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Summary

Economical reasons, security of supply as well as the ecological background are the
key drivers for changes happening at different levels of our energy delivery systems.
Both the supply and the demand side of it will have to be redesigned in the search
for available energy sources without harming our environment. That this process
is happening, is visible especially at numerous premises of electricity network users
connected to the electricity network. Our electricity system therefore can not be
left behind without adjusting itself to become more flexible and capable of meeting
efficiently our future needs.

The electricity distribution network was designed for unidirectional power flows
and is being operated in a relative reliable way for many decades. The insight into
the operation of the distribution network is very limited and nearly no measurements
are conducted in it. The distribution network as part of our electricity system will be
exposed to many challenges, which will be realized at network users connections. More
efficient use of energy in many applications can result in a higher use of electricity.
The shift towards electro-mobility and the proliferation of distributed small-scale local
generation are among the most important challenges for the future infrastructure.

Many aspects are points for discussion in the concept of our future electricity
infrastructure. The perspective of the distribution system operator is an important
one, since the network operator has the task to provide a reliable connection for
the electricity network users in the uncertain environment and effectively invest in
distribution assets.

The scope of the work presented in this dissertation focuses on the operation of the
distribution network to assess it from the perspective of a distribution system operator.
The research deals with the application of data and advanced distribution network
technologies for distribution network operation.

In the first part of this dissertation is identified that the expected functionality of the
future distribution network leads to guidelines for deployment of possible technological
alternatives and assets, which can assist the network operator in achieving enhanced
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ii SUMMARY

network performance. The solutions with the largest impact on the distribution
network performance enhancement are examined in this dissertation. The voltage
level control and monitoring are indicated among the most important functionalities
for the future operation of the distribution network. Suitable technological alternatives
applicable within the regulatory framework of distribution network operators in
the Netherlands are proposed and their implications on network performance are
assessed in this dissertation. A voltage control strategy at the medium-to-low voltage
substation is proposed to increase the hosting capacity of the distribution network for
accommodation of distributed generators. This application can be to a certain extent an
alternative to grid extensions. The increasing number of power electronic appliances
in the system calls for more attention and for the evaluation of the quality of supply
voltage. The distribution network operator shall conduct measurements to evaluate the
distortion levels of supply voltage in the network. The measurements should provide
sufficient insight to the network operator to take measures if needed in a cost-effective
way. Therefore, the distortion propagation throughout the distribution network is
studied in the second part of this work with the aim to evaluate the most suitable
locations for power quality measurements to assess the distortion levels in the network.

Many developments can span beyond the intended scope of their proposed
application. Therefore, new applications of data and advanced network assets are
presented in the third part of this work. It is pointed out that advanced network assets
can additionally provide new services to the electricity system without jeopardizing
their initial purpose. Those applications can have a very profound impact on the system
operation and can help to make it more efficient and rational. The application of data
from the network is proposed to be used in different ways, for instance applications
to reveal the location of illegal abstraction of electricity in the network or to assess
the loading conditions on not measured distribution network assets are presented. The
application of voltage level control in the distribution network to influence demand with
the aim to support power system balancing is assessed in detail. It is demonstrated,
that the proposed application can efficiently reduce power system imbalances without
affecting its main operational purpose.

The research presented in this dissertation was performed by means of computer
simulations and laboratory experiments. The focus is on distribution networks in the
Netherlands, which are particular due to the high use of underground cables. An
important element of this work was the possibility to validate proposed concepts in
field tests in the real distribution network of Alliander in the Netherlands.
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CHAPTER 1
Introduction

1.1 General background

Over decades, the dependency of our society on electric energy has reached levels,
where modern civilizations would struggle to function without ubiquitously available
electricity. There are myriads of electric devices, which have penetrated our everyday
life and which boosted our productivity. Without electricity, our society might come
temporarily to a standstill. Our dependency on electricity is underpinned by the
fact, that a large power outage or a disruption in electricity supply caused by a
natural disaster or other cause, has a significant socio-economic impact for a whole
country [1], [2].

Considerable price volatility on hydrocarbon markets was observed in the last
decade, which rise the questions about the energy security [3]. Significant price
increase could be observed in the Europe Brent oil, which average annual price has
in the last decade more than quadrupled and the fuel prices are currently predicted
to grow in the future [4]. The development of crude oil prices for Europe in last
decades is depicted in figure 1.1. Together with diminishing explorable reserves of
hydrocarbons within Europe, Member States could become increasingly dependent on
imports of hydrocarbons from outside Europe. The concerns related to affordability,
energy security and energy independence are among the main drivers for the support
of renewable energy sources integration into our power system. Europe aims to get
20 % of its energy from renewable sources by the year 2020 [5]. To achieve this
goal, European Renewable Energy Directive 2009/28/EC [6] established mandatory
renewable energy targets for Member States as the share of the final energy generated
from renewable sources by the year 2020. Simultaneously, the share of the electricity
on the final energy consumption in European Union (EU) is forecasted to increase
to ≈ 25 % in 2030, but at the same time, the carbon intensity of power generation is
predicted to decrease significantly per MWh generated. The extended use of solar and
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Figure 1.1: The development of the daily average crude oil prices in Europe [9].

wind technologies on power generation is expected to realize the reduction of carbon
emissions on power generation in the future. In spite of a higher share of electricity
being generated by renewable sources, fossil fuels will be still dominating the power
generation in the near future [4].

On a global scale the electricity demand is expected to grow. A growth by more
than one-third till the year 2035 is expected, where the majority of growth will take
place in developing countries [7]. In Europe, average annual consumption growth
in the period till the year 2020 of ≈ 1 %, and after the growth of ≈ 0.8 % is
foreseen by the ENTSO-E area (European Network of Transmission System Operators
for Electricity) [8].

1.2 Power system structure

Our current power system is regarded as the most complicated and the largest man-
made machine ever made [10]. The inventions by Thomas Edison and Nikola Tesla laid
the foundations for building modern electric grids at the end of 19th century [11]. The
invention of transformers enabled proliferation of the three-phase alternating current
transmission, which is nowadays the base of the power system.

The power system facilitates generation, transmission, distribution and use of
electricity and enables electricity markets. In past, the power used to be generated in
conventional power plants in centralized manner and it was transmitted and distributed
via the transmission and the distribution network to network users of electricity.
The electricity distribution used to be passive without active control of production
and consumption and mostly unidirectional power flows were present. Nowadays,
generation takes place in different parts of the system, also at the distribution level
and bidirectional power flows in the power system are increasingly happening as well
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Figure 1.2: The schematic power system structure with indicated bidirectional power
flow in distribution and between distribution and transmission network. The international
interconnections with neighboring power systems are indicated.

as the continuous changing power exchange with neighboring countries. Those current
trends in the power system structure are depicted in figure 1.2.

The supply side of our power system is changing also due to proliferation of small
distributed energy resources (DER) [12] and distributed generators (DGs) in particular,
which are being connected in large quantities to the distribution network at the voltage
level of electricity network users. The electricity demand is envisioned to change and
the increase in load can be significant when the shift to electro-mobility occurs. Since
the distribution networks are not designed for bidirectional power flows, ensuring
reliability of power delivery is and will be a very important task for the operators of
our power system. The vision of the future power system, known as the "smart grid" or
"intelligent grid", envisions omnipresent communication infrastructure interwoven with
the electrical infrastructure to address the challenges in our future power system, which
will accompany among others the integration of diversified and distributed generation
into the power system [13].

1.3 Research objective and scope

The developments at the supply and the demand side of our power system will have
implications on system operation at different levels. Those developments challenge
network operators as they have to find adequate solutions for operation, management
and planning of their networks. In the future power system, more knowledge about
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the operation and performance of various parts of the power system will be required to
enable more efficient use of current power system assets.

Numerous developments will take place in the distribution network. The
distribution network nowadays is passive and little information is available about its
operation and it is not able to handle efficiently envisioned challenges in the future.
The lifetime of an electricity network is several decades, but the distribution network
has to be flexible enough to accommodate our current and the future needs. In addition,
the distribution network has a large number of branches and connected network users.
With nearly no measurements in the network, the operator of the distribution network
has a challenging task to provide the required service quality of electricity distribution
to all network users at reasonable cost. Currently, the deployment of measurements at
all nodes of the network will lead to excessive costs for the operators. Ergo, to assess
the quality of electricity supply in the distribution network, observation at specified
locations can be satisfactory to provide the required insight to the network operator.

Therefore, the main objective of this work is twofold:

• To assess measurements and the evaluation of measured data to assess the quality
of electricity supply in the distribution network

• To propose new applications of advanced distribution network technologies
(assets) to enable more efficient operation of distribution networks

Within the scope of this dissertation are assessed the technical challenges related
to the supplied power quality assessment in distribution networks and the technical
challenges related to the operation of distribution network with presence of emerging
technologies such as distributed generation. The solutions to those challenges in terms
of application of data and advanced network technologies, which are applicable to
distribution system operators in the time span of about a decade are researched. Socio-
economical aspects, regulation, policy and reliability issues of distribution networks are
not within the scope of this dissertation.

The proposed applications and concepts shall be feasible within the current
distribution network structure and they shall be also applicable for the future
distribution network to enable the transition towards it.

1.4 Research questions

Based on the research objective and scope presented in 1.3, the main research questions
can be formulated:

• What are the requirements for the future distribution network?

• How to achieve a higher performance of the distribution network in the future?
Which network functions and what kind of advanced network technologies will
enable the higher performance?
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• What, where and how to measure in the distribution network to provide
satisfactory information to its operator about the supplied voltage quality to
electricity network users?

• What kind of functions and new applications can be enabled with future
distribution network assets owned by DSO?

1.5 Research approach

Throughout this dissertation, the following research approach was persuaded:

• The requirements on current and the future distribution networks are identified.
The set of functional criteria and the set of available technological alternatives is
assessed based on the developments, which impact the operation of distribution
networks. The investigation was done within a multi-criteria decision analysis
framework, where the analytic hierarchy process technique is utilized to structure
and analyze this decision making process. The functions and the technological
alternatives to enable a higher performance of distribution networks are assessed

• A model of the current and possible future MV distribution networks in the
Netherlands is developed to assess the performance and implications of the
proposed technological alternatives applied on the network. The model is also
used to assess the propagation of the power quality phenomena throughout the
distribution network and to derive the most suitable locations for observation of
distortion levels in the network

• The verification of the proposed applications was performed with laboratory
experiments and with a field tests in the distribution network of Alliander in the
Netherlands.

1.6 IOP EMVT research program

The research presented in this dissertation has been conducted within the
framework of the "Innovatiegerichte Onderzoeksprogramma’s Elektromagnetische
Vermogenstechniek" (IOP EMVT) research program [14]. The program is supported
by numerous industrial partners under the umbrella of Agentschap NL, an agency of
the Ministry of Economic Affairs in the Netherlands.

Within the IOP EMVT framework, the IDeaNeD project was admitted. The IDeaNeD
stands for Intelligent and Decentralized Management of Networks and Data and
the project aims to investigates the possibilities of data applications for advanced
distribution network monitoring and management to increase the network flexibility.
The project contributes with its findings to shape the future sensing infrastructure used



6 INTRODUCTION

for advanced data applications and for the operation of distribution networks. The
output of the project should contribute in field of distribution network measurements,
data applications and substations automation.

The industrial partners within the IDeaNeD project are: Alliander, DNV KEMA,
Stedin, Phase to Phase, Joulz, Early Minute and Alfen.

The project leader of the IDeaNeD project is prof.dr.ir. J.A. La Poutré at the
"Centrum voor Wiskunde & Informatica" (CWI). CWI is the national research institute
for mathematics and computer science in the Netherlands, which concentrates on
energy research as one of its societally-relevant themes.

1.7 Dissertation outline

The outline of the research and findings presented in this dissertation is as follows:

• Chapter 1: Introduction provides background information to this dissertation,
the main research questions are stated and the research description is presented

• Chapter 2: Electricity distribution provides information about the distribution
network, the future challenges on it and the current state of measurements and
distribution network automation in the Netherlands

• Chapter 3: Functionality of distribution networks is assessed with the
application of a multi-criteria decision making tool, where the requirements
on the future distribution network with the focus on MV/LV are identified.
Within this chapter a set of functional criteria used for evaluation of available
technological alternatives to improve the performance of distribution networks
is defined. The available technological alternatives are ranked and their
applicability within the regulatory framework in the Netherlands is discussed

• Chapter 4: LV distribution networks, their operational and power quality
aspects in the changing environment are discussed. The locations to oversee
the levels of evaluated power quality phenomena in the distribution network
are proposed. It is shown, that the voltage level control will be necessary to
accommodate a high penetration of DG in the network and the application of
advanced distribution network technology is proposed to address this problem

• Chapter 5: MV distribution networks, their current and possible future
structure in the Netherlands is discussed. The propagation of the power quality
phenomena in the MV network structure is evaluated to propose the measurement
locations to evaluate the levels of distortions. The implications of different voltage
level conditioning control strategies on MV networks are assessed and the most
suitable control strategy is proposed
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• Chapter 6: Data applications and the applications of advanced distribution
network technologies are shown to unlock new network functions at the
distribution level. First, the application of on-line voltage control to manage
demand in the LV network is presented and thanks to some of its unique
characteristics, it is proposed to support system balancing. Second, the
application exploiting measurements from the smart metering infrastructure for
electricity theft detection and localization in LV networks is proposed. Third, the
application of data from smart metering infrastructure is proposed to assess the
heavy loading conditions in the distribution networks

• Chapter 7: Conclusions, contributions and recommendations give the
summary of the results achieved in this research and highlights the most
important conclusions and contributions. Recommendations and ideas for the
future research are described.





CHAPTER 2
Electricity distribution

2.1 Introduction

The purpose of this chapter is to present the background of the electricity system with
the focus on the distribution system in the Netherlands. The organization, current
measurements at the distribution network are introduced together with the future
challenges and visions to answer those challenges.

2.2 Organization of electricity transmission and distribution

Many companies in the electricity sector nowadays stem from former vertically
integrated utilities. To boost competitiveness and to allow fair access to the
infrastructure, legal separation of companies in the electricity sector was required.
In the Netherlands ownership unbundling is mandatory since the year 2010 and is
mainly associated with the separation of companies operating networks from vertically
integrated holdings for energy supply [15].

The purpose of the electricity system is to deliver reliable, safe and economically
affordable electricity to its network users [16]. The system should provide transport
of electricity at minimum cost, with minimal ecological impact and enable electricity
markets. To accomplish the connection between entities of the electricity system, the
electrical network utilizes:

• Transmission system

• Distribution system

Transmission System is operated and maintained by the transmission system
operator (TSO). It is used to transport electricity in the TSO service area, mostly from
large power plants towards large load centers and to interconnect with other TSO

9
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service areas. Since 2011 the TSO in the Netherlands (TenneT TSO) operates also
electricity networks with voltage levels ≥ 110 kV [17].

Distribution System is operated by the distribution system operator (DSO). The
DSO is defined as:

"Distribution system operator means a natural or legal person
responsible for operating, ensuring the maintenance of and, if
necessary, developing the distribution system in a given area and,
where applicable, its interconnections with other systems and for
ensuring the long-term ability of the system to meet reasonable
demands for the distribution of electricity", from [18].

The DSOs operate as natural monopoly the distribution network in their service
area. There are 8 DSOs in the Netherlands providing connection to ≈ 8 089 000
electricity network users [19]. Three major DSOs in the Netherlands operate
distribution networks with > 2 millions of network users, namely: Enexis, Liander
(part of Alliander) and Stedin. In the Dutch distribution network, approximately 75 %
of MV/LV substations supply LV residential network users (consumers) with relative
small average peak power [20].

The schematics of the electricity system in the Netherlands with its interconnections,
common voltage levels and the operational areas of DSOs and TSO is shown in
figure 2.1. The DSOs in the Netherlands operate mainly MV networks, LV networks
and partially also a HV network, as addressed in chapter 4 and in chapter 5.

The efficiency of a electricity system can be indicated by the total electricity loss. An
efficient electricity system has usually a total loss, including electricity transmission and
distribution loss, lower than 6 % [22]. The electricity system in the Netherlands is very
efficient (mainly because of short distances and high load density) with the average
total loss of 4.32 % in the period from 2000 till 2012. To provide comparison for the
same period, the estimated average total loss for the European Union was 5.69 %,
4.73 % for Belgium, 4.77 % for Germany, 5.90 % for the United States of America and
5.99 % for Czech Republic [23].

Most of the distribution network has been designed many years ago and have been
very reliably operated as passive networks with the "fix-and-forget" approach. The
average lifetime of distribution network assets in the Netherlands is expected to be
about 40 to 50 years, but distribution network assets with much longer time in service
can be found.

Additional information concerning the distribution networks in the Netherlands can
be found in [24]. Substantial work with the focus on the Dutch distribution networks
was done and it is presented for instance in the area of design aspects in [25], [26], in
the area of power quality in [27], [28] [29] and in the area of protection issues in [21].
The work presented in this dissertation is complementary to this.
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and DSOs. The interconnections with other service areas (TSOs outside the Netherlands)
are also indicated [21].
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2.3 Future challenges

The distribution networks were designed to accommodate mainly network users loads.
Bidirectional power flows in the distribution network were not expected in the past
and the "fix-and-forget" approach could have been applied successfully in passively
operated network. However, as the society develops, the electricity system and the
distribution network shall advance as well to accommodate new demands which were
not envisioned in the past.

The main challenges for the future distribution network operation are:

• Proliferation of DER and DG in particular, which is discussed in 2.3.1

• Specific load growth, which is discussed in 2.3.2

The uncertainty in distribution network operation used to be low. But the
predictability of distribution network operation is expected to decrease when specific
loads will be randomly connected to the network and when they will operate
simultaneously with intermittent DGs in the network. The net energy demand observed
at the network users point of connection (POC) can change and it can vary significantly
over time. The possible developments of future demand profiles of Dutch electricity
network users and their impact on distribution networks are presented in detail in [30].

2.3.1 Proliferation of DG in distribution networks

The Netherlands aims for 14 % of final energy consumption to be generated by
renewable sources by the year 2020. The interim target of the final electricity
consumption from renewable sources for the Netherlands was set to 4.7 %, where
4.3 % was achieved by the end of the year 2011 and the electricity generated from
PV systems accounted only to 0.3 % of the total electricity generated by renewable
sources [5], [31].

A DG is an electricity generator, which can be powered by renewable sources,
connected either directly to the distribution network or via a network users installation.
Many different forms of DGs exist and they differ in used energy source and scale. An
overview is presented for instance in [21].

The proliferation of DGs and PV installations in particular takes place in many
countries. Different DG systems are being connected to the LV and MV networks. The
installed capacity of PV installations connected to distribution networks at LV voltage
level has increased rapidly, it challenges the operation of distribution networks and
it rises concerns about the management of their integration [32]. For instance
in Germany, strong feed-in tariffs and falling prices of PV installations resulted in
significant increase in PV systems installed. During some periods of the year 2012,
PV installations contributed already to about ≈ 40 % of the peak power demand.
In Germany, about ≈ 70 to 80 % of the installed peak PV capacity is connected to the
LV distribution network [32], [33]. Expensive grid reinforcements are needed or are
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Figure 2.2: The predicted installed capacity of solar installations in the Netherlands by the
year 2020, source [35].

expected to accommodate a high share of DGs in the distribution network [30]. The
subsidiary scheme in the Netherlands has not stimulated such a progressive increase of
PV installations, but a growing trend of installed PV capacity is predicted. The expected
installed capacity of solar installations by the year 2020 for the Netherlands is depicted
in figure 2.2. The growth of installed capacity continued also in the year 2011, where
additional installed PV capacity of 40 MW was connected and 90 GWh in total were
generated by PV installations in the year 2011 in the Netherlands [34].

In addition, the installed capacity of other renewable sources is also expected to
increase in the Netherlands. The wind power (on-shore and off-shore) is expected to
increase from Pinst = 2 221 MW in the year 2010 to Pinst = 11 178 MW in the
year 2020 [35]. And very high shares of renewable energy are envisioned for periods
after the year 2020 by the European Union [36].

The proliferation of DGs has implications on the power quality of supplied network
users, especially in terms of increasing harmonic distortion [37] or voltage level
deviations, as discussed in chapter 4 and in chapter 5, or addressed in [21], [27].

The rapid proliferation of DGs presents new demands on the distribution network,
which was designed to accommodate only loads and unidirectional power flows. The
secure and reliable operation of distribution network with a high penetration of DGs
presents a challenge for DSOs, which have to search for technical and operational
alternatives to manage the integration of DGs into their networks.

