018 106,41

5 6 0,046 0,002 0,002 0,002 0,029 0,018 0,018 0,018 39,20

5 6 0,002 0,046 0,002 0,002 0,018 0,029 0,018 0,018 39,20

5 6 0,002 0,002 0,046 0,002 0,018 0,018 0,029 0,018 39,20

5 6 0,002 0,002 0,002 0,046 0,018 0,018 0,018 0,029 39,20

5 7 0,038 0,001 0,001 0,001 0,024 0,015 0,015 0,015 39,20

5 7 0,001 0,038 0,001 0,001 0,015 0,024 0,015 0,015 39,20

5 7 0,001 0,001 0,038 0,001 0,015 0,015 0,024 0,015 39,20

5 7 0,001 0,001 0,001 0,038 0,015 0,015 0,015 0,024 39,20

4 8 0,058 0,003 0,003 0,003 0,055 0,034 0,034 0,034 61,60

4 8 0,003 0,058 0,003 0,003 0,034 0,055 0,034 0,034 61,60

4 8 0,003 0,003 0,058 0,003 0,034 0,034 0,055 0,034 61,60

4 8 0,003 0,003 0,003 0,058 0,034 0,034 0,034 0,055 61,60

83,6 kW

bus P(kW) Q(kVAr) phase

1 0 0 -

2 0 0 -

3 35 14 3-phase

4 0 0 -

5 18 7,2 3-phase

6 11 1,1 c

7 10,2 1,02 b

8 9,4 1,88 a

90,6 kW

bus P(kW) Q(kVAr) phase

1 0 0 -

2 0 0 -

3 40 16 3-phase

4 0 0 -

5 18 7,2 3-phase

6 11 1,1 c

7 10,2 1,02 b

8 11,4 2,28 a
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AV.2. LV4MV process on the considered LV 

network for the two loading cases 

The LV4MV process is applied for this LV network for the two loading cases, in order to get the 

new MV admissible voltage ranges associated with these networks, presented in the table below (Figure 

AV-4).  

 

Figure AV-4 – LV4MV results for the two loading cases on the 8-nodes network 

In these cases, the maximum admissible voltage value in MV level is enlarged up to 10% of the 

nominal voltage instead of the 5% of nominal voltage that is currently adopted in distribution network 

operational planning. The minimum admissible voltage value is also a little enlarged in the two cases 

compared to the currently adopted 5% value. This permits the enlargement of the MV admissible voltage 

ranges at nodes 49 and 50 of the MV 72-nodes network. 

Figure AV-5 represents the phases-to-neutral voltage profiles in the network in the two different 

loading cases, for the two extreme limits of the admissible voltage value at the secondary side of the 

MV/LV transformer. 

 

Figure AV-5 – Voltage profiles of the 8-nodes LV network and determination of the new MV 

admissible voltage ranges 

Admissible voltage ranges 

(case 83,6 kW)

Admissible voltage ranges 

(case 90,6 kW)

At the primary side of the MV/LV 
transformer (before LV4MV)

[0.95; 1.05] p.u. [0.95; 1.05] p.u.

At the secondary side of the 
MV/LV transformer (after LV4MV)

[0.941; 1.10] p.u. [0.946; 1.10] p.u.

At the primary side of the MV/LV 
transformer (after LV4MV)

[0.941; 1.10] p.u. [0.946; 1.10] p.u.
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Annex AVI. Complementary results of the heuristic based provision process for DSO risk management 

Complementary results of the 

heuristic based provision process for 

DSO risk management 

This annex presents some complementary test cases and results of the tools proposed for the 

provision of flexibility offers for DSO constraints management at a minimum cost, presented in part 

III.4.2. 

As a reminder, the three following scenarios of contingency are studied in the test cases: 

1. Disconnection of a part of the network for maintenance work, removing suddenly a part of the 

connected loads of a feeder: in this case, the disconnected part of the network is recovered by another 

part of the network, connected in another primary substation. It is assumed that this operation can 

cause over-voltages in the network, due to a non-expected decrease of loading while DGs are still 

producing in the remaining connected feeder. 

2. Sudden changes in weather conditions, decreasing suddenly the overall decentralized 

production: it is assumed here, that the sudden decrease of the overall decentralized production is 

causing under-voltages deviations in the network. 

3. Service restoration of a feeder by its reconnection through a back-up transformer: it is 

assumed that the service restoration of the secured feeder leads to a sharp increase of the load in the 

securing considered network. This could imply current overloads in some lines or under-voltages in some 

parts of the network. 

 

In order to illustrate the heuristic algorithm based on the efficiency of the flexibility offers on 

more test cases, these scenarios have been simulated in the 33-nodes network, presented in 

Annex II ¬ Test networks data. However, because of the topology and of the restricted size of this 

network, the first scenario is not investigated. Indeed, the disconnection of any part of the considered 

network is not leading to over-voltages deviations. 

• Risk management on the 33-nodes network (test case 2) 

The second test case is simulated on the 33-nodes network, with the applied load and generation 

profiles which are corresponding to the hour 4 p.m. For illustrative concerns, the voltage value at the 

bus-bar is set at 1.01	DE and the OLTC position is considered as fixed. 

Locally, the substation DSO agent is building its primary substation federation, including all the 

possible means of regulation for this particular configuration. The expected voltage profile with the 

forecasted weather conditions is respecting all the network admissible voltage characteristics (Figure 
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AVI-1 (a)). However, if sudden changes in weather conditions are happening, i.e. if the weather becomes 

suddenly cloudy, the DGs (which are only PV production in this network) are not producing anymore. 

Some under-voltages deviations are appearing (see Figure AVI-1 (b)). In this case, all flowing currents 

constraints remains respected. 

 

Figure AVI-1 – Voltage profiles on the 33-nodes network (4 p.m.) 

The DSO needs to plan a possible solution in order to face this risk of voltage deviations. Thus, 

the substation DSO agent has to check if enough remaining available flexibility offers that have not been 

selected during the market process are available. All the remaining available flexibility offers are 

assumed to be the DR flexibility offers presented in the Figure AVI-2(b) and are assumed to be 100% 

reliable. 

