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Abstract 

Enabled by technological developments and political decisions, the European electricity 

generation landscape has significantly changed in the last twenty years, and will need to further 

change to reach the environmental objectives set at national or European level. Since a 

significant share of this renewable generation is embedded in distribution networks and even 

low voltage networks (for photovoltaic generation), distribution system operators started facing 

problems in regions with a high local generation penetration. One of the first constraint limiting 

the amount of generation which can be integrated to the network (the hosting capacity), is the 

voltage rise caused by the infeed from the local generation. Once the planning voltage limits 

are reached, the networks must be reinforced to allow more generation to be connected. 

In order to avoid, limit or postpone network reinforcement, efforts have been devoted to 

smarten networks (research field smart grids), and several voltage control concepts have been 

proposed in the last 10 years. 

The deployment of these voltage control concepts has been however very low, mainly due the 

lack of clear findings on the expected benefits and side effects of these concepts, to the lack 

of clear recommendations on how to identify networks in which such concepts can actually be 

used, and to the lack of clear recommendations on how to parameterize these controls. 

This doctoral thesis presents the work of several investigations performed to address these 

gaps, and in particular to evaluate the actual potential of voltage control to increase the hosting 

capacity of distribution networks. It consists of an introductory part, followed by eight papers. 

Starting from the concept of hosting capacity applied to voltage control in distribution networks, 

the behaviour of feeders is investigated through different types of simulations. The hosting 

capacity constraint (voltage or current) is determined for “generic” feeders and for a large set 

of real low voltage feeders. Generic conclusions are derived thanks to the concept of critical 

length, which is calculated for different typical low voltage feeders (e.g. about 500 m for a 

generic overhead feeder (70 mm2 AL) and more than 700 m for a generic cable feeder 

(150 mm2 AL)). The expected hosting capacity increase which can be reached by 

implementing Volt/var control strongly depends on the network properties (mainly the R/X 

ratio), and is low for large R/X ratios. Even if low voltage network are known to have large R/X 

ratios, the hosting capacity increase expected for the generic feeders previously mentioned 

reaches about 23 % (cable feeder 150 mm2 AL) and 52 % (overhead feeder 70 mm2 AL). 

Another promising solution is the use of voltage regulated distribution transformers. Installing 

such assets leads to significantly higher increase of hosting capacity (up to 180 %). 

Identifying the hosting capacity constraint allows estimating the expected deployment potential 

of voltage control solutions such as Volt/var control or voltage regulated distribution 

transformers. Moreover, a detailed comparison between the most popular voltage control 

concepts is performed with a parametric study, in order to investigate the impact of the 

controller settings on the general performance. In addition, active power curtailment is also 

considered and evaluated with dedicated analyses. Its deployment potential as an “emergency 
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solution” is discussed. The analyses tend to show a similar performance for the two most 

popular types of control (cos(P) and Q(U)) for an “average” parameterization of the Q(U) 

control. However, given the significant differences in terms of side effects (i.e. amount of 

consumed reactive energy and network losses), the Q(U) control is recommended. 

On the basis of a comprehensive statistical analysis of a large feeder data set, supervised 

machine learning techniques (classification trees) are used to classify low voltage feeders. 

This classification is done on the basis of variables which are available without complex 

network simulations. With the proposed classifier, a set of feeders benefiting from voltage 

control is identified with a satisfying level of accuracy. By adjusting the misclassification costs, 

the risk of implementing voltage control in feeders, which could be prone to the current-

constraint, is avoided. The actual loss of potential which results from this conservative 

classification approach is limited: about 18 % of the voltage-constrained feeders which could 

actually benefit from voltage control are dismissed. 

Besides these analyses on the actual potential of voltage control to increase the hosting 

capacity of distribution networks, dedicated investigations on two insufficiently answered 

technical issues are performed: the stability of Volt/var control and the performance of Volt/var 

control under unbalanced conditions. On the basis of detailed dynamic simulations, a stability 

criterion is established. The analyses show that, even for networks with a high share of 

distributed generation with Volt/var control, stability problems are not expected. Even 

considering worst-case conditions, stability issues (poorly damped oscillations) are not 

observed. For example, a delay in the control loop of about 0.8 s would still allow reaching a 

response time of 5 s with a damping of 10 %. Special attention should however be given to 

plant controllers using a remote sensing of the voltage due to the communication delays. 

The performance under unbalanced conditions of different Volt/var control implementation 

options for three-phase generators is investigated, and recommendations for unbalance 

mitigation are formulated (individual control of each phase or use of the maximal phase-to-

neutral phase).  

Finally, further technical and non-technical barriers hindering the deployment of these smart 

grids solutions are also discussed. 

The work presented in this thesis suggests that local voltage control can allow increasing the 

hosting capacity of distribution networks, and possibly defer or limit network reinforcement. 

The actual potential and the benefits of local voltage control strongly depend on the type of 

network. It can, however, accurately be estimated thanks to the concepts and analysis 

methods proposed. The investigations further show that side effects such as an increase of 

network losses or reactive energy consumption as well as problematic behaviour (unstable 

operation or increase of unbalance) are not expected if sound parameterization is used. 
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Kurzfassung 

Durch die technologische Fortschritte sowie politisch Entscheidungen hat sich in den letzten 

20 Jahren die Stromerzeugungslandschaft in Europa maßgeblich verändert. Weitere 

Veränderungen sind zu erwarten und notwendig, um die Klimaschutzziele, welche auf 

nationaler oder europäischer Ebene gesetzt worden sind, zu erreichen. Dadurch, dass ein 

signifikanter Anteil dieser erneuerbaren Stromerzeugungskapazität in den Verteilnetzen und 

im Falle der Photovoltaik sogar in den Niederspannungsnetzen angeschlossen ist, sind 

Verteilernetzbetreiber, insbesondere in Regionen mit einer hoher Durchdringung an lokaler 

Erzeugung, mit neuen Herausforderungen konfrontiert. Die erste Begrenzung der in das Netz 

integrierbaren Menge an Erzeugung (Aufnahmefähigkeit), ist meistens durch die 

Spannungsanhebung gegeben, welche von der lokalen Einspeisung verursacht wird. Ist die 

Planungsgrenze erreicht, muss das Netz verstärkt werden, um eine zusätzliche Erzeugung an 

das Netz anschließen zu können. 

Um Netzverstärkung zu vermeiden, zu begrenzen, oder zu verzögern, wurden in den letzten 

10 Jahren “smarte” Lösungen und insbesondere Spannungsregelungskonzepte entwickelt. 

Allerdings wurden diese Lösungen bisher nur selten in die Realität umgesetzt. Grund dafür 

sind vor allem die fehlenden klaren Erkenntnisse in Bezug auf deren Wirksamkeit und Nutzen, 

die Nebeneffekte sowie die fehlenden Empfehlungen welche Konzepte in welchen Netzen und 

mit welcher Parametrierung geeignet sind. 

Diese Dissertation stellt die Ergebnisse mehreren Untersuchungen dar, um die oben 

dargestellten Einschränkungen anzusprechen. Der Fokus wird dabei auf das tatsächliche 

Potential der Spannungsregelung zur Erhöhung der Aufnahmefähigkeit in Verteilernetzen 

gelegt. Die Arbeit beinhaltet einen einleitenden Teil, gefolgt von 8 Publikationen. 

Ausgehend vom Konzept der Netzaufnahmefähigkeit, mit einer für die Spannungsregelung in 

Verteilernetzen angepassten Formulierung, wurde das Verhalten von Netzsträngen anhand 

verschiedener Arten von Simulationen untersucht. Der begrenzende Faktor der 

Aufnahmefähigkeit (Spannung oder Strom) wurde für generische Niederspannungsstränge 

sowie für eine große Anzahl an realen Niederspannungssträngen ermittelt. Allgemeine 

Schlussfolgerungen konnten anhand des Konzepts der kritischen Stranglänge abgeleitet 

werden. Die kritische Stranglänge beträgt z.B. ca. 500 m für einen generischen 

Freileitungsstrang (70 mm2 AL) und mehr als 700 m für einen generischen Kabelstrang 

(150 mm2 AL). Die durch den Einsatz einer Spannungsregelung zu erwartende Erhöhung der 

Netzaufnahmefähigkeit, hängt hauptsächlich vom R/X Verhältnis ab, und ist je geringer desto 

großer das R/X Verhältnis ist. Die Netzaufnahmefähigkeit kann beispielhaft durch den Einsatz 

einer blindleistungsbasierten Spannungsregelung um 23 % (150 mm2 AL Kabel) bzw. 52 % 

(70 mm2 AL Freileitung) erhöht werden. Eine weitere Maßnahme stellt der Einsatz von 

regelbaren Ortsnetztransformatoren dar, mit welchen die Aufnahmefähigkeit um bis zu 180 % 

erhöht werden kann. 
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Durch diese Analyse kann das erwartete Potential der Spannungsregelungskonzepte wie z.B. 

blindleistungsbasierte Spannungsregelung oder regelbare Ortsnetztransformatoren 

abgeschätzt werden. Außerdem erfolgte anhand einer parametrischen Studie ein detaillierter 

Vergleich der meist etablierten Spannungsregelungskonzepte. Ziel war es die Auswirkung der 

Parametrierung dieser Spannungsregelungskonzepte auf deren Funktionsweise und 

Wirksamkeit, zu untersuchen. Die Bewertung erfolgte nicht nur anhand der Wirksamkeit 

sondern auch anhand der Nebeneffekte wie z.B. den erhöhten Blindarbeitsbezug sowie die 

erhöhten Netzverluste. Des Weiteren wurde die Wirkleistungsbeschränkung der Einspeisung 

untersucht und das entsprechende nutzbare Potential als “Notmaßnahme” bewertet. Die 

Untersuchungen zeigen, dass die am häufigsten eingesetzten Konzepte (cos(P) und Q(U)) 

mit einer “mittleren” Parametrierung der Q(U) Regelung eine ähnliche Wirksamkeit erreichen. 

Allerdings unterscheiden sich diese zwei Regelungsarten durch die Nebenwirkungen (d.h. 

bezogene Blindarbeit oder Netzverluste) wodurch die Q(U) Regelung zu bevorzugen ist. 

Im Rahmen einer umfangreichen statistischen Analyse mit einem großen Datensatz von realen 

Niederspannungssträngen, wurden mehrere Ansätze des maschinellen Lernens erfolgreich 

eingesetzt. Anhand von Netzparametern, welche üblicherweise Verteilernetzbetreibern zur 

Verfügung stehen, konnte eine Gruppe von Niederspannungssträngen mit zufriedenstellender 

Genauigkeit identifiziert werden, welche von einer Spannungsregelung profitiert. Durch die 

Verwendung von unsymmetrischen Fehlklassifizierungskosten kann das Risiko bei der 

Umsetzung einer Spannungsregelung in Netzsträngen, für die aber die Aufnahmefähigkeit 

durch den maximalen Strom begrenzt ist, vermieden werden. Der tatsächliche Potentialverlust, 

der auf Grund der konservativen Klassifizierung im Kauf genommen werden muss, ist gering. 

Ungefähr 18 % der spannungsbegrenzten Stränge, die von einer Spannungsregelung 

profitieren könnten, scheiden aus. 

Zusätzlich zu diesen Untersuchungen des tatsächlichen Potentials der Spannungsregelung 

zur Erhöhung der Netzaufnahmefähigkeit, wurden zwei Fragestellung, welche bisher 

unzureichend behandelt wurden (Stabilität und Wirksamkeit der Spannungsregelung bei 

Unsymmetrie), durch weitere Analysen untersucht. 

Auf Basis detaillierter dynamischer Simulationen konnte ein klares Stabilitätskriterium 

abgeleitet werden. Die Untersuchungen zeigen, dass auch für Netze mit einer hohen 

Durchdringung an dezentraler Erzeugung mit Spannungsregelungsfunktion, keine 

Stabilitätsprobleme zu erwarten sind. Auch für ein Wost-Case Szenario treten keine 

Stabilitätsprobleme auf (z.B. schwach gedämpfte Oszillationen). Eine Verzögerung in der 

Regelschleife von 0.8 s würde beispielsweise, auch mit einer Antwortzeit von 5 s, zu einem 

stabilen Verhalten führen (Dämpfung größer als 10 %). Bei Erzeugungsanlagen mit größeren 

Entfernungen zwischen Anlagenregler und Messstelle kann die maximale Verzögerung 

einschränkend wirken. 

Des Weiteren wurde die Wirksamkeit verschiedener Umsetzungsmöglichkeiten der 

blindleistungsbasierten Spannungsregelung unter unsymmetrischen Bedingungen untersucht, 

und eine Empfehlung für ein optimales Verhalten formuliert (Regelung der einzelnen Phasen 
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oder Verwendung der höchsten Leiter-Neutral Spannung). Weitere technische und nicht-

technische Barrieren für eine Anwendung der untersuchten Spannungsregelungskonzepte 

wurden ebenso diskutiert. 

Die hier vorgestellte Arbeit zeigt, dass die untersuchten, lokalen 

Spannungsregelungskonzepte tatsächlich die Aufnahmefähigkeit von Verteilernetzen erhöhen 

können, und dadurch die bisher notwendige Netzverstärkung verzögern oder einschränken 

können. Der tatsächliche Nutzen hängt stark von der Art der Netze ab, kann aber anhand der 

eingeführten Konzepte und Methoden quantifiziert werden. Die hier zusammengefassten 

Untersuchungen zeigen, dass sich die Nebeneffekte wie z.B. erhöhter Blindarbeitsbezug und 

steigende Netzverluste in Grenzen halten. Problematisches Verhalten (wie z.B. Instabilität 

oder Verstärkung der Unsymmetrie) ist bei geeigneter Parametrierung, auch unter Worst-Case 

Bedingungen, nicht zu erwarten. 
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1 Introduction 

1.1 Paradigm shift in the electrical power system – structural changes and 

technological developments in the last twenty years 

1.1.1 Wind and solar power reshaping the generation landscape in Europe  

In the last 20 years, the European electric power system has experienced major changes. 

Triggered by environmental targets (e.g. 20-20-20 objectives set in the 2020 climate & energy 

package) and political decisions such as the nuclear phase out together with the 

“Energiewende” (energy transition) in Germany, the share of renewable energy in the 

generation capacity has been strongly increasing in the last 10-15 years. Wind and solar power 

have been the sources with the highest growth rates. The total installed wind power capacity 

in the European Union increased from about 13 GW in 2000 to more than 171 GW at the end 

of 2017, with the top three countries (Germany, Spain, United Kingdom) summing more than 

99 GW [9]. For solar photovoltaic, the figures are similar, with an increase of the installed 

capacity from nearly 0 GW in 2000 to more than 118 GW at the end of 2017, with the top three 

countries (Germany, Italy, United Kingdom) summing about 75 GW [9]. In Austria, the installed 

wind power capacity reached about 2.9 GW at the end of 2017 [9] (of which 90 % are 

concentrated in two eastern provinces), and the installed solar photovoltaic power capacity 

reached 1.4 GW. For comparison, the installed wind and solar capacity reached in Germany 

about 56 GW and 42 GW respectively, at the end of 2017. 

Given the European and national objectives and commitments, this trend to decarbonisation 

of the electricity generation is expected and required to be strengthened in the next decade. 

At European level, the latest agreed objective is to reach 27 % of electricity from renewable 

generation by 2030 [10]. In Germany, the current objective is to reach 40-45 % of renewable 

generation until 2025, 55 % - 60 % until 2035 and 80 % until 2050 [11]. In Austria, the latest 

energy policy paper sets a target of 100 % of renewable electricity generation until 2030. 

1.1.2 A new situation in terms of geographic distribution and generation patterns 

The share of the electricity consumption covered by wind power can still be considered as 

moderate at European level (about 12 % in 2017 [12]), but there is a strong inhomogeneity 

among European countries. The top five countries Denmark, Portugal, Ireland, Germany and 

Spain covered between 19 % and 44 % of their electricity consumption from wind power [12]. 

This inhomogeneity can be further observed at the level of regions within countries. For 

example, more than two third of the installed wind power in Germany (50.7 GW at the end of 

2017 [13]) is concentrated in 5 of the 16 provinces (mainly in the northern part of the country). 

In Austria, the concentration is even stronger with 90 % of the installed power (2.8 GW) in the 

two eastern provinces [14]. 



Introduction 

 

-2- 

Regarding solar photovoltaic power, the picture is similar with for example more than 40 % of 

the installed photovoltaic (PV) power in Germany located in the southern part of the country 

(Bavaria and Baden-Württemberg) [15].  

Besides this inhomogeneous geographical distribution of wind and solar power, the seasonal 

and daily fluctuations make it challenging to integrate large amounts of this type of generation 

into the power system. Wind and solar power exhibit rather low capacity factors (for wind power 

between 17 % in Germany and 30 % in the UK with an average of 23 % for the EU28 [16]) and 

large temporal variations (maximal absolute wind generation gradient up to 30 % of the installed 

capacity within 15 minutes in Austria [16]). While the time variability is significantly smoothened 

with growing level of aggregation (the maximal wind generation gradient at European level is 

about 6 % of the installed capacity within one hour against e.g. 48 % in Austria [16]), (local or) 

regional constraints remain and affect the system security. 

1.1.3 Resulting challenges for the power system 

The inhomogeneous distribution of wind and solar power across regions, together with their 

time-variability result in significant challenges for European power systems. Given the large 

growth rates observed for wind and solar power in the last two decades, and the time needed 

to upgrade the transmission and the distribution infrastructure, system operators have been 

facing increasing challenges: 

 at distribution level, the locally high levels of distributed generation (mostly solar 

generation) cause local problems 

 at transmission level, the geographical mismatch between (wind and solar) generation 

and large load centres cause high power flows and congestions on transmission lines. 

At distribution level, the constraint that generally appears first is the voltage rise (when the 

voltage rise due to the reverse power flows exceeds the planning limits) – see chapter 2.1.1. 

The most common cause of these reverse power flows at distribution level is the solar power 

infeed during weak load periods. The amount of wind generation at medium voltage level is 

low since most of the generation is connected to the subtransmission or to the transmission 

network. 

The challenges at transmission level appeared by nature later than the ones at distribution 

level, but have been increasing steadily in the last years. In Germany, increasing congestion 

management measures have been necessary to maintain a secure system operation in the 

last years. One of the main reasons for this are the strong north-south power flows caused for 

example by  

 wind power surplus in the north, together with  

 power deficit in the south due to the shutdown of several (nuclear) power stations, 

together with  

 delayed network extension projects. 
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The redispatch volumes necessary to maintain a secure operation of the German transmission 

system (including measures at national level and cross-border measures) increased from 

about 0.3 TWh in 2010 to more than 15 TWh in 2015, and more than 18 TWh in 2017 [17], 

[18]. For 2017, the total costs to maintain a secure operation reached a maximum with about 

1.4 milliard €, including redispatch, counter-trading, curtailment of renewable infeed and 

standby capacity [18]. In Austria, the costs for congestion management have been multiplied 

by more than three between 2016 and 2017, reaching about 100 millions € in 2017 [19]. 