2.3.2 Increasing load in the network

The electricity demand in the Netherlands is expected to increase and large part of it
will have to be accommodated by the distribution network. The increasing trend in total
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Figure 2.3: Electricity load in the Netherlands in the period from the beginning of the year
2004 till the end of the year 2012. The load annual maxima, average and minima are
depicted (source: TenneT TSO).

electricity demand is linked to the economical activity and can be observed especially
in the period before the year 2008, as depicted in figure 2.3. The slowly recovering
economic activity is reflected on the country electricity demand in the later period.

A high annual load growth of 3 % till the year 2030 is assumed by the Dutch TSO for
central and western areas of the Netherlands [38]. A strong load growth in distribution
networks is also expected by DSOs, where growth of 2 % annually is anticipated in
the period till the year 2025 [24]. A significant growth of peak load without load
management is also predicted in coming decades [39].

Applications improving overall efficiency of energy use will result in increasing
use of electricity, such as the application of heat pumps or the shift towards electro-
mobility [24]. Electric vehicles (EVs) are envisioned to penetrate the transportation
sector in the future. EVs will represent significant additional load, which can increase
the loading of the distribution network beyond its capacity if charging is not managed.
The annual additional load for an average EV can be as high as the annual electricity
consumption of an average Dutch household [40]. Similar observation is made also for
Belgium, where the magnitude of additional EV load is expected to be comparable to
the magnitude of annual electricity consumption in a typical household [41].

The impact of EVs on distribution network can be severe and even a relatively low
penetration of EVs in the system could lead to overloads of network components [42].

The envisioned EV penetration for the Netherlands nowadays predicts 1 million
EVs by the year 2025 [43]. The charging demands of EVs are uncertain, but an
average additional load of 0.84 GW could be expected for 10 % EV market penetration
(corresponds to 1 million EVs) in the Netherlands [44].
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It shall be recognized that the additional loads will be connected to the
distribution network, which can be already heavily loaded and can have difficulties
to accommodate them.

An increasing number of appliances powered via an electronic interface is expected
to be connected to the distribution network in the future. Implications on supplied
power quality in distribution networks can be expected [27], [45].

2.3.3 Limited insight in the distribution network

A DSO shall design and operate its networks to accommodate electricity demands
of connected network users and to comply with the standard for supplied voltage
quality EN 50160 [46] and the National grid code [47]. Operational measurements
in the distribution network were not economically justified in the past, where the
connected network users were passive and the sensing infrastructure together with the
communication infrastructure were expensive for mass deployment. Only very limited
measurements are conducted in the distribution network in the Netherlands:

• Maximum power/current measurements recorded at certain locations, where the
maximum value from the last reading is read about once a year on average

• Measurements at specific locations following a complaint of a network users or
when a suspected activity was detected in the network (e.g., illegal abstraction of
electricity)

• Week measurements at randomly selected locations for overview of power quality
performance

The power quality measurements in the Dutch network are conducted annually to
provide indicative overview of the supplied voltage quality in HV, MV and LV networks.
The measurements are conducted on weekly basis at random locations in the MV and
LV network. The measurements in the HV network are from 20 fixed locations. The
power quality overview for the year 2011 was based on 50 week measurements at
different locations in the LV network and on the same amount of measurements in the
MV network [48]. The measurements capture only a small share of the network, which
has about 120 000 MV/LV substations in operation in the distribution network in the
Netherlands.

It is concluded, that the observed average values for total harmonic distortion (THD)
and flicker severity in Dutch MV and LV networks were far below the requirements of
the EN 50160 standard [48]. The median value of THD in the year 2011 was ≈ 2.3 %
for the LV network and ≈ 1.7 % for the MV network. The median values of the flicker
severity levels for LV networks of ≈ 0.23 and for MV networks of ≈ 0.14 were observed
in the same year. Nevertheless, levels of harmonic distortion not complying with the
EN 50160 standard were observed at certain locations in LV network. It is estimated that
about 74 % to 94 % of LV network users in the Netherlands (with the confidence level
of 90 %) are supplied with voltage quality according to the EN 50160 standard [48].
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2.4 Initiatives to modernize power systems

The existing distribution and transmission networks were designed to operate in
the conditions envisioned at the time of their conception. In the Netherlands, the
distribution networks serve its purpose well and they deliver electricity with a very
high reliability [49]. However, efforts to decarbonize our electricity system will make
the operation of the electricity system and distribution networks more challenging. The
existing electricity system can be basically characterized by the following statement:

"The system is essentially a one-way pipeline where the source
has no real-time information about the service parameters of the
termination points.", from [13].

The operators of electricity system will have to respond to the envisioned challenges
and rationally use the available infrastructure to accommodate the predicted demands,
as discussed in 2.3. The electricity system is undergoing modernization which is
commonly labeled as the "Smart Grid" or "Intelligent Grid" vision and used in plethora
of concepts. Therefore, the expected functionality of the system and the applicability
of technological solutions to respond to the challenges is uncertain. Although there
are many aspects, visions and different perspectives resulting in different requirements
on the future electricity system around the globe, they jointly envision that the future
electricity network will be enhanced with a sensing and communication layer to enable
more insight into the operation of the network and to facilitate control actions. The
future electricity system is expected to support the objectives of sustainability, security
of supply and competitiveness in Europe [13], [50], [51], [52].

The European Technology Platform SmartGrids characterizes our future electricity
system as:

"A SmartGrid is an electricity network that can intelligently
integrate the actions of all users connected to it - generators,
consumers and those that do both - in order to efficiently deliver
sustainable, economic and secure electricity supplies.", from [53].

Flexibility, cost-efficiency, reliability and disturbance resilience are the important
aspects of the future electricity system [54]. Therefore, DSOs in the future will need to
gain more visibility and control over their assets to perform automated actions and to
provide adequate response to different system states.

2.4.1 Metering infrastructure

The metering infrastructure with advanced electricity meters, commonly labeled as
"Smart Meters", is expected to provide enhanced functionality beyond the current
metering infrastructure. The smart metering infrastructure will be an important part
of the future system, which will facilitate some important functionalities and enable
two-way communication [50]. The deployment of a cost-effective advanced metering
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infrastructure is supported by the EU to promote mainly: efficient use of energy,
to encourage active participation of electricity network users on energy markets, to
support the accommodation and increasing use of distributed (renewable sources) on
electricity generation (increase awareness of power injections), to provide network
users with accurate and frequent billing and to promote participation on active demand-
side management [55], [56].

The roll-out of the smart metering infrastructure in the Netherlands was delayed
by the flawed legal framework and privacy concerns of electricity network users. The
expected compulsory roll-out was based on the positive cost-benefit analysis, but it
was blocked in the year 2009 [57], [58]. An updated cost-benefit analysis was
performed later to reflect the current economic situation and expected functionality
in the Netherlands [59]. In 2012 were put into force amendments on the Dutch
Electricity Act and the Gas Act, which requires DSOs to offer smart meters to its
network users (households and small businesses). Network users are empowered to
limit the functionality of their smart meter and they have to authorize frequency of
meter readings exceeding the minimum bi-monthly requirement [60].

The body representing the energy regulators in Europe provides a set of
smart metering functionality requirements and guidelines to Member States in the
EU [55], [61]. In the Netherlands, the set of minimal functionality requirements on
smart meters is defined in the NTA 8130 standard [62] and the national reference
architecture concerning smart metering in NTA 8150 standard [63], [64].

2.4.2 Distribution network automation

Distribution networks around the globe are currently passively operated and the
penetration of distribution automation is low. As part of the future electricity system
vision, more automation is expected to take place in the distribution network to improve
reliability and efficiency of electricity distribution [13].

In the Netherlands, the distribution automation mainly aims to reduce the outage
time of connected network users and to increase the utilization of distribution networks.
The efforts with more distribution automation in the Netherlands resulted in a project
focusing on an experimental MV/LV substation with new technologies applied to the
distribution network [65], [66], [67].

2.5 Conclusions

Background information related to the developments in the distribution system in the
Netherlands is provided in this chapter. The future demands and concerns related
mainly to the proliferation of distributed generation and expected load increase present
challenges on distribution network. However, the current distribution network was
not designed to accommodate those new developments. The distribution network
is nowadays passive and nearly no measurements are performed in the network.
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Therefore, DSOs have to assess the future requirements on their network and search
for applicable technological solutions to increase network flexibility.

Most of the network users in the Netherlands are currently provided with
satisfactory quality of electricity supply, however this can be hard to maintain in the
future. To provide a reliable connection to network users with required voltage quality,
DSOs need to gain more insight into the performance of the distribution networks
through measurements. Smart metering was expected to provide more insight into the
operation of the distribution network, but the privacy concern can limit the expected
benefits of it.

A DSO with more comprehensive information about the state of the distribution
network is expected to be able to better manage the distribution network assets and to
efficiently plan investment activities to the benefits of its network users.



CHAPTER 3
Functionality of distribution

networks

3.1 Introduction

Many developments take place nowadays in the power system including implications
on distribution networks. To address correctly the requirements on future distribution
networks, a set of functional criteria and a set of available technological alternatives are
assessed in this chapter.

When the complexity of a problem or a system increases, the decision making related
to it becomes also more complicated. Especially if the decision maker is biased, or
decisions involve many interwoven variables to be considered and those variables are
highly complex in their nature. Finding a suitable solution can be a very difficult task.
Intuition could be used in cases, where the negative consequences of a decision would
be tolerated. When the stakes are high, it is important to properly structure the problem,
define criteria and apply reasonable techniques to obtain meaningful conclusions.

Techniques such as Multi-Criteria Decision Analysis (MCDA) can be very suitable
exactly in the instances, where the problem complexity is high and when there are
many conflicting criteria to be considered, and the decision makers can be biased
by their environment or affiliation. As power systems are becoming increasingly
complex, their operation and planning is also becoming increasingly complicated [68].
Therefore, also the decision-making process related to distribution networks requires
more sophisticated tools such as MCDA to satisfy all the relevant considerations in
distribution network operation and planning [69].

Since instrumenting all substations with all possible measuring devices and control
techniques is not economically feasible, this chapter focuses on identifying and
quantifying the expected functionality of distribution networks and on the priority
quantification of distribution network operational aspects. The evaluation of the
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expected functionality is important to identify the necessary measurements, among the
distribution network, enabling and facilitating those expected network functions.

3.2 Analytic Hierarchy Process as a MCDA tool

The Analytic Hierarchy Process (AHP) is one of the MCDA tools used to organize
and evaluate complex decisions [70]. Since the 1970s, the AHP methodology has
been successfully applied to a variety of disciplines, especially for decisions with high
complexity and where the criteria of making the decisions were not necessarily objective
in nature [71].

The AHP methodology is developed to incorporate the subjectivity of decision
makers into a mathematically sound objective priority ranking and alternative
choices [70]. AHP allows simultaneous comparison of objective (quantitative) data
with subjective (qualitative) judgements and simplifies complex decisions that involve
many possible alternatives and decision makers. And, because the human mind has
difficulty comparing the relative importance when confronted with many choices, AHP
allows decision makers to compare only two items at a time via pairwise comparisons.
The AHP methodology can derive priorities (dominance) based on paired comparison
of decision elements with respect to a common objective for different levels of the AHP
hierarchy. The AHP is supported by a mathematically sound framework to evaluate
the consistency of provided judgements. Therefore, the judgement consistency can be
improved if necessary. In doing so, it is argued that this methodology can draw out the
true opinion of the decision maker [70].

The process of distribution network modernization can be associated mainly with
network automation and increasing operational awareness. In the Netherlands,
modernization efforts have resulted in MV/LV Intelligent Distribution Substation (IDS)
pilot, as discussed in 2.4.2. The MV/LV substation is a highly important node in the
distribution network as its design has to meet the expectations and requirements of both
LV and MV networks. The familiarity with the IDS concept is used as a logical extension
in addressing the distribution network functionality. Therefore, the evaluation takes the
expected functionality of an IDS into consideration to obtain functionality expectations
for the distribution network.

3.2.1 AHP applications in power systems

Numerous AHP applications to electrical and power engineering are known. The AHP
methodology is applied as a decision making tool for energy mix planning [72]. But also
for operation of electric power microgrids [73], where it proves it strengths to derive
the best mix of resources available for the microgrid, their deployment, configuration
and in defining the procedures to island a microgrid from the network [69]. And the
AHP is applied for analysis of hidden failures (not apparent during normal system
operation) in special protection schemes in power systems, where the least and the
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most vulnerable parts of the system can be identified to assess their influence on system
stability after a fault [74]. It is applied also for the automatic re-establishment (self-
healing or self-reconfiguration) of power supply in more agile way after a contingency
in the network, coordinating load transfers and power restoration using remote
controlled switches [75]. Furthermore, the AHP methodology is successfully applied
for remote switches allocation in distribution networks, where the subjective as well
as the objective criteria for a potential switch location can be evaluated [76]. The
AHP methodology was also utilized for the selection of suitable IT infrastructure
for future power system applications, which is a very complex task including many
interwoven variables, technical and non-technical criteria influencing the selection of
plausible alternatives [77]. The selection of the most suitable electricity storage can
be also addressed by AHP, based on multi-criteria decision making and evaluation
(costs, efficiency, maturity, life-cycle, load management and power quality) [78].
Further applications of AHP include for instance the evaluation and routing of power
transmission lines [79], generator fault diagnosis [80], load shedding schemes [81],
post-evaluating of wind power [82] and others.

3.2.2 AHP methodology

AHP involves structuring a problem as a hierarchy of: a goal, the criteria affecting the
goal with sub criteria as necessary and, finally all the possible alternatives. Individuals
or groups of decision makers then compare, in a pairwise fashion, all the elements
on each level of a hierarchy and the relative importance to each other and to the next
highest level in the hierarchy. The process then generates a vector of overall preferences
among the alternatives. The result is that the opinions of many decision makers, even
if quite disparate, are incorporated in a final ranking of alternative choices.

The AHP methodology consist of the flowing steps [70]:

• Structure the problem in a hierarchy (see 3.2.2.1)

• Apply intensity scale to rank judgments importance (see 3.2.2.2)

• Create a judgment matrix (see 3.2.2.3)

• Evaluate the weight for each criterion (see 3.2.2.4)

• Rank available alternatives (see 3.4)

3.2.2.1 Structure the problem in a hierarchy

The problem is divided and decomposed into a multilevel structure, where we
investigate the impact of higher level components in the hierarchy on the fulfilment
of the goal and available alternatives. An absolute number can be assigned to either
objective or subjective judgements for every pair compared. Therefore, the comparison
of small more homogeneous clusters can be made as a subset of all relevant criteria.
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The overall goal of the investigation in this dissertation focuses on the main question:
How to increase the performance of distribution networks? and is presented in the first
level of the AHP hierarchical structure in figure 3.1. The performance of distribution
networks is defined based on the matrix of evaluated criteria presented in figure 3.1.

The second level of the AHP hierarchy represents the set of relevant criteria to
achieve the defined goal. In total 10 criteria (noted as c.1,...,c.10) are selected as
important aspects to be considered in the expected distribution network functionality
assessment, as in figure 3.1. Four groups of criteria are identified, but evaluated
separately to draw more detailed conclusions; criteria related to supply quality (c.1,
c.2, c.3), criteria related to accommodation of new applications in the networks (c.4,
c.5), criteria group related to demand response (DR) [83], (c.6, c.7) and criteria group
related to other network functions (c.8, c.9, c.10).

The third level of the AHP hierarchy represents the group of alternatives (available
technological options) for reaching the specified goal. Based on [66], [67], the set
of possible technological alternatives to advance the current distribution network is
defined, as third level in the AHP hierarchy in figure 3.1.

3.2.2.2 Intensity scale and importance judgements

A survey was constructed to solicit input form for the AHP methodology, with the
aim to exploit the knowledge and experience of different stakeholders and experts
in distribution network operation and planning. In total, 28 responders participated
in the AHP survey in two groups; with an industrial affiliation and with an academic
affiliation as detailed in table 3.2. An on-line questionnaire designed in Google Docs was
used for the acquisition of expert responses (in the period of October and November,
2012). However, due to the limitation of the platform utilized here, the fundamental
scale of comparative weights between alternatives from [70] was modified from nine
comparison values to the five shown in table 3.3.

The responders were provided with criteria description (second level hierarchy) as
presented in figure 3.1, and with a detailed description of the evaluated functionality
aspects (criteria), to support their judgement decision with sufficient information as
presented in table 3.1, based on EN 50160 standard [46].

3.2.2.3 Create a judgement matrix

The expert opinion from decision makers is drawn in form of a pairwise comparison for
all considered criteria. The pairwise responses, based on comparing criteria in pairs to
judge their preference, of each responder are organized in an answer matrix A. The
answer matrix is n × n matrix, where n is the number of objective functions, ergo
n = 10 for 10 evaluated criteria as in table 3.1. The equal importance in A is judged as
ai, j = a j,i = 1, where ai, j is the intensity value from scale as in table 3.3.

To reduce the response time, the symmetric nature of the response matrix A is
exploited such that wi, j = 1/w j,i ∀ i, j ∈ NC , where NC is the set of numbers



3.2. ANALYTIC HIERARCHY PROCESS AS A MCDA TOOL 23

Table 3.1: Evaluated functionality aspects (criteria) in the AHP survey with detailed aspects
considered in the survey, as outlined in figure 3.1.

Criteria Description Aspects considered in survey evaluation

c.1

Improve supply voltage
(voltage level variations

for connected LV
network users)

Based on indices specified in EN 50160 [46], maintain
Un ± 10 % (nominal voltage magnitude), for all LV
network users supplied. For 95 % of 10 minutes mean
rms values over a week (or support even higher required
voltage quality such as Un ± 10 % over 99 % of the time)

c.2
Improve voltage quality

for connected LV
network users

Based on EN 50160 [46]: improve flicker indices
for 95 % of the time, rapid voltage changes, voltage
harmonics, voltage dips and unbalance

c.3
Improve reliability of

power delivery

IDS can improve the reliability indices (SAIDI, SAIFI)
for the connected network users. Self-healing (self-
reconfiguration) after an outage can be implemented by
IDS in MV networks and IDS can sense and report an
outage in LV networks

c.4
Support seamless

accommodation of DGs

IDS can actively alter the negative impact on voltage
level in distribution network with high penetration of
DG both in LV and MV network by means of OLTC or
energy storage

c.5
Support

accommodation of EVs

IDS can improve voltage level conditions and help to
alleviate loading constraints in the LV network and can
assist in local charging coordination at LV level

c.6

Enable DR - support
distribution network
operation (peak load

reduction)

Facilitate DR with the focus on supporting operation of
distribution networks (e.g., peak load reduction in LV
and MV networks)

c.7
Enable DR - for other

participants

IDS as a facilitator of LV DR programs for commercial
purposes and enabler of market participation for active
network users such as PowerMatcher (separated from
network congestion management) [84]

c.8
Distribution network

awareness (monitoring)

To enable (on-line) distribution network monitoring
and to increase operational awareness of distribution
network assets. Monitor operation with high penetration
of new technologies such as EVs, heat-pumps or
intermittent DGs

c.9 Theft detection

To monitor and reveal the theft in LV network. About
1200 GWh/year is expected to be stolen and tampering
takes place at half of the (MV/LV) substations, with the
loss for DNOs in NL to be about M€114/year [85]

c.10 Investment expenditure
Inventory in IDS can be a cost-effective alternative
to other investment options and distribution network
expansions
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Figure 3.1: The AHP hierarchical structure for the evaluation of the expected distribution
network functionality (second level of the hierarchy) and available technological
alternatives (third level) to achieve the specified goal (first level).

representing the objective functions (choices), NC = [1, ..., n] ∈ Z. The responders
were asked only the questions necessary to populate the upper triangular matrix for the
second level of the hierarchy (criteria in table 3.1). Despite this time reduction effort,
the average time per response was about one hour. In addition, some behavioural
aspects, based on intuition, were implemented in the survey. The questions were
not provided in the hierarchical order as presented in the AHP hierarchy, but in a
mixed order to achieve higher objectivity of responses and to minimize answer bias.
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Table 3.2: Responders affiliation by groups in the AHP survey.

Group description Share Responses received

Industry only 61 % 17
Academia only 39 % 11
All combined 100 % 28

Table 3.3: Modified intensity scale of importance for AHP evaluation [70].

Intensity scale Description

1/8 Very strongly less important
1/4 Strongly less important
1 Equal importance
4 Strongly more important
8 Very strongly more important

It was intended for all responders to answer only their part of the survey, without the
knowledge of previous results of other responders or current status of the survey.

3.2.2.4 Evaluate the weight for each criterion

Based on the responders judgements, the relative preferences can be estimated in a
form of weight factors for each evaluated criterion. The priority weight of each criterion
measures how much this specific criterion accounts for the overall goal.

The eigenvector W of the answer matrix A represents the relative dominance of each
weight factor of A. This allows to estimate the resulting priorities for each alternative i ,
as in equation 3.1. The weight factors are normalized (

∑n
i=1 wi = 1) for each level

of the AHP hierarchy to provide relative judgement priority for preferences comparison
across AHP levels (hierarchic composition principle) [70].