 
Figure AVI-2 – Description of the available remaining flexibility offers  

– Sensitivity threshold set at 1% 

(a) Status of available remaining flexibility offers

 (with respect to all voltage constraints)

Flexible 

node

∆P demand 

response (kW)

Activation price (€/1h)

€ €/MWh

4 31 1,24 40

5 16 2,11 130

6 14 0,55 38

7 55 11,04 200

15 16 0,79 50

16 13 1,20 95

17 14 0,65 45

18 21 3,37 160

30 54 6,48 120

31 36 2,52 70

Solution found by both heuristic methods

Optimal solution

(b) Available remaining flexibility offers selected (in grey)

 to solve the potential constrained network situation
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Given all the available flexibility offers in the 33-nodes network in this case, it is possible to 

compute their respective voltage sensitivity with respect to the potentially occurring constraints. The 

flexibility offers that have a non-negligible positive effect on the constraint are considered. All flexibility 

offers which have a negative impact are not considered. The final status of the available flexibility offers 

are presented in Figure AVI-2(a). After performing the heuristic method based on the efficiency of the 

flexibility offers, the offers that should be activated to solve the potential occurring deviations are those 

colored in grey in Figure AVI-2(b). 

At the end, if the retained remaining available flexibility offers are activated by the DSO, voltage 

constraints that can appear in the network in case of sudden changes in the weather conditions will be 

solved, as shown in Figure AVI-3(b).  

 
Figure AVI-3 – Voltage profiles before and after the activation of the selected flexibility offers 

in case of sudden changes in the weather conditions (test case 2) 

 

• Risk management on the 33-nodes network (test case 3)  

The third test case of the presented contingency plan is now simulated on the same 33-nodes 

network in the loading case corresponding to the period at 8 p.m, with a total active power consumption 

of around 2.72 MW. The voltage value at the bus-bar is fixed at 1.015	DE. 

Locally, the substation DSO agent is building its primary substation federation, including all the 

possible means of regulation for this particular configuration. In this expected loading case, the network 

is in a normal state and is respecting all its regulatory and physical constraints (Figure AVI-4). 

(a) Voltage profile in case of sudden changes in the weather conditions 

(no local production anymore) (4p.m)

(b) Voltage profile in case of sudden changes in the weather conditions  

after the activation of the retained flexibility offers (4p.m)
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Figure AVI-4 – Expected voltage profile and flowing currents in the 33- nodes network at 8 p.m. 

In case of a fault occurring in the next primary substation federation, it is assumed that the 

service restoration of an adjacent feeder could be done through the reconnection of it on the back-up 

transformer of the 33- nodes network.  

The DSO has to be prepared to this alternative and has to check if the network constraints will 

remain respected. The addition of the secured feeder in the 33- nodes network implies the addition of an 

aggregated load at node 2. In this case, it is assumed that the secured feeder has 1 MW of consumed 

active power which is added at node 2, and that the power factor remains constant at 0.6 at node 2. In 

this case of possible service restoration, a line overload is appearing in line 1 and some under-voltage 

deviations are occurring at nodes 17 and 18, as shown in Figure AVI-5. 

 

Figure AVI-5 – Potential voltage profile and flowing currents in the 33- nodes network at 8 p.m. 

taking into account the reconnection of a 1MW feeder at node 2 

In this specific test case, it is assumed that some remaining flexibility offers which have not been 

selected during the market processes are available. These flexibility offers are listed in Figure AVI-6(c). 



Annexes 

239 / 259 

The developed provision mechanism permits to make a first sorting of the flexibility offers that can help 

the management of the risk. In this example, two flexible offers are coming from two DGs which are 

proposing a production dispatch down. The other flexible offers are representing possible decreases of 

consumption. 

In Figure AVI-6(a) and (b), the statuses of the remaining available flexibility offers are 

represented with respect to the network constraints. Concerning voltage constraints, only the flexibility 

offers that are located in sensitive nodes with respect to the constraints (higher than the 1% threshold) 

are validated. The others are considered as neutral.  

Concerning overloads, as all the flexibility offers are located downstream the congestion, each of 

them is either validated (in case of it helps the congestion) or non-validated (in case of it aggravates the 

congestion). As it is illustrated, there are no contentious flexibility offers in this case. 

 

Figure AVI-6– Statuses of the available flexibility offers with respect to network constraints  

and list of remaining available flexibility offers in this scenario 

Finally, after running the efficiency-based heuristic method, the selected flexibility offers that 

permits to solve the given network constraints in a minimal cost in case of the reconnection of a 1MW 

feeder at node 2 are colored in grey in Figure AVI-6(c). 

After the activation of these selected flexibility offers, the network is brought back into a normal 

state and is respecting all its regulatory and physical constraints, as represented in Figure AVI-7. 

Flexible 

node

∆P dispatch 

down (kW)

∆P demand 

response (kW)

Activation price (€/1h)

€ €/MWh

3 0 19 0,87 45

5 0 12 1,62 130

6 0 11 0,43 38

7 0 46 9,26 200

10 0 16 1,20 75

13 0 13 0,39 30

14 0 24 2,08 85

15 0 11 0,56 50

19 0 29 2,01 69

22 15 0 2,37 160

24 0 96 8,61 90

27 0 18 0,89 50

28 0 16 0,73 45

30 0 37 4,49 120

33 12 0 1,80 150

Solution found by both heuristic methods

Optimal solution
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Figure AVI-7 – Final voltage profile and flowing currents after the activation of the selected 

flexibility offers 

These two test cases have been also solved respectively with the genetic algorithm and the 

branch-and-cut algorithm presented in the thesis, and the results are depicted in part III.4.2.  
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Annex AVII. Optimization methods details 

Optimization methods details 

 

Throughout the whole PhD thesis, different optimization problems are presented, and several 

methods are used to solve them in order to compare their results and performances. This annex 

presents the metaheuristic method used in chapter III, based on a genetic algorithm, and the exact 

method used in chapters III and IV, based on a branch-and-cut algorithm. 