A very specific property of solar generation in Europe is its highly decentralized nature: 

according to [20], more than 70 % of the installed PV capacity was embedded in low voltage 

networks (more than 25 GW at that time (2014)). This means that the impact of this large 

amount of generation is visible both at distribution and transmission level. In fact, the split 

perspective distribution level / transmission level (see above) is no longer suitable and these 

two levels cannot be considered independently anymore. Individual wind and solar parks 

connected to distribution of sub-transmission systems, which have, alone, a modest size 

compared to large classical hydro, thermal or nuclear power stations, are now relevant for the 

system operation. 

For this reason, the technical requirements to be fulfilled by wind and solar generation have 

been significantly revised and extended in the last decade. System level topics such as power 

frequency control, reactive power provision, behaviour under fault etc. have appeared in 

connection standards for generation down to the low voltage (see chapter 2.1.1). Since about 

10 years, generators connected to the distribution network are required to support, to some 

extent, the system operation. 

Besides the strong growth of renewable generation mentioned previously, new applications 

allowing a further decarbonization of the energy will also further shape the electrical power 

system, and in general the whole energy supply. Most of these new applications are named 

under the umbrella term Power-to-X (PtX or P2X). X stands for heat, gas (methane, hydrogen), 

liquid, chemicals and transport/mobility. P2X can play a key role in enabling a decarbonization 

of many different sectors (e.g. transport, heat, chemistry, etc.), and can offer at the same time 

new flexibility sources for the electrical power system in terms of storage. This flexibility 

obtained by coupling different sectors could allow using electricity surplus, which currently 

cause additional costs in the power system (congestion management). In parallel, a large-

scale decarbonization requires a massive development of the renewable generation, and of 

the transmission and distribution infrastructure. For example [21] estimates that in order to 

reach CO2-neutrality for the sectors of electricity, transport and chemistry in Germany, an 

additional power need between 100 and 330 GW would be necessary. The developments in 

this field will therefore drastically affect the electrical power system, and in general the whole 

energy supply. 
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1.1.4 Research activities to facilitate the renewable integration – smart grids 

These challenges rising from the integration of large amounts of renewable generation into the 

power system have been the subject of considerable research and development activities in 

the last decades. The topics of many of these research efforts can be grouped into the umbrella 

term of smart grids. One of the early European initiative in this field is the European Technology 

Platform (ETP) SmartGrids (now the European Technology & Innovation Platform (ETIP) 

Smart Networks for Energy Transition (SNET) [22]), which was initiated in 2005 by the 

European commission, with the objective to bundle the research and development activities to 

speed-up the decarbonization of the electric power system. 

Instead of giving a (another new) definition of smart grids, the vision and objectives mentioned 

in this early initiative [23] are reminded here, and a personal analysis is provided. 

Vision [23]: 

 Flexible: fulfilling customers’ needs whilst responding to the changes and 

challenges ahead; 

 Accessible: granting connection access to all network users, particularly for 

renewable power sources and high efficiency local generation with zero or low carbon 

emissions; 

 Reliable: assuring and improving security and quality of supply, consistent with the 

demands of the digital age with resilience to hazards and uncertainties; 

 Economic: providing best value through innovation, efficient energy management 

and ‘level playing field’ competition and regulation. 

Objectives [23]: 

 Creating a toolbox of proven technical solutions that can be deployed rapidly and 

cost-effectively, enabling existing grids to accept power injections from all energy 

resources; 

 Harmonizing regulatory and commercial frameworks in Europe to facilitate cross-

border trading of both power and grid services, ensuring that they will accommodate a 

wide range of operating situations; 

 Establishing shared technical standards and protocols that will ensure open access, 

enabling the deployment of equipment from any chosen manufacturer; 

 Developing information, computing and telecommunication systems that enable 

businesses to utilize innovative service arrangements to improve their efficiency and 

enhance their services to customers; 

 Ensuring the successful interfacing of new and old designs of grid equipment to ensure 

interoperability of automation and control arrangements. 
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These vision and objectives were formulated more than 10 years ago. Looking at the trends in 

the last two years, one would probably put a stronger focus on new technologies such as 

residential storage, utility-scale storage, energy management systems at home or energy 

communities level, and emerging enabling technologies like blockchain. However, most of the 

basic elements listed above remain relevant. 

In [24], a review of the state of play of smart grid innovation efforts in Europe is provided. The 

smart grids applications are grouped into the following domains: 

 Smart network management (SNN) with e.g. new capabilities for reactive power 

control, controllable distribution substations, smart inverters… 

 Demand side management (DSM) with e.g. demand response and energy 

management within energy communities) 

 Integration of distributed generation (DG) and storage with e.g. network planning 

and analysis tool for assessment of network capacity for DG connections, active grid 

support (power-frequency control, voltage control) through smart inverters to facilitate 

DG connection. 

 E-Mobility with e.g. Integration of electrical vehicles (EV) for provision of ancillary 

services 

 Integration of large-scale renewable energy resources (RES) with e.g. forecasting 

tools for RES production or Integration of DSM for provision of ancillary services by 

distribution systems to support transmission system operation. 

In the context of this thesis, smart grids mainly refer to technical solutions allowing, from 

technical and economical point of view, a better integration of distributed energy resources into 

distribution systems and limiting or postponing network reinforcement. 

This can be achieved through letting/requiring from generators to contribute to the system 

operation rather than just being connected and injecting power into the system (fit and forget 

approach [25]), or by using other technologies (e.g. use of smart meters, information and 

communication technologies (ICT), or specific assets such as voltage regulated distribution 

transformers (VRDT)).  

A detailed review of the state of the art is provided in chapter 2.1. 
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1.2 Research motivation 

Nowadays, most of the human activities rely in one form or the other on electricity (public 

transport, water supply and treatment, communications, industries, services, leisure…). 

Ensuring a secure power supply has therefore been given a very high priority at European and 

country level. At the same time, power systems have been evolving since the first electrification 

steps into a very complex system, involving technical, economical and regulatory aspects. The 

changes in the electricity generation landscape mentioned in chapter 1.1.2 led to major 

challenges for the power system as a whole, involving all the sectors (generation, transmission, 

distribution and retail). With a clear objective of decarbonizing the electricity supply, system 

operators have been facing different challenges in the last decades: not only local problems at 

distribution level but also system-wide challenges as explained in chapter 1.1.3.  

The main motivation of this thesis is to support the cost-effective integration of larger amounts 

of renewable generation into distribution networks with smart grids concepts. Despites the 

substantial amount of efforts on research, development and demonstration, undertaken in the 

last decade (see state of the art in chapter 2.1), the deployment of smart grids solutions to 

improve the integration of renewable generation into distribution networks has been rather 

limited. This tends to show that crucial questions such as “what is the real potential of smart 

grids solutions as an alternative to network reinforcement?” or “which type of voltage control 

should be preferred and how should the controller settings be chosen?” have not been 

answered properly. The main objective of this thesis is to provide clear answers to these 

questions (a detailed formulation of the research question(s) is provided in chapter 2.2.1), and 

to try to formulate general recommendations supported by comprehensive analyses rather 

than on individual case studies. 
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2 Voltage control in distribution networks – State of the Art and 
scope of the work 

Before presenting the own contribution (chapters 3 and 6), chapter 2.1 and chapter 2.2 present 

the state of the art and the scope of the work respectively. 

As indicated in chapter 1.2, the focus of this work is on the challenges associated to the 

integration of large amounts of renewable generation into distribution networks. The state of 

the art is therefore limited to distribution level. A short generic overview on the challenges of 

integrating renewable generation into the power system including transmission or system-level 

issues is nevertheless provided in the following. 

The technical interactions between distributed generation and the power system have been 

classified in [25] into the following topics: 

 steady state operation 

 protection coordination 

 dynamic behaviour 

 provision of ancillary services 

While many studies can be found on the steady-state operation of power systems with a high 

share of renewable energy resources (e.g. over-voltage problems (see chapters 2.1.1 and 

2.1.5 for a comprehensive review), thermal line rating to better use the existing infrastructure 

[26], [27]), less studies have been performed on the second item: protection coordination (a 

review is provided in [28]). 

One of the popular research topic related to the dynamic behaviour of distributed energy 

resources at distribution and transmission level is the behaviour under fault or fault-ride-

through (FRT or low voltage ride through LVRT), i.e. the ability of generators to stay connected 

during and after the fault, and to inject reactive current to support the voltage. While connection 

standards have been requiring this capability for generators connected to the high voltage (HV) 

and then medium voltage (MV) networks (see chapter 2.1.2), similar requirements are now to 

be applied to small generators connected to the low voltage (LV) network [29], [30]. Another 

popular topic is the limitation of ramp rate for large PV generators [31]–[34] which can, 

especially in small power systems, negatively affect the power quality or even the system 

stability. 

The provision of ancillary services by distributed generators has been investigated in [35], with 

a focus on reactive power supply. With the steadily increase of the share of renewable 

generation, system-level issues have been gaining importance in the last years. 

Due to the decreasing share of conventional generation, and in particular in periods with high 

wind and/or PV generation, the lack of inertia has been identified as a possible problem. The 

need for additional fast frequency controlling actions (e.g. enhanced frequency response EFR 

[36]) or synthetic (or virtual) inertia, have been identified and drawn to the attention of 
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stakeholders in the last years [37]–[40]. Meanwhile, a considerable amount of research has 

been devoted to the characterization of the behaviour of non-synchronous generators under 

frequency disturbances [41] and to the design of control schemes to support frequency stability 

[42]–[46]. 

2.1 State of the Art on voltage control in distribution networks 

2.1.1 Impact of high penetration levels of distributed generation on network planning 

The effects of distributed generation on distribution networks that are most reported in the 

literature, are reverse power flows and voltage rise [47]–[51], even if other effects such as 

power quality deterioration (e.g. flicker, harmonic distortion, unbalance), increase of fault level, 

protection and even stability are also mentioned [47]. 

With large penetration levels of distributed generation, power flows can start to reverse, with 

the power flowing for example from the LV networks to the secondary substation or even to 

the primary substation. This reversal of the power flow is, as such, not a problem for distribution 

networks, but depending on the severity, it can lead to over-load or over-voltage situations. 

Most of the studies on this topic identify the issue of voltage rise as the most problematic for 

the integration of distributed generation. The reason for this is that distributed renewable 

generation (e.g. PV, wind, small hydro and biomass) is mostly available in rural areas with a 

low load density, where distribution networks have usually rather long feeders designed to 

supply small loads.  

The voltage rise caused by the power infeed from a generator connected to a distribution 

feeder can be estimated (approximation usually used in distribution networks [47]) with 

equation (1): 

∆𝑈 ≈
𝑅 × 𝑃 + 𝑋 × 𝑄

𝑈𝑁
2  

(1) 

with 

∆𝑈 Relative voltage rise caused by the active / reactive power infeed 

𝑃 Active power infeed of the generator 

𝑄 Reactive power infeed of the generator 

𝑅 Equivalent network resistance at the point of connection 

𝑋 Equivalent network reactance at the point of connection 

𝑈𝑁 Nominal voltage 

More details on the regulatory requirements in terms of admissible voltages are provided in 

the following. 

Without presenting the details of control concepts (see chapter 2.1.5), equation (1) shows that 

one way to counteract the voltage rise is to consume reactive power: when Q and P are of 
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opposite signs, the voltage rise can be partly compensated. This generic way of controlling the 

voltage with reactive power is generally called Volt/var control. 

System planning is defined in [52] as an essential task “to assure that the growing demand for 

electricity can be satisfied by distribution system additions which are both technically adequate 

and reasonably economical”. From today’s perspective, this definition should be extended to 

consider also in addition to the growing electricity demand, the growing distributed generation.  

The task of distribution network planners has become more and more complex due to the high 

level of uncertainty, in terms of load and generation evolution. Another aspect making the 

planning work more complex, is the necessity to consider and compare different alternatives 

such as network reinforcement or the implementation of smart grids solutions. 

Distribution network planning is subject to very diverse technical and regulatory requirements 

on e.g. the admissible loading of assets, power quality levels, exposure to noise or 

electromagnetic fields, etc. Given the importance of the voltage rise (see chapter 2.1.1), the 

requirements specified in different standards are briefly explained in the following. The voltage 

magnitude is one of the power quality characteristic covered by power quality standards, and 

in particular by the standard EN 50160 Voltage characteristics of electricity supplied by public 

electricity networks [53]. According to this standard, the voltage should stay between +10 % 

and -10 % of the nominal voltage (the exact requirement is that, on a weekly basis, 95 % of 

the 10 minutes average values of the voltage should be between +10 % and -10 % of the 

nominal voltage, and 100 % of the values should be between +10 % and -15 %1).  

Based on these global requirements, individual requirements need to be specified for network 

users (loads and generators). This allocation of the available voltage band among network 

users is partly specified in technical guidelines in Austria [54] and Germany [55], [56]. 

According to these guidelines, the stationary voltage rise caused by the active power infeed of 

distributed generators in LV and MV networks shall not exceed 3 % and 2 % respectively (see 

Figure 1). As visible on the figure, a challenging situation occur with feeders dominated by 

generation and others by loads. In such cases, it is not possible to modify the voltage set point 

at the primary substation to get some freedom and optimally use the available voltage band. 

Some more details on how to detect such situations and how to optimally use the voltage band 

are given in chapter 3.2.1. 

                                                
1 These requirements are for low voltage networks. For medium voltage networks, the requirements are 

slightly different. 
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Figure 1: Illustration of the voltage band allocation [57] 

 

With the appearance of voltage problems caused by large power infeeds from (renewable) 

generation into distribution networks, research and standardization have been intensified, as 

visible on Figure 2 (evolution of the number of published papers with the key words “inverter” 

and “reactive power”, starting in 2000). 

 

Figure 2: Number of papers published (data from [58]) 

Several promising voltage control concepts have emerged out of these research activities (see 

chapter 2.1.5). Standards and connection guidelines have therefore been modified accordingly 

to allow distribution system operators (DSOs) to make use of them [59], and they have then 

been updated several years later [60].  
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2.1.2 Overview of requirements on Volt/var control in selected European countries 

Regarding voltage control with reactive power (Volt/var control), the first versions of the 

guidelines usually specified a list of possible controls which can be used by DSOs.  

In Germany, the MV guideline [56] published in 2008 required that generators should be able 

to operate at a power factor of 0.95 in different control modes: 

 a fixed power factor cos 

 a variable power factor depending on active power cos(P) 

 a fixed reactive power Q in Mvar 

 a reactive power/voltage characteristic Q(U). 

Regarding LV-connected generators, similar requirements as for MV generators appeared a 

few years later (2011 in Germany), with however a differentiation according to the generator 

size (i.e. power smaller or greater than 3.68 or 13.8 kVA) [55].  

Similar requirements are specified in the Austrian guideline which covers both MV and LV 

voltage levels [61]. The first version of the Austrian guideline including such requirements [62] 

has indeed been aligned in 2013 with the requirements of the German LV guideline [63], and 

has been recently updated again [64]. Currently, both German LV and MV guidelines are under 

revision. 

Besides Germany and Austria, reactive power requirements appeared also rather early in 

Belgium and Italy.  

In Belgium, generators above 1 MVA must be able (since 2012) to operate at tan=-0.10 

(reactive power consumption) and 0.33 (reactive power injection).  

In Italy, the latest connection standard for LV consumers [65] requires from inverter-based 

generators smaller than 11.08 kW to be able to operate in a triangular area in the PQ-plane 

(down to cos=0.90) in cos(P) mode, and from generators larger than 11.08 kW to be able 

to operate according in a rectangular area (up to a maximal reactive power of 0.48 p.u. 

(independently from the injected active power)) in Q(U) mode. More details on these types of 

control are provided in chapter 2.1.5.1. 

In France, the largest DSO Enedis published in 2016 a note describing how to implement local 

voltage control for generators connected to the MV network. This control is not compulsory but 

can be chosen by the connection applicant to e.g. save network reinforcement costs needed 

to reinforce the network. The control consists in a Q(U) control with a maximal reactive power 

of 0.40 p.u. (injection) or 0.35 p.u. (consumption). 

Having recognized the need to harmonize requirements throughout Europe, some 

standardization work has been launched at CENELEC level in 2007, leading to the standard 

EN 50438 [66] for small generators (<16 A) and two technical specifications: EN 50549-1 and 

-2 [67], [68] for LV and MV connected generators respectively. 
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The standard EN 50438 requires from inverter-based generators to be able to operate down 

to a power factor of 0.90 in the three modes Q(U), cos fix or cos(P). The technical 

specifications EN 50549-1 and -2 require a similar operation area (down to a power factor of 

0.90), with however a possibility to over-fulfil with a rectangular area. This technical 

specifications required more control modes than the previously mentioned standards: 

 Q fix 

 Q(U) 

 Q(P) 

 cos fix 

 cos(U) 

 cos(P) 

These European standard or technical specifications are however only rarely referred to in 

national regulations and therefore only relevant in a few countries.  

Finally, the network code “Requirements for Generators” shall be mentioned. In 2009, the 

European Commission identified the need for coordinating the framework conditions of the 

energy market in the EU and the development of European “Network Codes” (NCs) was 

launched to establish a harmonized set of rules for the electricity sector in Europe. 

After a long drafting and consultation process the network code “Requirements for Generators” 

(RfG) was published in April 2016 [69]. This grid code defines four categories of generators 

based on the power and voltage at the point of connection, with different requirements for each 

category. In terms of reactive power provision, requirements are applicable to almost all 

categories (B, C and D), i.e. for generators above 1 MW in the synchronous area Continental 

Europe. This grid code will play a major role in harmonizing system-relevant issues such as 

frequency control or response to large disturbances (fault-ride-through). In terms of reactive 

power provision, the grid code mainly specifies U-Q operation areas for generators and leaves 

further details to national regulations (non-exhaustive requirements). 

Alongside with these new requirements for generators connected to the distribution network, 

additional standards specifying how to test equipment supposed to fulfil these requirements, 

have been published and used by testing institutes [70]. 

In the next chapter, the requirements are briefly analysed and the most relevant gaps are 

identified. 
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2.1.3 Comparison of the connection requirements related to voltage control in 

selected European countries 

About 10 years after the introduction of the first requirements related to voltage control in 

connection standards or guidelines, the requirements are still inhomogeneous. In the following, 

the items which are addressed differently are briefly discussed.  