W = [w1, ..., wn]
T (3.1)

The resulting relative weights of each criterion can be compared among criteria
and criteria clusters deriving their relative weights and to synthesize priorities for
available alternative in a low level of the hierarchy, if present. This allows to add
weighting global priority for each element or sub criteria on each level of hierarchy. As
a consequence, ranking of all the stimuli at different AHP hierarchy levels is possible.
The goal solving approach can be persuaded through developing a weighted structure of
relations and influences, where the relative impact of one variable on another (criteria)
can be evaluated [70].
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3.2.2.5 Consistency improvements

Even with this guided decision-making process, people still frequently make inconsistent
comparisons when confronted with many options. In an extreme example of this, a
person might prefer choice A to B, and prefer B to C, but state that they prefer C to A,
though deductive reasoning tells us that A should be preferred to C. Inconsistency is
usually presented in more subtle forms.

The answer matrix A is considered as consistent if the individual judgement ai, j and
the fraction of corresponding priority weights is in accordance with equation 3.2.

ai, j =
wi

w j
∀ i, j ∈ NC (3.2)

The measure of answers inconsistency is expressed by a consistency ratio (CR) [70]
defined by equation 3.3. Where λmax is the largest eigenvalue of A and RI is the random
index. The random index for n = 10 is RI10 = 1.49 based on [70]. As a consequence,
the responses with CR values < 0,10 are acceptable as consistent answers for n = 10.
The measure of inconsistency is an important aspect for the AHP methodology, because
it allows to quantify the quality of responders replies and it admits a new knowledge to
be added to their preference judgements.

CR=
(λmax−n

n−1
)

RI
(3.3)

Multiple methods have been proposed to improve the consistency of personal
judgements while retaining the opinion of a decision maker. The original method
proposed by [70] is based on iterative process, which searches the most inconsistent
judgement ai, j in A compared to the relative preference weight for selected i, j criteria
wi , w j . The search for the most inconsistent judgement is based on equation 3.4.

max |ai, j −
wi

w j
∀ i, j ∈ NC | (3.4)

In the iterative process, the most inconsistent statements ai, j in A are replaced by

relative weight
wi

w j
until the inconsistency of decision maker responses decreases to

acceptable level. As a consequence, the knowledge of a responder is extracted (selection
priority is kept), while creating the response matrix consistent.

A more recent method in [86] presents a different methodological approach to
improve answer matrix inconsistency. The problem is defined as finding a close
consistent matrix YB, which is a consistent answer matrix with the same responders
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preferences as in A. It is proven that the consistent matrix YB closest to B can be found
based on YA (the closest consistent matrix to A) as in equation 3.5 [86].

YB = YA� (x y T ) (3.5)

Where YA is the Hadamard (element by element) product (noted as �) of
x = [x1, ..., xn]T and y = [y1, ..., yn] such as the reciprocity and characteristics
of the judgement answer matrix YB are kept. For more thorough explanation
and mathematical proof, the interested reader is encouraged to consult [86]. The
methodology presented in [86] is used to improve consistency of responses.

The responders in the conducted survey judged the criteria independently (without
the previous knowledge other responders’ preferences), for that reason the responses
arrival based on time is not a relevant factor to be considered. The responses were
evaluated based on their affiliation in thee groups as in table 3.2.

To meaningfully synthesise the priorities of different group members and to arrive
to a consensus, the application of arithmetic mean corresponding to individual criteria
preferences is used [87]. Despite the limitations of the survey platform and available
choices, the resulting judgement preferences can be as a consequence of this step refined
to provide input for the expert n× n response matrix A.

The individual judgements are provided only for the upper triangular answer matrix
and the remaining elements (the lower triangular part of the answer matrix) are
calculated, as discussed in 3.2.2.3. For that reason, the average of the cumulative
sum of the individual judgements provided in the upper triangular part of the
individual judgement matrices is considered to construct the upper triangular part of
the aggregated answer matrix Aag g . The Aag g with elements of aag g

i, j is constructed for
selected number of responses n.resp as in equation 3.6. The elements in the lower
triangular part of Aag g are populated based on criteria presented in 3.2.2.3.

aag g
i, j (n.resp) =

n.resp
∑

n=1
ai, j(n)

n.resp
, where i, j ∈ NC ∧ i ≤ j (3.6)

Assuming, the individual responses are sorted in descending order based on their
individual CR, the weights factors and the CR of Aag g can be evaluated as a function
of n.resp. If the consistency of provided responses is not satisfactory, the methods for
consistency improvements shall be applied. The individual and the cum.sum average
CRs for industry and academia related responses only are depicted in figure 3.2.

It is shown, that by constructing the Aag g for obtained responses in the survey, the
combined response consistency improves to acceptable level compared to individual
CRs. This is demonstrated on the comparison of individual CRs for all responses and
their Aag g as depicted in figure 3.3. Despite the aggregation of numerous inconsistent
individual responses (sorted in descending order by their CRs), the Aag g consistency
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Figure 3.2: The comparison of the individual CR and their cum.sum average for responses
received form academia (11) and industry (17) as in table 3.2 .
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Figure 3.3: The comparison of the individual CR and their cum.sum average for all
responses combined as in table 3.2.

significantly improves to acceptable level after aggregation of already 10 responses
(36 % of all responses). Even with a significant number of responses with fairly bad
consistency (approximately ten responses over 20 %), the averaged responses provided
consistent judgement. Similar trend is also observed for the individual groups with
industrial and academic affiliation of responders in figure 3.2.

The aggregating effect of Aag g on CR is studied in detail and the consistency
improvements of Aag g as a function of n.resp are evaluated for all n.resp, where
the individual CRs are sorted in ascending order. The resulting CRs plots of Aag g
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Figure 3.4: The comparison of the individual CR and their cum.sum average for all
responses combined as in table 3.2, where CR(n.resp) is estimated based on Aag g as a
function of (n.resp → n).

constructed as a function of n.resp are depicted in figure 3.4. It is observed that the
Aag g mostly results in improved consistency for already small number of aggregated
responses. However, for larger number of aggregated responses, the Aag g is considered
as consistent for the result of this survey. I addition, it is observed that combinations of
responses tend to converge to a Aag g with significantly lover CR than CRs of individual
responses. This observation can support the argumentation that thanks to the survey
structure, the individual inconsistency in judgements has more random characteristics
and that most responders tend to provide complementary judgements with similar
prioritization of evaluated criteria.

To support this argumentation, the development of criteria priorities as a function
of n.resp is depicted in figure 3.5. It can be observed that the criteria weights (relative
priorities preference) are not changing significantly for higher numbers of responses
received, see figure 3.5, for n.resp ≥ 10. The turbulent criteria weights for n.resp ≤ 5
are attributed to the combination of least consistent responses in the survey. The
resulting CRs for all evaluated groups are presented in table 3.4

Judging from the results obtained, additional responses will most probably change
the resulting priority weights only marginally. As a consequence, the obtained responses
can be considered as a sufficient sample to yield representative results in this inquiry.

3.3 Functionality expectations of distribution networks

The AHP methodology was employed to derive the expected functionality of distribution
networks. Based on the methodology presented in 3.2.2, the priority ranking of
expected distribution network functions (criteria, as in table 3.1) can be estimated for
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Table 3.4: Resulting CR factors by groups based on aggregated answers (Aag g).

Group description CR

Industry only 0.069
Academia only 0.026
All combined 0.048
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Figure 3.5: The comparison of criteria weights (priorities, from table 3.1) as a function
of (n.resp) for all responses combined in table 3.2.

all evaluated groups from table 3.2. The resulting ranking of expected distribution
network functionality is presented in figure 3.6. The three most important distribution
network criteria for all responders can be seen in figure 3.6:

• Reliability

• Voltage level

• Other PQ aspects

The aspects of the most important criteria within the scope of this dissertation are
addressed in detail for the LV networks in chapter 4 and for MV networks in chapter 5.

3.4 Alternatives selection

AHP methodology was applied for the evaluation of the expected functionality (criteria)
to arrive with a quantification of the expert judgements. The extracted knowledge
from the criteria ranking for the distribution network from 3.3 is applied to rank the
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Figure 3.6: The comparison of the expected distribution network functionality criteria and
their priorities for all groups, as outlined in table 3.2. The priorities are sorted in descending
order based on weight factors of all responses combined.

applicable technological alternatives presented as the third level of AHP hierarchy in
figure 3.1. Where each expected network function from figure 3.6 can be satisfied in
certain share with one or more technological alternative listed in table 3.5.

Table 3.5: Alternative technologies available for distribution networks and for IDS, based
on [66], [67].

Alternative Description

Alt.1 Energy (battery) storage at LV bus-bar with bi-directional inverter
Alt.2 Smart MV/LV transformer with on-load tap changer (OLTC)
Alt.3 PowerMatcher for electricity markets and DR [84]
Alt.4 MV circuit breakers
Alt.5 LV circuit breakers
Alt.6 Substation instrumentation, communication and measurements

The comparison matrix for the alternatives i.e., the third level of the AHP hierarchy,
is based on the qualified judgement of selected participants, which have a specific expert
knowledge on the technical aspects of distribution networks and on IDS.

In a similar manner to the second level of the AHP hierarchy, the relative fulfilment
of the selected alternatives is assessed as arithmetic mean of individual responses. To
arrive at the alternative preferences, the results related to the functionality expectations
and their priorities were combined with the expert judgements of relative contribution
of each alternative to fulfil specified functionality (criteria). According to AHP, the
resulting alternatives ranking is estimated as a product of normalized expert judgements
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Table 3.6: Alternative technologies ranking and expert judgement evaluation of fulfilment
for all criteria from table 3.1 (rounded).

Criterion Alt.1 Alt.2 Alt.3 Alt.4 Alt.5 Alt.6

c.1 12 % 73 % 15 % 0 % 0 % 0 %
c.2 73 % 13 % 7 % 0 % 0 % 7 %
c.3 13 % 3 % 7 % 53 % 10 % 14 %
c.4 10 % 33 % 33 % 0 % 9 % 15 %
c.5 17 % 10 % 60 % 0 % 3 % 10 %
c.6 33 % 0 % 54 % 0 % 3 % 10 %
c.7 17 % 3 % 53 % 0 % 7 % 20 %
c.8 3 % 0 % 8 % 9 % 5 % 75 %
c.9 0 % 3 % 3 % 0 % 0 % 94 %
c.10 31 % 17 % 20 % 9 % 5 % 18 %

matrix, presented in table 3.6, and the weights factors for each evaluated criterion
from figure 3.6. The combination of this judgements with criteria weights yields the
final ranking and priorities of the technological alternatives in figure 3.7, presented in
descending order for all three groupings. It is noted that despite obvious preferential
differences in the criteria between the two groups - industry and academia - the overall
technological alternatives ranking between the groups is consistent in alternatives
preferences.

Notably, there are specific preferences indicative of operational practices in the
Netherlands. As shown in figure 3.6, responses obtained mainly from the Dutch industry
identified a preference to improving the voltage level and other power quality aspects
over reliability; this may be due to them recognizing the already high power delivery
reliability in the Dutch electrical system. Assuming this, the next concern for Dutch
DSOs is the voltage level and power quality. Such a priori information can be used
to selectively handle the ranked alternatives: here, the second ranked criterion in the
combined group may be given first priority and the third ranked criterion may be given
the second priority. Figure 3.7 also shows that the industry values voltage level and
power quality over reliability, whereas the academic responders value reliability over
all else.

Despite the preferences differences, figure 3.7 shows that both groups, in the
same order, prefer technological alternatives such as PowerMatcher (with functions
of power matching or power balancing [88]), followed by energy storage, to achieve
the overall goal to increase the utility of distribution networks and IDS. The priority
differences among the group are marginal and do not influence the resulting alternative
preferences. However, Dutch DSOs in the current legal framework have to operate
as unbundled utility and cannot be directly involved in energy trading, as this will
be inherent to the two top ranked alternatives. The most preferable technological
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Figure 3.7: Weights factors of third level AHP hierarchy (alternatives ranking) for three
groups of responders based on table 3.2.

alternatives might not be utilized due to this restrictions. Nevertheless, Dutch DSOs
can already currently utilize the next highest ranked alternatives such as transformer
with OLTC and substation instrumentation. Both those technological alternatives are
already available to be deployed by DSOs in the Netherlands.

3.5 Conclusions

Many developments are predicted to happen in the distribution networks in the future.
However, to reasonably reveal the plausible developments in the distribution network,
the AHP methodology as a MCDA tool was applied.

Based on the hierarchy considered here - with the objective of achieving higher
performance of distribution networks - the priorities of each criterion are evaluated.
The responses and resulting priorities are divided in three groups: priorities based on
replies from industry only, academia only, and all responses combined. By extracting
the expert knowledge from responders, the criteria of expected distribution networks
functionality are obtained and quantified. As a consequence, the expectations on the
functionality level can be translated into ranking of suitable technological alternatives
applicable to the distribution networks and especially to intelligent MV/LV substations.

In this chapter is also shown that with already approximately 36 % of received
responses, the overall priority rankings stabilize and do not change significantly as
more responses are considered. As a consequence, it is concluded that a sufficient
sample of reposes has been collected to provide satisfactory and representative results
for evaluated group; and, the results are unlikely to change significantly with more
responses. The application of the AHP methodology also allows to quantify the most
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important criteria (expected network functions) for the distribution networks, which
are consequently addressed in this dissertation.

The presented criteria priority ranking can also be applied for instrumenting the
distribution network assets such as IDS and to resolving competing objectives during
network operation.

Based on the functionality preferences, the resulting ranking of preferred
technological alternatives is obtained. Despite some differences in the criteria
weights and ranking among groups of responders, the resulting selection of preferred
technological alternatives shares similarities in priority ranking for all groupings.

New technological alternatives should be subjected to a cost-benefits analysis and to
the compliance check with the Dutch legal framework, before deployment at a DSO. Due
to the constraints enforced by the Dutch legal framework for Dutch DSOs, the subset
of available technological alternatives applicable to them is also identified. Notably, for
the two top ranked alternatives, the benefits for a DSO can be ambiguous and might
not be outweighed by the cost of acquiring and operating the assets, which might be
technologically immature at a present time. The above mentioned limitations can make
the deployment of a technologically preferable solutions prohibitive for a DSO, not only
in economic sense.

As a consequence of the results presented in this chapter, the most important
network functions (expected functionality) within the scope of this dissertation and the
plausible technological alternatives applicable for Dutch DSO environment to enable
this functionality are assessed in a greater detail in this dissertation. Especially the
voltage level control with OLTC and substation instrumentation for PQ measurements
in chapter 4 for LV networks and in chapter 5 for MV networks.



CHAPTER 4
LV distribution networks

4.1 Introduction

The LV distribution networks have been designed to accommodate residential and
small commercial network users (commonly labeled also as: consumers, end-
entities, end-users or prosumers). In the Netherlands, the majority of the network
users (≥ 6 millions) are residential or small business network users connected directly
to the LV network. The LV networks can be seen as the end points in the traditional
power system, where the electricity was generated centrally.

Nowadays, the connected network users are becoming more active in obtaining
new types of appliances, which are connected via their residential installations to the
LV network (both new loads and distributed generators are connected in increasing
numbers and sometimes at rapid speed, as discussed in 2.3). The individual impact
of a small network user on the whole network is minor, but the combination of
network users appliances can consequently amplify their individual impact. This can
create new challenges on the current distribution network, which have to be addressed
by DSOs. Despite numerous developments on the network user side, a DSO is still
responsible for delivering certain quality of supply voltage and service to the network
users (or customers) and has to employ technical solutions to mitigate the impact
of connected appliances on the distribution network within the responsibility of a
DSO [28].

As a consequence of those developments, more insights and awareness about the
operation of the LV distribution networks is required to increase the performance of
the LV network. The voltage level and other PQ aspects are identified as one of the
most important criteria for distribution network operation and are discussed in this
chapter. The presented considerations are based on guidelines for required voltage
quality outlined in international standards for supplied voltage quality applicable to
DSOs [46].

35
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4.2 Typical LV distribution network in the Netherlands

The estimated length of the LV circuits in the Netherlands was 122 124 km in 2009 [49]
and almost all LV circuits consists of underground cables. Taking into consideration, that
the new LV networks are solely underground cable networks, the model of a generic LV
network in the Netherlands consist also of underground cables [27].

The key parameters of a typical LV network, as designed in the last decades in the
Netherlands by Alliander, are:

• MV/LV transformer (10/0.4 kV, in general S t r
n = 400 kVA, Dyn connection type)

• 4 main feeders connected to the MV/LV substation (with A = 150 mm2 (Al),
four-core (PEN), with length of 500 m per feeder)

• Radial layout of the LV network

• 240 LV customers supplied (single-phase or three-phase, connected to the main
feeder with via a four-core (PEN) connection cable A = 10 mm2 (Cu) with 10 m
length per cable)

The schematic topology of a typical LV network is depicted in figure 4.1. On average
240 LV network users are supplied by a single MV/LV transformer. The majority
of network user connections are realized as single-phase, where an network user is
connected via a connection cable to one of the main feeders. The connections are
equally distributed among a feeder and phases. The interface of customer installation
and the LV network is labelled as the point of connection (POC), indicated as the tip
of the arrow in figure 4.1. The "Netcode Elektriciteit" defines that the connection
to the network users with required power ≤ 60 kVA shall be provided as a LV
network connection (three-phase-connection), where the network users with required
power ≤ 5, 5 kVA can be provided with a single-phase connection [47].

4.3 Electricity load profile characterization for residential LV
network users

A suitable characterization of load profile is a necessary input for realistic simulations
of the LV distribution network. The load profiles of connected network users depend on
their appliances and time of use, which is strongly influenced by many factors such as
geographic location, customers preferences and seasons.

4.3.1 Load characterization based on field measurements

One of the possible approaches to reconstruct LV load profile is the bottom-up approach,
where the number of appliances and their time-of-use is evaluated (e.g., with a survey).
The data obtained can be used to reconstruct individual or aggregated load profile of
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Figure 4.1: The schematic topology of a typical LV distribution network in the Netherlands.
On average 240 equally distributed network users are connected via connection cable to
main feeders. The MV/LV transformer supplies via the LV bus-bar 4 main feeders from the
MV network.

an average household. This approach is time intensive and requires good knowledge of
customer behaviour, socio-economics and demographics in the investigated area. In
addition, commitment of participants and accuracy of their statements is necessary
to derive representative load profiles. Nevertheless, the profiles obtained by this
methodology can capture accurately only a share of all appliances connected, and are
burdened by the time of conducted survey. Accurate load profiles over a longer period
are difficult to obtain. Example of load profiles studies can be found in [89, 90, 91].

Extensive measurements are necessary to obtain an appropriate data set enabling
characterization of residential load profiles. Measurements of residential electricity load
profiles were conducted in a typical LV network in the Netherlands during several weeks
in the winter period and during several weeks in the summer period. The average power
measurements at customers POCs were obtained and reported in 15 min. intervals. An
example of 5 measured load profiles is depicted in figure 4.2, which demonstrates the
stochastic nature and differences present in individual load profiles. A high load peak
(close to 7 kW ) can be observed in measured data. The presence of high load peaks is
acceptable due to the design of distribution networks. Nevertheless, the load peaks of
similar amplitude are not currently considered in LV load models used for LV network
design and planning [92].

The load at about 200 POCs was measured and the resulting aggregated load
profiles over a week for the summer and the winter period are depicted in figure 4.3.
The aggregated demand curves represent the load patterns, which could be observed
at the substation level (including network losses). The high peaks caused by individual
households are smoothed out.
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Figure 4.2: The load profiles of 5 measured LV network users during one winter day. The
individual differences and stochastic nature of load profiles can be seen.
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Figure 4.3: The aggregated load profiles of measured POCs during a week in the summer
and in the winter period.

4.3.2 Generation of LV load profiles based on field measurements

As only a limited number of measurements is available for the research purposes,
the different load profiles are characterized and a methodology for generation of
similar load profiles (with the same key parameters) is presented in this section. The
ability to generate additional network users load profiles enables more comprehensive
simulations on the LV network.

The generated load profiles shall be compared with the measured data. The equality
of two data sets (measured and generated load data) can be quantified based on
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the Kolmogorov-Smirnov test (K-S test). The K-S test is based on the evaluation of
the maximal absolute difference between empirical cumulative distribution functions
(ECDF) of two data sets, as in equation 4.1. The K-S test can be used to assess the
similarity of two data sets, or of one dataset and the ECDF of a selected reference
probability distribution under test.

max |Ft1(x)− Ft2(x)| (4.1)

Where in equation 4.1, Ft1(x) is the proportion of first tested data less than or equal
to x (power measurements) and Ft2(x) is the proportion of tested values less than or
equal to x from either the second tested data set or from the reference distribution
under test. The null hypothesis assumes that the two tested distributions are equal
within defined significance level. The K-S test is repeated for each time instance
(measurement) and the null hypothesis is rejected at 5 % significance level.