AVII.1. Meta-heuristic method: focus on the 

genetic algorithm 

Metaheuristic methods can be used to solve combinatorial problems in a reasonable time. They 

are basically based on randomness and cannot ensure to find the global optimal solution unless if the 

resolution time is infinite [DREO-06]. However, metaheuristic methods can find good solutions in a 

reasonable time, without needing large computational requirements. In chapter III, a genetic algorithm 

has been used to find a solution to the optimization problem for cost minimization of DSO risk 

management. The dedicated algorithm is dealing with both discrete and binary variables, representing 

the flexibility resources, namely the OLTC and the capacitor bank positions and the flexibility offers 

activation status. 

Genetic algorithms have been firstly introduced by Holland [HOLL-75]. Genetic algorithms belong 

to the larger class of evolutionary algorithms that generates solutions using techniques inspired by 

natural evolution, such as inheritance, mutation, selection, and crossover. The basic idea is that the most 

efficient individuals of a given population have a higher probability to give their genetic information to 

the next generation. This is based on the principles of Darwin’s theory. 

Mathematically, the algorithm process can be described as follow. The following illustration is 

showing a case with 6 decision variables. In this case, the OLTC position and the capacitor bank position 

are encoded as two integer variables, which can vary between some fixed integer bounds. Therefore, it is 

assumed that there are 4 remaining available flexibility offers, encoded by 4 binary variables. In a first 

step, an initial population of a given number of individuals is randomly encoded, as presented in Figure 

AVII-1. 

An individual is a possible configuration of the decision variables, which are also called the genes. 

Each individual is characterized by its efficiency with regards to the objective function, also called its 

fitness. This is corresponding to the objective function computed with these particular values of the 

decision variables. 
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Figure AVII-1 – Example of an initial population of 3 individuals composed of 6 genes 

It is therefore possible to find the best individual of the initial population, which corresponds to 

the one with the best fitness value. Then, while the total number of evaluations is below a given 

threshold, new populations are generated and all the individuals are evaluated. The generation process 

is succinctly described hereafter. More information about this algorithm can be found in [MITC-98]. 

If the best individual of a new population has a better fitness value than the best individual 

found since the beginning of the algorithm, then it becomes the best one. In order to generate the new 

populations, some evolutionary basic rules are followed which are the selection, the cross-over and the 

mutation of the individuals. 

The selection of the individuals 

It is important to define a criterion to select the individuals which will become the parents of the 

next ones. The idea here is to classify the individuals based on their respective efficiency and to select 

some of the best ones, as described in Darwin’s theory. Three different methods are commonly used to 

select the parents. It is possible to affect a proportion coefficient to use each of the three methods. The 

most basic one is based on elitism, where two parents are randomly chosen among a given number of 

the best individuals of the population.  

Another method is based on the tournament between two randomly chosen individuals. The one 

that has the best fitness is chosen and will be one parent of the next generation. The operation is 

repeated two times in order to get the two parents.  

The third common method is the roulette wheel selection method. The total fitness of the 

population is represented by an entire wheel. A proportion of the wheel is assigned to each individual 

depending on their fitness value. This could be achieved, for example, by dividing the fitness of an 

individual by the total fitness of all the population, thereby normalizing them to 1. A scheme of this kind 

of roulette wheel is represented in Figure AVII-2. A random selection is made similar to how the roulette 
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wheel is rotated. While candidate solutions with a higher fitness will be less likely to be eliminated, there 

is still a chance that they may be. 

 

Figure AVII-2 – Roulette wheel representation 

The cross-over of the individuals 

Once the two parents are selected, they are crossed in order to generate children. Several types 

of cross-over methods are also possible. The “one-point” or the “two-point” cross-overs are very 

common techniques. Concerning the “one-point” cross-over, the variables on both parents' organism are 

selected at the two side of one random point. All data beyond that point is swapped between the two 

parent organisms. The resulting organisms are the children. For an illustrative explanation, see Figure 

AVII-3(a). The “two-point” cross-over is based on the same logic. Two points are selected on the parent 

organism strings. Everything between the two points is swapped between the parent organisms, 

rendering two child organisms, as illustrated in Figure AVII-3(b). 

 

Figure AVII-3 – “One-point” and “Two-point” cross-overs illustration 

Another used method is the uniform cross-over. It uses a fixed chosen mixing ratio between the 

two parents. For example, if the mixing ratio is 0.5, the child will have approximately half of the genes 

from its first parent and the other half from its second parent. 

The mutation of the individuals 

The mutation is a process that permits to change the value of a randomly chosen gene, with a 

given probability of change. Concerning binary variables, this corresponds to the change from 0 to 1 or 

inversely. Concerning integer variable, this corresponds to the substitution of the variable by another 

random integer value in the given admissible interval. It is used to maintain genetic diversity from one 
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generation of a population to the next one. This permits to change suddenly some parts of the 

population and to explore new directions in the entire the search space, avoiding some local optimum. In 

the algorithm, if a large proportion of the individuals of a population has the same genes or has a lot of 

similarity, the mutation is preferred for at least one of these individuals. 

Constraints representation via penalization 

Genetic algorithms are only using the fitness value to select the individuals and to find the best 

ones. The optimization constraints have to be included in this quantity and this, by penalizing the fitness 

in case of constraint violations. Penalization can be done either by adding a constant value to the 

evaluation of the individual, or by adding a penalization variable that is depending on the violation’s size 

of the constraint. 

Determination of the shutoff parameter of the algorithm 

The metaheuristic method has a fixed number of objective function evaluations which 

correspond to the maximum number of iterations times the size of the population. This has a direct link 

with the execution time of the algorithm. The number of iteration can be chosen after several 

observations of the convergence decay curves in different cases. These curves permit to give an idea of 

the minimum number of iterations to find a good solution, and of the limit where the algorithm starts to 

converge to the same solution. 

The choices of the number of function evaluations of the genetic algorithm for the different test 

cases of DSO risk management are justified hereafter. In Figure AVII-4, ten convergence decay curves are 

shown, corresponding to ten different runs of the genetic algorithm for each test case performed in the 

72-nodes network. 

 

Figure AVII-4 – Convergence decay curves obtained after performing the genetic algorithm in 

the 72-nodes network 

Based on these curves, it is possible to determine approximatively a compromise between the 

number of function evaluations to perform and the convergence of the genetic algorithm. Hence, 200, 



Annexes 

245 / 259 

600 and 1000 are respectively the maximum numbers of function evaluations which have been chosen 

for the three different scenarios. 