 Threshold for the requirement to contribute to voltage control 

The thresholds used for requiring from generators the capability to control the voltage which 

are set in terms of voltage level (e.g. in France [71]), in terms of power (e.g. Belgium [72]), or 

both (e.g. Germany [55], [56], Austria [64]) differ significantly. While the voltage control or 

reactive power control capability is not required from LV-connected generators in France and 

Belgium, it has been required in Germany and Austria for about 5 years (which does not 

necessarily means that it has actually been used). 

 Design requirements (PQ-operation area, reactive power capability) 

The connection requirements differ significantly in terms of design requirement (or PQ-

operation area), i.e. on the amount of reactive power which the generator must be able to inject 

or consume. 

Some standards require from generators to be able to operate in a triangular area on the PQ 

plane down to power factors of 0.95, others down to 0.90 (sometimes depending on the voltage 

level or generator power). In some standards, the requirement is relieved when the injected 

active power is low (e.g. below 20 % of the nominal power in Germany [55], Austria [64] and 

Italy for generators < 11.08 kW and below 10 % e.g. in Italy for generators > 11.08 kW [65]). 

Some standards mention the possibility to over-fulfil these requirements by being able to 

operate in a rectangular area (i.e. the possibility to consume or inject reactive power 

independently from the active power output): in Italy [65] or according to the technical 

specifications EN 50549-1 and -2 [67], [68]. 

 Type of control 

The most required types of control are Q fix, cos fix, and Q(U), but some connection 

guidelines require additional types of control such as Q(P) and cos(U). Only very few 

standards provide a clear recommendation for a particular type of control. 

 Steady-state control settings 

From all the connection guidelines and standards, only a few ones mention specific settings 

for all the types of control required (e.g. deadband, droop, thresholds – see chapter 3.2.1 and 

in particular Figure 8 for more details on the steady-state control settings): [65] in Italy and [71] 

in France. For all the others (Germany, Austria, Belgium, European standards / specifications), 

no information about the settings is given (such as default settings or how to select the 

settings).  
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 Response time 

While there is a general consensus that reactive power-based voltage control should not react 

“too fast”, the requirements on the dynamic response of the voltage control were missing in 

the first versions of the connection guidelines, and are still generally vague: 

o Germany: response time of 10 s [55] or first order characteristic with an 

adjustable time constant between 5 s and 60 s in the latest draft [30] 

o Austria: first order characteristic with a time constant adjustable between 3 s 

and 60 s [64] (the same requirements are mentioned in the technical 

specification EN 50549-1 and -2 [67], [68]) 

o France: voltage measurement with a moving average of 10 s, sampled every 

second, and a response time of 30 s [71] 

o Italy: maximal settling time of 10 s [65]. 

 Maximal power for single-phase generators 

This requirement is not directly related to the topic of voltage control but has an indirect impact 

(see next point and chapter 2.1.5.2). The maximal power of single phase generators is for 

example 3.68 kVA in Austria [64], 4.6 kVA in Germany [55], 5 kVA in Belgium [72] and 6 kVA 

in Italy [65] or France [73] (the max. power of single-phase consumers is 12 kVA in France)1. 

In the last years these thresholds have been decreased in a few countries (from 4.6 kVA to 

3.68 kVA in Austria and 18 kVA to 6 kVA in France) to limit the unbalance in LV networks. 

 Control under unbalanced conditions for three-phase generators 

Most of the standards do not address this topic at all, although significant differences in terms 

of behaviour have been identified several years ago [74].  

Only a few documents and the technical specification EN 50549-1 [67] address this issue: 

 Germany (only in the current draft for the revised German LV connection guideline 

[30]): for the Q(U) control, the maximum of the three phase-to-neutral voltages should 

be used. 

 Austria: if the phases are not controlled individually, the controller should use the 

maximum of the three phase-to-neutral voltages (using the average value of the three 

voltages is however allowed) [64]. 

 EN 50438 [66]: “the input signal of the voltage controller can be the positive sequence 

voltage, the average of the phase-to-neutral voltages or a an independent control of 

the three phases” 

                                                
1 The requirements can be in fact more complex, with a maximal constructive unsymmetry or an actual 

unsymmetry between phases. 
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 EN 50549-1 [67]: “in the absence of consensus, one of the following three methods 

should be used: 

o the positive sequence component of the fundamental 

o the average voltage of a three phase system 

o phase independently the voltage of every phase to determine the reactive 

power for every phase”. 

 Requirements on the control error 

o Italy and France: +/- 5 % of the connected power [65], [71] 

o Germany: the applicable testing procedure only covers the cos(P) control and 

specifies a maximum error of +/- 0.01 on cos. 

This brief comparison of the requirements shows a rather inhomogeneous picture. This 

situation can result in the following difficulties: 

 for generator manufacturers, having to design equipment able to fulfil the full variety of 

requirements, leading to additional development costs 

 for network planners: 

o having to rely on devices which might behave differently 

o having to adjust the settings without clear recommendations. 

For the topics of dynamic behaviour, behaviour under unbalanced conditions and in particular 

the type and parameterization of control, a consensus is apparently missing. 

2.1.4 Hosting capacity of distribution networks 

As mentioned in chapter 2.1.1, the reversal of the power flow can lead to over-load or over-

voltage situations.  

The impact of distributed generation on distribution networks can be quantified by the so-called 

hosting capacity. This concept, which has been introduced in [50], identifies the acceptable 

degree of DER penetration under given circumstances.  

In the last years, the rapid deployment of renewable generation in distribution networks has 

raised the interest on the concept of hosting capacity and many publications on this subject 

can be found. In particular, a number of them are using a probabilistic approach to evaluate 

the hosting capacity to deal with unknown factor such as the (future) location and size of 

generators and/or loads.  

The authors in [75] developed a streamlined analysis to determine the amount of photovoltaic 

generation that can be integrated into a distribution feeder. This streamlined analysis provides, 

for each considered feeder, a maximum hosting capacity (total PV penetration for which a 

constraint is experienced) and a minimum hosting capacity (total PV penetration for which a 
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constraint is likely experienced). This method has been used on several feeders, showing a 

great diversity among them. In [76], a probabilistic distribution of the voltage is used to 

determine the hosting capacity of sample networks in terms of acceptable number of PV 

generators and loads. In [77], Monte Carlo simulations are used to calculate a congestion risk. 

Defining an acceptable risk allows calculating a corresponding maximal amount of generation: 

the hosting capacity. In [20], the potential of Volt/var control has been analyzed by determining 

the gain in hosting capacity achievable for different networks. For this, a probabilistic 

assessment varying the location of the PV generation has been used. 

2.1.5 Voltage control and further smart grids concepts for hosting capacity 

enhancement 

 Review of basic voltage control concepts and further smart grids concepts 

As mentioned in chapter 2.1.1, voltage rise is one of the most common limitation of the hosting 

capacity, and extensive research material on voltage control concepts has been published in 

the last years. 

From a general perspective, there are several possibilities to counteract the voltage rise 

caused by the infeed from renewable generation into distribution networks, and therefore to 

extend the network hosting capacity. These possibilities can be classified based on the 

architecture of the control concepts (e.g. local / centralized / distributed) or based on the assets 

they rely on. In the following, another smart grid concept aiming at avoiding congestions (over-

load) is briefly presented for completeness in point b) although it is by nature not related to 

voltage control. 

a. Network reinforcement 

Network reinforcement and network extension have been one of the main tasks of network 

planners for decades. They can be considered to be the business as usual scenario, even if 

the complexity of the task should not be underestimated. Indeed, for feeders for which the 

hosting capacity is exhausted (voltage or current constraint), several alternatives such as 

reinforcing part of the feeder or splitting the feeder (see [78] for some theoretical 

considerations) must be evaluated. While network planning covers many different aspects, 

trying to identify the optimal network reinforcement or extension on the sole basis of voltage 

and loading requirements (ignoring other considerations related to e.g. asset management) is 

already a challenging task. For example, [79] proposes the use of a heuristic optimization to 

determine the optimal network extension. All the possible measures (e.g. new secondary 

substation, feeder reinforcement, use of Voltage Regulated Distribution Transformers…) are 

considered and monetized in order to find the lowest total costs. 
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The concepts presented to increase the hosting capacity (points c) to f)) are all devoted to 

voltage control – the focus of this thesis. Before presenting these, another concept, which is 

used to increase the hosting capacity of feeders experiencing the current constraint, is 

presented in point b). 

b. Dynamic line rating 

The concept of dynamic line rating consists in using dynamic values for the maximal currents 

of transmission or distribution lines according to the external conditions (e.g. ambient 

temperature, wind speed, solar irradiance). It therefore addresses the other limitation of 

networks (current limit) and has been used successfully by transmission system operators for 

some years [99]. The theoretical formulation has mainly been elaborated by CIGRÉ [100], 

[101] and IEEE [102].  

[103] quantifies the transmission capacity increase in networks with high wind power share 

through the use of dynamic line rating (against static line rating). The authors state that this 

increase can reach up to 70 % for some locations. The authors of [104] analyse the actual 

benefits of dynamic line rating when considering inaccuracies in generation and rating forecast 

on the basis of statistical calculations for a case-study.  

In [27], a concept for minimizing the redispatch costs have been proposed and analyzed into 

details. In this study, the dynamic rating is incorporated into the optimization by simulating the 

conductor temperature.  

In [86], active power curtailment and dynamic line rating are considered and compared for wind 

power integration. The authors come to the conclusion that dynamic line rating leads to a 

significantly higher hosting capacity increase than curtailment (both concepts can be 

combined). 

c. Local reactive power-based voltage control (local Volt/var control) 

Most of the literature on local voltage control focuses on Volt/var control (local reactive power-

based voltage control without communication and coordination). In [80] a high level 

comparison between the most popular types of voltage control (cos fix, cos(P), Q(U)) is 

provided. This comparison considers the effectiveness, the impact on the reactive power 

balance, impact on the network losses and the implementation complexity. 

In [81], several local Volt/var control methods for over-voltage prevention are investigated and 

a new concept is proposed – a cos(P,U) control – to combine the advantages of both types 

of control cos(P) and Q(U).  

Authors in [82] proposed to introduce a location component into the parameters of the Q(U) 

control in order to ensure a more homogenous contribution of generators along LV feeders. 

This is done by parameterizing the dead band of the Q(U) control based on the network 

impedance at the point of connection. The authors evaluate the total amount of reactive power 

needed to maintain the voltage below the planning limit while maximizing the amount of 

generation.  
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In [83], another location adaptive Q(U) droop control using a fuzzy inference system to input 

the location into the control is proposed. The authors come to the conclusion that this concept 

overcomes the drawback of the standard Q(U) droop method of a very inhomogeneous 

contribution of generators along feeders without requiring communication infrastructure.  

In [84] and [85], the authors presented successful field tests results of local and coordinated 

voltage control concepts for MV and LV networks. These field tests demonstrated the feasibility 

of the proposed concepts and allowed to validate the expected benefits of the control concepts 

in terms of voltage band utilization. 

d. Local active power control (curtailment) 

As considered in [86], active power curtailment can be, from the generator point of view, a 

viable alternative to network reinforcement as long as the income losses are lower than the 

network reinforcement costs over the generator lifetime. Since active power curtailment has a 

direct implication on the generator production and therefore on its revenues, concepts ensuring 

an equitable or “fair” distribution of the curtailed power has received a particular attention. In 

[87], a concept based on a centralized control (“consensus control”) is proposed. In [88], an 

offline coordination is proposed to ensure a homogeneous distribution of the curtailment 

among generators connected along a feeder. For this purpose, the voltage sensitivity factors 

(determined from a power flow computation) are used to adjust the droop factors of each 

generator. This concept is in fact very similar to the concept used for reactive power control 

mentioned previously [82]. 

e. Local control of the on-load tap changer (at the primary or secondary substation 

– if available)) 

Another way to control the voltage is to use transformers with On-Load Tap Changers (OLTC). 

While such assets have been used for decades in primary substations (e.g. 110 kV/30 kV), 

recent technological progresses have made possible to use a similar principle with different 

technologies (e.g. vacuum switching) for distribution transformers (so-called Voltage 

Regulating Distribution Transformers – VRDT [89]). 

Such transformers allow decoupling the low voltage network from the medium voltage network 

and therefore to better use the available voltage band. The use of a VRDT allows theoretically 

to double or triple the voltage rise that is allowed for generators connected to the LV network 

(3 % in Germany and Austria – see chapter 2). 

Several studies have compared the effectiveness and competitiveness of controlling the 

voltage with such devices (VRDT) or with Volt/var control, compared to network reinforcement 

[20], [90]–[92], coming usually to the conclusion that it depends on the specific network 

conditions. 
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f. Coordinated voltage control (with OLTC and/or reactive and optionally active 

power control) 

The disadvantages of purely local voltage control concepts such as Q(U) (e.g. risk of over-

voltage risk while generators at the beginning of the feeder do not contribute at their maximum) 

can be avoided by coordinated control. The coordinated voltage control concepts proposed in 

the literature are often based on a central controller together with local Q(U) controllers. The 

central controller calculates (optimal) voltage set-points for the local controllers (supervision), 

and the generators operate according to the centrally adjusted local control rule [93]. 

In [94] and [95], a step model of increasing complexity is introduced to control the voltage of 

low voltage networks. The proposed coordinated control senses the voltage of strategic nodes 

through smart meters and sends settings to a VRDT and to PV generators. 

In [96], a high-level overview on different implementations of such controls is provided, 

classifying them based on the observer (e.g. smart meters, dedicated sensors) and the 

actuators (e.g. generators, VRDT for secondary substations, OLTC at primary substations). 

Further concepts based on supervisory control have also been proposed in other studies. The 

task of the supervision can be to ensure a proper sharing the control burden between 

generators ([82], [88]), to minimize the reactive power flows [84] or to avoid voltage violations 

considering uncertainties. A number of papers have also addressed the question of 

coordination between OLTC and devices controlling reactive power in order to e.g. reduce the 

frequency of operation of the OLTC [97], or to combine different types of control (e.g. “line drop 

compensation” [98]). 

 Performance of local voltage control under unbalanced conditions 

Unbalanced generation infeed from e.g. small single-phase solar generators worsens the 

problem of voltage rise [105]. Indeed, the voltage rise caused by a power injection on one 

phase is up to 6 times greater than for a symmetrical infeed [106]. This means that the hosting 

capacity is decreased by a factor 6 compare to a fully symmetrical power infeed. 

In order to limit this effect, the maximal power of single-phase generators (or the maximal 

power imbalance between phases) is usually limited by connection guidelines to about 5 kVA 

(see chapter 2.1.3). However, unbalance cannot be fully avoided and, in some particular 

cases, significant unbalance levels can occur. 

In [106] and [107], the impact of unsymmetrical power infeed in terms of neutral point shifting 

is analysed. The analyses performed in [106] or [108] show that in addition to the voltage rise 

caused by the unsymmetrical infeed in the corresponding phase, a voltage drop occurs in one 

of the remaining two phases due to the neutral point shifting. In fact, even more complex 

situations can occur with voltages exceeding the limit at nodes without any power injection 

[109].  

Besides the voltage rise problem explained before, further effects of unbalanced power flows 

in LV networks caused by unsymmetrical power infeed are mentioned in the literature: 
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additional losses in cable/lines and transformers [110], [111], the loss of performance and the 

over-heating of induction motors [112].  

Although a large share of the installed PV capacity is connected to low voltage networks (see 

chapter 1.1.3), the actual impact of these installations on the network is still not very well 

known. This issue has been recognized and somehow addressed in standards only recently. 

As mentioned in chapter 2.1.3, standards still do not really specify how (three phase) 

generators should behave under unbalanced conditions. For example, [108] reports about an 

increase of the voltage unbalance factor (ratio between negative and positive sequence 

voltage) due to the reactive power consumption aiming at lowering the voltage. 

One of the critical point with the voltage unbalance caused by unsymmetrical power infeed is 

that distribution system operators usually do not have much information about the low voltage 

network. Indeed, there is usually no detailed information about loads and generation, and 

especially about their distribution over the three phases [113]. Without detailed information on 

the LV networks, conservative assumptions are necessary (e.g. conservative assumption on 

the distribution of single-phase generators) and they might severely limit the available hosting 

capacity of LV feeders. For this reason, investigations on how to balance the grid have been 

performed (the own contribution to this topic is summarized in chapter 3.4.2, and the 

corresponding research papers are provided in chapter 6). In [114], the authors investigate the 

possibility to change the connection phase of single-phase generators to mitigate unbalance 

and primarily reduce the network losses due to the increased current through the neutral 

conductor. In [115], the benefits of “phase-switching” have been investigated with a case study, 

with the main objective to reduce the voltage unbalance factor. 

In the recent years, several concepts to actively reduce the unbalance through unsymmetrical 

control of inverters have been proposed. The authors in [116] try for example to mitigate the 

voltage unbalance by injecting unsymmetrical currents with a set point determined on the basis 

of a comparison between the phase voltages and the positive sequence voltage. This way, the 

voltage unbalance is reduced, and the neutral current and the line losses decrease. In [117] 

and [118] an unsymmetrical control is proposed to mitigate voltage unbalance with electric 

vehicle chargers.  

 Stability issues for local voltage control 

From the different types of local voltage control presented in chapter 2.1.5.1, the Q(U) control 

has a feedback loop which can, in theory, cause instabilities1. Most of the literature related to 

Q(U) deals with steady-state operation and do not address the actual stability of networks with 

a  significant amount of generation operating with such a local control mode. Only few studies 

have investigated the stability of Q(U) control, and they tend to conclude that stability problems 

are not expected [74], [119]. In [74], the stability of the Q(U) control has only be investigated 

                                                
1 Only the outer control loop is considered. The inner (current) control loop has a significantly higher 

bandwidth and is therefore not taken into account here. 
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through testing of three photovoltaic inverters. The authors report that the tests have not 

revealed any sign of instability and recommend without real justification the use of a time 

response of 5 s. In [119], the authors managed to shows on the basis of simulations that 

oscillations can occur when operating several inverters in Q(U) control mode. Moreover, they 

showed that the steepness of the Q(U) curve has an impact on the stability. However, the 

previous studies have not systematically analysed the problem and did not formulate clear 

recommendations. 

The own contribution to this topic is summarized in chapter 3.4.1 and the corresponding 

research papers are provided in chapter 6. 

2.1.6 Analysis of the deployment potential of voltage control in distribution networks 

Despite the large number of research papers published on smart grids solutions aiming at 

increasing the hosting capacity of distribution networks, the actual potential of these solutions 

has not been analysed in a systematic way. Most of the research is devoted to specific control 

concepts which are then investigated trough simulation or field tests. However, the findings of 

these investigations are usually based on case studies, and they are therefore difficult to 

generalize. 

In this context, identifying “representative” networks which can be used for generic studies 

have received increasing attention in the last years. The purpose of these representative 

networks is for example to be able to estimate the benefits of smart grids solutions, to compare 

different parametrizations, to compare different types of solutions, or to identify types of 

networks in which specific solutions best perform. 