The application of the methodology based on the gamma distribution is regarded as
suitable approximation to LV load profiles and was also tested on measured data [90].
Nevertheless, the K-S test rejected the null hypothesis for the measured data set
compared with the set generated based on the gamma distribution, in 46 % of the
time instances for the summer period and in 26 % of the time instances for the winter
period. The measured data set contains numerous data points (e.g., with high load
measurements), which are not sufficiently captured by the gamma distribution. Based
on this equality assessment, it is concluded that the gamma distribution is an inaccurate
(and inadequate for purposes of this study) distribution representing the measured
data set and other, more accurate methodology, needs to be employed for load data
generation.

The proposed methodology to generate LV load profiles is based on a random
selection from the ECDF and is described by the following steps:

• Estimate ECDF of measured data set for every time instance separately

• The random selection (with uniformly distributed pseudo-random numbers) from
the estimated ECDF yields the required number of generated load profiles for
every time instance

• The equality of the generated load profiles is compared with the original data set

• The load generation procedure is repeated over the required number of time
instances (e.g., to obtain one week of generated data for arbitrary number of
network users)

The resulting set of generated load profiles was compared with the measured data
on basis of following criteria:

• Compliance with the two-sample K-S test
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Figure 4.4: The cross-correlation coefficients of aggregated network users load profiles from
measured and generated data sets during one week, for the summer and the winter period.
The one day and the one week differences in the sliding window between the evaluated
data sets are depicted as dashed vertical lines.

• Presence of similar daily and weekly patterns in both data sets

The data evaluation and generation was implemented in MATLAB environment.
In the two-sample K-S test, the null hypothesis that the distributions are similar was
rejected in less than 0.5 % of evaluated time instances for both the summer and the
winter period. The mismatches of both distributions are only minimal compared with
the data generated based on gamma distribution. The differences can be attributed to
stochastic nature of data selection process and to the size of the measured data set.

Despite the stochastic nature of the data generation process, the characteristic daily
and weekly load patterns shall be also preserved in the generated data sets. To validate
this assumption, load profiles of 240 LV residential network users in duration of one
week for the summer, and for the winter, period were generated.

The cross-correlation, as a function of the time lag applied to two signals (sliding
dot product), is commonly used as a measure to compare the similarity of two signals.
The aggregated load data, based on generated and measured network users load
profiles, are used as input signals for the cross-correlation assessment. The resulting
cross-correlation coefficients of aggregated profiles for both data sets are depicted in
figure 4.4, where one day and one week differences in the sliding window between the
evaluated data sets are depicted as dashed vertical lines. The cross-correlation of both
signals exhibits strong similarities with simultaneously occurring patterns, which can
be observed in both data sets on daily and weekly basis.

The proposed approach enables to generate load profiles in accordance with the
observed distribution in the measured data. The key parameters of the load profiles



4.4. VOLTAGE DEVIATIONS IN DISTRIBUTION NETWORKS 41

Table 4.1: The key characteristics of measured network users load profiles.

Period
Peak load observed at

a POC
Average peak load for

all network users
Average load of all

network users

Summer 7 896 W 710 W 407 W
Winter 6 892 W 1 015 W 518 W

are preserved also in the generated data. The values of the average load, the average
peak load and the maximal peak load are listed in table 4.1. The average peak load is
a parameter important for distribution network planning and the maximum value (for
the winter period) in table 4.1 is close to the commonly used value of 1.1 kW in the
Netherlands.

The presented methodology enables generation of an arbitrary number of stochastic
LV network users load profiles for more realistic simulations on LV network. This
methodology is applied for the simulations on the typical LV network in the Netherlands.

Nevertheless, some limitations of the proposed methodology shall be noted. The
evaluated measurements were only available for a limited number of POCs and only in
15 min. intervals. Whereas, this is sufficient for characterization of LV load profiles,
network planning and for design purposes, it is not sufficient for evaluation of power
quality phenomena in detail. If the measurements at POCs were available at a higher
sampling rate, the same methodology can be applied for load profile characterization
and network users load profiles generation. The applied methodology also emphasizes
on the stochastic data generation and suppresses conditional probability to generate
more diversified load profiles.

Nowadays, the apparent approach to obtain reliable load profiles is the utilization
of smart metering infrastructure, which can provide accurate input data for large
number of network users over long period. However, the application of this approach is
significantly limited by the privacy concerns and access restrictions to the data.

4.4 Voltage deviations in distribution networks

Improving and maintaining the acceptable voltage level for all connected network users
is ranked as the most important criterion (quality aspect) in distribution networks from
the DSO perspective, as addressed in 3.3.

The quality of supplied voltage is defined as the set of minimum requirements on
the supplied voltage for connected network users, which has to be provided by the
DSO at their POC, if not contracted otherwise. In the Netherlands, the requirements
on the supply voltage level are specified in EN 50160 [46] and in the Dutch "Netcode
Elektriciteit" [47].

The voltage level is related to the nominal voltage Un, for which the supply network
is designed. The standard nominal voltage is 230 V [46], which is measured between
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Table 4.2: The requirements on supply voltage level for network users connected to LV
network (with nominal voltage Un ≤ 1 kV ).

Specifications
(Uc within)

Description Test methodology

Un ± 10 %

Defined by EN 50160 [46]
and by "Netcode

Elektriciteit" [47] for all
network users

Applicable for 95 % of
the measurements (measured as
10 min. mean rms values over
one week period)

Un +10 % ∧ Un−15 %

For special situations,
defined by EN 50160 [46]

for not interconnected
networks with the

transmission system or
special remote areas

All measurements shall be within
Un + 10 % ∧ Un − 15 %

phase and neutral (in the four-wire three-phase system). A different supply voltage Uc
can be also agreed between a DSO and an network user. Generally Uc = Un = 230 V
in public low voltage networks [46]. The set of minimal requirements regarding
the voltage level for network users connected at LV network (with nominal voltage
Un ≤ 1 kV ) is presented in table 4.2.

A voltage deviation in the network ∆U or a voltage deviation ∆Ug due to a
generator g supplying current Ig (or apparent power Sg) with the phase angle between
current and voltage ϕ, in the LV network with impedance Znet (with resistance Rnet and
reactance Xnet) can be determined with equation 4.2 [27].

∆Ug ≈ Ig(Rnet · cosϕ+ Xnet · sinϕ) =
Rnet · Pg + Xnet ·Q g

Ug
(4.2)

The voltage deviation ∆Ucs (e.g., voltage drop or rise), as the difference between
two end voltages ~U1, ~U2, across each cable or feeder section in the LV network depends
on active Pcs and reactive power Qcs transferred across the cable section and on cable
parameter Zcs (with Rcs and X cs). The voltage deviation can be estimated based on 4.3
for each cable and feeder section in the LV network. Similarly, also the voltage drop or
rise across the MV/LV transformer can be estimated.

∆Ucs = |~U1 − ~U2| ≈
(Rcs · Pcs + X cs ·Qcs)

U1
(4.3)

The distribution networks supply mostly single-phase residential network users or
commercial network users with a three-phase connection. Therefore all simulations on
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the LV network are based on the four-wire unbalanced load flow. The unbalanced three-
phase currents, due to asymmetrical loading, result in non-zero neutral current IN in
the LV network, which is also considered in LV simulations.

The resulting voltage conditions in the LV network can be estimated with an iterative
process based on Newton-Raphson solution finding method. The network simulation
methodology is corresponding to the presented approaches in [27] and [24].

4.5 Voltage level conditioning with OLTC

The LV distribution networks are designed to accommodate network users loads.
However, the increasing amount of small DGs (e.g., PVs with certain output patterns)
connected directly to the LV network changes the voltage level conditions in the LV
network. A DG installation at premises of one user influences not only voltage level at
his POC, but also the voltage level in the LV network, as detailed in [93]. In addition,
EVs can operate also as electricity source in the V2G mode. Both EVs and DGs can
create new challenges for LV network operation, as mentioned in 2.3.

As shown in the table 4.2, the target for Dutch DSOs is to maintain the voltage level
variations within Un ± 10 %, for all LV network users connected. Although the current
standards defines this limit only for 95 % of the weekly values, it is anticipated that the
future will extend the requirements for 99 % or 100 % of measured values [94].

In the context of Dutch environment, a DSO has limited options to address voltage
level conditioning in the LV networks during their operation. The preferable technical
solution to improve the LV voltage level conditions is the application of a MV/LV
transformer with OLTC, as discussed in 3.4. The voltage level control based on reactive
power control is not suitable alternative for Dutch LV underground cable network due
to prevailing resistive character of the LV networks, as pointed out in [27].

Therefore, the application of OLTC with the MV/LV transformer to improve voltage
level conditions in LV networks is investigated. The assessment focuses on finding of the
most suitable control strategy for OLTC and considers also the required data acquisition
from the LV network.

4.5.1 OLTC at MV/LV transformer

The current LV networks are supplied by a traditional MV/LV transformer with an off-
load tap changer, which is adjusted off-line during the installation or after a topology
change in the network. The off-line tap position is typically set to 10/0.4 kV + 2.5 %
to offset the voltage drop in LV and MV network due to loads considered. The varying
voltage conditions in the network will require in the future (independent) voltage level
conditioning of LV networks during their operation, especially when MV voltage level
control is not possible [27].

The so called "smart transformer" is a traditional MV/LV transformer equipped with
a power electronic tap changer on the MV side, which is capable of adjusting the
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secondary voltage on-line (continuous operation of tap changing) [95], [96]. An OLTC
installed at the MV/LV substation offers applications for [97]:

• LV networks, where OLTC can mitigate voltage level fluctuations due to presence
of DGs [98]

• MV networks, where OLTC can reduce the propagation of MV voltage level
fluctuations to the supplied LV network, as discussed in 5.3 and in [99]

With a MV/LV transformer equipped with OLTC, the voltage level at the LV side is
no longer directly linked to the voltage level at the MV side and the LV bus-bar voltage
is not directed by the load conditions in the network.

4.5.2 OLTC at MV/LV transformer - case studies on Dutch LV network

A set of case studies is presented to assess the possibilities of voltage level conditioning
with OLTC equipped MV/LV transformer in LV networks. Three different operational
approaches of OLTC control are discussed and evaluated. The requirements on
measurements among the LV network to enable the desired operation goals of an OLTC
are also considered.

The case studies were performed on a typical LV network in the Netherlands, as
discussed in 4.2. The LV network users loading profiles were generated based on
field measurements in 15 min. resolution over one week period, as presented in 4.3.
An additional DG generation profile was added to the load profiles of network users
connected, to simulate the output of PV installations connected to the LV network.
Especially the voltage level increase due to the presence of DGs is investigated in detail
during the low-load and high-generation period (summer period). The PV profile (as
DGs output) is based on measured PV profiles in the Netherlands and an example of the
normalized power output for the summer period is depicted in figure 4.5.

The maximum power output (rating) of individual DGs is set to be related to the
nominal rating of the MV/LV transformer supplying the LV network. The maximal DG
generation in the LV network is assumed to be up to the nominal transformer rating.
Certain diversity of DGs allocation in the LV network is assumed to represent realistic
and more challenging conditions for OLTC operation. The DGs are simultaneously
operating (PV installations) and are connected only to 3 out of 4 LV feeders.

The evaluated case studies differ in the sizing of DGs connected in the LV network.
The ratio of DGs in the LV network (DGrat io) is the share of the sum of maximum power
outputs of all (n) DGs in the LV network over the nominal MV/LV transformer rating,
as in equation 4.4.

DGrat io ≈

n
∑

i=1
(PDG

max(i))

S t r
n

(4.4)
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Figure 4.5: The measured PV profile (normalized output) over a week in the summer period
in the Netherlands.

Based on the DGrat io for each case study, the maximum power output of PDG
max of

individual DGs is estimated. The constant distribution of DG rating among feeders is
kept for all simulations such, that feeder 2 and 3, with larger DG installations, have
each 43 % of all DG installations connected (0.43 ·

∑n
i=1(P

DG
max(i))). Feeder 1, with

smaller DG installations, has the remaining 14 % of all DG installations connected
(0.14 ·

∑n
i=1(P

DG
max(i))). The last feeder 4 is assumed to be without DG installations.

The small business PV installations or PV installations on a farm are simulated
by 4 larger three-phase DGs (PV installations, each with maximum power output
of PDG

max = 14.3 kW/phase for DGrat io = 100 %), which are connected to the
last 4 POCs at main feeders 2 and 3. The residential PV installations are simulated
as 20 smaller DGs (PV installations connected to single-phase at 20 POCs, each
with PDG

max = 2.9 kW/phase for DGrat io = 100 %) connected to feeder 1.
The voltage level conditions are evaluated for every POC independently, but the

results are grouped for 3 neighbouring POCs for better representation. The connection
of DG installations to the LV network, and their grouping, is schematically depicted in
figure 4.6. Five case studies are investigated with a different DGrat io, covering the cases
with highest DG penetration in the LV network to the base case without DGs. The rating
of DGs per feeder ( f 1, ..., f 4) for each case study is detailed in table 4.3.

The evaluated voltage level conditions for each case study are assessed based on the
following control strategies for OLTC [98]:

• Control strategy A - the OLTC is adjusted to keep the LV bus-bar voltage in
the MV/LV substation at a constant value (Un = 230 V ). This control
strategy requires only local measurements of voltage level at the LV bus-bar in
the MV/LV substation
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Figure 4.6: The schematic topology of investigated LV distribution network based on the
typical LV network in the Netherlands as in figure 4.1. 240 equally distributed network
users are connected via connection cable to 4 main feeders resulting in 60 network users
connected to each main feeder. The network users POCs are labelled in ascending order
from the MV/LV substation, where 3 neighbouring network users are schematically grouped.
The allocation of DGs is indicated; feeder 1 accommodates DGs distributed along the whole
feeder, feeder 3 and 4 accommodate DGs connected to the last POC’s and feeder 4 is without
DGs, as detailed in table 4.3.

• Control strategy B - the OLTC is adjusted to maintain the average voltage
level at the end of the feeders (U POC(60)) at constant value (Un = 230 V ),
as in equation 4.5. The typical LV network topology has 4 main feeders

Table 4.3: The rating of DGs per feeder, as depicted in figure 4.6, for all investigated case
studies based on their DGrat io.

Case study
with DGrat io

Feeder 1
∑

(PDG, f 1
max )

Feeder 2
∑

(PDG, f 2
max )

Feeder 3
∑

(PDG, f 3
max )

Feeder 4
∑

(PDG, f 4
max )

Total rating
of all n DGs
∑n

i=1(P
DG
max(i))

100 % 57 kW 171.5 kW 171.5 kW 0 kW 400 kW
80 % 46 kW 137 kW 137 kW 0 kW 320 kW
60 % 34 kW 103 kW 103 kW 0 kW 240 kW
40 % 23 kW 68.5 kW 68.5 kW 0 kW 160 kW
20 % 12 kW 34 kW 34 kW 0 kW 80 kW
0 % 0 kW 0 kW 0 kW 0 kW 0 kW
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(n. f eeders = 4), as in figure 4.6, and the average voltage is maintained at Un.

n. f eeders
∑

f=1
U POC(60)( f )

n. f eeders
= Un (4.5)

This control strategy requires measurements from POCs at the end of each main
feeder (U POC(60)), which could be obtained by a smart metering infrastructure and
communicated to the MV/LV substation. The tap position in the MV/LV substation
is selected to offset the voltage drop in the MV network and the voltage deviations
due to the loads and generations present in the LV network

• Control strategy C - the OLTC is adjusted to keep the desired voltage level for all
POCs at all connected feeders at constant value (Un = 230 V ) on average, as in
equation 4.6. The typical LV network topology has 60 POCs on each main feeder
(n.POCs = 60), as depicted in figure 4.6.

n. f eeders
∑

f=1

n.POCs
∑

POC=1
U POC( f , n.POCs)

n. f eeders · n.POCs
= Un (4.6)

This control strategy is the most demanding on data acquisition and
communication, as it requires measurements from all POCs in the LV network
to be communicated to the MV/LV substation for OLTC positioning. The resulting
tap position in the MV/LV substation is selected based on the evaluation of the
voltage level conditions in the whole LV network

The voltage level magnitudes were estimated in MATLAB for each OLTC control
scenario and for each case study. The results for DGrat io = 100 % are presented in
detail. The results are depicted as box plots for groups of POCs or whole network,
where the central marks of boxes are the median values, the edges of the boxes are
the 25th and 75th percentiles and the outliers are plotted individually. In accordance to
the requirements on supply voltage level in EN 50160, as discussed in 4.4, the voltage
limits (Un − 10 % and Un + 10 %) are plotted in figures as dashed lines.

As the base case, the voltage level deviations as a function of DGrat io are estimated
for all case studies, from table 4.3, for scenario with no OLTC control applied in MV/LV
substation. The results are depicted in figure 4.7. Without the MV level fluctuations,
increasing share of DGs connected to the network (higher DGrat io) results in larger
voltage deviations for network users. Two case studies with high DGrat io represent
situations, where the voltage level is not complying with the EN 50160 standard [46].

The detailed voltage level deviations for the investigated LV network, where
DGrat io = 100 % as in table 4.3 and no control action is taken on OLTC in the MV/LV
substation, is depicted in figure 4.8. It can be observed that network users connected
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Figure 4.7: The voltage deviations in the investigated LV network as a function of DGrat io

from table 4.3 for no OLTC control strategy applied in the MV/LV substation and without
MV voltage variations.

at more distant POCs from the MV/LV substation will experience higher voltages than
allowed by the EN 50160 standard. This situation is unacceptable and the DSO will
have to take corrective actions to improve the voltage level for supplied network users.

The voltage level in the investigated LV network is assessed for all the different
OLTC control strategies. For LV network with DGrat io = 100 %, as in table 4.3, with
OLTC control strategy A applied are the results of voltage levels for all POCs depicted
in figure 4.9. The voltage level condition improves such that all network users are
supplied with an acceptable voltage level based on EN 50160 standard. By the virtue
of the control strategy, the smallest voltage deviation from Un can be observed at POCs
closest to the MV/LV substation.

The voltage level conditions for the investigated LV network with DGrat io = 100 %
as in table 4.3 and OLTC control strategy B applied, are depicted in figure 4.10. The
voltage level condition for all network users are acceptable considering the EN 50160
standard. The control strategy B emphasises the voltage level conditioning based on
voltage level at the end of the main feeders, which can be also observed in figure 4.10.

Similarly, the voltage level conditions for the investigated LV network with
DGrat io = 100 % as in table 4.3, with OLTC control strategy C applied, are depicted in
figure 4.11. Also for this OLTC applications, the voltage levels for all network users are
acceptable considering the EN 50160 standard. The control strategy C gives importance
to keeping the average voltage level at desired value for all network users, which can be
seen in figure 4.11, where the median values for the POCs in the middle of the feeders
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Figure 4.8: The voltage deviations in the investigated LV network for all connected network
users for DGrat io = 100 % as in table 4.3, without the application of the OLTC in the MV/LV
substation.
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Figure 4.9: The voltage deviations in the investigated LV network for all connected network
users for DGrat io = 100 % as in table 4.3. The control strategy A is applied to control the
OLTC in the MV/LV substation.
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Figure 4.10: The voltage deviations in the investigated LV network for all connected
network users for DGrat io = 100 % as in table 4.3. The control strategy B is applied to
control the OLTC in the MV/LV substation.

are close to desired Un value.
For DGrat io = 100 %, the voltage level conditions for all investigated control

strategies A, B and C are contrasted with the situation, where no OLTC control is
applied, as depicted in figure 4.12. All evaluated control strategies improve the
supplied voltage level for LV network users to acceptable levels according to EN 50160
standard [46]. Nevertheless, control strategy B and C require data acquisition from
POCs in the LV network for their operation, which can be difficult and costly to obtain
in a reliable manner. Therefore, the OLTC control strategy A, based only on local
measurements in MV/LV substation, shall be the preferable solution for voltage level
conditioning.