The same procedure has been done for the test cases of the 33-nodes network. The ten 

convergence decay curves are shown in Figure AVII-5, corresponding to ten different runs of the genetic 

algorithm for the two test cases. 

 

Figure AVII-5 – Convergence decay curves obtained after performing the genetic algorithm in 

the 33-nodes network 

Here, the maximum numbers of function evaluations which have been chosen for the two 

different test cases are respectively 200 and 1000.  

 

AVII.2. Exact method: focus on the Branch-and-

cut algorithm 

Exact algorithms can also be used to solve combinatorial problems, as cutting-plane methods, or 

branch-and-bound methods. 

The branch-and-bound method [LAND-60] is an iterative algorithm that uses a smart 

enumeration method. This method consists in eliminating partial solutions that are not leading to the 

optimum solution. It is often possible to find the global optimum in a quite reasonable time, and in the 

worst case, the exhaustive enumeration of the solutions of the problem is done. This method includes a 

function that bounds specific solutions either to exclude them, or to keep them as potential solutions. 

The branch-and-bound method guarantees the convergence to the global optimal solution but can be 

extremely time consuming and require lots of computations.  

The cutting-plane method has been developed by Gomory in 1958 [GOMO¬58]. This method 

aims to cut some parts of the solutions’ space until finding the solution. The principal idea is to add one 

by one some linear constraints (called cuts) that are not excluding admissible integer points, until that 
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the optimal solution of the relaxation is entire. This algorithm converges generally in a little number of 

iterations but is not always guaranteeing the convergence to the global optimal. 

Therefore, the method introduced in this work is the branch-and-cut method, which is a mix of 

these two methods. The algorithm works with the progressive introduction of cuts to eliminate 

unrealistic solutions in the solution space. The branch-and-cut method is faster than the branch-and-

bound method, and guarantees the convergence to the global optimal in the case of combinatorial 

problems [MITC-02] and of mixed integer second order cone programming (MISOCP) problems [JABR-

12]. The branch-and-cut algorithm is largely used in a wide variety of engineering and design 

combinatorial problems and is implemented on solvers as on CPLEX [IBM-16] for example.  

The general formulation of the Branch-and-cut method is defined in details in [DREW-09]. The 

branch-and-cut algorithm is based on a decision tree, as depicted in Figure AVII-6. It consists in an 

iterative process as for the branch-and-bound algorithm, in which some cuts are introduced in order to 

eliminate some sets of non-realizable solutions and so, some parts of the searching space (colored in red 

in the Figure AVII-6).  

 

Figure AVII-6 – Example of a branch-and-cut decision tree 

Given a problem Π, the algorithm starts by solving the continuous relaxation Π which 

corresponds to Π with relaxed constraints on the integer decision variables. If the found solution � is 

discrete and realizable, then it is the global optimal solution of the problem Π. Otherwise, a smart 

enumeration is started with the creation of two sub-problems where the two constraints �	 ≤ ÷�̅ù	and �	 ≥ ú�̅û are added respectively. ÷�̅ù	and ú�̅û are representing respectively the next higher integer of �, 

and the integer part of �. Each node of this decision tree is corresponding to a sub-problem. A parent 

node is a node which permits to create at least one sub-problem. 

Each node of the decision tree with a non-discrete solution is a lower bound of all the discrete 

solutions of the sub-tree at this node. Similarly, each discrete solution found during this process which is 
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realizable is an upper bound of the initial problem. Every new sub-problem is created with new 

constraints. Its objective value is always larger or equal to the objective value of its parent node. 

Hence, the followed rules are the major rules that are applied during the iterative process. 

Without these rules, the algorithm could enumerate all the possible solutions following an exhaustive 

approach. 

• If the solution found at a node is discrete and realizable, then all the sub-problems that are 

coming from this node could not find a best discrete solution. Therefore, the exploration is 

stopped in this direction. If an optimal solution is found for a sub-problem, it is realizable but not 

necessarily optimal for the entire initial problem.  

• If the objective value of a node is larger than the upper bound of the general problem Π, then it 

is not needed to continue to search on this direction. 

• If the sub-problem of a node is not feasible, then all the sub-problems that are coming from this 

node will be also not feasible. It is not necessary to search on this direction. 

 

The cuts are some constraints that are added if needed at each node of the decision tree, in 

order to limit the search space. They are determining the directions of the searching path during the 

iterative process. They are more based on the intuition and the logic of the problem definition. The 

branch-and-cut search is carried on until that all the nodes are explored or eliminated.  
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Annex AVIII. Sensitivity threshold impact in the developed heuristic methods 

Sensitivity threshold impact in the 

developed heuristic methods 

 

As seen in the different test cases in part III.4.2, the heuristic method based on efficiency is 

generally leading to a better solution than the heuristic based on cost. However, it does not always 

converge to the global optimal. This is due to the gluttonous characteristic of the method, which is highly 

depending on the chosen sensitivity threshold for the selection of the effective flexibility offers. The 

method is selecting the sensitive flexibility offers one after the other and is not going back on its 

selection. This has a direct impact on the objective value which can differ from the optimal one. 

Indeed, for both developed heuristic methods, a threshold is set in order to select only the 

flexibility offers that are impacting the voltage profile at the constrained nodes with more than a given 

percent of the maximum voltage sensitivity coefficient. In the different test cases, the sensitivity 

threshold is set at 1%. This annex defines this parameter and illustrates the sensitivity threshold impact 

in the developed heuristic methods, in two different test cases. 

The two considered test cases for this study are the test cases 2, respectively in the 72-nodes 

and in the 33-nodes networks. This choice is justified because there is no impact of the sensitivity 

threshold in the other proposed test cases: in the test case 1 in the 72-nodes network, only two flexibility 

offers are likely to solve the potential occurring constraints, and the more sensitive is self-sufficient to 

solve them. Hence, any value of sensitivity threshold will lead to the same result. The same reasoning 

can be applied on test cases 3 in the two different networks, as only unitary current sensitivity 

coefficients are decisive in these cases. 