An overview of the previous works in this field is provided in Table 1 [4]. Despite the different 

wording that all these studies use, they generally follow a similar objective, namely to identify 

a set of “typical” or “representative” feeders in order to conduct “generic” network analyses. 

Most of these studies rely on clustering (and in particular on the k-means algorithm) to identify 

the representative feeders. Moreover, these studies vary significantly in terms of number of 

clusters (from 3 to 35), using different criteria to select the “right” number of clusters. Finally, 

almost all these studies have not validated the clustering results due to the selected approach 

and available data. Validation is in fact very important because even very good clustering 

results might be of poor added value for a specific question if the variables used to characterize 

the feeders are not relevant enough for the considered question. The own contribution to this 

topic is summarized in chapter 3.3 and the corresponding research papers are provided in 

chapter 6. 
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Table 1: Main characteristics of existing studies on distribution feeder / network classification [4] 

Study Scope Target Data set 
Statistical 
method 1 

# of  
param. 

# of  
clusters 

[120] (US) MV feeders 
“representative 
feeders” 

1 350 k-means 11 10 

[121] (US) MV feeders 
“prototypal 
feeders” 

575 hierarchical 35 24 

[122] (NL) LV feeders 
“most common 
types of feeders” 

88 000 
fuzzy k-
medians 

948 2 8 

[123][124] 
(DE) 

LV networks 
“reference 
networks” 

86/358 
“qualitative 
and statistical 
analysis” 

3 7/5 

[125] (DE) 
LV and MV 
networks 

“network area 
classes” 

LV: 177 
MV 3: 20 

k-means 4 11 4 

[126] (DE) LV feeders 
“benchmark 
feeders” 

n/a k-means 6 18 

[127] (US) MV feeders 
“representative 
feeders 

3 000 k-means 12 5 22 

[128] (DE) LV networks 
“reference 
networks” 

203 k-medoids 4 20 

[129] (US) MV feeders 
“representative 
feeders” 

1295 
k-medoids / 
random forest 

16 12 

[130] (AU) 
LV and MV 
feeders 

“representative 
feeders” 

LV: 
8 858 

MV: 204 
hierarchical 

LV: 7 
MV: 6 

LV: 8 
MV: 9 

[131] (DE) LV networks 
“cluster 
reference grids” 

>20 000 k-means 5 5 10 

[132] (IR) MV feeders 
“representative 
feeders” 

195 
self organized 
maps 

7 5 9 

1 further methods are additionally used in some cases (e.g. principal component analysis in [127], [129] for 

visualization purpose). 
2 a large number of clusters has been selected (94). Feeder properties have been only provided for the 8 largest 

clusters (representing only about one third of the whole population of feeders). 
3 HV networks have also been considered (out of scope here). 
4 the clusters are further grouped within five load density areas. 
5 after parameter reduction (based on e.g. correlation analysis). 

  



Voltage control in distribution networks – State of the Art and scope of the work 

 

-23- 

2.2 Scope of the research work 

2.2.1 Research questions and contribution of this thesis 

While voltage control, and in particular Volt/var control, has been successfully implemented in 

several pilot projects (see chapter 2.1.5), it is still not used in a systematic way by distribution 

system operators. The main research question addressed in this thesis can be formulated as 

following: 

 What is the actual potential of Volt/var control to increase the hosting capacity of 

distribution networks, and which recommendations could foster a stronger deployment, 

where appropriate, as an alternative to network reinforcement? 

This main research question encompasses in fact further sub-questions (SQ), also to be 

answered by this thesis: 

 SQ1: How can the hosting capacity formulation be used to analyze systematically 

distribution networks? 

 SQ2: To which extent can the benefits of voltage control be fully used to increase the 

hosting capacity of distribution networks? What are the possible side effects? Is 

Volt/Watt control a suitable complementary measure to Volt/var control? 

 SQ3: Can the behaviour of real distribution networks be predicted with the data usually 

available? Can the actual deployment potential of voltage control be estimated? Is it 

possible to identify a reduced set of “typical networks”? 

 SQ4: What are the most promising Volt/var control concepts? How should they be 

parametrized to ensure highest effectiveness while limiting the side effects? How to 

avoid stability problems in networks with several devices controlling the voltage? 

 SQ5: How does Volt/var control perform under unbalanced conditions? Which control 

strategies should be recommended? What are the limitations and what are the 

alternatives to actively reduce unbalance? 

 

In chapters 2.2.1.1 to 2.2.1.5, the relevance of these questions and the knowledge gap are 

presented. 
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 SQ1: How can the hosting capacity formulation be used to analyze 

systematically distribution networks? 

While the concept of hosting capacity has been introduced more than 10 years ago and used 

in several studies to quantify the benefits of specific smart grids solutions (see chapters 2.1.4 

and 2.1.5), one of its major added value – to serve a metrics to classify networks or compare 

smart grids solutions – has been little used. 

 SQ2: To which extent can the benefits of voltage control be fully used to 

increase the hosting capacity of distribution networks? What are the possible 

side effects? Is Volt/Watt control a suitable complementary measure to 

Volt/var control? 

Numerous studies based on simulations and field tests have investigated the benefits of 

voltage control (and in particular Volt/var control) in terms of hosting capacity enhancement. 

However, the limits of voltage control have not been clearly investigated (e.g. under which 

conditions voltage control is no longer a meaningful alternative to network reinforcement). Side 

effects such as additional reactive power flows and additional network losses have been 

considered in a number of studies but most of the results are specific to case studies (see 

chapter 2.1.5).  

While it is always difficult to formulate sound generic conclusions, such conclusions on the 

basic potential of smart grids solutions are needed by stakeholders such as distribution system 

operators or equipment manufacturers to better evaluate the cost-benefit balance of smart 

grids solutions. 

 SQ3: Can the behaviour of real distribution networks be predicted with the 

data usually available? Can the actual deployment potential of voltage 

control be estimated? Is it possible to identify a reduced set of “typical 

networks”? 

As previously mentioned, the knowledge about distribution networks, and in particular low 

voltage networks, is usually limited due to the absence or the very limited amount of 

measurements, and due to the large number of networks. At the same time, low voltage 

networks host a significant share of distributed generation (see chapter 1.1.3). For these 

reasons, being able to predict the behaviour of distribution networks would allow distribution 

system operators to decide on whether or not, and where, to deploy voltage control solutions. 

On the one side, the use of “typical” networks can allow benchmarking different solutions on a 

common basis, but at the same time, it might be difficult to relate “typical” networks to the real 

networks of a given DSO. Instead, a simplified prediction based on the specific network data 

set of DSOs might bring a better benefit. While these topics have been partly addressed in 

several research works (see chapter 2.1.6), a comparison between the different approaches 

previously mentioned and clear recommendations are missing. 
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 SQ4: What are the most promising Volt/var control concepts? How should 

they be parametrized to ensure highest effectiveness while limiting the side 

effects? How to avoid stability problems in networks with several devices 

controlling the voltage? 

A large number of papers have been published on voltage control and Volt/var control in 

particular. Some of these concepts could provide interesting advantages but have poor 

implementation chances due to their complexity. Even in the group of local control concepts, 

some require specific tuning to each network (see chapter 2.1.5.1). Since networks evolve, 

sometimes very fast (for example the number of distributed generators), such concepts would 

require considerable amounts of resources to be implemented and maintained. Even when 

focusing on the simplest concepts, which could be implemented with limited efforts, clear 

recommendations on which control and which settings to use are missing. This might have 

been one of the major reasons why even simple control concepts have mostly only been used 

in pilot projects. 

Another reason can be the lack of clear results on the issue of stability. As mentioned in chapter 

2.1.5.3, only a few studies have analyzed this topic, and clear conclusions or recommendations 

on how to adjust the time behaviour of generators to ensure a stable operation even with high 

share of generation, are missing. 

 SQ5: How does Volt/var control perform under unbalanced conditions? 

Which control strategies should be recommended? What are the limitations 

and what are the alternatives to actively reduce unbalance? 

As mentioned in chapter 2.1.3, the threshold for single-phase generators has been decreased 

over the years in some countries to limit the unbalance. However, low voltage networks remain 

unbalanced. In some networks, the level of unbalance might be very high and some actions 

must be taken to reduce it. On the one hand, distribution system operators could change the 

connection phase of some generators, and on the other hand existing three-phase generators 

could actively contribute to reduce the unbalance (or at least not worsen it). Both topics have 

been addressed in several research works in the last years, but clear recommendations are 

still missing as explicitly mentioned in some standards (see chapter 2.1.3). 

 

The compilation of these sub-questions form the main research question of this work. The 

objective of this thesis is to evaluate and discuss the potential of Volt/var control to increase 

the hosting capacity of distribution networks, and to provide recommendations on how to 

implement and where to deploy such a control in distribution networks. In addition to Volt/var 

control, the extension of the voltage band with voltage regulated distribution transformers has 

also been considered since these “new” assets received an increasing attention in the last 

years. 
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2.2.2 Concept of the compilation of this doctoral thesis 

This thesis addresses, as previously mentioned, the expected potential of voltage control in 

distribution networks, by addressing the questions (sub-questions presented in chapter 2.2.1) 

which have not been answered or only partly answered in previous works. Figure 3 shows a 

visual illustration of the structure of this thesis, linking the chapters and the compiled papers 

with the research questions. 

 

 

Figure 3: Concept of the compilation of this thesis: research questions, chapters and compiled papers 

 

Having introduced the topic and the research motivation in chapter 1, presented the relevant 

state of the art and the scope of the work in chapter 2, the remainder of this thesis is organized 

as following. In chapter 3, the research work conducted for this thesis is summarized. The main 

conclusions of this work are presented in chapter 4. The papers forming part of this thesis are 

provided in chapter 6, and further publications authored or co-authored by the applicant are 

listed in chapter 7. All the cited references are listed in chapter 5. 
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3 Summary of the conducted research work on voltage control in 
distribution networks 

This chapter summarizes the conducted research work, on the basis of, but not limited to, the 

papers provided in chapter 6 (see Figure 3 for an overview of the contributions). The most 

important contributions of this thesis are summarized in chapter 4.2. 

3.1 Conceptual analysis of the hosting capacity of distribution networks 

As mentioned in chapters 1.1.3 and 2, the hosting capacity of (rural) distribution networks is in 

most cases limited by the voltage rise caused by the infeed of renewable generation. One of 

the most important planning principles impacting the amount of generation which can be 

hosted by a particular network is the voltage band allocation, which consists in distributing the 

total available voltage range (±10 % according to [53]) among network assets and network 

users at medium and low voltage level: see Figure 4 (and also Figure 1). 

 

Figure 4: Voltage band allocation [106] 

As visible from this figure, the voltage band is shared between loads and generators for both 

voltage levels, and the maximal voltage rise caused by distributed generators is 3 % for LV-

connected generators and 2 % for MV-connected generators in Austria [54] and Germany [55], 

[56]. 

When trying to determine the hosting capacity of distribution networks, the voltage rise caused 

by the generation (or the maximal voltage occurring during a simulation) can be used as 

criterion, as for example in [77] and [75]. Further indicators such as the voltage spreading 

(difference between the maximal and minimal voltage) can also be used [133].  

In Publication 1 [2] (see chapter 6), an indicator introduced in [84], [134] has been used for the 

purpose of hosting capacity determination: the local voltage control need (LVCN). This 

indicator quantifies the need for locally controlling the voltage at some nodes of the network 

as shown in equations (2) to (7) [2]. 

  



Summary of the conducted research work on voltage control in distribution networks 

 

-28- 

𝑢𝑚𝑎𝑥(𝑡) = 𝑚𝑎𝑥{𝑢𝑘(𝑡), 𝑘 = 1. . 𝑛} (2) 

𝑢𝑚𝑖𝑛(𝑡) = 𝑚𝑖𝑛{𝑢𝑘(𝑡), 𝑘 = 1. . 𝑛} (3) 

𝑈𝑚𝑎𝑥 = 𝑚𝑎𝑥{𝑢𝑚𝑎𝑥(𝑡), 𝑡 = 1. . 𝑚} (4) 

𝑈𝑚𝑖𝑛 = 𝑚𝑖𝑛{𝑢𝑚𝑖𝑛(𝑡), 𝑡 = 1. . 𝑚} (5) 

𝐿𝑉𝐶𝑁(𝑡) = (𝑢𝑚𝑎𝑥(𝑡) − 𝑢𝑚𝑖𝑛(𝑡)) − (𝑈𝑚𝑎𝑥𝑙𝑖𝑚 − 𝑈𝑚𝑖𝑛𝑙𝑖𝑚) (6) 

𝐿𝑉𝐶𝑁𝑚𝑎𝑥 = 𝑚𝑎𝑥{𝐿𝑉𝐶𝑁(𝑡), 𝑡 = 1. . 𝑚} (7) 

with 

𝑡 time 

𝑘 node index 

𝑛 number of nodes in the network 

𝑚 number of time stamps in the simulation 

𝑢𝑚𝑎𝑥(𝑡) locus of the maximal network voltage 

𝑢𝑚𝑖𝑛(𝑡) locus of the minimal network voltage 

𝑈𝑚𝑎𝑥 maximal network voltage values over the simulation time frame 

𝑈𝑚𝑖𝑛 minimal network voltage values over the simulation time frame 

𝑈𝑚𝑎𝑥𝑙𝑖𝑚 maximal allowed voltage according to the planning rules 

𝑈𝑚𝑖𝑛𝑙𝑖𝑚 minimal allowed voltage according to the planning rules. 𝑈𝑚𝑎𝑥−𝑙𝑖𝑚 − 𝑈𝑚𝑖𝑛−𝑙𝑖𝑚 is the 

available voltage band for the considered voltage level(s) 

𝐿𝑉𝐶𝑁 Local voltage control need 

The local voltage control need LVCN, defined as the difference between the maximum and the 

minimum voltage and the available voltage band, provides information whether the voltage at 

all the nodes of the network could be maintained within the limits by adjusting the voltage set-

point with the OLTC to a suitable value (i.e. without local control). On the example provided in 

Figure 5, there is no need to control the voltage locally since it is possible for each time stamp 

to shift both curves up and down to bring them into the limits. 

 

Figure 5: Definition of the local voltage control need [2]  
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In Publication 3 [3] (see chapter 6), the concept of hosting capacity has been used to perform 

a statistical analysis of LV feeders. In this work, the hosting capacity analysis has been 

restricted to the two most relevant limitations in distribution networks: the maximal admissible 

voltage rise and the maximal admissible loading [3]. The hosting capacity of a distribution 

network (or feeder) is reached when the maximal allowed voltage rise is reached at one node 

(Feeder A on Figure 6) or when the maximal current is reached for one line or transformer 

(Feeder B on Figure 6). 

 

Figure 6: Hosting capacity visualization on the U-I plane [135] 

The hosting capacity can be determine by deterministic studies once scenarios for the 

deployment of distributed generation are defined, as for example in [50]. However, since it is 

difficult to predict the location and size of generators which will be connected to the grid in the 

future, a probabilistic evaluation of the hosting capacity has been introduced in the last years 

[75], [77], [136]. In [135], the hosting capacity determination considering voltage and current 

constraints as previously mentioned has been implemented on a probabilistic basis. For this 

purpose, a special algorithm has been developed: “Monte Carlo based feeder screening” [135].  

This algorithm uses Monte Carlo simulations to generate random distributions of generation 

along feeders. For each scenario (distribution of the generation along the feeder), the hosting 

capacity and the corresponding constraint are determined with a search algorithm [135]. The 

results have been presented in the form of a cumulative density function (CDF) of the hosting 

capacity for each feeder, which is coloured according to the constraint limiting the hosting 

capacity – see Figure 7 (blue for voltage-contraint and red for current-constraint). This 

colouring of the feeders according to the hosting capacity constraint has been also used in the 

work done on the feeder classification (see chapter 3.3). 

The CDF-curves consist in fact of points, which correspond to the randomly generated 

scenarios for the location of the generation along the feeders. This figure shows for example 

that feeders 01,03,04,07 always experience the voltage constraint before the current constraint 

whereas the others are mostly loading-constrained (some specific scenarios lead to the other 
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constraint but these are mostly outliers). One would expect the purely voltage-constrained 

feeders to be rural feeders but a detailed analysis of the feeders confirms that the situation is 

more complex. For example, feeders 01 and 08 have almost the same length (11.9 km and 

10.5 km) but have an opposite behaviour in terms of hosting capacity constraint. 

 

Figure 7: Cumulative density function of the hosting capacity of an exemplary MV network [96], [135] 

blue = voltage-constraint / red = current-constraint 

3.2 Voltage control in distribution networks: comparison of different concepts 

in terms of effectiveness and side effects 

3.2.1 Investigated voltage control concepts 

The papers compiled in this thesis consider the voltage control concepts most cited in 

connection standards (see chapter 2.1.5.1), which have, a priori, the highest deployment 

potential. These control concepts are purely local and can be implemented directly into the 

generator control. 

The first one consists in controlling the power factor as a function of the injected active power 

(cos(P)). As visible on Figure 8 (left) – corresponding to the default settings according to [55], 

[64], the more active power is injected into the network, the more inductive the power factor. 

The consumption of reactive power starts only for active power values above 50 % of the 

maximal power, and the maximal reactive power consumption (cos=0.9) is met at full power 

injection. 

The second type of control consists in controlling the reactive power as a function of the voltage 

measured at the point of connection (Q(U)). As visible on Figure 8 (right) – drawn with 

exemplary settings (adapted from [80]) since as mentioned in chapter 2.1.3 connection 

standards do usually not specify any settings) – no reactive power is injected as long as the 

voltage stays within a dead-band area (in the example between 0.94 p.u. and 1.05 p.u.). When 
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the voltage leaves this dead-band, reactive power is consumed (in case of over-voltage) or 

injected (in case of under-voltage).  

With both types of control, the voltage rise caused by the active power infeed is partly 

compensated by the reactive power consumption. In addition, a P(U) control can be used 

(together with the Q(U) or even cos(P) control), as visible on Figure 8 (right). The advantage 

of this P(U) control is that it guarantees that the voltage does not exceed a given threshold 

since the active power infeed will be reduced directly. An analysis of this control is provided in 

chapter 3.2.4. 

 

Figure 8: Exemplary characteristics for cos(P) (left) and Q&P(U) (right) controls – adapted from [80] 

right part (Q(U)): dead-band area between 0.94 and 1.05 p.u. / droop area between 0.92 and 

0.94 p.u. (under-voltage) and 1.05-1.08 p.u. (over-voltage) 

In addition to these two local control concepts using distributed generators to solve the 

problems caused by themselves (see [48]), further concepts involving OLTCs have been 

developed: 

 Control of OLTC based on remote voltage measurements 

With this concept, usable at MV (OLTC at the primary substation) or LV (OLTC at the 

secondary substation) level, the tap position is set according to the voltage measured at special 

nodes (critical nodes [84] or pilot nodes). This optimal tap position is calculated by an algorithm, 

which can have several objective functions such as the minimization of OLTC operation [84], 

[137] for example. 