The importance of voltage control in the LV network is demonstrated in this section.
A high penetration of DGs in LV network can cause voltage level deviations, which are
unacceptable according to the EN 50160 standard. Moreover, the voltage fluctuations in
the MV network can amplify the voltage deviations in connected LV networks. The OLTC
was identified as preferable technical solution for DSO deployment in 3.4. Therefore,
the concept of OLTC operating in the MV/LV substation is applied to attenuate the
unwanted voltage deviations in the LV network. The results are compared for different
penetration levels of DGs and contrasted with the current situation, where no OLTC
control strategy is applied. The application of OLTC improves the voltage conditions for
all connected network users and as a consequence facilitates accommodation of more
DGs in the LV networks. It is concluded that the OLTC control strategy A (keeping the
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Figure 4.11: The voltage deviations in the investigated LV network for all connected
network users for DGrat io = 100 % as in table 4.3. The control strategy C is applied
to control the OLTC in the MV/LV substation.
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Figure 4.12: The voltage deviations in the investigated LV network for DGrat io = 100 %,
as in table 4.3. All control strategies are contrasted with the case, where no OLTC control is
applied in the MV/LV substation (labelled ’No’).
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Figure 4.13: The voltage deviations in the investigated LV network as a function of DGrat io

from table 4.3 for OLTC control strategy A applied in the MV/LV substation.

bus bar voltage at constant value Un) is the most suitable for implementation in current
distribution networks. The voltage level conditions for all evaluated case studies from
table 4.3 presented for the control strategy A in figure 4.13. With the control strategy A,
the acceptable voltage level are maintained for all case studies evaluated.

The control strategy A represents also a compact solution (measurements,
communication and control included within the MV/LV substation) for refurbishment
of current MV/LV substations, where no measurements in the LV network are available.

4.6 Power quality measurements and data

The propagation of harmonic distortion and flicker in the LV network is discussed in
this section. The goal of this assessment is to derive the most suitable locations for
measurements in the LV network, which will provide a good insight about the PQ aspects
to the DSO operating the LV network.

4.6.1 Flicker distortion in LV networks

Flicker can be described as annoying sensation of varying illumination intensity of light
sources. Nevertheless, the perception of flicker and the annoying flicker sensation
depends on personal sensitivity level. The flicker is a common reason for network
users complaints and about 36 % of complaints from residential network users in the
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Netherlands are associated to flicker (56 % of complaints are related to the voltage
level) [27].

The intermittent and irregular power consumption or production can cause voltage
fluctuations in the network, which can result in flicker related problems in the
network (e.g., switching off and on of devices). Nowadays, only a small set of PQ related
measurements is conducted at random locations in LV networks in the Netherlands,
as discussed in 2.3.3. The flicker related measurements in a specific LV network are
conducted only after a complaint of an network user. To oversee if the LV network
users are supplied with sufficient voltage quality and with acceptable flicker levels, a
set of measurements will be necessary in the LV network. Therefore, the evaluation of
suitable locations for flicker related measurements to provide an overview about the
flicker levels in the LV network is addressed in this section.

Flicker observed in LV network can originate from a source in the LV network, or
can propagate to the LV network from MV network, where it can originate also from HV
network [100]. The common sources of flicker in LV networks are induction motors with
high inrush currents such as in elevators, heat-pumps, air-conditioners, but also welding
machines, photocopying machines, or heavy irregular loads connected to LV [27].

The flicker severity is measured by a flicker meter (more details can be found
in IEC 61000-4-15 and in [101]), which is a device to estimate an objective flicker
value from measured voltage variations [102]. The Pst index is measured over a period
of 10 min. and the Pl t index is calculated form a sequence of 12 Pst measurements over
a 2 hour period, as in equation 4.7 [46].

Pl t =
3

s

12
∑

i=1

Pst(i)3

12
(4.7)

The permissible flicker limits for LV distribution networks are set in EN 50160 [46]
standard. The limits for contribution to the flicker level for network users are addressed
in standard IEC 61000-3-3 and adopted in the "Netcode Elektriciteit" [47]. The
overview of the flicker related requirements for a DSO is presented together with limits
on network users contribution to the flicker in table 4.4.

The Pst flicker level at a POC in the LV network is determined based on the relative
voltage change at the POC caused by the flicker source, noted as ∆U POC

U POC
n

(in [%]). The

voltage deviation in the LV network is estimated based on network impedance and
flicker source current, similarly as in equation 4.2. The PPOC

st flicker severity for a POC
in the network can be determined with equation 4.8 [27].

PPOC
st = 0.337 · F · r

1
3.2 ·
�

∆U POC

U POC
n

�

· 100 (4.8)

Where the PPOC
st value in equation 4.8 is estimated based on the shape factor F and

on the repetition rate factor r. The shape factor corresponds to the waveform shape
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Table 4.4: The requirements on flicker indexes for network users connected to the LV
network in the Netherlands (with nominal voltage Un ≤ 1 kV ).

Specifications Description Test methodology

Pl t ≤ 1

Long-term flicker severity
limit, defined by

EN 50160 [46] and
"Netcode Elektriciteit" [47]

Under normal operating
conditions, during each period of
one week for 95 % of values

Pl t ≤ 5
The long-term flicker

severity index, defined by
"Netcode Elektriciteit" [47]

For all measured values during
one week period

∆Un ≤ 10 %
Fast voltage variations,

defined by "Netcode
Elektriciteit" [47]

For all measured values

∆Un ≤ 3 %
Fast voltage variations,

defined by "Netcode
Elektriciteit" [47]

During a normal operation
without a loss of generation,
disconnection of heavy loads or a
fault

∆Pst ≤ 1
and simultaneously
∆Pl t ≤ 0.8

Contribution by the network
user to the flicker level,

defined by "Netcode
Elektriciteit" [47]

Measured at POC, based on
the reference impedance of the
network at POC (283 Ω as
in IEC 61000-3-3)

change and F = 1 is considered in simulations to represent the worst case [27]. The r
factor (in [numbero f repet i t ions ·min.−1]) represents the repetition rate of distorting
source, for instance motor start-ups. When n multiple flicker sources are present in the
network, the resulting aggregated flicker level for a POC in the network PPOC

st,ag g can be
estimated based on equation 4.9 [103].

PPOC
st,ag g =

3

s

n
∑

i=1

PPOC ,i
st

3
(4.9)

4.6.2 Flicker propagation in LV networks

Next to the absolute value of flicker severity levels for each POC, the flicker propagation
in the LV network can be expressed based on the flicker transfer coefficients TPst

. The
flicker transfer coefficients from a POC(1) to POC(2) TPPOC(1)→POC(2)

st
is defined as the share

of Pst values for both locations, as in equation 4.10. The principle governing the flicker
propagation from the flicker source downstream or upstream in the radial network is
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based on the propagation of voltage changes caused by the flicker source.

TPPOC(1)→POC(2)
st

=
PPOC(2)

st

PPOC(1)
st

(4.10)

Suppose the typical LV network in the Netherlands, as depicted in figure 4.1, with a
flicker source connected in the middle of the feeder 1, POC(30). The flicker from the
source will propagate upstream and downstream throughout the network. The flicker
transfer coefficient from a POC to the upstream LV bus-bar in the MV/LV substation
(labelled T POC→LVbus−bar

Pst
) is proportional to the relative voltage change caused by the

flicker source at the LV bus-bar considered, as expressed in equation 4.11. The flicker
propagation throughout the radial network can be estimated based on the network
impedances. The MV network impedance ZMV , the MV/LV transformer impedance Zt r

and the network impedance from the MV/LV transformer to the POC Z POC→LVbus−bar
net are

considered in this evaluation, as can be seen in equation 4.11 [104].

T POC→LVbus−bar
Pst

=

∆U LVbus−bar

U LVbus−bar

∆U POC

U POC

=

�

�

�

�

�

ZMV + Zt r

ZMV + Zt r + Z POC→LVbus−bar
net

�

�

�

�

�

(4.11)

The flicker propagation upstream from a POC in the network to the LV bus-bar in the
MV/LV substation can be estimated based on the network parameters of the LV network.
The propagation in the network depends on the observation point and on the location
of the flicker source. The transfer coefficients for the flicker propagation upstream to
the LV bus-bar T POC→LVbus−bar

Pst
are estimated for the typical LV network, described in 4.2,

as a function of flicker source location in the LV network for all POCs. The resulting
transfer coefficients are depicted for all POCs in figure 4.14, where the LV bus-bar in the
MV/LV substation is denoted as SS-LV. The detailed network parameters are provided in
Appendix A.

It can be observed, that the transfer coefficient T POC→LVbus−bar
Pst

= 1 for the flicker
source location at the LV bus-bar. With the increasing distance of the flicker source
from the MV/LV substation (and increasing Znet), the flicker propagation towards the
LV bus-bar is attenuated and T POC→LVbus−bar

Pst
< 1. An example of Pst propagation

upstream in the LV network is estimated based on a load start-up with inrush current
3· In = 3·16 [A], e.g., induction motor, located at the end of the feeder at POC(60). As
presented in Appendix A, the PPOC(60)

st = 0.65 is estimated. The resulting contribution
of the flicker source to the PPOC(60→LVbus−bar )

st levels at upstream POCs in the network are
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Figure 4.14: The flicker transfer coefficients T POC→LVbus−bar
Pst

from a POC in the LV network
towards the upstream LV bus-bar in the MV/LV substation together with the propagation of
a flicker distortion P POC(60→LVbus−bar )

st , originating at POC(60), upstream in the LV network
towards the LV bus-bar. The values for the LV bus-bar in the MV/LV substation are denoted,
among POCs, on the x-axis as SS-LV.

depicted in figure 4.14. The flicker propagation upstream is attenuated proportionally
to the decreasing network impedance and results in P

LV(bus−bar)
st < PPOC(60)

st .

The flicker transfer coefficient from the LV bus-bar in the MV/LV substation
downstream to a POC in the LV network (labelled T POC←LVbus−bar

Pst
) is proportional to

the relative voltage change at the LV bus-bar and the relative voltage change observed
at a POC. The flicker propagation in downstream radial network also depends on
impedances of connected loads (Zload). The transitional voltage variations, causing
flicker, affect in principle rather dynamic impedances of loads connected (Z ′load) and
shall be considered especially in simulations for large machines with known parameters.
However, the dynamic and static impedances are approximately equal for static
loads (Zload ≈ Z ′load), which can be commonly found in LV networks. Nevertheless,
for some industrial loads such as induction motors, the

�

�Z ′load

�

� <
�

�Zload

�

�, which will
affect flicker propagation [104]. Similarly to the upstream flicker propagation, as in
equation 4.11, the downstream flicker transfer coefficient can be estimated based on
the relative voltage change in the LV network due to flicker source located upstream in
the network. The downstream flicker propagation is governed by the loads impedances
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in the LV network and T POC←LVbus−bar
Pst

can be estimated, as in equation 4.12.

T POC←LVbus−bar
Pst

=

∆U POC

U POC

∆U LVbus−bar

U LVbus−bar

=

�

�

�

�

�

Z ′load

Z POC→LVbus−bar
net + Z ′load

·
Zload + Z POC→LVbus−bar

net

Zload

�

�

�

�

�

(4.12)

In a radial LV network structure, voltage at the LV bus-bar is directive for
downstream connected POCs in the network and as a consequence, the flicker can
propagate unattenuated in the LV network, which results in T POC←LVbus−bar

Pst
= 1 for

Zload = Z ′load . The load response to the flicker depends on particular parameters of
every single load, flicker source parameters and on the combined load composition. In
addition, the load parameters can be frequency dependent in the range of frequencies
causing flicker. But the variations, can be small and the measured values for an
example of induction motor indicate only a small variations in range of TPst

⊂ (0.85, 1),
as presented in [105]. Therefore T POC←LVbus−bar

Pst
= 1 can be assumed and the

complete flicker propagation from a flicker source downstream in the LV network can
be considered, similarly such as concluded in [27] and in [104].

It is demonstrated that the flicker propagation upstream in the LV network is limited
and is attenuated by increasing impedance between the flicker source and the LV bus-
bar in the MV/LV substation. On the contrary, the flicker distortion from an upstream
source propagates throughout the LV network unattenuated. Therefore, the most severe
flicker severity levels in LV network can be observed at the end of a LV feeder (at the last
POC). Based on figure 4.14, the measurements at the ends of LV feeders POC(60) and at
the LV bus-bar in the MV/LV substation will provide satisfactory information about the
flicker level in observed LV network to the DSO. In addition, if the PPOC(60)

st > P LVbus−bar
st ,

the origin of the flicker can be found among the POCs in the LV network connected to
the investigated feeder.

Further detection of the flicker source location inside the LV network can be based
on additional measurements in the LV network. Assume that a flicker source is
placed downstream from the observation point, than the flicker contribution (based
on the voltage amplitude) to the total voltage deviation observed will be relatively
smaller during the low load period compared to the high load period in the network.
However, if the loads behave only as constant power loads, this assumption can
lead to misrepresentation, nevertheless this is very seldom in practice. The detailed
methodology for the above mentioned flicker source detection and for the detection of
the major flicker source in the network are presented in [106], [107].

As a consequence of presented evaluation and results, it is suggested that 10 min. Pst
measurements at LV bus-bar and at POC(60) for all feeders are conducted. Those
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measurements will provide sufficient insight about the flicker levels in the LV network
for the DSO operating the observed network.

4.6.3 Harmonic distortion in LV networks

The harmonic distortion is generally related to voltage and current distortions. The
term harmonic mostly defines higher frequencies observed in the system, which are
superimposed integer multiples of the fundamental system frequency. The harmonic
distortion is an important aspect in power system operation, because it can have
an adverse effect on electrical equipment of connected network users and DSO
assets. Among common problems associated to harmonic distortion are equipment
malfunctioning, overheating and shorter life-time [27]. The non-linear behaviour of
power system components, together with the interaction of non-linear loads connected
at premises of LV network users, can cause current distortion and induce voltage
harmonic distortions. The common sources of harmonic distortion in the LV network
are for instance adjustable drive systems, switching mode power supplies, computers,
fluorescent lighting, wind and solar generators [108]. The harmonic distortion that
propagates throughout the LV network, is influenced by system non-linearities and it
influences network users equipment at different locations.

The harmonic analysis of the LV network is not a simple task as many different
non-linear loads can be connected and can operate at different times. Certain load or
generator characterization can be made based on, so called, harmonic fingerprints [27].
More insights on the complexity of evaluation of combined harmonic distortion in the
network, the harmonic summations, can be found for instance in [109].

A DSO has to make sure, that all LV network users are supplied with certain voltage
quality within acceptable levels of harmonic distortion. Therefore, the evaluation
of suitable locations for measurements of harmonic distortion in the LV network is
addressed in this section. The goal is to provide an overview about the harmonic
distortion in the LV network for DSO purposes.

The notation of harmonics is related to the multiples of the fundamental frequency
f = 50 Hz (in Europe) and individual harmonic orders are denoted by the subscript h
(additional number can indicate specific harmonics). Based on EN 50160, the T HD is
defined on the principle of individual voltage harmonics summation up to uh40, as in
equation 4.13, where uh are evaluated individually by their relative amplitude to the

voltage at the fundamental frequency
uh

uh1
[46].

T HD =

s

40
∑

h=2

�

uh
�2 (4.13)

The responsibility of a DSO is to provide certain quality of supplied voltage in
accordance with the EN 50160 standard [46] and with the "Netcode Elektriciteit" [47],
where the indicators for supplied voltage quality are defined. Therefore, the harmonic
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Table 4.5: The requirements on harmonic distortion for LV network in the Netherlands
(with nominal voltage Un ≤ 1 kV ).

Specifications Description Test methodology

T HD ≤ 8 %

Total harmonic distortion
limit of voltage, defined by

EN 50160 [46] and by
"Netcode Elektriciteit" [47]

Applicable for 95 % of the
measured 10 min. mean rms
values over one week period

u1,...,25

Limits for individual
harmonics defined as the

relative value of the
fundamental voltage in

EN 50160 [46]

For uh /∈ u1,...,25 applies
uh < min

�

u1,...,25

�

Limits for individual
harmonics uh not defined in

EN 50160. The smallest
value from EN 50160
applies, as defined by

"Netcode Elektriciteit" [47]

Individual harmonics
shall be < 5.5 · uh

Limits for individual
harmonics shall be < 5.5

than indicated percentage in
EN 50160 [46], as defined in
"Netcode Elektriciteit" [47]

Applicable for 99.9 % of the
measured 10 min. mean rms
values

T HD < 12 %
Total harmonic distortion

limit for u, defined by
"Netcode Elektriciteit" [47]

distortion of supplied voltage is evaluated and term harmonics refers to the voltage
harmonics here if not indicated otherwise. The limits for harmonic currents emission
for network user appliances are indicated for instance in IEC61000-3-2 standard for
devices up to 16 A. The limits for harmonic distortion applicable to the LV networks in
the Netherlands are presented in table 4.5.

4.6.4 Propagation of harmonic distortion in LV networks

The individual harmonics or the T HD value can be estimated under certain assumptions
(e.g., sources of harmonic distortion) for all POCs in the LV network. Nevertheless, the
propagation evaluation based on transfer coefficients is presented to better demonstrate
the propagation of harmonic distortion in LV networks. The principle governing the
propagation of harmonic distortion from a source downstream or upstream in the radial
network is based on harmonic load flow, which governs the propagation of harmonics
voltages in the LV network. Assume the typical LV network structure as presented in 4.2.
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The transfer coefficient characterizing the propagation of harmonic distortion Tuh
from

a POC(1) to POC(2) in the LV network TuPOC(1)→POC(2)
h

is defined as the contribution of
harmonic distortion from POC(1) to POC(2) ergo, the ratio of uh for both locations, as
in equation 4.14.

TuPOC(1)→POC(2)
h

=
uPOC(2)

h

uPOC(1)
h

(4.14)

Similarly such as for the flicker propagation in 4.6.2, suppose the typical LV network
in the Netherlands from figure 4.1, where a source of harmonic distortion is connected
in the middle of the feeder 1, POC(30). The harmonic distortion will propagate
upstream and downstream throughout the network from the source. The transfer
coefficient of harmonic distortion from a POC to the upstream LV bus-bar in the MV/LV
substation (labelled T POC→LVbus−bar

uh
) is proportional to the harmonic distortion observed

at the LV bus-bar
∆u

LVbus−bar
h

u
LVbus−bar
h

due to the source of harmonic distortion located at a

POC
∆uPOC

h

uPOC
h

, as in equation 4.15. The propagation of harmonics throughout the radial

network depends on network impedances, which are frequency dependent. Assume
the impedances of the typical LV network from Appendix A for h = 1 and h = 5, the
MV network impedance ZMV,h, the MV/LV transformer impedance Zt r,h and the network
impedance Z POC→LVbus−bar

net,h are considered, similarly as in equation 4.11 [104].

T POC→LVbus−bar
uh

=

∆uLVbus−bar

h

uLVbus−bar

h

∆uPOC
h

uPOC
h

=

�

�

�

�

�

�

ZMV,h+ Zt r,h

ZMV,h+ Zt r,h+ Z POC→LVbus−bar

net,h

�

�

�

�

�

�

(4.15)

The transfer coefficients for harmonic distortion propagation upstream from a POC
towards the LV bus-bar can be estimated as a function of location in the LV-network.
Based on equation 4.15, the resulting T POC→LVbus−bar

uh
are depicted in figure 4.15. The

parameters used to estimate the values in figure 4.15 are presented in Appendix A.
Similarly to the upstream harmonic propagation, the downstream harmonics

transfer coefficient T POC←LVbus−bar
uh

is defined as the transfer coefficient from the LV bus-
bar in the MV/LV substation downstream to a POC in the LV network. The coefficient
T POC←LVbus−bar

uh
is proportional to the relative harmonic distortion at the LV bus-bar and

at observed POC. A source of harmonic distortion in the network will cause a harmonic
voltage distortion observed at the LV bus-bar, which is normative for the LV network.
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Figure 4.15: The transfer coefficients of harmonic distortion T POC→LVbus−bar
u1

and T POC→LVbus−bar
u5

from a POC located in the LV network towards the upstream LV bus-
bar in the MV/LV substation. The values for the LV bus-bar in the MV/LV substation are
denoted, among POCs, on the x-axis as SS-LV.

In the worst case of reduction, the harmonic distortion will completely propagate
throughout the network and T POC←LVbus−bar

uh
≈ 1 can be assumed as in [27].

To identify the source of harmonic distortion in the LV network, the factor of total
current harmonic distortion T HDPOC

i can be established. The T HDPOC
i is defined on

principle of summation of individual harmonic currents up to ih40, which are relative to
fundamental current ih1 at the network user facility as in equation 4.16.

T HDPOC
i =

s

40
∑

h=2

�

iPOC
h

�2 (4.16)

The T HDPOC
i evaluates the harmonic current injections of individual network users

to the LV network, which can be used to identify the users contributing most to the
distortion in the LV network. The identification is feasible if T HDPOC

i are measured at
POCs (e.g., by smart meters).

Note that the summation and detailed propagation of harmonic distortion in
networks is a complex topic, as harmonics can be different by their frequency, amplitude
and phase and they propagate in network with many non-linear components. More
information can be found for instance in [109], [110] or [111], [112].