• Risk management on the 72-nodes network (test case 2) 

In order to get a vision on the effect of potential available flexibility offers on the potential 

occurring network constraints, the substation DSO agent is generating a voltage sensitivity matrix 

corresponding to the constrained case. Based on this, it is possible to determine which flexibility offers 

can be investigated and which ones are not sensitive with respect to the occurring constraints. 

For example, considering the test case 2 in the 72-nodes network, the voltage sensitivity profile 

in the constrained case is presented in Figure AVIII-1. The sensitivity coefficients have been computed in 

percent with respect to the maximum one. 
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Figure AVIII-1 – Voltage sensitivity profile for the constrained test case 2  

in the 72-nodes network 

Thanks to this figure, it is possible to assess the impact of active power injection at different 

locations of the network on the voltage magnitude of a particular node, in this particular loading case. 

Hence, it is possible to evaluate which flexibility offers will have an impact on the occurring constraints. 

For both developed heuristic methods, a threshold is set in order to select only the flexibility 

offers that are impacting the voltage profile at the constrained nodes with more than a given percent of 

the maximum voltage sensitivity coefficient. The threshold is thus a gluttonous parameter of the 

heuristic algorithm, and can be seen as a cutting plane, selecting only the flexibility offers that have a 

higher voltage sensitivity coefficient value with respect to at least one constraint deviation. 

Different thresholds have been tested in this test case and the results are described hereafter. 

Depending on the chosen sensitivity threshold, the statuses of the available flexibility offers are 

changing, as illustrated in Figure AVIII-2. 

 

Figure AVIII-2 – Impact of the sensitivity threshold on the statuses of the flexibility offers  

(72-nodes network, test case 2) 

(a) Status of the flexibility offers 

- Sensitivity threshold = 0%

(b) Status of the flexibility offers 

- Sensitivity threshold = {1% ; 15%}

(c) Status of the flexibility offers 

- Sensitivity threshold > 15%



Annexes 

251 / 259 

The higher is the sensitivity threshold, the less flexibility offers are validated for the algorithm 

process. On the one hand, when the sensitivity threshold is set at 0%, all the flexibility offers that are 

susceptible to help the voltage deviations are validated and considered. Thus, the method is following 

only a merit order list based on the costs or on the efficiencies of the offers, without considering the 

impact of the flexibility on the constraints. On the other hand, when the sensitivity threshold is too high, 

not enough flexibility offers might be considered. The algorithm might therefore not find a solution to 

solve the potential occurring voltage deviations.  

Even if the solution is highly depending on this threshold, the adjustment of this parameter is 

quite arbitrarily. It has to be chosen in order not to validate and consider all the non-sensitive flexibility 

offers, but while keeping in mind that the algorithm has to consider enough flexibility offers to solve the 

potential voltage deviations.  

Concerning this test case, the evolution of the final objective value with respect to this threshold 

is shown in Figure AVIII-3. In this case, both heuristic methods are not finding an acceptable solution if 

the threshold is higher than 15%. If the threshold is equal to 0%, the cost-based heuristic method is 

leading to a high objective value, considering all the flexibility offers and following only a merit order list 

based on the costs. 

 

Figure AVIII-3 – Evolution of the final objective value with respect to the sensitivity threshold  

(72-nodes network, test case 2) 

In this case, the different steps of the choices of activations for a sensitivity threshold between 

1% and 15% are depicted in the table below (Figure AVIII-4). Thanks to this focus, it is possible to 

understand the resulting difference between the final objective values found with both methods. In the 

cost-based method, the flexibility offers at nodes 34 and 53 are activated because of their low prices but 

are not efficient enough to help the solving of the potential occurring constraints. 
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Figure AVIII-4 – Focus of the different steps of the two heuristic based methods (72-nodes 

network, test case 2) 

• Risk management on the 33-nodes network (test case 2) 

The same study is done in the second test case applied on the 33-nodes network. The voltage 

sensitivity profile in the constrained case is depicted in Figure AVIII-5. Here also, the sensitivity 

coefficients have been computed in percent with respect to the maximum one. As said previously, 

thanks to this knowledge, it is possible to assess the impact of active power injection at different 

locations of the network on the voltage magnitude of a particular node. Therefore, it is possible to 

consider only the flexibility offers that have a non-negligible effect on the potential occurring voltage 

constraints. 

 

Figure AVIII-5 – Voltage sensitivity profile for the constrained test case 2  

in the 33-nodes network 

 

Threshold 1% - 15%

Iteration

Cost based Efficiency based

Node of 

activated 

offer

Node of 

voltage 

deviations 

solved

Node of 

activated 

offer

Node of 

voltage 

deviations 

solved

1 44 none 44 none

2 39 none 39 none

3 47 49 48 49

4 34 none 47 50

5 48 50 61 none

6 61 none 64 none

7 53 none 66 65, 66, 67

8 64 none Problem solved

9 66 65, 66, 67

Problem solved
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Here again, different thresholds have been tested in this test case and the results are described 

hereafter. Depending on the chosen sensitivity threshold, the statuses of the available flexibility offers 

are not the same, as illustrated in Figure AVIII-6. 

 

Figure AVIII-6 – Impact of the sensitivity threshold on the statuses of the flexibility offers  

(33-nodes network, test case 2) 

In this case, of the sensitivity threshold is lower than 5%, all the flexibility offers are considered 

for the algorithm process. While increasing the threshold, less and less flexibility offers are considered. 

With the sensitivity threshold set at 20%, three of the ten remaining available flexibility offers are 

considered as neutral, meaning that they do not have an enough important impact on the voltage 

constraints. 

In Figure AVIII-7, the evolution of the final objective values is presented for the two heuristic 

methods with respect to the different sensitivity thresholds. In this particular test case, it can be 

observed that if the sensitivity threshold is higher than 20% of the maximum voltage sensitivity 

coefficient, there are not enough validated flexibility offers and no solution is found to solve the 

potential appearing constraints, independently of the applied method. Moreover, in this case, as long as 

the sensitivity threshold is higher than 10%, the final objective value is the same with the two methods. 
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The increases of the final objective values in the case 15% for both methods and 5% for the 

method based on the costs illustrate that for each iteration, any flexibility offer which is more efficient or 

cheaper than the others is retained in the activation list, independently of its power quantity.  