 Optimal OLTC and Volt/var control 

This concept which is also usable at MV ([84], [134], [137]) or LV ([94], [95]) level, consists in 

combining the OLTC control and the Volt/var control by distributed generators.  

A central voltage controller computes the optimal tap position for the OLTC and the optimal 

reactive power set points for selected distributed generators (generators with a significant 

impact on the voltage profile). For this, the controller receives measurement from critical nodes 

(as in the previous control), which can be smart meters for the LV case [94], [95]. As for the 

P/Pmax0,5 1,0
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previous control, the set points can be calculated with different objective functions such as the 

minimization of the amount of reactive power exchanged with the network ([84], [134], [137]). 

3.2.2 Used methods and tools to analyse the control concepts 

In the frame of this thesis, a broad spectrum of (power network simulation) methods has been 

used. Almost all these network simulations have been performed with the software 

PowerFactory [138]. 

 Steady-state simulations 

For most of the analyses presented in this thesis, steady-state simulations have been used to 

analyse voltage profiles, loading, losses, reactive power import, etc. 

In many cases, the load flow simulations have been done using load and generation profiles 

(e.g. 15 minutes average values for one year, representing 35040 values). When analyzing 

several scenarios (e.g. several controller settings [5] or generation scenarios [140]), 

automating simulations is necessary, and, in some cases, parallelization (execution in parallel 

of independent simulations) is needed to reduce the simulation time [96].  

An example of automation framework developed for PowerFactory is presented in [139]. In 

addition, special tools have been developed to allow a performant simulation of specific types 

of controls such as Q(U) (with P(U)) for large time series.  

Finally, for all the studies conducted on the issue of voltage control under unbalanced conditions 

[7], [8], [106], [113], [113], [141], special network and load / generation models have been 

developed and validated. In these models, the neutral conductor has been modelled explicitly, 

and in some cases, the grounding has been implemented according to the grounding practises. 

Finally, a specific study on the impact of the load modelling on the results of network planning 

studies has been conducted [142]. In this paper, the impact of the load model (ZIP-model) on 

the voltage profiles, loading, losses and reactive power balance has been investigated for 

several MV feeders. The results show that the impact of the load model is limited, except for 

long feeders and some recommendations are formulated in this paper. 

 Probabilistic power flows 

In order to properly consider the stochastic nature of load and renewable generation, 

Monte Carlo simulations have been used. For this, load and generation profiles following 

distribution functions previously determined from measurements, have been generated. One 

of the challenge of these Monte Carlo simulations is that, in order to estimate, with a high level 

of accuracy, high percentiles (e.g. the 99 % percentile of the voltage), a large number of 

samples is necessary. The higher the percentile and the confidence level, the larger the 

number of samples [143]. A possible solution to this problem is to use the method of Hybrid 

Latin Hypercube Sampling instead of random sampling to generate the Monte Carlo samples 

[144]. This method which provides accurate results with smaller sets of samples, has been 

used for studies involving a very large number of simulations [96], [135], [145].  
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 Dynamic simulations 

For the stability analysis presented in Publication 6 [6], RMS-simulations have been performed. 

For this, suitable models of the controllers have been implemented and parameterized (see 

chapter 3.4.1). In addition to the RMS simulations, the stability analysis has been conducted 

with the modal analysis engine of PowerFactory [138], as well as with Matlab [146]. 

 Laboratory tests  

In the frame of the projects morePV2grid [80] and MetaPV [147], numerous lab tests have 

been conducted. For this, the inverter test bench available at the Austrian Institute of 

Technology (AIT) has been used. A programmable network simulator which allows producing 

virtually any network condition has been used together with a variable impedance to emulate 

the network (see Figure 9). Some of results of the laboratory tests are provided in [6], [80], 

[109], and a more comprehensive overview of testing techniques for network support 

functionalities of inverters is given in [70]. 
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Figure 9: Simplified scheme of the test bench used to test inverters operating in Volt/var mode [80] 

 Power Hardware in the Loop PHIL 

Power-Hardware-in-the-Loop (PHIL) has developed in the last years to a powerful method to 

test components or control concepts. Indeed, it combines the benefits of classical simulation 

and lab testing avoiding limitations related to the availability and the rating of hardware. In 

[148], a study aiming at investigating possible interactions between OLTC controllers and 

Volt/var controllers is presented. Indeed, in this study, a real low power inverter (few kVA) has 

been used and a “scaled” network model has been implemented in the real time simulation. 

For this, a strong amplification of the measurements has been necessary, which lead to noise 

and even instabilities of the simulation. Classical filtering techniques could not be used to solve 

this noise amplification problem since it would considerably reduce the bandwidth of the 

simulation. To solve this problem, the approach of shifting impedances from software to 

hardware has been proposed and implemented. 
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 Field tests 

Finally, the concepts developed, modelled, simulated and tested in laboratory conditions have 

been validated through field tests in the frame of several projects (e.g. MetaPV [147], [149], 

morePV2grid [80], [85], [109] and DG DemoNet [84], [137], [150]). 

Field test validation is usually a challenging task due to the non-controlled conditions. Besides 

varying load and generation profiles, topology changes occurring in real can make the analysis 

of the results more difficult. Moreover, the actual penetration levels of distributed generation 

are usually low (to avoid e.g. voltage violations in case of problems with the tested controls), 

which makes it difficult to evaluate the benefits of the control under test. 

In order to deal with these challenges, a validation plan as well as statistical methods are 

necessary. In [80], the benefits of the Volt/var control which had been estimated via simulations 

have been validated by using the ANOVA (analysis of variance) method. On the basis of these 

field tests, the proper operation of the Volt/var control has been demonstrated and the 

expected benefit has been validated. 

3.2.3 General performance, benefits, and side effects of different control concepts 

In this chapter, the main results on the general performance of the different types of controls 

are presented for different scenarios (chapter 3.2.3.1). In a second chapter, an analysis of the 

side effects (network losses and reactive power consumption) is provided. 

 General performance and benefits 

The general performance of the Volt/var controls considered in this thesis have been analyzed 

in several papers. The first basic analysis has been performed within the project morePV2grid 

and presented in [80]. A summary is provided in Table 2. This table presents, in a condensed 

way, the generic characteristics of the considered types of control in terms of: 

 effectiveness: ability to compensate the voltage rise caused by the active power infeed 

 impact on the reactive power balance (e.g. increase of the reactive power consumption) 

and on the network losses 

 complexity to parameterize correctly and integrate the control in the network planning 

process. 
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Table 2: Generic comparison of the considered types of Volt/var control (adapted from [80]) 

 

Before presenting the detailed results of the comparison between the considered control 

modes for different parameterization, a discussion on the generic effectiveness of Volt/var 

control is provided in the following. 

As mentioned in chapter 2.1.1, consuming reactive power can help in lowering the voltage at 

the end of feeders experiencing over-voltage situations. Equation (1) can be rewritten in the 

following form: 

∆𝑈 ≈
𝑅. 𝑃

𝑈𝑁
2 ∙ (1 −

tan 𝜑

𝑅
𝑋⁄

) 
(8) 

with 

∆𝑈 Relative voltage rise caused by the active / reactive power infeed 

𝑃 Active power infeed of the generator 

𝑅 Equivalent network resistance at the point of connection 

𝑋 Equivalent network reactance at the point of connection 

𝜑 Phase angle 

𝑈𝑁 Nominal voltage 

 

Control cos fix cos(P) Q(U) Q&P(U) 

Effectiveness ++ the most effective 

All generators contribute by 

the same amount. 

 

 

-- unselective 

In case of under-voltage 

(heavily loaded feeder), 

generators further decrease 

the voltage instead of 

supporting it. 

++ as effective as cos fix 

All generators contribute by 

the same amount. 

 

 

- unselective (similar as but 

less than cos fix) 

 

+ slightly less effective 

than cos(P) 

Only generators 

experiencing a higher 

voltage contribute. 

+ Support in case of 

under-voltage 

+++ the “safest” 

Thanks to P(U), the voltage 

cannot exceed the chosen 

threshold (which is not the 

case for the other controls) 

+ Support in case of 

under-voltage 

Impact on the reactive 

power balance and losses 

-- highest reactive power 

consumption 

-- highest network losses 

- some unnecessary 

reactive power flows  

- increase of network 

losses 

- less unnecessary 

reactive power flows 

- less unnecessary 

network losses 

- less unnecessary 

reactive power flows 

- less unnecessary 

network losses 

- yield reduction which is 

difficult to estimate  

Complexity ++ lowest complexity + simple to implement 

 

 

- the generator sizing 

should be considered (PQ-

diagram for e.g. inverters) 

- more complex 

parameterization 

 

- the generator sizing 

should be considered (PQ-

diagram for e.g. inverters) 

- more complex 

parameterization 

 

- the generator sizing 

should be considered (PQ-

diagram for e.g. inverters) 

- more complex contracts 

with a “non-firm generation 

capacity” 
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Equation (8) shows that the voltage rise caused by the active power infeed can be partly 

compensated by reactive power consumption. For a given cos (and therefore tan), the lower 

the R/X ratio, the higher the effectiveness. LV networks are known to have high R/X ratios, 

which means that the benefits of Volt/var control can be expected to be low in LV networks. 

The achievable compensation of the voltage rise caused by an active power infeed has been 

evaluated with equation (8) for different typical LV cables and overhead lines (see Table 3). 

Table 3: Effectiveness of reactive power consumption to compensate the voltage rise for different LV 

cables and overhead lines [80] 

Cross section 

(AL mm2) 

Overhead line Cable 

R/X 
Compensation 

@cos = 0.90 
R/X 

Compensation 

@cos = 0.90 

50 1.9 26.1 % 7.2 6.8 % 

70 1.4 34.4 % 5.3 9.1 % 

95 1.1 45.6 % 3.8 12.9 % 

120 0.8 57.1 % 3.2 15.2 % 

150   2.6 18.6 % 

240   1.7 29.2 % 

 

This table shows that even for the very widespread cable type 150 mm2, the voltage rise can 

be reduced by almost 20 %, which means that the hosting capacity can be increased by more 

than 20 %.  

In Publication 1 [1], the basic potential of increasing the hosting capacity of LV feeders through 

Volt/var control alone, as well as in combination of Voltage Regulating Distribution 

Transformers (VRDT), has been analyzed for “generic” LV feeders. The main objective was to 

quantify to what extent LV feeders with extended voltage band (e.g. through the use of VRDT) 

are more prone to current constraints, with or without the additional use of Volt/var control from 

generators. Answering this question allows to gain some insights about the deployment 

potential of purely local smart grids solutions (such as the use of VRDT or Volt/var control), not 

relying on any additional measurements (observers). Another objective of this work was to 

quantify the impact on network losses in scenarios with maximal hosting capacity 

enhancement. 
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These “generic” feeders consist of cable or overhead line feeders of different cross-sections 

(from 50 mm2 to 120 mm2 for overhead lines and 50 mm2 to 240 mm2 for cables) with two 

different penetration profiles of photovoltaic generation: punctual (upper part of Figure 10), 

where all the generation is connected at the end of the feeder, and uniform (lower part of Figure 

10), where the generation is uniformly distributed along the feeder. Dedicated simulations 

showed that feeders for which the generation is (roughly) equally distributed among at least 

10 nodes along the feeder behave almost like “continuous feeders” (with a perfectly uniform 

distribution of the power along the feeder) [5]. In this work, an extension of the voltage band to 

8.5 % has been considered (compared to the 3 % currently used – see chapter 2). The detailed 

modelling details and assumptions are given in [1] / chapter 6. 

 

Figure 10: Considered feeders (punctual / continuous uniform distribution) [1] 

The simulations performed showed that the hosting capacity could be increased by about 

23 %, and confirmed the results previously presented (from equation (8)). In Publication 1 [1], 

the concept of “critical length” has been introduced. It is defined as “the feeder length for which 

the loading and voltage constraints are simultaneously limiting the hosting capacity” [1]. This 

length has been calculated for the different types of cables and overhead lines, and for the two 

generation distribution scenarios. This critical length is a useful metric: by comparing the length 

of real or typical feeders with this length, the expected behaviour of the feeder can be 

predicted. If the feeder is shorter than the critical length, over-loading is occurring before over-

voltage and special care must be given when implementing voltage control solutions (e.g. use 

of VRDT and/or use of Volt/var control). 

As observed in Figure 11, standard cable feeders with a cross-section of 150 mm2 with uniform 

generation can only benefit from an extension of the voltage band (through the use of a VRDT) 

if they are longer than 705 m. The combined use of voltage band extension and Volt/var control 

is only suitable for feeders longer than about 1000 m. 
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Figure 11: Hosting capacity with two different power factors for a uniform generation (OL: Overhead 

Line | CBL: CaBLe) [1] 

For a 70 mm2 overhead conductor, only feeders longer than 506 m would actually benefit from 

the extension of the voltage band. These computations show that the full potential of extending 

the available voltage band (through the use of VRDTs) can only be used for rather long 

feeders, which can mainly be found in very rural areas. 

In Publication 5 [5], a more comprehensive analysis has been done, with the objective of 

comparing different types of Volt/var control and different parameterizations. For this purpose, 

a similar approach as in Publication 1 [1] has been followed: two scenarios of distribution of 

the generation along the feeders (punctual and uniform), and two types of feeders (cable and 

overhead lines of typical cross-sections (150 mm2 and 70 mm2 respectively) have been 

considered. The feeder length has been arbitrarily chosen since it does not impact the results 

(with a first order approximation), as long as the feeders are voltage-constrained. 

In this study, the control modes listed in Table 4 have been investigated. This table also 

provides information about the settings used (variable for Q(U)). For the reactive power control, 

typical PQ-capability diagrams have been assumed (see [5] / chapter 6 for all the details). 

Table 4: Settings used for the different control modes [5] 

Control  

Q(U) Q(U) with “all possible settings” 

cos(P) characteristic according to [55], [64] 

P&Q(U) P(U) according to Figure 12 with Umax = 1.10 p.u. 

cos(P)&P(U) as previously 

Optimal Power Flow objective function = maximize the generation infeed subject to 

equalities (power flow) and inequalities (constraints on the 

maximal voltage 1.10 p.u. and maximal loading 100 %) 
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The Q(U)-settings (see Figure 12) have been varied between 1.02 p.u. and 1.09 p.u., leading 

to 28 different settings combinations. To enable an easy comparison between the settings, an 

index has been introduced: the Volt/var-index (VVI). It is defined as the ratio between the 

dashed and the dotted areas in Figure 12. This index has been used in most of the analyses 

and showed a good correlation with the general performance of the control. 

In addition to the local Volt/var controls, an optimal power flow (OPF) has been simulated for 

comparison purposes. The use of a full OPF at LV level is not really realistic given the 

requirements in terms of control and communication, but it has been considered here for 

benchmarking purpose. 

 

Figure 12: Used Q(U) and P(U) characteristics [5] 

In a first step, the voltage and power profiles along the feeder have been determined via 

simulations for three different controller settings of the Q(U) control (operated together with a 

P(U) control). Figure 13 shows the obtained profiles: in all the cases the maximal voltage of 

1.10 p.u. is not exceeded thanks to the reactive power consumption and to the active power 

reduction. As visible on this figure, generators connected close to the end of the feeder have a 

greater contribution than generators connected close to the beginning of the feeder. For the 

parameterization VVI = 0.75, more inverters closer to the feeder begin are forced to contribute 

to the voltage control. 

A systematic comparison between different control settings (cos(P) and Q(U)) is shown on 

Figure 14 for the maximal voltage. As visible on this figure, the maximal voltage exhibits a 

monotonous characteristic with the VVI, which confirms that this index is suitable to predict the 

expected performance of the Q(U) control. This figure also shows that the difference between 

the two extreme VVI values (most effective / least effective) is rather small (about 1.3 % of the 

nominal voltage or 10 % of the voltage rise caused by the PV infeed without control). According 

to this figure, the effectiveness of the cos(P) control is comparable to the one of the “average” 

parameterization (VVI  0.5). 

Similar analyses have been performed for the side effects (e.g. network losses, reactive power 

consumption). They are presented in the next chapter.  
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Figure 13: Voltage, active and reactive power profiles along the feeder for three different control 

parameterizations (overhead-line) [5] 

 

Figure 14: Impact of the controller settings on the effectiveness of the control (reached maximal 

voltage) – overhead-line [5] 
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Another approach has been followed in the work presented in Publication 3 [3]. Instead of 

using a “generic feeder”, a statistical analysis performed on a large set of real feeders from 

two Austrian DSOs participating to the project IGREENGrid [151] (Netz Oberösterreich GmbH 

and Salzburg Netz GmbH) allowed evaluating the deployment potential of smart grids 

solutions. In total, the analysis has been done on about 11.000 LV networks and 37.000 LV 

feeders. 

For this study, the cos(P) control has been parametrized according to [55] and the Q(U)-

control according to results from previous works [80], [85]. The full details of the study are 

presented in [3] / chapter 6. 

Figure 15 shows the increase of hosting capacity which can be reached with cos=0.90 

(compared to the reference hosting capacity without reactive power control) in the form of a 

cumulative distribution function (cdf). The expected hosting capacity increase   

- exceeds +30 % for about 17 % of the feeders 

- is between +20 % and +30 % for about 28 % of the feeders 

- is below +20 % for about 31 % of the feeders 

- is negative (decrease) for about 14 % of the feeders (feeders which are loading-

constrained). 

The large number of feeders for which an increase of the hosting capacity of about 23 % can 

be reached corresponds to the standard cable type 150 mm2 which is one of the cable types 

most used by this DSO (vertical part of the curve). This number confirms the results previously 

presented on the generic feeders. 

 

Figure 15: Hosting capacity increase with cos=0.90 for one DSO [3] 

In in Publication 3 [3], a systematic comparison between the two most common reactive power 

controls cos(P) and Q(U) has been performed for the large data set of real feeders, to validate 

the results obtained on the “generic feeder” (see Figure 14). As visible on Figure 16, the 

effectiveness of the Q(U)-control is lower than the one of the cos(P) control since not all the 

generators are fully contributing (only those at the end of the feeder). However, the difference 
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is rather limited (for 95 % of the voltage-constrained feeders, the effectiveness of the Q(U) is 

smaller than the effectiveness of the cos(P) by only 4 %). This confirms the conclusions of 

previous work [85]: the difference between both controls in terms of effectiveness is rather 

small. 