The modelling of harmonic loads is sensitive to load representation in frequency
domain, which influences the propagation of harmonics. The detailed models of
LV equipment are commonly unknown as well as models of LV appliances from



62 LV DISTRIBUTION NETWORKS

manufacturers, which are not interested to divulge detailed description of their
appliances. In addition, when the system changes (e.g., switching of appliances),
the current injection in the LV network changes as well and new levels of harmonic
distortion can be observed. Models such as the CIGRE load model for bulk
load representation based on experimental measurements can assist in approximate
estimation of harmonic propagation [108], [113], [114]. Despite efforts to derive
realistic load models for harmonic simulations, the LV distribution system is a set
of not-quantified interacting load, which make the detailed evaluation of harmonic
propagation complex and infeasible in detail.

In a radial LV network structure, the sources of harmonic distortion contribute
to the harmonic distortion at the LV bus-bar, which is directive for downstream
connected POCs in the network. The harmonic propagation in the LV network is
in practice more complex, as it is influenced by numerous LV loads with different
frequency and time dependent impedances, which are not known to the DSO. Similarly
to the flicker propagation, load composition can reduce the harmonic propagation in
the LV network, but generally the harmonic distortion propagates unattenuated in
the LV network downstream from a source of harmonic distortion in the LV network.
Therefore, it is concluded that the most severe levels of harmonic distortion in LV
network can be mostly observed at the end of a LV feeder (at the last POC). Based
on figure 4.15, the measurements at the ends of LV feeders POC(60) and at the LV
bus-bar in the MV/LV substation can provide satisfactory information about levels of
harmonic distortion in observed LV network to the DSO.

As a consequence of presented evaluation and results, it is suggested that the
individual harmonics and T HD values are recorded as 10 min. measurements (average
values) in accordance to required standards at the LV bus-bar and at last POCs in the
LV network for all conducted feeders. Those measurements will provide sufficient
insight about levels of harmonic distortion in the LV network for the DSO operating
the observed network. If advanced measurements were available at POCs to the
DSO, T HDPOC

i values can be measured to indicate the source of harmonic distortion
in the LV network.

4.7 Conclusions

The operation and power quality aspects of LV distribution networks are addressed in
this chapter. Firstly, the particular characteristics of LV distribution networks in the
Netherlands are presented and the model of the typical LV network is defined. The
currently applied load characterization approaches are assessed against the measured
load profiles form LV network. It is concluded that the currently used methodology for
characterization of LV residential load profiles can be improved. Therefore, a more
suitable methodology is proposed and a set of LV residential load data, similar to
measured ones, is generated and compared with the original data.

It is demonstrated on the typical LV network in the Netherlands, that the LV voltage
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level control will be necessary to accommodate a high penetration of DGs in the
network. Based on the conclusions of chapter 3, the solution derived from OLTC
application in the MV/LV substation is assessed. Three OLTC control strategies are
proposed and evaluated based on their capabilities to mitigate the voltage deviations in
the network. The measurement requirements for the OLTC control strategy operation
are also considered. The most suitable OLTC control strategy is proposed with no
measurements required from POCs in the LV network. Nevertheless, a DSO shall make
sure that all POCs in the LV network are supplied with voltage level in accordance
to prescribed limits. A smart meter installed at a POC at the end of each feeder
can measure and communicate 10 min. average voltage measurements to provide an
overview about the voltage conditions in the LV network. The voltage measurements
can be also utilized to enhance the OLTC control strategy, if required for local voltage
level conditioning.

As PQ aspects are of DSO concern in the distribution networks, aspects related
to the propagation of harmonic distortion and flicker in the LV are presented. The
propagation phenomena in LV network are investigated and the conclusions about the
most suitable measurement locations in the LV network are drawn. The measurements
at those locations will provide a DSO with overview about the power quality levels in
the LV network.

The DSO shall provide all connected network users with certain quality of supplied
voltage. Therefore, the set of measures to assess the quality of supplied voltage and to
improve the voltage level of LV networks is presented.





CHAPTER 5

MV distribution networks

5.1 Introduction

The MV distribution system is designated to provide a cost-effective connection
between the transmission and LV distribution networks, where the majority of
network users is connected. The MV network also accommodates medium-size network
users, commonly labeled also as: consumers, end-users, end-entities and connected
parties.

Nowadays, next to the developments in the LV network, many developments take
place also in MV distribution. In the MV network, numerous industrial network users
participate on power generation, e.g., with co-generation units used for greenhouse
farming. In some parts of the distribution network the penetration of DGs is rather
high and causes voltage level problems [21]. The system load in the Netherlands is
envisioned to increase in the coming years [38], which will have implications also on the
load in the MV network and on the operation of the distribution network, as discussed
in 2.3. The developments at HV and LV levels have impact also on the MV network
and its operation. In this chapter different MV network topologies are described and
discussed.

As a consequence of the developments in the distribution network, more awareness
and insights will be required also in the MV network to increase the distribution network
performance. The propagation of power quality phenomena is studied on them to
evaluate the most suitable locations for observation of the distortion levels in the
network. The implications related to the application of OLTC in the MV/LV substation
are assessed and the capability to mitigate the propagation of MV voltage level
fluctuations to the LV network is evaluated.

65
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5.2 MV networks in the Netherlands

The transmission system operator (TSO) in the Netherlands (TenneT TSO) operates
the transmission network with voltage levels ≥ 110 kV. After the independent grid
administration act passed the Dutch Parliament in the year 2006, the networks at the
voltage levels 110 kV and 150 kV were integrated under the Dutch TSO. The integration
was accomplished in the year 2011 [17]. DSOs in the Netherlands operate the networks
with high, medium and low voltage levels below the lowest transmission network
voltage level. The networks with the voltage level > 1 kV and ≤ 36 kV correspond
to the MV distribution in the Netherlands [46]. The most common MV voltage level in
the Netherlands is 10 kV. Nevertheless, distribution networks with voltage levels of 6,
12, 20, 25 and 50 kV can be found in a limited scale in the assets of Dutch DSOs [25].

The Netherlands has the largest share of underground MV networks (with the total
circuit length 110 398 km in the year 2009) among the European countries [49]. Based
on [24], all MV networks in the Netherlands are underground cable networks which
is exceptional, but it helps Dutch DSOs to deliver a very reliable electricity connection
to its network users. The MV networks are designed as three-phase, delta operated
networks without a neutral. Because, the MV winding (primary winding) of MV/LV
transformers are delta operated and the secondary winding of the MV/LV transformers
are star operated, the asymmetrical load from LV network is not transferred to the
MV network.

The networks operated by Dutch DSOs serve to:

• Deliver electricity to network users (consumers) or take the electricity
from network users (producers) directly connected at the MV voltage level
(e.g., industrial network users) or at the LV voltage level via a MV/LV substation

• Transport electricity at voltage levels operated by DSOs (MV transmission) to
efficiently connect usually remote parts of the MV network. In this case,
several parallel cables are commonly used to transport bulk electricity to
other MV substations, eventually with a boost transformer to correct for the
unwanted voltage deviations, from where MV distribution takes place to other
MV/LV substations

The MV network with the MV distribution and MV transmission functionality is
schematically depicted in figure 5.1. The MV transmission part of the MV network can
increase the hosting capacity of connected MV distribution.

The direct connection to the MV network has economical benefits for some, usually
industrial, network users, which use their own MV/LV transformers to supply industrial
processes at required voltage level. However, the majority of connected network users in
the Dutch distribution network is supplied at the LV voltage level via MV/LV substations.
Approximately 75 % of MV/LV substations in the Netherlands supply LV residential
network users [20].
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Figure 5.1: The schematic topology of a MV network in the Netherlands with
MV transmission and MV distribution parts.

5.2.1 Current MV network topology

The majority of MV distribution networks in the Netherlands is designed as a ring
topology. However, MV network rings are normally operated as radial networks (open
ring structures). The MV distribution network ring structure is electrically divided
by the normally open point (NOP) in a MV/LV substation, which is usually located
somewhere close to the middle of the MV ring structure. In a case of disturbance on
the MV ring (e.g., MV cable failures due to excavation works), the configuration of the
MV network can be changed with switching operations at MV/LV substations and at the
substation with NOP, to enable electricity rerouting. After the isolation of the faulted
part in the MV network (done mostly manually), the remaining parts of the MV network
can be re-energized [25].

The distribution network is extensive, because it has to supply a large number
of network users, but standardized equipment and straight forward design practices
are used to achieve cost-efficiency. A typical HV/MV substation of Alliander in the
Netherlands supplies about 15 MV feeders, where on average a MV feeder supplies
about 15 to 25 MV/LV substations [20]. The number of MV/LV substations per a
MV ring structure can vary, as it is influenced by location specifics and by the DSO best
practices. A MV/LV substation can be connected in the main ring, in a sub-ring or in a
stud-end of the MV network structure [25]. The topology of the typical MV distribution
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Figure 5.2: The schematic topology of the typical MV distribution network in the
Netherlands, where the main MV ring, a MV sub-ring and a MV stub-end are depicted.

network is schematically depicted in figure 5.2.
The typical 10 kV MV distribution structure nowadays uses MV 3 × 240 mm2 Al

three-phase cables for main feeders with the current rating of Imax = 360 A [20]. The
MV network is designed for I ≤ 0.5 · Imax during normal operation to facilitate energy
rerouting in a case of an outage in the MV ring structure.

5.2.2 New MV network topology

As the current MV network topology has a limited capacity to accommodate the
challenges envisioned for the MV network, a new concept of mixed 20/10 kV
MV network is proposed. It is developed by Alliander and perceives this concept
of MV transmission and distribution as an economically sensible solution to increase
the hosting capacity of current MV networks. The 20 kV transmission is more
cost efficient per unit of power transported than 10 kV transmission. This concept
shall help to alleviate concerns related to the envisioned load increase and higher
penetration of DGs in the future distribution networks, as discussed in 2.3. The
proposed structure shall also allow a higher hosting capacity for accommodation of
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Figure 5.3: The schematic topology of a proposed new 20/10 kV MV network structure in
the Netherlands. The new 20 kV part of the MV network with remotely operated circuit
breakers is integrated into the current 10 kV MV network, which is depicted in figure 5.2.

DGs in the distribution network and it shall better facilitate complex power flows in the
MV network [24], [115].

The new 20 kV MV transmission ring structure is proposed to be incorporated into
the current 10 kV distribution network. The 20 kV transmission structure is expected to
increase reliability of power delivery, to reduce the customer minutes lost for supplied
network users and to offer more flexibility in accommodation of more load and DGs in
the network. The topology of the MV network with the new 20/10 kV ring structure is
schematically depicted in figure 5.3.

The main characteristics of the mixed 20/10 kV structure are [24], [115]:

• The 20 kV ring structure will have mainly transmission functionality with
remotely operated circuit breakers to facilitate automatic reconfigurations

• The current 10 kV structure will become part of the new 20 kV structure, where:

– The length of 10 kV feeders will be reduced in comparison to the current
situation
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– More interconnections of the 10 kV structure with the new 20 kV structure
are expected, because the current 10 kV structure will be divided into
smaller (shorter) 10 kV parts connected at more connection points to the
new 20 kV structure

– The reduced length of 10 kV circuits shall enable a higher hosting capacity
also at the 10 kV level

– More voltage control shall be possible in the distribution network, as some
MV/MV substations (20/10 kV) and some MV/LV substations are expected
to be equipped by OLTC in the future. Therefore, the voltage level conditions
in the 10 kV MV distribution and consequently in the LV network would be
better controllable

The proposed 20 kV MV transmission is a concept with several design
alternatives [24], [115]. Different levels of substation automation and monitoring are
considered for the 20 kV MV transmission and 10 kV MV distribution to empower a
DSO with different levels of control and sensing capabilities.

5.3 MV supply voltage conditioning

In this section are firstly presented the requirements on the supplied voltage level for
network users connected at DSO network with voltage level > 1 kV and secondly, the
assessment of MV voltage fluctuations and the implications of OLTC control strategies
are presented.

5.3.1 MV supply voltage characteristics

Network users with a high electricity demand, which exceeds the capacity of
LV network, are connected to the MV network. The magnitude of supply voltage
for MV network users is given by declared supply voltage Uc . The network
user with a power demand SPOC

max ∈ (0.3, 3〉 MVA shall be connected to the
MV network at the declared supply voltage level Uc ∈ (1, 25) kV according to
the Dutch "Netcode Elektriciteit" [47]. The network user with even higher power
demand SPOC

max ∈ (3, 100〉 MVA shall be connected in the distribution network at
Uc ∈ (25, 50〉 kV, if available in DSO service area [47].

The characteristics of declared supply voltage Uc for MV network users are
characterized in EN 50160 standard [46] and in "Netcode Elektriciteit" [47]. The
overview of required characteristics of declared supply voltage for MV network users
is presented in table 5.1. The international standard EN 50160 presents a minimum
requirements on the supplied voltage quality. The authorities of each country can add
additional requirements in their national grid code. The differences in terminology of
MV voltage level and required quality of declared supply voltage level can be seen in
table 5.1.
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Table 5.1: The requirements on supply voltage level for network users connected to network
at voltage levels operated by DSOs in the Netherlands.

Specifications
(Uc within)

Description Test methodology

Uc ± 10 %
Defined by EN 50160 [46]

for MV network users
with Uc ∈ (1, 36〉 kV

Applicable for at least 99 % of
the measurements (measured as
10 min. mean rms values over
one week period)

Uc ± 15 %
Defined by EN 50160 [46]

for MV network users
with Uc ∈ (1, 36〉 kV

Applicable for all measurements
(measured as 10 min. mean rms
values over one week period)

Uc +10 % ∧ Uc −15 %

For special situations or on a
temporary basis, defined by

EN 50160 [46] for not
interconnected networks

with the transmission system
or special remote areas for

MV network users
with Uc ∈ (1, 36〉 kV

All measurements shall be within
Un +10 % ∧ Un−15 % (measured
as 10 min. mean rms values over
one week period)

Uc ± 10 %

Defined by "Netcode
Elektriciteit" [47] for

MV network users
with Uc ∈ (1, 35) kV

Applicable for at least 95 % of
the measurements (measured as
10 min. mean rms values over
one week period)

Uc +10 % ∧ Uc −15 %

Defined by "Netcode
Elektriciteit" [47] for

MV network users
with Uc ∈ (1, 35) kV

Declared for all measurements
(measured as 10 min. mean rms
values over one week period)

Uc ± 10 %

Defined by "Netcode
Elektriciteit" [47] for

network users
with Uc ≥ 35 kV

Applicable for 99.9 % of
the measurements (measured as
10 min. mean rms values over
one week period)

5.3.2 Voltage level conditioning with OLTC in MV networks

It is envisioned, that the future distribution network will require more voltage control
actions due to the presence of DGs connected at the LV and at the MV voltage level.
The OLTC at the MV/LV substation is identified as a viable technological alternative
applicable by DSOs to improve the voltage level conditioning in the distribution
network, which is the top ranked expected functionality of distribution networks from
industrial perspective, as discussed in 3.4. The analysis of the OLTC impact on the
LV network is presented in 4.5.2. The implications of different OLTC control schemes
applied at MV/LV substation on the MV network are assessed in this section to provide a
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comprehensive evaluation of this technology on distribution networks. The simulations
presented in this section follow up on the work addressed in 4.5.2 and they are used
to assess the implications of different OLTC control schemes on MV network operation
and to assess the capabilities of OLTC control schemes to simultaneously mitigate the
propagation of MV voltage level fluctuations.

Nowadays, off-line tap position adjustments are done at the MV/LV substation to
offset voltage fluctuations in the LV and MV network due to loads considered. On-line
tap adjustments are done at the HV/MV level. However, as more DGs will be connected
to the future distribution network, more varying voltage conditions in the MV network
can be expected. Without the tap control, the voltage control at the MV network is
possible also by means of reactive power control and active power control of connected
DGs [116]. The presence of OLTC in a MV/LV substation decouples voltage levels in the
MV network with the LV network and the propagation of voltage level fluctuations to
the LV network can be reduced. Therefore, higher MV voltage fluctuations in a certain
range can be allowed without their propagation to network users in the LV network, if
the OLTC is used at the MV/LV substation.

5.3.3 Implications of MV/LV OLTC control on MV network - case studies

The capabilities to attenuate MV voltage fluctuations are assessed for all OLTC control
strategies presented in section 4.5.2:

• Control strategy A - the OLTC is adjusted to keep the LV bus-bar voltage in the
MV/LV substation at a constant value (Un = 230 V )

• Control strategy B - the OLTC is adjusted to maintain the average voltage level at
the end of the feeders at constant value

• Control strategy C - the OLTC is adjusted to keep the desired voltage level for all
POCs at all connected feeders at constant value (Un = 230 V ) on average

At every time instance t, the tap position on the MV side of the MV/LV transformer
is adjusted to meet the control objectives required by the selected control strategy
in LV network, e.g., to maintain Un at LV bus-bar for the control strategy A. The
OLTC tap position can be expressed by Utap(t), which respects the selected control
strategy and the voltage drop across the MV/LV transformer. The Utap(t) can operate
only within the OLTC operation limits 〈UTR,min; UTR,max〉, given by the design as
〈Un − 5 %; Un + 5 %〉 [95]. As Utap(t) follows its selected control objective, range
of voltage variations from the MV network can be mitigated without violating this
objective. The maxima of voltage level mitigation capabilities for a positive voltage
deviations UMV,max(t) in the MV network (voltage increase) can be defined per-unit
(pu), as in equation 5.1.

UMV,max(t) = Un + Utap(t)− UTR,min (5.1)
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Figure 5.4: The schematic limits and variations of the MV voltage mitigation capabilities of
OLTC at a MV/LV substation.

The minima of the negative voltage deviations UMV,min(t) in the MV network
(voltage decrease), which propagation to the LV network can mitigated with the OLTC,
can be defined pu as in equation 5.2.

UMV,min(t) = Un + Utap(t)− UTR,max (5.2)

The maxima and the minima of MV voltage define the limits of the voltage
range ∆UMV,down; ∆UMV,up, in which the MV voltage fluctuations propagation to
LV network can be suppressed. Where, the propagation of voltage increases in the
MV network to the LV network can be mitigated within ∆UMV,up(t) = 〈Un; UMV,max(t)〉
and the voltage decreases can be mitigated within ∆UMV,down(t) = 〈UMV,min(t); Un〉 for
every time instance t. The voltage range ∆UMV,down(t); ∆UMV,up(t) changes over time,
as Utap(t) is adjusted to follow the load in the network. The variations of the available
voltage range over time are schematically depicted in figure 5.4.

The variations of the OLTC tap position depend on the selected control strategy
and differences can be observed for a high penetration of DGs in the LV network,
where the control strategies adjusting the OLTC tap position based on measurements
from POCs in the LV network require a wider range of Utap. Based on assumptions
about DG penetration in the LV network in 4.5.2, variations of Utap(t) for all control
strategies can be estimated for DGrat io = 100 %. The results for one week period are
depicted in figure 5.5. It can be seen in figure 5.5, that the control strategies governed
by measurements from POCs utilize a wider range of Utap and as a consequence,
OLTC capabilities to mitigate the propagation of MV voltage fluctuations are more
time dependent. For some time instances, Utap(t) can reach its technical limits
〈UTR,min; UTR,max〉 for control strategies B and C. Therefore, the mitigation of MV voltage
level fluctuations propagation will be not possible for those time instances. As a
consequence, the available voltage range ∆UMV,down(t), ∆UMV,up(t) is limited for those
strategies and strongly time dependent.

The control strategy A requires the smallest deviations of Utap(t) from the nominal
voltage at the MV/LV substation. Consequently, ∆UMV,down(t) and ∆UMV,up(t) vary less
over time for the OLTC control strategy A than for control strategies B and C. The
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Figure 5.5: The comparison of OLTC tap positions Utap variations at a MV/LV substation for
evaluated control strategies. The results are estimated for DGrat io = 100 % over one week
period as discussed in 4.5.2.

Table 5.2: The capabilities of evaluated OLTC control strategies to mitigate the propagation
of MV voltage fluctuations for DGrat io = 100 %.

Variables estimated
OLTC control strategy

A B C

∆U MV,down ±σ[pu] 〈0.94, 0.96〉 〈0.93, 0.98〉 〈0.93, 0.98〉
U MV,down, U MV,up[pu] 〈0.95, 1.05〉 〈0.95, 1.05〉 〈0.95, 1.05〉
∆U MV,up ±σ[pu] 〈1.04, 1.06〉 〈1.03, 1.08〉 〈1.03, 1.08〉

σ 0.012 0.026 0.023

estimated available ∆UMV,down(t) and ∆UMV,up(t) is depicted for one week period in
figure 5.6. As the control strategy A maintains the LV bus-bar voltage at Un, Utap(t) is
lower when DGs in the LV network are active then at times when DGs are inactive if the
load is the same. Consequently, a higher voltage range∆UMV,up can be mitigated during
the periods, where DGs in LV network are active, as depicted in figure 5.6. This can have
a profound impact on MV network operation, because higher MV voltage levels could
be acceptable during periods, where DGs in many LV networks operate simultaneously
to supply electricity (e.g., PV based DGs).