 

Figure AVIII-7 – Evolution of the final objective value with respect to the sensitivity threshold  

(33-nodes network, test case 2) 

In order to give more details about the efficiency based method, two distinct cases with different 

sensitivity threshold are focused on in Figure AVIII-8. 

 

Figure AVIII-8 – Focus of the different steps of the two heuristic based methods  

(33-nodes network, test case 2) 

Concerning the efficiency-based heuristic method with the threshold at 20%, the order of 

activation is following the efficiency coefficients computation, with respect to the remaining largest 

voltage constraints. At the beginning of the process, the algorithm is focusing on the deviation at node 

18. It activates the more efficient flexibility offers to solve the deviation, considering both the voltage 

sensitivity of node 18 with respect to injection at the different nodes and the cost of the flexibility offer. 

After the four first flexibility offers activation, the voltage deviation at node 33 is larger than the one 

Threshold 20% Threshold 1%

Iteration

Cost based Efficiency based

Iteration

Cost based Efficiency based

Node of 

activated 

offer

Node of 

voltage 

deviations 

solved

Node of 

activated 

offer

Node of 

voltage 

deviations 

solved

Node of 

activated 

offer

Node of 

voltage 

deviations 

solved

Node of 

activated 

offer

Node of 

voltage 

deviations 

solved

1 17 13 17 13 1 6 none 17 13

2 15 none 15 none 2 17 13 15 none

3 16 14 16 14 3 15 none 16 14

4 31 15, 31 18 15, 16 4 16 14 6 none

5 18 16, 17, 32, 33 31 17, 31, 32, 33 5 4 none 18 15, 16

6 30 18 30 18 6 5 15 31 17, 31, 32, 33

Problem solved Problem solved 7 31 16, 31, 32, 33 4 18

8 18 17, 18 Problem solved

Problem solved
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remaining at node 18. The flexibility offer at node 31 is then activated. Finally, the last remaining voltage 

deviation is at node 18. The more efficient remaining flexibility offer to solve this voltage deviation is the 

one that is available at node 30. 

 

Concerning the efficiency-based heuristic method with the threshold at 1%, the only difference 

with the previous case is that there are more flexibility offers that are validated and therefore 

considered. Particularly, the flexibility offers at nodes 4 and 6 are considered in this second case, and 

even if they are less voltage sensitive with respect to the constraints, they are a lot less expensive than 

the flexibility offer at node 30, and can also be part of the combination to solve the potential appearing 

constraints. 

 

To conclude, the setting of the sensitivity threshold in both developed heuristic methods might 

have a large impact on the final objective value, as illustrated in these two examples. The parameter has 

to be chosen in order to permit that enough flexibility offers are considered for the algorithm processes, 

while avoiding to consider all the flexibility offers in order to limit the computations and the unexpected 

increase of the final cost of flexibility offers activation. 
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Résumé en français 

 

Depuis plus de deux décennies, les réseaux électriques européens font face à de nouveaux 

changements. En particulier, les dérégulations du marché de l’énergie, suivies par de nombreuses 

privatisations, ont amené à une restructuration complète du secteur électrique. 

Traditionnellement, le secteur électrique était structuré de façon monopolistique. Les couts 

importants de construction et de maintenance des infrastructures électriques ont été favorables au 

développement d’une architecture verticalement intégrée pour la production, le transport et la 

distribution de l’énergie électrique. Cette structure permettait aux différents acteurs du secteur 

d’adapter en temps réel la production globale à la demande, et aux gestionnaires de réseaux de garantir 

la sécurité et la fiabilité de leur réseau. 

La libéralisation du secteur électrique en 1996 a conduit à la séparation des différents secteurs et 

à l’ouverture de la compétition entre les nouveaux acteurs dérégulés. Tous ces acteurs peuvent 

maintenant participer aux échanges commerciaux d’énergie avec différents plans d’actions dépendant 

de leurs stratégies. Parallèlement à cela, les Gestionnaires de Réseaux de Transport (GRT) et de 

Distribution (GRD)  doivent continuer à opérer leurs réseaux et permettre ces échanges d’énergie, tout 

en garantissant un plein accès au réseau et aux places de marchés à tous leurs clients. 

De plus, dans un contexte de transition énergétique, l’Union Européenne a adopté de 

nombreuses directives visant à l’économie d’énergie, à la hausse de la proportion de la production 

renouvelable, et à la réduction des émissions des gaz à effet de serre. 

Ces grands changements ont causé une forte hausse de la proportion des énergies renouvelables 

dans le mix de la production électrique. A cause de leur caractère intermittent et difficilement prévisible, 

ces nouvelles productions ont aussi impliquées un nouveau besoin de flexibilité dans les réseaux 

électrique, afin de préserver la stabilité du système jusqu’au temps réel.  

De plus, dans une optique environnementale, des incitations commerciales et des subventions 

ont été instaurées par les gouvernements  afin d’encourager les investisseurs et les utilisateurs finaux à 

installer des générateurs d’énergie décentralisés (GED). Ces nouvelles productions, directement 

raccordées sur les réseaux, augmentent également le besoin de flexibilités au niveau local, afin d'assurer 

l'équilibre du système jusqu’aux plus bas niveaux de tension, mais aussi pour permettre l’efficacité de 

l’opération du réseau.  

L’amélioration de la gestion de la capacité du réseau est donc nécessaire afin de maximiser la  

proportion de production renouvelable de la manière la plus économique possible pour tous les acteurs, 

tout en maintenant la stabilité et la fiabilité du réseau. Dans le cas où il s’agit d’une alternative rentable 

aux solutions de renforcement, la capacité du réseau peut être augmentée par l’opération de sources et 
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de charges contrôlables, permettant au réseau d'être plus flexible aussi bien du côté de la consommation 

que de la production. Si ces solutions se révèlent être rentables, et qu’elles ne compromettent pas la 

sécurité d'approvisionnement et la qualité de service, les gestionnaires de réseau devraient être en 

mesure de réduire leurs investissements réseau grâce à des solutions combinant renforcement et 

gestion des ressources de flexibilité. 