 

Figure 16: Hosting capacity decrease for Q(U) against cos(P) [3] 

 Side effects 

The “side effects” considered in this work include mainly the following three items:  

 increase of the current 

o With an extended voltage band (through the use VRDT or actually any solution 

increasing the hosting capacity), the additional generation which can be hosted 

into a network results in an increase of the current. 

o The use of Volt/var control leads to additional reactive power flows, increasing 

the apparent current. 

As such, the current increase is not a direct (negative) side effect (an indirect effect is 

the increase of network losses), but it can limit the deployment potential of voltage 

control since feeders can experience an over-loading which can usually not be detected 

given the absence of suitable current monitoring. 

 increase of network losses 

 increase of reactive power consumption. 

Besides the determination of the hosting capacity and of the critical length for different typical 

LV feeders, Publication 1 [1] also provides the result of an analysis of the impact of an 

extension of the voltage band on the network losses, with or without a combination of Volt/var 

control. 



Summary of the conducted research work on voltage control in distribution networks 

 

-43- 

Figure 17 shows the losses (normalized to the annual yield) without and with Volt/var control 

for the initial and the extended voltage band. The increase of losses due to the Volt/var control 

is not negligible, but limited (from 1.2 % to 1.6 % for the standard voltage band, representing a 

relative increase of about 33 %). The impact of the extended voltage band is however 

significantly higher: fully using the additional hosting capacity provided by an extension of the 

voltage band from 3.5 % to 8.5 %, leads to an increase of the network losses by a factor of 

almost four.  

 

Figure 17: Network losses for the three network integration alternatives with a uniform generation for 

the current and an extended voltage band – 150 mm2 cable [1] 

In Publication 5 [5], the impact of the Volt/var control settings on network losses has been 

analyzed in detail. Figure 18 shows that, as expected, the network losses increase with 

increasing VVI (increasing effectiveness – see Figure 14). The most effective Q(U) 

parameterization (highest VVI) leads to a relative increase of losses of about 28 % (compared 

to without control) while the cos(P) control leads to an increase of about 10 %. With an 

“average” parameterization (VVI~0.5 – see chapter 3.2.3.1), the difference of losses between 

the two types of control is rather small (about 10 %). This increase of losses might appear to 

be large, but is corresponds to scenarios with a very high penetration of distributed generation, 

and do not consider the effect of consumers. The absolute level os losses being small (a few 

percentage points), the absolute increase stays small.  
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Figure 18: Impact of control settings on network losses (relative increase)  – overhead line [5] 

Similar analyses have been conducted for another side effect: the additional reactive power 

consumption. These analyses confirmed that the propose index (VVI) allows to predict the 

behaviour of the Q(U) control (good correlation between the total amount of reactive energy 

and the VVI). Moreover, the variation range for the reactive power consumption (the integral 

of it) varies significantly between the most and the least effective parameterization. The most 

effective Q(U) control leads for example to almost 200 % more reactive power consumption 

than the cos(P) control. This is due to the fact that for high VVI values, reactive power is 

consumed even for voltages close to the nominal voltage, which forces all generators (even 

those close to the feeder begin) to consume reactive power. 

3.2.4 Active power curtailment: “emergency solution” or economical alternative to 

network reinforcement? 

This chapter presents the results of some analyses and discussions on the deployment 

potential of active power curtailment. As mentioned in chapter 2.1.5.1, active power curtailment 

has been investigated in a number of studies as an alternative to network reinforcement. 

For example, the option to curtail (fix curtailment – as considered in [1]) the generator output 

power (to 70 %) has been introduced in Germany in 2012 and is still required in [11] for 

generators between 30 kW and 70 kW which do not have the capability to reduce the power 

remotely. Even if this requirement (or possibility) is not intended to increase the hosting 

capacity (at distribution level) but to allow network operators to reduce the infeed in case of 

critical situations in the (sub-transmission or transmission) network, it shows that, under some 

circumstances, it might be more economical to reduce the infeed than to invest in 

communication and control devices. This requirement opened the discussions whether it is 

always economical to have the guarantee to be able to inject 100 % of the installed power for 

100 % of the time.  
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In [140], the possibility to increase the hosting capacity by means of active power curtailment 

(Volt/Watt control) has been investigated. This Volt/Watt control has in fact even be introduced 

in some connection guidelines recently [64] – see Figure 19. The proper operation of 

generators featuring this Volt/Watt control has been validated through simulations and lab tests 

[80], [85]. 

 

Figure 19: Volt/Watt control as specified in [64] 

In principle, a Volt/Watt control should be preferred to a fix curtailment since the generator output 

power would only be reduced in case of over-voltage, and not as soon as the output power 

exceeds 70 % of the nominal power. In [140], these two options (fix curtailment and Volt/Watt 

control) have been analyzed based on several simulations. A generic comparison is however 

rather complex since it depends on the network situation (e.g. distribution along the feeder, load 

profiles …).  

In practice, the available power is unknown and not easily measurable, meaning that the yield lost 

due to the control cannot be determined accurately. A worst-case assumption is therefore 

necessary: that the Volt/Watt control cuts off the maximal power when activated (reduction from 

maximal power to zero). The energy lost with a fixed curtailment to 70 % can be transformed into 

an equivalent activation time (see yellow areas on Figure 20). For the power duration curve of an 

average photovoltaic generator considered in [140] for six European countries, the maximal 

Volt/Watt activation time is between 50 minutes and 81 hours (66 hours or 0,25 % of the year 

on Figure 20). When transforming this maximal activation time back into a maximal power, a 

value of about 90 % is obtained (90 % of the maximal power). This means that assuming a full 

curtailment of the 66 hours with the highest generation is equivalent to a reduction of the 

maximal power from 100 % to 90 % - compared to the reduction from 100 % to 70 % for the 

fix curtailment. This smaller reduction (-10 % compared to -30 %) means a smaller increase of 

the hosting capacity (+11 % instead of +43 %), and therefore smaller benefits. 
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Figure 20: Curtailed energy equivalent [140] 

A detailed case-study performed for a real LV network in Austria showed that the amount of 

curtailed energy with Volt/Watt control is small (1 % of the annual yield in total) compared to 

the yield lost with a fix curtailment [140]. This means that, as expected the Volt/Watt control 

would be, in theory, preferable to a fix curtailment. However, as discussed previously, the 

estimation of the curtailed energy necessarily based on worst-case considerations implies that the 

potential of Volt/Watt control is actually smaller than the potential of fixed curtailment.  

Besides the difficulty to estimate accurately the yield losses which severely limits the 

deployment potential of Volt/Watt control, the curtailment is unequally distributed among 

generators (generators located at the end of the feeder are the most (only) curtailed). In the 

case study presented in [140], the curtailment ranged between 0 % and almost 8 % for an 

average of 1 % only (percent of the annual yield). This unequal distribution of the curtailment 

being very hard to predict (since depending on the location and profiles of loads and generators 

as well as their distribution over the three phases for single-phase generators - see [140]) 

represents a real barrier to the deployment of this solution even if it can be, in some cases, 

theoretically interesting.  

Nevertheless, active power curtailment is still a topical issue and a few examples of 

industrialization can be mentioned. For example, the French DSO Enedis developed a 

connection offer for generators allowing a faster and cheaper connection to the network [152]. 

With this option, the contract (non-firm contract) specifies a minimum power or a maximum 

curtailment volume per year. 
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This chapter on the effectiveness and side effects of the considered voltage control concepts 

can be concluded with the following main conclusions: 

 The hosting capacity of low voltage networks can be increased to an amount which 

strongly depends on the network properties. Even for high R/X ratios (as usual for LV 

networks), the expected compensation of the voltage rise is not negligible (about 19 % 

for 150 mm2 cable feeders and 34 % for 70 mm2 overhead lines), leading to an increase 

of hosting capacity of about 23 % and 52 % respectively. 

 A detailed comparison between the two most popular types of Volt/var controls 

(cos(P) and Q(U)) with generic feeders shows that a similar effectiveness can be 

reached for an “average” Q(U) parameterization. Moreover, the expected effectiveness 

can be well predicted with the index introduced (Volt/var-index VVI). 

 In terms of side effects, the analyses showed that the increase of losses due to the 

Volt/var control is not negligible but limited (relative increase of +33 % in the considered 

worst case). In terms of reactive energy consumption, cos(P) and Q(U) have again a 

similar performance. However, the Q(U) control would, in general (loads have not been 

taken into account to allow an unbiased comparison), lead to lower reactive energy 

consumption and lower network losses than the cos(P) control. It should therefore be 

preferred.  

 The combined use of Volt/var and Volt/Watt control (P(U)) has the advantage of 

guaranteeing that the over-voltage limit will not be exceeded. Even if it could, in theory, 

allow increasing significantly the hosting capacity when accepting a small amount of 

curtailment, the worst-case assumptions needed to estimate the yield losses cancels 

out the potential benefits. 
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3.3 Quantification of the actual deployment potential of voltage control in 

distribution networks 

As explained in chapters 1.2, 2.2.1 and 2.1.6, only few studies investigated the real potential 

of smart grids solutions as an alternative to network reinforcement, which was one of the main 

motivation of this thesis. Indeed, while the voltage control concepts presented previously in 

chapter 3.2 have been tested under real conditions in various projects [80], [85], [91], [153], 

[154], they mainly remain at the pilot level and the large scale deployment potential has not 

been fully investigated. 

In this chapter, the results from a work presented in Publication 3 [3] and Publication 4 [4] are 

summarized.  

3.3.1 Statistical analysis of low voltage feeders 

In Publication 4 [4], the statistical method used to analyse a large set of LV feeders (more than 

24.000) is presented. The network data has been obtained from the geographical information 

system (GIS) of the two participating DSOs. After a validation phase, they have been used to 

compute two types of feeder parameters: 

 descriptive indicators or explanatory variables (which are mostly used for classification 

purpose – see chapter 3.3.2) 

 hosting capacity related indicators. 

These indicators have been computed for every single feeder and for a number of different 

scenarios (e.g. location of the generator along the feeder, use of control, …). The most 

important indicators related to the hosting capacity are the hosting capacity itself as well as the 

constraint limiting the hosting capacity (for each scenario). 

Figure 21 shows the distribution of the LV feeders on the U-I plane (x-axis for the maximal 

voltage I and y-axis for the maximal loading ) obtained with the dataset from one of the 

two DSOs (DSO1). Every single feeder is coloured according to the hosting capacity 

constraint: blue for voltage and red for current. The points are located either along the 

Umax = 1.03 % or the max = 100 % lines (planning limits). This figure shows that the vast 

majority (about 90 %) of the feeders are voltage-constrained (blue) and that most of the 

voltage-constrained feeders are far from the upper-right corner (where both constraints are 

reached at the same time). This means that most of the (voltage-) constrained feeders are 

“clearly” voltage-constrained. For such feeders, smart grids solutions aiming at controlling the 

voltage (and resulting from an increase of the loading) are not expected to create on over-

loading.  

The same analysis has been conducted for the second DSO (see Figure 22). The feeder 

distribution for the two DSOs is significantly different, confirming that they supply different 

areas: the share of current-constrained feeders of DSO2 is about the double of the one of 

DSO1.  



Summary of the conducted research work on voltage control in distribution networks 

 

-49- 

 

Figure 21: Share of voltage and current-constrained feeders – DSO1 [3] 

 

Figure 22: Share of voltage and current-constrained feeders – DSO2 [3] 
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In a second step, the expected deployment potential of the two considered voltage controls 

(use of a VRDT and Volt/var control) has been estimated by determining the share of the 

voltage and current constrained feeders, after implementation of the control (i.e. extension of 

the voltage band to 8 % or reactive power control [3]). The results are presented in Table 5. In 

addition, the average hosting capacity increase is given for each solution for comparison 

purpose. This average is built only on the basis of the feeders remaining voltage-constrained 

for which the solution can actually be used. The reader should keep in mind that the hosting 

capacity increase varies strongly from feeder to feeder (e.g. from 0 % to 80 % for Volt/var 

control for DSO1 as visible on Figure 15). The average value should be therefore used 

carefully. 

Table 5:  Share (%) of U/I constraints without and with voltage control and average hosting capacity 

(HC) increase for the two DSOs (results from [3]) 

DSO Share of U/I-

constraint 

w/o control 

Share of U/I-constraint with 

Volt/var control 

Share of U/I-constraint with 

ext. voltage band (VRDT) 

DSO1 90/10 81/19  + 25 % HCav 43/57  + 179 % HCav 

DSO2 77/23 61/39  + 23 % HCav 21/79  + 179 % HCav 

 

As expected, the share of voltage-constrained feeders drops for both DSOs when 

implementing the considered voltage controls. While the Volt/var control can be used in more 

than half of the feeders for both DSOs (81 % for DSO1 and 61 % for DSO2), the most effective 

control (use of a VRDT which leads to the highest hosting capacity increase: 179 %) can only 

be implemented in 43 % of the feeders for DSO1 and 21 % of the feeders for DSO2. This table 

shows, that although the share of the voltage and current-constrained feeders is different for 

both DSOs (due to the different structure of the supplied areas), the average hosting capacity 

increase are almost identical for both types of control: the feeder behaviour of voltage-

constrained feeds is comparable for both DSOs. 

3.3.2 Classification of low voltage feeders 

As previously mentioned, Publication 4 [4] presents the data, method and assumptions used 

to perform the statistical analysis summarized in chapter 3.3.1 and the classification attempts 

summarized in this chapter. Some insights on the tools developed to conduct this work are 

presented in [155]. 

The main objective of the classification work was to investigate whether the behaviour of LV 

feeders, in terms of hosting capacity constraint, can be predicted on the sole basis of 

descriptive indicators. A further objective was to compare two methods [4]:  

 “Clustering which consists in grouping a set of observations into clusters, on the unique 

basis of some observed variables, and without knowing a priori the number of clusters. 
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Observations within a cluster should have at the same time a high similarity between 

each other and a high dissimilarity with observations in other clusters”. 

 “Classification which consists in finding a way to identify to which sub-set of 

observations (category or class) a new observation belongs, on the basis of an 

algorithm trained on a set of data containing observations whose category or class is 

known”. 

In order to classify LV feeders, the two types of parameters mentioned previously in chapter 

3.3.1 (descriptive indicators and hosting capacity related indicators) have been used.  

An initial set of more than 80 indicators has been reduced to a subset of 12 indicators (the 

most relevant to characterize feeders in terms of hosting capacity – see Table 6). This set of 

parameters includes most of the parameters used in the relevant literature – see chapter 2.1.6 

with some additional ones.  

Table 6:  Feeder parameters (variables) used for the classification ([4]) 

Feeder 

parameter 

(variable) 

Description 

ADTN Average Distance To Neighbours (m) 

ANON Average Number of Neighbours (-) 

LastBusDist. Path length between secondary substation and the bus with the lowest 

voltage (last bus1) under the considered scenario2 (m) 

Feeder 

Length 

Feeder length: largest distance between the secondary substation and  

any of the busses (m) 

TotLineLength Algebraic sum of the cable or overhead line length in the whole feeder (m) 

km/load Quotient between TotLineLength and the number of loads (km) 

Rsc Short-circuit resistance at the last bus1 () 

Rsum Equivalent sum resistance: see explanation below and equation (9) () 

kWm see equation (10) (kWm) 

kW see equation (11) (kW) 

In_avg Average nominal current for all the cable or lines of the feeder (A) 

In_max Maximum nominal current for all the cable or lines of the feeder (A) 

  

                                                
1 the “last bus” is the bus with the lowest voltage in the feeder under the considered scenario 

2 the three considered scenarios are: „uniform“, „weighted“ and „eof (end of feeder)“ 
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The equivalent sum-impedance Rsum can be computed on the basis of the network data alone 

for several scenarios. It gathers the information about the feeder impedance and the 

distribution of the generation along the feeder (e.g. beginning / end / uniform) [113]. For a radial 

feeder with a uniform generation distribution (N generators), Rsum can be computed by 

equation (9): 

𝑅𝑠𝑢𝑚 =  
1

𝑁
∑ (𝑅𝑘

′ ∙ 𝑙𝑘 ∙ (𝑁 − 𝑘 + 1))𝑘=𝑁
𝑘=1 , (9) 

where 𝑅𝑘
′  and 𝑙𝑘 are the specific resistance and length of segment 𝑘. 

The parameters kWm and kW can be computed by equations (10) and (11) respectively: 

𝑘𝑊𝑚 =  ∑ (𝑃𝑘 ∙ 𝑑𝑘)𝑘=𝑁
𝑘=1 , (10) 

𝑘𝑊 =  ∑ (𝑃𝑘 ∙ 𝑅𝑘)𝑘=𝑁
𝑘=1 , (11) 

where 𝑃𝑘 is the power of the generator connected to node 𝑘, 𝑑𝑘 the distance between node k 

and the secondary substation and 𝑅𝑘 the short-circuit resistance at node 𝑘. 

Having defined all these indicators for the feeder data set, a workflow including data import, 

validation, preparation, exploration, clustering and classification has been used (see 

Publication 4 [4]). In this chapter, only the main results related to the clustering and the 

classification are summarized.  

Once all the parameters are available, several data exploration techniques have been used to 

analyze the data structure. For this, three methods have been implemented: correlation 

analysis, variable clustering and Principal Component Analysis (PCA). In addition to these 

classical techniques, an analysis of the predictor importance has been done. Thanks to these 

analyses, the parameters from which the best discrimination can be expected have been 

identified (those showing the poorest correlation). However, for the further investigations, the 

whole variable set has been used to avoid information loss (12 variables). 

 Classification of low voltage feeders with classification trees 

The feeders classification has been performed with classification trees, which are, together 

with e.g. neural networks or discriminant analysis, a popular supervised machine learning 

technique. They have been chosen in this work for their simplicity and interpretability. 

Several options have been investigated. In a first try, a fully-grown classification tree using all 

the 12 parameters without limitation on the tree depth) has been implemented. Such deep 

classification trees are however prone to over-fitting: the very good fitting obtained with a 

training set is significantly les good for a different set (testing set). Over-fitting occurs when a 

classification tree has memorized the learning set, instead of learning the general data 

structure. In order to avoid over-fitting, several techniques can be used. In this work, 

classification trees have been pruned (merging leaves) to reduce their complexity.  
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The performance of the classification trees has been evaluated for various parametrizations 

(e.g. level of pruning), with the resubstitution error and the cross-validation error. The 

resubstitution error is given by the percentage of misclassified observations on the whole data 

set, whereas the cross-validation error requires to separate the data set into a training set and 

a testing set (usually with the share 90 % / 10 %). By evaluating the cross-validation error, 

over-fitting can be detected and avoided. Even with simple classification trees (pruning level 

smaller than 5), a rather low cross-validation error has be obtained (about 3 %). This is 

however mainly due to the fact that the data set is heavily skewed (unbalanced), with about 

90 % of voltage-constrained feeders and 10 % of current-constrained feeders. Under such 

circumstances, a random guess would even lead to a good result. The corrected cross-

validation error obtained by using unequal misclassification costs increases to about 15 %. 