The available range of voltages ∆UMV,down and ∆UMV,up can be estimated for all
values of DGrat io, as assumed in 4.5.2. For the OLTC control strategy A can be observed,
that with significantly increasing penetration level of DGs in the LV network, the
available voltage ranges for mitigation of MV voltage level fluctuations do not change
significantly. The available ranges of voltages ∆UMV,down and ∆UMV,up for the OLTC
control strategy A is estimated for all considered DGrat io over one week period and the
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Figure 5.6: The available range of MV voltages ∆UMV,down and ∆UMV,up, which can be
mitigated by the OLTC with the control strategy A over one week period. The results are
estimated for DGrat io = 100 % and based on assumptions presented in 4.5.2.
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Figure 5.7: The available range of MV voltages ∆UMV,down and ∆UMV,up, which can be
mitigated by the OLTC with a control strategy A over one week period. The results are
estimated for all values of DGrat io presented in 4.5.2.

results are depicted in figure 5.7.
The numeric results of the mitigation capabilities for all evaluated OLTC

control strategies are presented in table 5.2, where it can be seen that the
OLTC control strategy A exhibits the lowest variations of available voltage
range ∆UMV,down(t);∆UMV,up(t), ergo the standard deviation σ of the values from their
mean is the smallest for this control strategy. As a consequence of this small variations
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of Utap, the capability to mitigate the voltage fluctuations in the MV network is the least
time dependent for the OLTC control strategy A. Additionally, the mitigation capabilities
of the OLTC control strategy A will change only marginally with increasing penetration
of DGs in the LV network, as is shown in figure 5.7.

In this section is shown and quantified, that the OLTC control applied for
LV networks has a positive impact on MV network as it allows to mitigate the
propagation of MV voltage fluctuations in a certain range. Similarly to the presented
evaluation, the assessment of the mitigation capabilities of the OLTC applied within the
mixed 20/10 kV concept structure could be made.

5.4 Power quality measurements and data

In this section, the propagation of flicker and harmonic distortion in the MV network is
assessed to evaluate the most suitable locations for the measurements of those aspects
in the MV network. This work is complementary to the work presented in [27] and
in [28]. The investigation is divided in two sections; for the current MV network
structure in 5.4.1 and for the 20/10 kV MV network structure in 5.4.2.

5.4.1 PQ phenomena propagation in current 10 kV MV networks

The flicker limits for HV, MV and LV voltage levels are considered in the planning
process. The limits for flicker emissions at each voltage level are set to make sure
that the LV compatibility level for flicker of P LV

l t = 1 can be achieved. The flicker
propagation throughout the different voltage levels in the distribution network can be
characterized by flicker transfer coefficients. The flicker originating in the HV network
is attenuated as it propagates through the system. The transfer coefficients indicate the
portion of flicker emission propagating from one bus to other bus. For instance, the
transfer coefficients from HV to MV network are estimated based on corresponding PHV

st
and PMV

st values, as in equation 5.3. Similarly, T MV→LV
Pst

and T MV←LV
Pst

can be estimated.

T HV→MV
Pst

=
PMV

st

PHV
st

(5.3)

The propagation of flicker in MV networks is in reality rather complex, but TPst

values can be approximately estimated based on the ratio of network impedances of
investigated buses [117].

If more sources of flicker are contributing to the distortion on that bus, the
aggregated value of Pst,ag g at the bus or a POC can be estimates based on the
combination of all flicker sources, as discussed in section 4.6.1 and shown in
equation 4.9.

The requirements on flicker level in the MV and HV networks in the Netherlands are
presented in table 5.3.
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Table 5.3: The requirements on flicker indexes for network users connected to MV and HV
networks in the Netherlands (with Uc ≥ 1 kV ).

Specifications Description Test methodology

Pl t ≤ 1

Long-term flicker severity
limit, defined by

EN 50160 [46] and
"Netcode Elektriciteit" [47]

Under normal operating
conditions, during each period of
one week for 95 % of values

Pl t ≤ 5
Long-term flicker severity
limit, defined by "Netcode

Elektriciteit" [47]

For all measured values during
one week period

∆Uc ≤ 10 %
Fast voltage variations,

defined by "Netcode
Elektriciteit" [47]

For all measured values

∆Uc ≤ 3 %
Fast voltage variations,

defined by "Netcode
Elektriciteit" [47]

During a normal operation
without a loss of generation,
disconnection of heavy loads or a
fault

Transfer coefficient for flicker propagation from HV to MV network is commonly
set to T HV→MV

Pst
= 0.9 and for propagation from MV to LV network set

to T MV→LV
Pst

= 1 [27]. Therefore, to conform with the compatibility level in
LV networks, P LV

st = 1 from table 4.4, the limits at MV network shall be PMV
st ≤ 1.

To estimate the limits in MV network, the planning level at LV network is usually set to
the compatibility level (P LV

st = 1), the maximal global contribution from LV network
users GP LV

st
= 0.65 is assumed and the cubic summation is used [118]. The flicker limit

for the MV network PMV
st can be estimated as in equation 5.4 [103].

PMV
st =

3

√

√

√

√

√

�

P LV
st

�3
−
�

GP LV
st

�3

�

T MV→LV
Pst

�3

≈ 0.9

(5.4)

In this situation, the resulting limit at MV network is estimated to PMV
st ≈ 0.9.

The main sources of flicker in MV networks are generally large industrial
applications with repetitive or irregular cycles such as motors, welding machines or
arc furnaces [28]. Flicker is also the main source of complaints of small industrial
network users (with contracted power > 50 kVA) in the Netherlands, while 53 % of all
complaints are associated with flicker [27].

A set of case studies on MV network is performed to demonstrate the propagation
of flicker distortion in current MV structure and in the concept of the mixed 20/10 kV
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Table 5.4: The loads considered in the 10 kV MV network for investigation of
PQ phenomena in the Netherlands (see figure 5.8).

Description Location (MV nodes) Specification

Industrial load (I) 10-2, 10-6, 10-13
With S = 250 kVA and
PF = 0.95 (ind.), each supplied
via 400 kVA MV/LV transformer

Residential load (R)
10-4, 10-5, 10-7, 10-10,

10-11, 10-14, 10-15, 10-16,
10-17

With S = 200 kVA and
PF = 0.9 (ind.), each supplied
via 400 kVA MV/LV transformer

Combined industrial
and residential load

(I+R)
10-8, 10-9, 10-12, 10-18

Residential part as
a load with S = 100 kVA and
PF = 0.9 (ind.), industrial part
as a load with S = 100 kVA and
PF = 0.95 (ind.), both supplied
via 400 kVA MV/LV transformer

Larger industrial load
(LI)

10-3
With S = 400 kVA and
PF = 0.95 (ind.), supplied via
630 kVA MV/LV transformer

MV network structure in the Netherlands.
The typical MV network structure, as presented in 5.2.1 and in [20], is adapted for

simulations related to propagation of flicker and harmonic distortion. Assume a main
10 kV MV feeder in the main MV ring with length of 12 km, which supplies 10 equally
distributed MV/LV substations with the typical value of the short-circuit power for a
MV network in the Netherlands S′′q = 300 MVA. The details of loads considered in the
investigated 10 kV MV network are presented in table 5.4.

The schematic topology of the MV network used for investigation of flicker
propagation is depicted in figure 5.8. The MV network model was developed in
DIgSILENT PowerFactory [119].

As the common sources of flicker in MV networks are for instance industrial
motors [28], in each case study motor startups are simulated and their impact on the
flicker level propagation throughout the MV network is estimated for all other nodes.
The locations of the distorting loads (DL), which are the sources of flicker in the 10 kV
MV network are depicted in figure 5.8. The following case studies are considered in the
investigating of flicker propagation in the 10 kV MV/LV network, as in figure 5.8:

• 10− BB - distortion propagation from upstream HV/MV network, the distorting
load (AM motor, Pm = 400 kW startup) is connected at node 10− BB

• 10− 6 - distortion propagating from middle of the MV network, the distorting
load (AM motor, Pm = 400 kW startup) is connected at node 10− 6



5.4. POWER QUALITY MEASUREMENTS AND DATA 79

DL

DL

DL (LV)

10 kV bus-bar

HV
network

R
3.6 km

R
4.8 km

I
6.0 km

7.2 km

8.4 km

9.6 km

R
10.8 km

 10-5

 10-6

 10-7

 10-8

 10-9

 10-10

R

R

R
12.0 km  10-11

R

I+R

I
 10-13

 10-14

 10-15

R
 10-16

 10-17

 10-18

0 km

I
1.2 km

LI
2.4 km

 10-2

 10-3

 10-4

 10-1

I+R

I+R

R

 10-12
I+R

 10-BB

DL (LV)

Figure 5.8: The topology of the 10 kV MV network structure used for assessment of PQ
phenomena propagation. The notation voltage-node number is used for bus-bars, where
residential (R), industrial (I), large industrial (LI) or mixed (I+R) loads connected. The
distorting loads (DL) are connected to the 10 kV bus-bar or to the LV network.

• 10− 11 - distortion propagation from end of the main MV feeder, the distorting
load (AM motor, Pm = 18.5 kW startup) is connected at the LV part of the
node 10− 11

• 10− 15 - distortion propagation from a MV branch, the distorting load (AM
motor, Pm = 18.5 kW startup) is connected at the LV part of the node 10− 15

For each case study is estimated the flicker level at the MV node with the distorting
load and the flicker propagation towards upstream and downstream located MV nodes
(MV ) is estimated. The flicker transfer coefficients TPst

are defined as the share of Pst
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Figure 5.9: The flicker transfer coefficients for investigated case studies on the 10 kV
MV network.

values at two locations in the MV network, MV (1) and MV (2), as in equation 5.5.

TPMV (1)→MV (2)
st

=
PMV (2)

st

PMV (1)
st

(5.5)

The flicker transfer coefficients are estimated for all case studies and for all nodes
in the investigated MV network. The estimated transfer coefficients are depicted in
figure 5.9

Similarly, to the flicker propagation, the propagation of harmonic distortion in
the 10 kV structure is investigated. The limits for harmonic distortion in HV and
MV networks in the Netherlands are presented in table 5.5.

The propagation of harmonic distortion in the MV network is demonstrated on a
set of case studies. The location of sources of distortion is identical with the locations
of distorting loads in the 10 kV MV network structure, as in figure 5.8. The sources of

harmonic distortion are simulated as current sources with
u5

u1
= 1 and u5 = 100 A in

following case studies, as in figure 5.8:

• 10− BB - distortion propagation from upstream HV/MV network, the source of
harmonic distortion connected at node 10− BB

• 10− 6 - distortion propagating from middle of the MV network, the source of
harmonic distortion connected at node 10− 6

• 10− 11 - distortion propagation from end of the main MV feeder, the source of
harmonic distortion connected at LV side at node 10− 11
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Table 5.5: The requirements on harmonic distortion for network users connected to the MV
and HV network in the Netherlands (with Uc ≥ 1 kV ).

Specifications Description Test methodology

T HD ≤ 8 %

Total harmonic distortion
limit of voltage, defined by

EN 50160 [46] and by
"Netcode Elektriciteit" [47] Applicable for 95 % of the

measured 10 min. mean rms
values over one week period

u1,...,25

Limits for individual
harmonics defined as the

relative value of the
fundamental voltage in
EN 50160 [46] and by

"Netcode Elektriciteit" [47]

Individual harmonics
shall be < 5.5 · uh

Limits for individual
harmonics shall be < 5.5

than indicated percentage in
EN 50160 [46], as defined in
"Netcode Elektriciteit" [47] Applicable for 99.9 % of the

measured 10 min. mean rms
values

T HD ≤ 12 %

Total harmonic distortion
limit for u, defined by

"Netcode Elektriciteit" [47]
for networks

with Uc < 35 kV

T HD ≤ 6 %

Total harmonic distortion
limit of voltage, defined by
"Netcode Elektriciteit" [47]

for HV networks
with 35 kV ≤ Uc < 150 kV

Applicable for 95 % of the
measured 10 min. mean rms
values over one week period

T HD ≤ 7 %

Total harmonic distortion
limit of voltage, defined by
"Netcode Elektriciteit" [47]

for HV networks
with 35 kV ≤ Uc < 150 kV

Applicable for 99.9 % of the
measured 10 min. mean rms
values

• 10− 15 - distortion propagation from a MV branch, the source of harmonic
distortion connected at LV side at node 10− 15

Similarly to the propagation of flicker distortion in equation 5.5, the transfer
coefficients can be estimated. The level of harmonic distortion is estimated for each
MV node, where the source of harmonic distortion is located in the particular case
study. The propagation towards MV nodes (MV ) located upstream and downstream in
the 10 kV MV network structure is estimated and the transfer coefficients are derived.
The propagation of harmonic distortion depends on load composition and especially
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Figure 5.10: The transfer coefficients for propagation of harmonic distortion Tu5
, for all

investigated case studies on the 10 kV MV network.

for a higher order harmonics can be significantly attenuated by certain loads in the
network. The harmonic distortion u5 is currently the most prominent in MV networks
in the Netherlands. The transfer coefficients for harmonic distortion Tu5

are defined
as the share of harmonic distortion at two locations in the MV network, MV (1) and
MV (2), as in equation 5.6.

TuMV (1)→MV (2)
5

=
uMV (2)

5

uMV (1)
5

(5.6)

The transfer coefficients for propagation of harmonic distortion are estimated for all
case studies and for all nodes in the investigated MV network and the results for Tu5

are
depicted in figure 5.10

In figure 5.9 and in figure 5.10 can be observed that flicker and harmonic distortion
are attenuated in its propagation to upstream nodes in the 10 kV MV network structure.
On the contrary, the propagation to MV nodes located downstream from the location
with a source of distortion is only marginally attenuated. The propagation from
LV network to MV network is strongly attenuated.

Therefore, the most suitable locations for a DSO to oversee the levels of harmonic
distortion and flicker in the 10 kV MV network are the locations at the beginning of
the MV feeder (location 10− BB in figure 5.8), at its end (location 10− 11) and at the
end of all MV branches (locations 10− 12, 10− 13, 10− 15, 10− 16 and 10− 18).
The measurements shall be conducted in line with presented requirements given by the
international and the national standards.
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Table 5.6: The loads considered in the 20/10 kV MV network for investigation of
PQ phenomena, as presented in figure 5.11.

Description Location (MV nodes) Specification

MV load on 20 kV
feeder (L)

20-1, 20-2, 20-3
With S = 2 MVA and
PF = 0.99 (ind.), each supplied
via 20/10 kV transformer

Industrial load (I) 10-2, 10-9
With S = 250 kVA and
PF = 0.95 (ind.), each supplied
via 400 kVA MV/LV transformer

Residential load (R)
10-1, 10-3, 10-6, 10-7,

10-10, 10-11, 10-12, 10-13

With S = 200 kVA and
PF = 0.9 (ind.) each, supplied
via 400 kVA MV/LV transformer

Combined industrial
and residential load

(I+R)
10-4, 10-5, 10-8, 10-14

Residential part as
a load with S = 100 kVA and
PF = 0.9 (ind.), industrial part
as a load with S = 100 kVA and
PF = 0.95 (ind.), both supplied
via 400 kVA MV/LV transformer

Larger industrial load
(LI)

10-BB
With S = 400 kVA and
PF = 0.95 (ind.), supplied via
630 kVA MV/LV transformer

5.4.2 PQ phenomena propagation in 20/10 kV MV network

The propagation of continuous fast PQ phenomena is assessed in this section for the
concept of the 20/10 kV MV network structure described in 5.2.2, similarly to the
investigation presented in 5.4.1 for the 10 kV MV network structure. The schematic
topology of the considered 20/10 kV MV network used for investigation of flicker
and harmonics propagation is depicted in figure 5.11. The MV network model was
developed in DIgSILENT PowerFactory [119] and the loads considered in the 20/10 kV
MV network structure are presented in table 5.6.

To evaluate the flicker propagation in the 20/10 kV MV structure, a set of case
studies with distorting loads is presented. Consistently with the simulation on the 10 kV
MV network structure, as in 5.4.1, motor startups are simulated in each case study and
their impact on the flicker level propagation throughout the MV network is estimated
for all remaining nodes. The locations of all distorting loads (DL), which are the sources
of flicker in the 20/10 kV MV network are depicted in figure 5.11. The following case
studies are considered in the investigating of flicker propagation, as in figure 5.11:

• 20− BB - distortion propagation from upstream HV network, the distorting load
(AM motor, Pm = 400 kW startup) is connected at node 20− BB
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Figure 5.11: The topology of the 20/10 kV MV network structure used for assessment of
PQ phenomena propagation. The notation voltage-node number is used for bus-bars, where
residential (R), industrial (I), large industrial (LI) or combined (I+R) loads connected. The
distorting loads (DL) are connected to the 10 kV bus-bar, 20 kV bus-bar or to the LV network.

• 10− BB - distortion propagating from the beginning of the 10 kV MV network, the
distorting load (AM motor, Pm = 400 kW startup) is connected at node 10− BB

• 10− 7 - distortion propagation from end of the main 10 kV MV feeder, the
distorting load (AM motor, Pm = 18.5 kW startup) is connected at the LV part of
the node 10− 7

• 10− 11 - distortion propagation from a 10 kV MV branch, the distorting load (AM
motor, Pm = 18.5 kW startup) is connected at the LV part of the node 10− 11

The flicker level is estimated for each case study and for all MV nodes. The flicker
propagation towards upstream and downstream located MV nodes (MV ) from the node
with distorting load (DL) is estimated as in equation 5.5.
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Figure 5.12: The flicker transfer coefficients for investigated case studies on the 20/10 kV
MV network structure.

The flicker transfer coefficients are estimated for all case studies and for all nodes
in the investigated MV network. The estimated transfer coefficients are depicted in
figure 5.12. It can be observed in figure 5.12 that the flicker propagates downstream
in the MV network structure with TPst

≈ 1. The flicker propagation upstream is
attenuated.

Next to the propagation of flicker, the propagation of harmonic distortion in the
20/10 kV structure is investigated on a set of case studies. The location of sources
of harmonic distortion is identical with the locations of distorting loads for flicker
propagation, as in figure 5.11. The sources of harmonic distortion are simulated as

current sources with
u5

u1
= 1 and u5 = 100 A in following case studies, as in figure 5.11:

• 20− BB - distortion propagation from upstream HV network, the source of
harmonic distortion connected at node 20− BB

• 10− BB - distortion propagating from the beginning of the 10 kV main feeder,
the source of harmonic distortion connected at node 10− BB

• 10− 7 - distortion propagation from end of the main 10 kV feeder, the source of
harmonic distortion connected at LV side at node 10− 7

• 10− 11 - distortion propagation from a 10 kV MV branch, the source of harmonic
distortion connected at LV side at node 10− 11

The level of harmonic distortion is estimated for each MV node, where the source
of harmonic distortion is located in the particular case study. The propagation towards
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Figure 5.13: The transfer coefficients for propagation of harmonic distortion Tu5
, for all

investigated case studies on the new 20/10 kV MV network structure.

MV nodes located upstream and downstream in the 20/10 kV MV network structure is
estimated and the transfer coefficients are derived as in equation 5.6.

The transfer coefficients for propagation of harmonic distortion for all case studies
in the investigated 20/10 kV MV network structure are depicted in figure 5.13.

The propagation of distortion is attenuated in its propagation to upstream nodes in
the MV network structure and between different voltage levels. On the contrary, the
propagation to downstream located nodes from the location with a source of distortion
is only marginally attenuated.

Similarly to the 10 kV MV network structure, the most suitable locations for a DSO
to oversee the levels of harmonic distortion and flicker in the 20/10 kV MV network
are the locations at the beginning of MV feeders (locations 20 − BB and 10 − BB in
figure 5.11), at its end (location 10− 7) and at the end of all MV branches (locations
10− 8, 10− 9, 10− 11, 10− 12 and 10− 14).

5.5 Conclusions

The operational and power quality aspects of MV distribution networks are presented
in this chapter. A typical MV network structure and the concept of a mixed 20/10 kV
MV distribution and MV transmission network are introduced. The mixed 20/10 kV
structure is proposed by one of the network operators in the Netherlands mainly to
improve the reliability of power delivery and to increase the MV network hosting
capacity.

In chapter 4, the application of the on-line voltage tap changer for
MV/LV substations is proposed. In this chapter the implications of different controls
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strategies for voltage control in the LV network on the MV voltage network are assessed.
The capabilities to mitigate the propagation of MV voltage variations, taking into
account the different control strategies, are investigated and quantified. This capability
can be used additionally in MV networks with a high penetration of DGs, where the
currently used voltage control at the HV/MV substation will not yield satisfactory results
and connected network users would experience high voltage fluctuations.