Dans la situation actuelle, la flexibilité est utilisée au niveau national afin de garantir l’équilibre 

consommation/production lors des échanges sur les marchés de l’énergie via les mécanismes 

d’ajustement. Avec la hausse du taux de pénétration des ressources d’énergie distribuées, de plus en 

plus d’offres de flexibilité locales sont disponibles dans les réseaux de distribution. Afin de permettre 

leur échange sur les places de marché nationales, ces dernières doivent être validées et transmises 

jusqu’au niveau national, tout en garantissant l’opération des réseaux de distribution. 

Face à ces changements, les rôles et les responsabilités des acteurs du système électrique 

doivent donc évoluer. De nouveaux outils sont nécessaires pour permettre les nouveaux échanges de 

données et d’informations entre les différents acteurs, et particulièrement pour de meilleures 

interactions entre les GRD et les GRT. 

Dans un contexte où les acteurs dérégulés des marchés de l’énergie mobilisent de plus en plus 

d’offres de flexibilités locales, les GRD doivent devenir des facilitateurs de marchés. Ils doivent pouvoir 

donner un plein accès aux marchés à tous leurs clients, mais aussi permettre la transmission des offres 

de flexibilités locales jusqu’aux places de marché nationales, tout en garantissant une bonne qualité de 

service et en améliorant la performance énergétique de leur propre réseau.  

Pour permettre ces nouveaux échanges, les architectures d’information et de communication 

doivent être aussi redéfinies. Dans ce contexte, une nouvelle architecture de marchés distribués est 

proposée dans cette thèse, permettant la création de ces nouveaux services de flexibilités pour le GRD.  

Cette thèse présente des solutions innovantes pour de meilleures interactions entre les 

gestionnaires de réseaux de distribution et de transport, via un mécanisme distribué de validation 

d’offres de flexibilités locales par le GRD. Elle propose aussi de nouveaux outils de planification 

opérationnelle permettant l’instauration de mécanismes d’ajustement distribués dans les Smart Grids. 

Des solutions sont également proposées pour une meilleure gestion des risques par le GRD, lui 

permettant d’activer des offres de flexibilités BT et HTA qui n’ont pas été sélectionnées dans les marchés 

dans le cas de situations inattendues. Enfin, des méthodes d’optimisation pour la réduction des pertes 

dans les réseaux de distribution sont proposées, considérant toutes les ressources de flexibilités 

disponibles.  

La thèse est développée selon le plan suivant: dans le premier chapitre, le contexte des réseaux 

de distribution et les nouvelles évolutions auxquelles ils doivent faire face sont présentés. Les 

mécanismes des marchés européens de l’énergie sont également décrits, ainsi que les nouveaux rôles 

des différents acteurs du système électrique. 
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Dans le second chapitre, les hypothèses de la nouvelle architecture hétérarchique proposée sont 

présentées, permettant l’introduction de nouveaux mécanismes de marchés et d’ajustements locaux, 

ainsi que de nouvelles fonctions pour l’opération des réseaux de distribution. Cette nouvelle structure 

est développée de façon ascendante (de bas en haut), afin de limiter les transferts de données dans 

l’ensemble du réseau de distribution. 

Les outils développés afin d’aider les GRD à agir en tant que facilitateurs de marchés sont ensuite 

décrit dans le troisième chapitre. Des outils de modélisation du réseau, de calcul de répartition de 

charges et d’analyse de sensibilités ont été explorées afin d’observer et de prévoir le comportement des 

systèmes électriques équilibrés et déséquilibrés, en fonction des puissances consommées et produites 

dans le réseau. 

Puis, des solutions  pour permettre aux GRD de donner un plein accès à leurs clients aux marchés 

de l’énergie sont présentées, via la validation technique des offres de flexibilités à un niveau local avant 

leur transmission à des niveaux de tension plus hauts, et via une meilleure considération des ressources 

flexibles distribuées en Basse Tension (BT). Ces solutions ont pour objectif de permettre aux GRD, de 

vérifier que toutes les offres locales échangées entre les acteurs dérégulés au niveau national sont 

compatibles avec la sécurité et la fiabilité du réseau de distribution. L’arithmétique floue a été utilisée 

pour l’élaboration de cette méthode, afin de prendre en compte les incertitudes dues aux dérogations 

possibles des clients flexibles, mais aussi les incertitudes sur les valeurs prévues. 

Dans un second temps, des solutions pour une gestion distribuée des risques et pour l’analyse de 

contingences à très court terme sont proposées, pour aider les GRD à anticiper l’opération de leur 

réseau.  En effet, afin d’assurer la sécurité et la fiabilité de l’opération des réseaux de distribution 

jusqu’au temps réel, ils doivent préparer des plans d’actions afin de réagir à de potentiels changements 

brusques dans leur réseau. 

Différents types d’algorithmes, caractérisés par différentes complexités mathématiques ont été 

créés et testés afin de permettre aux GRD de quantifier les potentiels risques de contingences sur leur 

réseau. Afin d’être facilement compréhensibles et déployables par les GRD, des algorithmes heuristiques 

simples basés les couts et sur des analyses de sensibilités ont été d’abord proposés. Ces méthodes sont 

aussi conformes avec les performances de calculs des RTUs déployés aujourd’hui.  

Puis, des stratégies plus avancées (basées sur des méthodes méta-heuristiques et exactes) ont 

aussi été testées afin de comparer la précision et les performances des différents algorithmes sur ce 

problème combinatoire. 

Finalement, des outils innovants pour l’amélioration énergétique des réseaux de distribution 

sont proposés dans le dernier chapitre. Des solutions distribuées sont proposées afin de minimiser les 

pertes du réseau, tout en considérant les ressources de flexibilités disponibles, incluant les offres de 

flexibilités restantes qui n’ont pas été sélectionnées pendant les échanges sur les marchés de l’énergie. 
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Dans ce chapitre, une optimisation basée sur des variables discrètes et continues a été introduite 

afin d’aider les GRD à minimiser leurs pertes techniques, tout en considérant les contraintes physiques et 

réglementaires à respecter sur leur réseau. Cette optimisation considère la possibilité d’utiliser un 

transformateur à régleur en charge au niveau du poste source, différentes valeurs de bancs de capacités 

au poste source, la reconfiguration du réseau, ainsi que le contrôle des puissances active et réactive des 

charges et générations flexibles.  