For the classification problem considered in this work (classify LV feeders into voltage- and 

current-constrained feeders), misclassifying current-constrained feeders does not have the 

same implication as misclassifying voltage-constrained feeders. As explained in chapter 

3.2.3.2, one of the side effects of increasing the hosting capacity with voltage control (e.g. the 

use of a VRDT or Volt/var control), is the increase of the feeder loading. Since the loading is 

usually not monitored for the considered control concepts in a way that over-loading could be 

prevented, the deployment of these smart grids solutions must be limited to voltage-constrained 

feeders. To do so, a heavily unsymmetrical misclassification cost function can be used. 

With such a heavily unsymmetrical cost function, none of the current-constrained feeder is 

classified as voltage-constrained feeder, but at the same time, many voltage-constrained feeders 

are classified as current-constrained feeders. The results are analysed with the confusion matrix, 

given in Table 7. The first main column shows the “legend”, the second shows the confusion 

matrix with “balanced” misclassification costs and the third shows the confusion matrix with 

heavily unbalanced misclassification costs.  

Table 7:  Confusion matrix (%) for a pruned classification tree with “balanced” (reflecting the data 

structure) and “unbalanced” (to avoid misclassification IU) misclassification costs ([4]) 

  “Legend”  
“Balanced” miscl. 

costs 
 

“Selective” miscl. 

costs 

Actual 

Predicted 

 

 U I  U I  U I 

U  TU1 FI2  88.6 11.4  46.2 53.8 

I  FU3 TI4  3.3 96.7  0 100 

1 TU: true U-constrained feeders (normalized to the actual number of U-constrained feeders) 
2 FI: false I-constrained feeders (normalized to the actual number of U-constrained feeders) 
3 FU: false U-constrained feeders (normalized to the actual number of I-constrained feeders) 
4 TI: true I-constrained feeders (normalized to the actual number of I-constrained feeders)   
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For the “balanced” misclassification costs, the misclassified feeders (IU) represent about 

3.3 %. In order to bring this ratio to 0, very high (IU) misclassification costs are specified. 

However, the number of (UI) misclassified feeders increases strongly from 11.4 % to 53.8 %, 

which represents a loss of potential. For such misclassified feeders, voltage control options 

would be wrongly discarded. 

A careful analysis of the misclassified feeders UI which represent as previously mentioned a 

loss of potential, shows that the majority of these feeders (70 %) have a loading greater than 

70 % when fully using the hosting capacity, before implementing the voltage control. These 

feeders are voltage-constrained but have a high loading, meaning that part of these feeders 

would turn to be current-constrained when implementing a voltage control. Indeed, only about 

one third of these misclassified feeders UI are still voltage-constrained after implementation of 

Volt/var control. This means that the loss of deployment potential is not 53.8 % but “only” about 

18 %. 

 Clustering of low voltage feeders with the k-means algorithm 

All the studies on the classification of distribution feeders analysed in the previous work are 

based on clustering analysis (i.e. process of grouping a set of observations into clusters – see 

chapter 2.1.6). In order to compare the results from the classification with those from the 

clustering an external validation has been performed. Unlike in the previous studies, the class 

membership (voltage or current-constrained feeders) was known through the comprehensive 

simulations performed and an external validation was therefore possible. 

The feeders have been clustered with the k-means clustering, and the number of variables 

used as well as the number of clusters have been varied. In order to quantify the clustering 

performance (and select the “appropriate” number of clusters), the following two metrics have 

been evaluated for each clustering attempt: the silhouette value, and the normalized sum of 

squared errors (nSSE) [4]. 

The selection of the “optimal” number of clusters for the considered data set is, as expected, 

not straight forward. While the normalized sum of squared errors decreases monotonously 

when increasing the number of clusters, the silhouette value does not. A number of clusters 

between 6 and 16 (range observed in most previous studies) could be somehow justified.  

The clustering result (shown here for four clusters) is shown on Figure 23.  
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Figure 23: External validation of the clusters – cluster vs. classes – DSO1 [4] 

The left part shows the clusters of feeders, using a projection on the first two principal 

components (PC) obtained from a principal component analysis (PCA). The right part shows 

the results of the external validation: for each cluster, the share of voltage (blue) and current 

(red)-constrained feeders is shown as a bar and a numerical value. This share can be 

interpreted as a “partial purity” level (for each cluster) [4].  

The more dissymmetric the ratio (the purest), the better the clustering succeeds in separating 

both classes. The fourth cluster (purple on Figure 23) is the purest since it almost only contains 

voltage-constrained feeders (99.8 %). On the contrary, the cluster 1 (blue) has a lower level of 

purity with a share of 25.6 % and 74.4 % of voltage and current-constrained feeders 

respectively. 

Following the same approach as for the classification (avoiding “misclassification” of current-

constrained feeders), the purest cluster is the fourth. However, this cluster is rather small 

(about 16 % of the whole feeder population or 18 % of the voltage-constrained feeders), which 

means that the clustering result is rather poor. Its ability to discriminate between the two 

classes is low, even when accepting a “risk” (“impurity” of 0.2 %).  

When comparing clustering and classification, the expected benefits of the classification over 

the clustering are significant since the share of voltage-constrained feeders safely identified as 

such is about 46 % for the decision tree-based classification against only 18 % for the 

clustering. 

Concluding, even with a modest performance from a generic point of view, the benefits of the 

feeder classification are significant. Distribution system operators can deploy voltage control 

solutions in the group of the feeders identified with a very high confidence level as voltage-

constrained, without having to perform time-consuming studies. 
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3.4 Technical and non-technical issues hindering a deployment of Volt/var 

control in distribution networks 

As explained in the introduction (chapter 1) and in the state of the art (chapter 2), clear 

requirements on how to implement Volt/var control in e.g. PV inverters have been missing in 

connection guidelines, thus hindering distribution system operators to deploy these solutions 

on a large scale. In particular, two issues have been identified as not sufficiently investigated 

in research studies, and properly addressed in relevant standards:  

 the issue of stability of distribution networks with a high share of generators with 

Volt/var control, and 

 the issue of generator behaviour and control performance under unbalanced 

conditions. 

The next two sub-chapters summarize the research work conducted on these issues. 

3.4.1 Stability of Volt/var control 

As mentioned in chapter 2.1.5.3, previous studies have not systematically analyzed the 

problem and did not formulate clear recommendations. One of the main objectives of the work 

conducted on this issue was to fill this gap. 

In [6], the stability problem of the Q(U) control has been investigated with a simplified inverter 

model (ideal current source), together with a detailed model of the Q(U) controller and a 

network model. In a first step, the system has been linearized: 

 Network model with a linear equivalent (see e.g. equation (1) in chapter 2.1.1) 

 Q(U) characteristic: only the linear (droop) area has been considered since interactions 

are only possible in this area 

 Time behaviour of the inverter: the time delays present in the current control have been 

linearized with a Padé approximation [6]. 

Having linearized the whole system, classical stability analysis tools have been used in a 

parametric study, varying all the parameters that influence the stability of the system: 

 the rated power of the inverter, 

 the network impedance (reactance), 

 the controller droop (steepness of the Q(U) control), 

 the time response  of the outer-controller, and 

 the unwanted time delay TD in the inner-controller. 
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The first three parameters can in fact be combined into the open-loop gain, see equation (12) 

which can be rearranged to equation (13).  

𝐾𝑜𝑙 =
𝑘. 𝑋

𝑈𝑁
2  

(12) 

𝐾𝑜𝑙 =
∆𝑈𝑃𝑉

∆𝑈𝑑𝑟𝑜𝑜𝑝
∙

tan 𝜑𝑚𝑎𝑥

𝑅 𝑋⁄
 

(13) 

with 

𝐾𝑜𝑙 Open-loop gain of the system (including inverter and network) 

𝑘 Droop of the Q(U) control 

∆𝑈𝑑𝑟𝑜𝑜𝑝 Voltage range of the droop area 

tan 𝜑𝑚𝑎𝑥 Maximal tan of the control 

∆𝑈𝑃𝑉 Voltage rise caused by the PV infeed 

𝑅 Equivalent resistance of the network 

𝑋 Equivalent reactance of the network 

𝑈𝑁 Nominal voltage 

 

By varying all these parameters, the stability of the system can be analyzed by e.g. determining 

the poles of the system. Figure 24 shows for example the stability locus (path of the most 

critical pole when varying one parameter) for two scenarios. The red, brown and green lines 

correspond to damping factors of 0 % (stability limit), 5 % and 10 %. The upper part of the 

figure shows the impact of the delay on the stability. When increasing the delay, the most 

critical pole moves to the right: the system damping is decreased and the system can become 

unstable (for delays greater than 250 ms in this case). 
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Figure 24: Stability locus. (a)   = 0.2 s, TD variable and Kol = 2 

(b)  = 0.2 s, TD = 0.5 s and Kol variable [6] 

As a result of the parametric study, a stability criterion has been derived (equation (14)) where 

a and b are linear equation coefficients (constant only depending on the (desired) damping 

factor ). 

𝑇𝐷

𝜏
≤

1

𝑎 ∙
∆𝑈𝑃𝑉

∆𝑈𝑑𝑟𝑜𝑜𝑝
∙

tan 𝜑𝑚𝑎𝑥

𝑅 𝑋⁄
+ 𝑏 

 
(14) 

According to this equation, the ratio between TD (delay) and  (desired time response) must be 

“small enough” to ensure stability. This holds in particular when: 

 the inverter has a large impact on the network (high voltage rise due to e.g. a large 

power and/or a weak network), 

 the network has a small R/X ratio (a large reactance), 

 the droop area of the controller is steep, or when 

 the inverter is able to inject or consume a large amount of reactive power.  
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The constants a and b have been determined empirically (analyzing the results of the 

parametric study), and a worst-case has been considered to formulate a generic 

recommendation: assuming a case with a generator causing a voltage rise of 6 % (two times 

more than the current planning level according to [54], [55]), a R/X ratio of only 1 (rather high  

for LV networks), a droop area of 1 % of the nominal voltage (steep (Q(U) characteristic) and 

a cos of 0.90, the maximal ratio between TD and  is 0.64. Assuming a response time of about 

3.3 s to reach, as required in some connection guidelines (see chapter 2.1.3) the steady-state 

within 10 s, the maximal allowable delay to ensure a damping of 10 % would be 1.4 s, which 

is a very large value. 

The analysis has been extended to cases with multiple inverters connected at different nodes 

along a feeder, with different parameterization of their controllers. A generalization of the 

stability criterion has been obtained and verified through further simulations. Finally, all the 

work has been validated through laboratory tests. The test set-up includes two inverters 

connected to two different nodes of a feeder. The comparison between the simulated and the 

measured response of the inverters shows a very good agreement (Figure 25). 

 

Figure 25: System response to voltage steps (comparison between simulation and lab tests) [6] 

One of the main outcome of this work is the formulation of a clear stability criterion which can 

be used for feeders with several inverters. This stability criterion can be considered as “weak”: 

the requirements on the controller design are not severe since the maximal allowable delay is 

large. For example, to reach a response time of 5 s with a damping of 10 %, the maximal 

allowable delay is about 0.8 s. However, for systems relying on a plant controller (with remote 

sensing of the voltage and remote control of the inverters), larger delays can appear and the 

system design should be done carefully. 
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Further work on the stability of voltage control has been performed on the interaction of Q(U) 

control and OLTC control. In [156], three types of adverse interactions between OLTC control 

(at primary and secondary substations) and local Volt/var control have been identified and 

discussed. Some recommendations on how to avoid such adverse interactions have been 

formulated. 

3.4.2 Performance of Volt/var control under unbalanced conditions 

As mentioned in chapter 2.1.5.2, the behaviour of generators under unbalanced conditions 

and the mitigation of voltage unbalance have been investigated in a number of studies. 

However, as mentioned in chapter 2.1.3, only a few connection guidelines address this issue, 

and the requirements are inhomogeneous. 

In the frame of this thesis, significant efforts have been devoted to this issue, by analyzing: 

 the basic issue of voltage balance in LV networks and its consequences on the hosting 

capacity [106], [109] 

 the way unsymmetrical infeed is considered in planning practices of distribution system 

operators [106] 

 how different implementations of Volt/var control performs under unbalanced 

conditions [7] 

 how voltage unbalance can be mitigated [8], [157]. 

Unsymmetrical infeed by distributed generators (e.g. single-phase (photovoltaic) generators) 

results in two effects: 

 unsymmetrical power flows 

These unsymmetrical power flows can results in a faster increase of the loading and therefore 

a faster exhausting of the hosting capacity of LV feeders. In addition, the unequal distribution 

of the current over the three phases leads to increased losses (in the phase and neutral 

conductors). 

 unsymmetrical voltages 

The unsymmetrical power flows results in unsymmetrical voltages (voltage unbalance), which 

have two implications: the voltage limit (and therefore the hosting capacity) is reached 

significantly faster (with a factor close to 6 [106], [109]), and the voltage phasors are no longer 

balanced. A short description of the causes and consequences of voltage unbalance is 

provided in Publication 7 [7]. 
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Since voltage unbalance is inherent to LV distribution (e.g. due to unsymmetrical loads or 

generators), several implementation of Volt/var control have been investigated in [7]. On the 

basis of a large number of simulations to consider many different load / generation conditions, 

the following controls have been analyzed (the details of the simulations are explained in [7]): 

 Symmetrical cos(P) 

 Q(U) 

o Unsymmetrical (individual) Q-control (“Q(Uind)”) 

o Symmetrical Q-control using: 

 the maximal of the three phase-to-neutral voltages (Q(Umax)) 

 the average phase-to-neutral voltage (Q(Umean)) 

 the positive sequence voltage (Q(U+)) 

These different options have been implemented into the controller of a simulation model and 

a LV network with a long over-head line feeder has been considered. In total, 

3.000 load / generation cases have been considered and 19 different parameterizations have 

been investigated by analyzing the maximal voltage, the loading, the unbalance factor. 

Figure 26 shows the cumulative distribution function of the maximal voltage rise obtained from 

analysing all the load / generation scenarios, for the five considered control modes. It shows 

that the control leading to the smallest voltage rise – i.e. the most effective control – is the 

unsymmetrical control (Q(U(ind)). Leaving out the 1 % most extreme conditions, the maximal 

voltage rise can be reduced by about 12 % (relative reduction) with the control Q(Umax) and 

19 % (relative reduction) with the individual control (Q(Uind)) – representing about 1.3 % 

(percentage points) of the nominal voltage. 

 

Figure 26: Maximal voltage rise for all load / generation combinations [7] 
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Through further analyses, two side effects of different Volt/var controls have been identified: 

 the control Q(Umax) leads to a decrease of the maximal voltage but leads also to a 

further decrease of the lowest voltage, which can be problematic 

 the most effective control (Q(Uind)) leads for some scenarios to a significant rotation of 

the phasors, which leads to an increase of the voltage unbalance factor (ratio between 

negative and positive sequence). 

The simulations showed that an individual control of each phase is the most effective control. 

This type of control tends to reduce the spreading between the phase magnitudes, which 

results however in an increase of the voltage unbalance factor (ratio negative to positive 

sequence) due to the phasor rotation. In very unsymmetrical cases, the 2 % limit specified in 

[53] can be exceeded and the control should be limited. From an inverter design point of view, 

an individual control of each phases imposes stronger requirements on the software and 

hardware of the inverter. 

In addition to these investigations, the effects of unsymmetrical control have been investigated 

in [109]. According to one of the case studies analyzed in this paper, a single-phase active 

power infeed results in a voltage rise on the corresponding phase and, at the same time, to a 

voltage drop in one of the remaining two phases due to the neutral point displacement. 

Moreover, the effectiveness of voltage control for balanced and unbalanced conditions has 

been compared, showing that the maximal voltage can be decreased to a greater extent under 

unbalanced conditions (single-phase infeed in this case). However, a significant side effect of 

the control has been observed. In the case of a single-phase active power infeed, the voltage 

on the phase with the maximal voltage is decreased but at the same time, the voltage at the 

phase with the lowest voltage is further decreased, due to the stronger neutral point 

displacement. In the considered case study, while the voltage rise can be decreased by 33 %, 

the voltage range (difference between the highest and lowest voltage) is decreased by only 

20 % (both relative decrease). In another case study with two single-phase generators, another 

side effect has been observed: the maximal voltage is no longer reached at the “end of the 

feeder” but at a phase and node to which no generator is connected (see Figure 27). This 

means that over-voltage situations might even appear since the generator control would not 

observe these high voltage values. In fact, even the over-voltage protection implemented in 

the connection interface of the generators would not prevent this over-voltage. 
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Figure 27: Voltage profile along a feeder with two PV generators with reactive power-based voltage 

control [8] 

In [141], a novel concept for combining network system service-orientated functions in grid 

storage systems is presented. Among others, a control actively reducing the voltage unbalance 

has been proposed. This control allows to reduce the voltage unbalance to the greatest extent 

possible, under consideration of further (system services) having potentially a higher priority. 

An alternative to reduce the voltage unbalance and therefore increase the hosting capacity is 

to tackle the unbalance directly at its origin and try to balance the active power infeed over the 

three phases. In [8], a Pareto-optimal concept for balancing the power infeed has been 

proposed.  

As prerequisite of the proposed concept, the information about the phase connection must be 

known. Nowadays, this information can be obtained from the advanced meter infrastructure 

(AMI) if available [8], [114]. Further “indirect” concepts to identify the phase connection via data 

analysis (voltages) have also been proposed recently [158]. Once this information is available, 

the status quo can be analyzed and the network planner can evaluate the current situation 

(e.g. how unbalanced the network is, and whether it is worth to try to reduce the unbalance). 

In a first step, a Monte-Carlo simulation is used to compute the expectable voltage rise caused 

by all the generators. The result of this computation is a cumulative density function curve 

showing the probability of reaching a given voltage rise – see Figure 28. 

In a second step, the possible improvement (reduction of the voltage rise) is evaluated by 

another Monte-Carlo simulation in which the phase allocation is randomly modified. Since 

switching the connection phase of single-phase generators (or more generally modifying the 

phase allocation – keeping of course the direction of the rotating field) implies additional work 

for labour force, the number of changes should be kept low. The concept of Pareto-efficiency 

has been proposed to identify the most efficient switching for a given number of changes. For 

each number of changes (e.g. up to 5 on Figure 28), the combination leading to the lowest 

voltage rise is stored and at the end, a sorted list of improvements (with increasing “cost”) is 

obtained (Pareto curve). This Pareto curve can be used to take the decision on a compromise 
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between efforts and improvement (reduction of the voltage rise). In the example analyzed in 

[8], a reduction of the voltage rise of more than 1 % can be achieved with a single switch (see 

Figure 28). With three switches, a reduction of about 2 % can be achieved. 

 

Figure 28: Pareto-efficient minimization of the voltage rise (with up to five phase changes) [8] 

The simulation tools developed to perform the analyses presented in [8] (e.g. import smart 

meter data, run Monte-Carlo simulations, and present the results) have been gathered into a 

user-defined tool. This tool has been presented in [157].  

3.4.3 Non-technical barriers 

Finally, this chapter discusses non-technical issues, which can potentially hinder the 

deployment of Volt/var control in distribution networks, thus explaining the rather low level of 

adoption by distribution system operators. 

 Cost-benefit analysis of smart grids solutions 

The very first non-technical issue which is not in the scope of this thesis but which definitely 

affects the deployment potential of smart grids solutions is the cost. A detailed economic 

evaluation (cost-benefit analysis) of different smart grids solutions (including Volt/var control 

and the use of voltage regulated distribution transformers) has been presented in [96], showing 

that the implementation of voltage control to enhance the hosting capacity can be a viable 

alternative to network reinforcement, but that a case-by case evaluation is necessary. Similar 

conclusions have been formulated in [90]. An interesting finding from the project DG DemoNet 

[134] is the impact of the age structure of network assets. As discussed in [159], the age of the 

assets (e.g. distribution lines) which must be reinforced in order to reach the same hosting 

capacity as with a smart grids solution, can have a significant impact on the cost-benefits 

analysis. In “old” networks, the actual costs of reinforcement must be evaluated with a lower 

level than in “new” networks due to the the low remaining value of existing assets (which would 

need anyway to be renewed soon since they are close to the end of their technical life 

expectancy). Such aspects make an economical evaluation even more complex.  
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 Network planning getting more complex 

As mentioned in chapter 3, even before deploying smart grids solutions, having a better 

knowledge of the actual network situation (e.g. expected hosting capacity and its constraint) 

already allows to better use the infrastructure. In a second step, the decision of implementing 

smart grids solutions in some particular networks can be taken. This implies an increase of the 

complexity of network planning, requiring on the one side, the collection and analysis of an 

increasing amount of data (e.g. voltage statistics from smart meters [113], [160]) and on the 

other side, the analysis of more scenarios as well as the implementation of the considered 

smart grids solutions into the planning tools. The new functionalities needed to perform the 

necessary analyses (e.g. local Volt/var control, probabilistic load flows) only appeared recently 

in network planning tools as standard functions. Before this, specific tools such as those 

presented in [139] had to be developed. 

In [96], another factor making network planning, under consideration of smart grids solutions 

more complex, has been presented. Volt/var control is, as explained in chapters 3.2.3 and 3.3, 

significantly more effective for over-head feeders than for cable feeders. However, in addition 

to the effect of the network age mentioned previously, several aspects can affect the 

deployment decision. One of these is for example the trend to replace over-head lines by 

cables at distribution level, to improve the continuity of supply. This trend means in general, 

that the effectiveness of Volt/var control can be expected to decrease when more and more 

overhead lines are replaced by cables.  

Another factor worth mentioning is that the need to consider different voltage levels at the 

same time (e.g. LV, MV but also HV) increases with the use of smart grids solutions. Indeed, 

when increasing the hosting capacity significantly, effects on upstream networks are observed 

(e.g. modification of the inter-regional load flows, appearance of new (uncontrolled) reactive 

power flows). An example of this is the fact that On Load Tap Changers at primary substations 

might come to the limit due to increasing reverse power flows together with reactive power 

surplus or deficit [161]. 

Moreover, as mentioned in [96], the current DSO regulation schemes may hinder the 

deployment of smart grids solutions since implementing these solutions generally result in an 

increased OPEX compared to the network reinforcement resulting in a CAPEX increase. 

 Organizational complexity 

In [96], several organizational issues have been identified as additional burden hindering the 

deployment of smart grids solutions. 

For example, the use of Volt/var control implies for DSOs to be relying on a solution 

implemented at the customer side, which represents a risk as such. In case control parameters 

must be modified after the commissioning, DSOs need to deploy considerable efforts to 

organize a visit to each affected customer. An example of this (at another scale) is the 

retrofitting of PV inverters in Germany for the “50.2 Hz problem”. In fact, even the 
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commissioning process can be complex for DSOs due to the lack of clear requirements in 

standards. An example of this is how to specify the settings of a local Volt/var controller at a 

(PV) generator. Manufacturers have different parametrization approaches (e.g. definition of 

capacitive / inductive, voltage values in % or V, normalization to the maximal inverter power or 

actual PV array power, etc.). Another issue requiring special attention is the risk that controller 

settings are not kept when the generator (e.g. PV inverter) is renewed (after e.g. 15 years).  

All these issues result in an increase of the risk and an increase of work for the DSOs, which 

can partly explain the low adoption rate of Volt/var control. 

 Changing regulatory framework 

The newly published Network Code on Demand Connection (Demand Connection Code - 

DCC) [162] will be implemented at national level in all the countries of the European Union. 

One particular issue of interest for Volt/var control is the amount of reactive power which can 

be exchanged between transmission and distribution networks without special dispositions. 

While this issue has already been covered for many years in some countries (e.g. Belgium 

[163], France [164]), many countries lack clear and transparent rules about the reactive power 

exchange. The relevance of this issue has been stated in several papers in the last years (e.g. 

[165]). 

The variability of renewable energy resources can make it difficult for DSOs to try to achieve 

the „neutral behaviour“ targeted by the Demand Connection Code, even if distributed energy 

resources can offer additional degrees of freedom (provision of reactive power independently 

from the active power for modern photovoltaic or wind generators [166]–[168]), even “at night” 

or “at calm”. 

Finally, some new control options such as Volt/Watt control have direct implications in the 

earnings of the generators and deserve special attention. Even if already mentioned in 

standards (e.g. [64]), the issue of non-discriminatory handling of generators might be a serious 

barrier to the deployment of this solution. 
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4 Discussions and conclusions 

The main conclusions and main contributions of this work are summarized in a concise way in 

chapters 4.1 and 4.2. More detailed conclusions as well as the methods and assumptions used 

to draw them can be found in chapter 3 or in the corresponding papers (chapter 6). An outlook 

on future research is suggested in chapter 4.3. 

4.1 Main conclusions of this work 

 Conclusion 1: Hosting capacity constraint as useful indicator to predict the 

feeder behaviour. 

In this thesis, the concept of hosting capacity has been used by considering the main two 

constraints limiting the amount of generation which can be hosted by distribution networks: the 

maximal voltage and the maximal current. The focus has been laid on the voltage rise issue, 

being identified in the previous work as the most limiting factor for distribution networks. 

On the basis of comprehensive simulations for different types of generic feeders, general 

conclusions on the behaviour of low voltage feeders have been formulated (whether feeders 

are expected to experience the voltage or the current constraint). 

Moreover, an indicator has been defined and used to further characterize the network 

behaviour: the dynamic voltage control need DVCN quantifies the need for controlling the 

feeders differently instead of using e.g. the On-Load-Tap-Changer (optionally with a voltage 

set-point determined from measurements at critical nodes). 

 Conclusion 2: Volt/var control allowing deferring or limiting network 

reinforcement. 

In this work, the most popular voltage control concepts have been investigated in details (using 

exemplary networks, generic feeders and large sets of real low voltage networks). The 

analyses showed that the hosting capacity of low voltage networks can be increased to an 

amount which strongly depends on the network. Although low voltage feeders are known to 

have a rather high R/X ratio, the expected compensation of the voltage rise is about 19 % for 

150 mm2 cable feeders and 34 % for 70 mm2 overhead lines (for purely radial feeders and 

aluminium conductors), leading to an increase of hosting capacity of about 23 % and 52 % 

respectively.  

Another promising solution is the use of voltage regulated distribution transformers. Installing 

such assets leads to significantly higher increase of hosting capacity (up to 180 %). 
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 Conclusion 3: The critical feeder length is a good indicator for a first prediction 

of the feeder behaviour in terms of hosting capacity constraint. 

Detailed analyses of generic feeders with different scenarios in terms of generation location, 

allowed to determine the critical length which is defined for each type of generic feeder (cable 

or overhead line of a given cross-section) as the feeder length for which both constraints 

(voltage and current) are reached at the same time. Feeders longer than the critical length are 

expected to be subject to voltage problems and feeders shorter than the critical length are 

expected to be subject to current problems. In order to quantify the expected potential of 

voltage regulated distribution transformers, the critical length has been computed for generic 

feeders with an extended voltage band (from 3 % to 8.5 %): about 500 m for a generic 

overhead feeder (70 mm2 AL) and more than 700 m for a generic cable feeder (150 mm2 AL). 

The combined use of voltage regulated distribution transformers with Volt/var control further 

increases the critical length (about 1000 m for the considered cable feeder), meaning that only 

very long feeders (rather unusual in European low voltage networks) can actually fully benefit 

from such a voltage control. 

 Conclusion 4: The feeder behaviour can be predicted, to a certain extent, with 

classification techniques using indicators available without network simulations. 

The comparison between clustering and classification showed as expected the greater added 

value of classification. Special care has been devoted to over-fitting and to problematic 

misclassification (i.e. classifying current-constrained feeders as voltage-constrained feeders). 

The downside of using highly unsymmetrical misclassification costs is necessarily the loss of 

potential, some voltage-constrained feeders being misclassified as current-constrained 

feeders. The actual loss of potential is however limited: about 18 % of the voltage-constrained 

feeders which could actually benefit from voltage control are dismissed. Despite the “modest” 

performance of the classification, the added value is significant. DSOs can deploy voltage 

control solutions in the group of feeders identified as suitable with a very high confidence level 

and without needing time-consuming studies. 

 Conclusion 5: The achievable hosting capacity increase with cos(P) and Q(U) 

control is comparable. With voltage regulated distribution transformers, the 

achievable hosting capacity is significantly higher. 

A detailed comparison between the two most popular types of Volt/var controls (cos(P) and 

Q(U)) has been performed with a parametric study for generic feeders. While defaults settings 

are mentioned in several connection guidelines for the control cos(P), default settings for the 

Q(U) control are missing in almost all the European countries. The settings have therefore 

been varied in a parametric study. A new index has been introduced to characterise the 

expected effectiveness of the Q(U) control: the Volt Var Index (VVI) which is the ratio between 

the area below the Q(U) curve and the total area. This index proved to have a good correlation 

with the actual effectiveness (voltage rise reduction) and with the side effects (amount of 
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reactive energy consumed and additional network losses). A comparison between the Q(U) 

and the cos(P) control shows that they have a similar effectiveness for an “average” Q(U)-

parameterization (VVI about 0.5). A comprehensive analysis of a large set of low voltage 

feeders (>37 000) confirmed this result. 

In addition to the Volt/var control, the benefits of using voltage regulated distribution 

transformers have been quantified. With the extension of the voltage band made possible by 

such assets, the hosting capacity can be increased to a significantly higher extent as with 

Volt/var control: about 180 % against up to 80 % for Volt/var control (with however large 

differences from feeder to feeder). 

 Conclusion 6: The side effects of cos(P) and Q(U) are significantly different. An 

extension of the voltage band can lead to even stronger side effects. 

The analyses performed with generic feeders showed that the increase of losses due to the 

Volt/var control is not negligible but limited (increase of +33 % in the considered worst case). 

For low voltage networks in which the available voltage band is extended through a voltage 

regulated distribution transformer and used to connect more distributed generators, the 

increase of losses is significantly higher (up to a factor of about 4). 

In terms of reactive energy consumption, cos(P) and Q(U) have again a similar performance. 

However, since further effects have not been considered to allow an unbiased comparison 

(e.g. voltage decrease due to the loads), the Q(U) control would, in general, lead to lower 

reactive energy consumption and lower network losses than the cos(P) control. It should 

therefore be preferred. The analyses showed that high VVI values (which allow to increase the 

effectiveness) lead to a strong increase of the reactive energy consumed. For this reason, the 

settings should be carefully be selected and an “average” parameterization is recommended. 

 Conclusion 7: P(U) as an “emergency solution” only, or limited to special cases. 

The P(U) control has been introduced recently in the Austrian connection guideline. Accepting 

even a small amount of curtailment can allow increasing significantly the hosting capacity. 

However, due to the impossibility to accurately predict and even measure the curtailed energy, 

worst-case assumptions are necessary (e.g. record the number of hours for which the power 

has been reduced). These worst-case assumptions scrap the potential of increasing the 

hosting capacity by this soft curtailment. Additional barriers to a generalized use of the P(U) 

control for hosting capacity extension, is the problem of unequal (discriminatory) curtailment 

along feeders. 

However, this control can be interesting since it guarantees that the maximal voltage will not 

be exceeded (which is not guaranteed by Volt/var control alone). Moreover, it could be used 

in special cases such as for customers connected to dedicated feeders for which the unequal 

curtailment would not occur (for example for a generator already connected through a 

dedicated feeder applying for an increase of power requiring a feeder reinforcement). 
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 Conclusion 8: Actual potential of Volt/var control and voltage regulated 

distribution transformers for two DSOs. 

The statistical analyses conducted on the large set of real low voltage feeders (>37 000) 

allowed to determine the actual deployment potential of the considered voltage control 

solutions. For DSO1, 81 % of the feeders would benefit from Volt/var control and about 43 % 

would benefit from an extension of the voltage band (through the use of voltage regulated 

distribution transformers). The supply area of DSO2 is slightly different since “only” 61 % of 

the feeders would benefit from Volt/var control and “only” about 21 % from an extension of the 

voltage band. For both DSOs, the average hosting capacity increase achieved by Volt/var 

control and by voltage band extension is similar: about +25 % and +180 % respectively (with 

a strong variation from feeder to feeder). 

 Conclusion 9: A stability criterion has been established for networks with 

generators operating with Q(U) control. Stability issues (poorly damped 

oscillations) are not expected. 

The stability of feeders with generators operating in Q(U) mode is mainly determined by the 

rated power of the generators, the network impedance (reactance), the controller droop, the 

time response of the outer-controller and the unwanted time delays in the inner-controller. The 

investigations showed that the system remain stable (or well damped) as long as the ratio 

between the unwanted delay and the controller time constant does not exceed a value, which 

depends on the factors previously mentioned. This result has been generalized to feeders with 

multiple generators (with different Q(U)-settings) and validated through laboratory simulations. 

Even considering worst-case conditions, stability issues (poorly damped oscillations) are not 

expected. For example, a delay in the control loop of about 0.8 s would still allow reaching a 

response time of 5 s with a damping of 10 %. Special attention should however be given to 

plant controllers using a remote sensing of the voltage due to the communication delays. 

 Conclusion 10: From all the most common Q(U) implementations under 

unbalanced conditions, the use the maximal of the phase-to-neutral voltages is 

recommended. 

Unbalanced power infeed from generators significantly limit the hosting capacity. The impact 

of different ways of controlling the voltage under unbalanced conditions has been investigated 

through Monte Carlo simulations. The Q(Umax) implementation leads (after the individual 

control of each phase) to the best performance in terms of maximal voltage and maximal 

spreading. However, under very unsymmetrical conditions, the negative sequence voltage 

might exceed the normative limit of 2 %. 
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 Conclusion 11: A concept for identifying highly unbalanced feeders with a high 

improvement potential using Monte Carlo simulations to determine the Pareto-

curve has been proposed. 

Feeders with a very unsymmetrical distribution of the generation over the three phases should 

be identified and handled accordingly. Indeed, implementing unsymmetrical voltage control 

would lead to strong side effects such as increased negative sequence component, and 

increased losses. In order to identify highly unbalanced feeders, a new functionality of the 

automated metering infrastructure can be used: the ability to determine the connection phase 

for every single smart meter. Once this information is available, the improvement potential can 

be calculated with a Monte Carlo simulation aiming a limiting the number of phase changes. 

On the basis of the Pareto curve, the DSO can decide on the trade-off efforts / unbalance 

reduction. The simulations showed promising results and a specific tool has been developed 

and made available. 

 Conclusion 12: Besides the costs, several non-technical issues still represent a 

barrier to the deployment of Volt/var control in distribution networks. 

Evaluating the cost-benefits of smart grids solutions is a challenging task. One of the less 

discussed aspects in the literature, which has however a strong impact on the economic 

viability of smart grids solutions against network reinforcement, is the age of assets. Further 

barriers to the deployment of voltage control in distribution networks are the increase of 

complexity in the network planning, the fact that networks are evolving, the impact of DSO 

regulation schemes, and the organizational complexity. 

4.2 Main contributions of this work 

The results presented in this thesis have supported demonstration activities (in the frame of 

the projects MetaPV [147], morePV2grid [80] and DG DemoNet - Smart LV grid [95]). Some 

of the findings have been supporting the development of new control concepts for photovoltaic 

inverters by the manufacturers participating in the research projects mentioned previously.  

Moreover, some of the results have been brought into standardization groups such as 

CENELEC TC8X / WG03, which was in charge of developing the standard EN 50438 [66] and 

the technical specifications TS 50549-1 and -2 [67], [68], or into the last connection guideline 

in Austria [64] (e.g. the recommendation to use the maximal of the three phase-to-neutral 

voltages for the Q(U) control). 

Besides the published papers, some of the developed tools have been made available to other 

researchers (e.g. phase balancing tool [157] or Q(U) controller for unbalanced conditions 

[139]). 

Finally, some of the concepts developed by the research group to which the applicant belonged 

have been patented (see chapter 7). 
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4.3 Future research 

Besides the results obtained from the work presented here, several additional questions would 

deserve further investigations. 

First, the performance and benefits of the classification of low voltage feeders should be further 

investigated on the basis of large data sets from different DSOs, from different countries. With 

the open data initiatives followed by different DSOs (e.g. by Enedis [169]), the access to very 

large data sets is nowadays possible. The importance of this type of work has been stressed 

by the project launched by the European Commission “Distribution system operators 

observatory” [170] which could benefit from the classification method proposed in this thesis. 

Another aspect which would deserve more research efforts, is the fact that distribution and 

transmission networks can no longer be analyzed separately. Even if this has been recognized 

some years ago, simulation methods to reduce the complexity and support the scenario 

building are still necessary. In particular, for planning (and operation) purpose, an increasing 

amount of data must be exchanged between distribution and transmission operators, as 

acknowledged and required by the System Operation Guideline [171]. 

A further aspect going beyond the voltage control with reactive power in distribution networks 

is the provision of reactive power at distribution level (for e.g. sub-transmission and 

transmission networks). In particular, with the decommissioning of large power generation 

units, some areas of the transmission network lack reactive power. For example, a few 

generators from nuclear power stations which have been shut down in Germany, operate as 

synchronous condensers to further support the transmission network (e.g. Biblis and 

Grafenrheinfeld). Further reactive power resources will be needed in the future and further 

studies such as [172], [173] quantifying the geographical need and potential from renewable 

generation will be necessary. 
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