L’utilisation de techniques de reformulation mathématique a permis de rendre le problème 

convexe et de pouvoir garantir l’optimalité globale de la solution trouvée, lorsque l’algorithme considère 

des zones du réseau indépendantes. Cette méthode permet aussi d’appréhender l’évolution des pertes 

du réseau en fonction d’un cout maximal admissible d’opération des flexibilités, défini par le GRD, tout 

en garantissant l’optimalité globale des solutions trouvées. 

Cette thèse a été élaborée au sein du projet européen DREAM, financé par la commission 

européenne sous la convention de subvention FP7 609359. Douze partenaires académiques et 

industriels venant de sept pays différents travaillent sur ce projet. L’objectif majeur de ce projet est de 

proposer des solutions pour une nouvelle approche hétérarchique pour la gestion des réseaux de 

distribution. Le but est de permettre une intégration stable et économique des ressources distribuées 

d’énergie, et de permettre la participation aux marchés de l’énergie pour tous les acteurs du système 

électrique, y compris les consommateurs, via l’instauration d’une nouvelle architecture distribuée.  

Le travail présenté dans cette thèse est étroitement lié au projet DREAM. Des implémentations 

des stratégies développées sont actuellement en cours dans le « DREAM framework » commun au 

projet, mais aussi dans quelques sites de démonstrations. Le « DREAM framework » est construit afin de 

considérer et de permettre des interdépendances entre les différents scénarios et algorithmes définis 

dans le projet. Ainsi, son architecture consiste en un nombre défini de lots qui sont couplés en cohérence 

avec les scénarios définis dans le projet, chacun d’entre eux couvrant une partie des fonctionnalités 

désirées, parmi lesquelles figurent les méthodologies présentées dans cette thèse. 

Quelques-unes des stratégies présentées dans la thèse sont aussi testées sur des sites 

expérimentaux. Par exemple, des méthodes dédiées HTA sont expérimentées à l’aéroport de Milan 

Malpensa, en Italie. Ce site de démonstration est caractérisé par la présence d’une centrale tri-

génération. De nombreuses autres ressources de flexibilités sont également considérées dans l’aéroport, 

comme des systèmes pilotables pour le chauffage, la ventilation et la climatisation, ainsi que des tours 

d’éclairage contrôlables. 

Certaines des méthodes proposées ont aussi été adaptées pour l’opération des réseaux BT et 

sont partiellement testées dans le laboratoire d’essai Opkamer, correspondant au site de démonstration 

du PowerMatcher, situé à Groningue aux Pays Bas. Les ressources disponibles de flexibilités considérées 

sont offertes par des équipements intelligents à l’intérieur de maisons présentes sur le site de 

démonstration. 



 



Distributed intelligence and heterarchical approach  of 
distributed balancing markets in Smart Grids 

 

In a context where all unbundled actors are dealing with an increasing number of local flexibility 

opportunities, the DSOs have to play a new transparent key role. They should give a full open access to 

markets to all end users and enable the transmission of the distributed offers in the national energy 

exchanges places, while guaranteeing acceptable network operation conditions and good quality of 

supply to their customers and while improving their energy efficiency. 

 This thesis is presenting innovative distributed solutions to allow better DSO-TSO interactions 

via a mechanism of DSO technical validation of distributed flexibility offers. It proposes also new 

operational planning tools to enable distributed balancing markets in Smart Grids. Original solutions are 

designed for DSO risk management and contingency analysis using remaining LV and MV flexibility 

resources near real-time. Finally, methods for network losses minimization are proposed considering all 

the available flexibility resources, including remaining flexibility offers that have not been selected during 

the market processes and mechanisms. The instauration of these solutions are based on the definition of 

a new heterarchical distributed architecture where electricity system actors are represented by local 

agents installed in devices spread over the whole distribution network. 

 

Keywords: distributed balancing markets, distributed flexibility offers, distributed intelligence, DSO-TSO 

interactions, DSO risk management, operational planning, network losses optimization 
 

Distribution de l'intelligence et approche hétérarc hique des 
marchés de l'énergie distribués dans les Smart Grid s 

 

Dans un contexte où les acteurs dérégulés des marchés de l’énergie mobilisent de plus en plus 

d’offres de flexibilités locales, les gestionnaires de réseau de distribution (GRD) doivent devenir des 

facilitateurs de marchés. Ils doivent pouvoir donner un plein accès aux marchés à tous leurs clients, mais 

aussi permettre la transmission des offres de flexibilités locales jusqu’aux places de marché nationales, 

tout en garantissant une bonne qualité de service et en améliorant la performance énergétique de leur 

réseau.  

Cette thèse présente des solutions innovantes pour de meilleures interactions entre les 

gestionnaires de réseaux de distribution et de transport, via un mécanisme distribué de validation 

d’offres de flexibilités locales par le GRD. Elle propose aussi de nouveaux outils de planification 

opérationnelle permettant l’instauration de mécanismes d’ajustement distribués dans les Smart Grids. 

Des solutions sont également proposées pour une meilleure gestion des risques par le GRD, lui 

permettant d’activer des offres de flexibilités BT et HTA qui n’ont pas été sélectionnées dans les marchés 

dans le cas de situations inattendues. Enfin, des méthodes d’optimisation pour la réduction des pertes 

dans les réseaux de distribution sont proposées, considérant toutes les ressources de flexibilités 

disponibles. L’instauration de ces nouvelles fonctionnalités repose sur la définition d’une nouvelle 

architecture distribuée et hétérarchique, où les acteurs du système électriques sont représentés par un 

système distribué, déployé sur l’ensemble du réseau de distribution. 

 

Mots clés: mécanismes d’ajustement distribués, offres de flexibilité distribuées, intelligence distribuée, 

interactions GRD-GRT, gestion du risque pour le GRD, planification opérationnelle, optimisation des pertes 