The requirements on power quality phenomena measurements and the propagation
of power quality aspects in investigated MV network structures are presented. The
propagation of power quality aspects in the MV network is demonstrated on a set of case
studies for the typical MV network structure and for the concept of a mixed 20/10 kV
MV network structure. It is shown, that the distortion is attenuated in its propagation
to upstream nodes in the network. In the 20/10 kV structure, elements of the 10 kV
network will be connected to the 20 kV ring and the propagation will be further
attenuated. Therefore, a lower levels of distortion can be expected in the 20/10 kV
structure compared to the 10 kV distribution.

It is concluded, that for a DSO to oversee the flicker levels and levels of harmonic
distortion in the MV network, measurements at ends of MV network feeders shall be
conducted at each voltage level. Knowledge of the propagation of harmonic distortion
and flicker in the MV network can assist DSOs delivering power supply to network users
in required quality.





CHAPTER 6
Data applications

6.1 Introduction

The data needed for operation and power quality assessment of distribution networks
are presented in chapters 4 and 5. Some of the developments in data management
and distribution automation can unlock new functionalities at the distribution level.
Therefore, some applications of data, measurements and operating assets in the
distribution network are presented in this chapter:

• The application of OLTC control is utilized to unlock a demand-side management
functionality at the distribution level, which resembles demand response (DR).
The concept of DR induced via a voltage control at the IDS is presented in
section 6.2. The availability of the proposed DR is evaluated and the application
using the available DR to support system balancing is proposed. The implications
on system imbalances are assessed and presented on a case study for the Dutch
power system

• In section 6.3 is presented an application of measurement data from the
LV network to detect and to locate the illegal abstraction of electricity within
the LV network. The proposed application exploits measurement data available
from the smart metering infrastructure and from the MV/LV substation

• In section 6.4 is presented the application of heavy loading assessment in
distribution networks, which is based on exploitation of measurement data from
smart metering infrastructure in LV network. This concept can enable monitoring
of network components, which are not directly measured, but are likely to be
exposed to heavy load conditions, which can be outside their operational limits

89
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6.2 Application of OLTC for demand side management

At the distribution level, the DSO strives to achieve a well-functioning distribution
system with high reliability and economic operation. Ergo, new developments in
the distribution network automation are undertaken. However, some developments
can expand the boundaries of intended applications for distribution networks only,
and can facilitate new services traditionally attributed to the transmission system
operator. A DSO implements active voltage control to improve power quality, to defer
network investments and to increase distribution network assets utilization. However,
simultaneously new services, such as supporting power system balancing, can emerge
with active voltage control, without affecting the initial goal of improving supplied
voltage quality to network users.

The aim of this section is to present an application of active voltage control, as a
new service provided at the distribution level, which can be enabled by distribution
automation. The proposed application can enable demand-side management which
resembles demand response (DR) induced by voltage control, which can be used, for
instance for supporting power system balancing.

The demand-side management encompasses functions directing mostly demand
activities to influence customers load [120]. DR schemes are mainly used to
lower electricity costs and to support power system at times, when the power
system reliability is jeopardized (e.g., direct load control) and when the system is
stressed [121], [122]. Nowadays, the real-time demand response schemes are proposed
to reflect on actual electricity prices and to provide an incentive to change network users
behaviour [123], [124], [125]. The proposed DR mechanism in this section is based
on utilization of DSO equipment to induce real-time load changes and belongs to the
demand-side management scheme, where DR is realized via a direct control through
utility equipment.

The on-line voltage control can be applied in distribution networks to accommodate
new technologies such as DG, as discussed in 4.5.1. However, on-line voltage control
through on-line tap changing (OLTC) can simultaneously induce DR. This functionality
was tested in a field test and results are presented in 6.2.1. The accessible voltage
range can be quantified as a function of supplied load, as presented in 6.2.2, and the
available DR can be estimated as in 6.2.3. The impact of the proposed application on
power system balancing is assessed in 6.2.4. The evaluation of the distribution network
losses related to the proposed service provision is presented in 6.2.5. The technologies
enabling the proposed DR application are discussed in 6.2.6.

6.2.1 Field test with OLTC

Every load responds in a certain way to changes in supplied voltage. The load response
to a voltage change was explored in several voltage reduction applications, which aimed
to use the load response effect for electricity consumption reduction or for lowering the
system peak load [126] and it is known as the conservation voltage reduction (CVR)
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technique. Although with some controversy about the magnitude of achievable load
response, CVR has been used to achieve energy saving objectives and to conserve
energy [127], [128], [129], [130]. Voltage level control has also been applied by
vertically integrated utilities to reduce cost of peak generation, before the unbundling of
electricity sector took place [131]. With the unbundling of the electricity sector [132],
interest in CVR as a tool for load control has diminished. The entities, which can apply
the voltage control actions in the network (DSOs and TSOs), are not substantially
benefiting from load reduction as they do not participate on electricity generation.
But for balancing the power system active voltage control might still be an interesting
application.

The MV/LV transformer with OLTC tested is a conventional 10/0.4 kV MV/LV
transformer equipped with power-electronic tap-changer on its primary side (without
mechanical tap adjustments). The OLTC allows fast and on-line voltage level
control [95] [96], which mitigates voltage fluctuations in the distribution network.

Assume that a control action is taken by OLTC to change the voltage level at the
LV bus-bar. The voltage level change will consequently result in alternation of power
demanded by supplied LV network (with all LV network users). The load response to the
voltage change depends on load composition, but in general, if the voltage decreases,
the power drawn by supplied loads reduces and vice versa. Therefore, at any time
instance t, if a voltage control is requested, the voltage level (e.g., at the LV bus-bar of
the transformer) can be either increased by ∆Uup, or decreased by ∆Udown. If applied,
a voltage change will have impact on network users in the supplied LV network and
will result in alternation of demanded power by the LV network. For instance, if at
time t0, the supplied voltage level can change from U0 to U1, the power demanded
(e.g., by the LV network) will alter from P0 to P1 as a consequence of induced voltage
change. The principle of voltage control actions, which can be applied for alternation
of demanded power is depicted in figure 6.1. Where in case of the positive voltage
change∆Uup applied, the demanded power is expected to increase by∆Pup, as depicted
in figure 6.1b, and vice versa for ∆Udown and ∆Pdown, as depicted in figure 6.1a.

The change of power demanded ∆P, as a response to the applied voltage
change ∆U , can be expressed per unit with the load response ratio PUrat io, as in
equation 6.1.

PUrat io =

�

�P0 − P1

�

�

P0
�

�U0 − U1

�

�

U0

=
∆P

∆U

(6.1)

A field test was conducted in the network of Allinader (Dutch DSO) to estimate
the PUrat io of a real LV network in the Netherlands [133]. As more loads with a power
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Figure 6.1: The principle of voltage control to achieve response in supplied loads; for a
voltage decrease 6.1a and for a voltage increase 6.1b.

electronic interface can be nowadays expected in LV networks supplying residential
network users and as those loads can behave as constant power loads, the motivation
for the field test was to evaluate if a load response can be still observed in nowadays
LV network. The aim of the field test was also to examine the possibilities of voltage
control with the installed transformer with OLTC and to validate the feasibility of the
proposed concept. The field test had to respect the standard for supplied voltage quality
and the limits set for deviation from Un, as discussed in 4.4. Although higher voltage
deviation would be possible, only the voltage range of ≈ 4 % Un was allowed to
avoid any violations of supplied voltage level for connected network users. In addition,
due to the experimental conditions, the voltage level steps had to be manually set by
controlling the OLTC on the primary side (10 kV) of the MV/LV transformer. Due to
the practical constraints, the field test had a demonstration purpose and only a limited
duration [133].

Among other variables, the voltage level and the active power values at the LV bus-
bar were measured during the field test. To compare all measurements; the active
power and the voltage level at the beginning of each voltage step are compared
against the active power and the voltage level at the end of each voltage step. The
relative values are estimated, as the difference from the actual voltage and power
level before and after the applied voltage step. The average duration of the applied
voltage step was ≈ 8 s. The results from the field test, as measured voltages
versus the measured active power at the beginning and the end of each voltage
steps, are depicted in figure 6.2. Consequently, the average load response ratio was
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Figure 6.2: The measured active power versus the measured voltage at the secondary side
of the transformer about the time, when a voltage change was applied with OLTC during the
field test. The first-order approximation of the results with slope of the PUrat io is depicted
as solid line.

estimated PUrat io = 1.5. As insufficient number of measurements is available for
reliable higher-order approximations, the first-order approximation of measured results
is used. The approximation of the average load response ratio is presented also in
figure 6.2 as a solid line with the slope corresponding to the estimated PUrat io.

Although the field test has some limitations, it demonstrated the potential and the
feasibility of the proposed application. The results of the field test are comparable
with CVR studies, as presented in an overview in table 6.1 for available information
based on expected energy and power reductions. However, the impact on the long-
term energy consumption of network users could differ from the values presented and
was not the aim of the conducted field test. Note, that despite some controversy
about CVR technique applicability nowadays, considerable benefits can be achieved
with the application of CVR technique in modern power systems, as presented in a
recent work [134].

6.2.2 The available voltage range to induce DR

In comparison to the voltage control applied at the HV/MV substations, IDS offers
voltage control, which can be applied locally for a single LV network. Therefore, higher
voltage variations can be achieved, in comparison to the control scheme applied at
the HV/MV substation, without jeopardizing the supplied voltage quality of connected
network users. To correctly assess the full potential of proposed DR, the technically
possible and the available (allowable) voltage range have to be distinguished. Whereas,
the technically possible voltage range is limited only by the OLTC constraints, the
available (or allowable during normal operation) voltage range reflects also on the
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Table 6.1: The overview of CVR studies and the load response coefficients estimated (CVR
results presented as equivalent to PUrat io).

Source
Load response

(PUrat io equivalent)
Note

Pacific Northwest
National

Laboratory [134]
0.5 to 4

Report about the national wide
benefits of CVR for the USA

Khurmy et al. [135] 3
Maximum energy saving potential
with the CVR technique

Scalley et.al. [126] 0.5 to 4
Values range based on 22 CVR
related studies

Krupa et.al. [136] 0.96 to 1.11
Based on values of the annual
average change of real power for
residential loads

voltage level conditions in the LV network and limits the technically possible range to
maintain the supplied voltage quality for all LV network users.

The OLTC adjustments in the HV/MV substation actively offset the voltage drop
among the distribution network and moderate voltage level fluctuations. The
MV voltage level fluctuations resulting in ± 5 % Un in the LV network are commonly
accepted in the Netherlands. The actual voltage level in the MV network is location
specific and depends on the substation location in the MV network. The position of
IDS will have implications on the available voltage range for provision of proposed DR.
In a real application the available voltage range to induce DR could differ for different
locations of IDS in the MV network. Therefore, to evaluate the potential of the proposed
DR application in general, the nominal voltage at the MV side of IDS is used and the
OLTC adjustments are undertaken to satisfy the control objective of maintaining the
LV bus-bar voltage at Un, as discussed in 4.5.

The transformer with OLTC (on MV side) in the IDS can adjust the secondary voltage
(LV side) within the range 〈UTR,min; UTR,max〉, given by the design as 〈Un − 5 %; Un +
5 %〉 [95]. The actual tap position, expressed by the OLTC voltage Utap(t), reflects
the OLTC adjustments to maintain the control objective of LV bus-bar voltage at Un.
The OLTC control strategy A is assumed. Therefore, the available voltage range to
induce DR varies over time due to load variations. As the OLTC operates within
〈UTR,min; UTR,max〉, the remaining voltage range can be accessed to perform voltage
control for DR purposes. For each time instance t, the available maximal voltage
increase Uup,max(t) can be defined as in equation 6.2. To perform voltage control for
DR purposes, the available (allowable) voltage increase Uup,max(t) shall respects the
voltage level conditions in the LV network. Therefore, control actions, which will induce
a voltage at any POC U POC

max (t) > Un + 10 %, shall be avoided, as discussed in 4.4.
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This limitation due to voltage level maxima, observed in the LV network at POCs, is
introduced with U POC

max (t) in equation 6.2.

Uup,max(t) = Un +min
�

UTR,max − Utap(t) , (Un + 10 %)− U POC
max (t)

�

(6.2)

Similarly, the available maximum voltage range for voltage decrease Udown,max(t)
can be defined, as in equation 6.3. Any control action, which will result in a voltage
level decrease at any POC, such that U POC

min (t) < Un − 10 % shall be avoided, as
discussed in 4.4.

Udown,max(t) = Un −min
�

Utap(t)− UTR,min , U POC
min (t)− (Un − 10 %)

�

(6.3)

The limit of declared supply voltage variation (at POCs of connected network users)
introduces limitations on the available control range, which can be utilized at the IDS
for the proposed DR application. Therefore, the voltage conditions of all connected
LV network users in the typical LV network in the Netherlands, as presented in 4.2,
were evaluated. The load profiles were generated on weekly basis for a week in the
summer period and for a week in the winter period to cover both load extremes and
to utilize available data. The network user load profiles were generated based on the
measured data to provide a realistic input, as discussed in 4.3. The voltage drop in
the network depends on the network users behaviour and on the power demanded
at every time instance. As the load allocation and its time dependency has random
characteristics, the voltage conditions were assessed based on a Monte Carlo simulation
with 10 000 week iterations, simulating the possible conditions in the LV network and
different load-behaviours of network users. This approach enables the evaluation of the
voltage conditions in the whole LV network and the occurrence probability estimation
for each time instance. The time resolution of 15 min. is applied throughout the
simulation.

The results from the Monte Carlo simulation allow the estimation of the cumulative
distribution function of all supply voltages in the investigated LV network for every
time instance t. By selecting the limit values, the share of supply voltages within a
defined range of probability occurrence can be estimated. The voltage conditions in
the complete LV network can be assessed as a function of time and required probability
of declared supply quality deviation from Un. The results for the summer period are
depicted in figure 6.3 and for the winter period in figure 6.4.

It can be seen in figure 6.3 and in figure 6.4, that if a larger voltage range for DR
purposes was allowed, by accepting that network users will be supplied with Un ± 10 %
with certain probability < 100 %, extended control actions would be possible. For
instance, consider the differences in voltage conditions in the investigated LV network
in figure 6.3 and in figure 6.4, if a occurrence probability of < 99 % or < 99.9 % would
be acceptable.
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Figure 6.3: The estimated supply voltage levels at all POCs in the investigated LV network
as a function of occurrence probability within the defined range of one week period in the
summer time.
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Figure 6.4: The estimated supply voltage levels at all POCs in the investigated LV network
as a function of occurrence probability within the defined range of one week period in the
winter time.

The currently applied standard for quality of supply voltage EN 50160 defines
allowed supply voltage variations for LV network users as Un ± 10 % for 95 % of
10 min. mean rms values measured over one week period, as discussed in 4.4. However,
extended voltage control actions could be possible in some situations or when larger
supply voltage variation (Un − 15 % < U POC

min ≤ Un − 10 %) would be acceptable.
The estimated voltage limits U POC

min (t) and U POC
max (t), with a certain probability, can

be utilized as limiting factor for the evaluation of the available voltage range for OLTC
control in time, as in equation 6.2 and in equation 6.3. The voltage level limits U POC

min (t)
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Figure 6.5: The available voltage control range for the investigated LV network over one
week period in the summer time.
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Figure 6.6: The available voltage control range for the investigated LV network over one
week period in the winter time.

and U POC
max (t) from the Monte Carlo simulation, that ensure 100 % of supply voltages

within Un ± 10 % are used for estimation of the available voltage range to enable DR
with OLTC. To comply with the limitations on the LV supply voltage level, the available
voltage increase at the LV bus-bar shall be within ∆U LVbus−bar

up (t), as in equation 6.4.

∆U LVbus−bar
up (t) = Un + Utap(t)− Uup,max(t) (6.4)

Similarly, the available voltage decrease at the LV bus-bar shall be
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within ∆U LVbus−bar

down (t), as in equation 6.5.

∆U LVbus−bar

down (t) = Un + Udown,max(t)− Utap(t) (6.5)

The available (allowed) voltage range can be defined as a function of time over the
simulation period, where the voltage control adjustments within the range∆U LVbus−bar

up (t)
and∆U LVbus−bar

down (t) can be applied for the proposed DR application. The available voltage
control over a one week period in the summer time is depicted in figure 6.5 and for the
winter period in figure 6.6. The voltage range limitations, to avoid voltage levels in the
LV network U POC

min < Un − 10 %, can be noticed in figure 6.6 for the afternoon peak
periods. In the investigated LV network, these periods coincide with high loads and
consequently with expected high voltage drops, as depicted in figure 6.4.

6.2.3 The availability of induced DR

The principle of the proposed DR application induced via OLTC voltage control is
presented in figure 6.7. As the loading at the MV/LV substation varies throughout a
day, depicted in figure 6.7a, the OLTC tap position voltage Utap(t) is adjusted according
to the OLTC control objective to maintain the LV bus-bar voltage at Un. The OLTC
operates within its operating limits 〈UTR,min; UTR,max〉. As the LV load increases during
the day, adjustments with higher Utap(t) are set. The available voltage range, which can

be used for DR purposes ∆U LVbus−bar
up (t), ∆U LVbus−bar

down (t), can be estimated with respect to
limitations due to the LV voltage level conditions of network users, as discussed in 6.2.2.
The available voltage range throughout a day is schematically depicted in figure 6.7b.

Due to the positive correlation between supplied power and voltage at IDS, a
change of supply voltage will induce a changes in demanded power at the MV/LV
substation according to the PUrat io, as assessed in 6.2.1. Ergo, the on-line OLTC
operation can be utilized to enable on-line power adjustments at the MV/LV substation.
The voltage adjustments at the LV bus-bar can deliver a load increase ∆P LVbus−bar

up (t)
or a load decrease of the actual load observed at the LV bus-bar, as depicted in
figure 6.7c. The available ∆P LVbus−bar

up (t) and ∆P LVbus−bar

down (t) can be then determined in
absolute terms (e.g., to be comparable with ancillary service deployment), as depicted
in figure 6.7d. The availability of the proposed DR application depends on the actual
load controlled via voltage adjustments, therefore maxima of∆P LVbus−bar

up,max and∆P LVbus−bar

down,max
coincide with maxima of supplied load, as depicted in figure 6.7a and in figure 6.7d.

The available voltage range at the LV bus-bar for DR purposes (including presented
limitations) ∆U LVbus−bar

up (t) and ∆U LVbus−bar

down (t) is estimated, as discussed in 6.2.2. The
available DR at IDS can be then determined assuming the PUrat io as measured at IDS
and discussed in 6.2.1. The available DR per IDS as ∆P LVbus−bar

up (t) and ∆P LVbus−bar

down (t) can
be consequently determined for each time period. The results of the available DR at
IDS are estimated and presented for one week in the summer period, in figure 6.8, and
for one week in the winter period in figure 6.9.
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(a) Daily loading profile at a MV/LV substation.

(b) OLTC tap position Utap(t) adjustment following the load.

(c) Relative controllable load supplied by a MV/LV substation.

(d) Absolute controllable load supplied by a MV/LV substation.

Figure 6.7: The principle of the proposed voltage control at a MV/LV substation to enable
on-line DR with OLTC. The loading at the MV/LV substation (a). Available voltage range to
induce DR (b). The load at a MV/LV substation responds to the voltage changes according
to the PUrat io (c). The absolute value of controllable load (d).
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Figure 6.8: The available load (related to the actual load at IDS) for DR in the investigated
LV network over one week period in the summer time with PUrat io = 1.5.
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Figure 6.9: The available load (related to the actual load at IDS) for DR in the investigated
LV network over one week period in the winter time with PUrat io = 1.5.

6.2.4 Supporting system balancing with OLTC

In an electrical power system, the electricity generation has to match the electricity
consumption to maintain the stable system frequency. The electricity consumption
is predicted (forecasted) and the electricity generation is scheduled to match the
consumption and as the electricity trade can’t handle the very short-time deviations of
the electricity consumption and generation, the system imbalances can occur in power
systems. With the increasing share of the intermittent generation in the electricity
generation mix, the needs for maintaining system stability and the needs for system
balancing will increase [137]. Ergo, the proposed DR application with IDS can be
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complementary to other approaches for system balancing with high penetration of
intermittent generation to rationalize the power system operation [138].

The system operator has the responsibility to maintain the system balance. This task
is assigned in Europe to multiple transmission system operators (TSO). Each system
operator controls in real-time the system balance (e.g., in the Netherlands every 4 s.) in
its control area and calls bids for system area balancing (in market based load frequency
control) to restore system balance in specified time frames. The system imbalances are
also partially covered by passive contribution of generation units [137].

A set of case studies is presented to demonstrate the implications of the proposed
DR application on provision of system services. The proposed DR application with
IDSs focuses on participation on system area balancing (system area control) and
implications of its deployment on secondary regulation are investigated. The generation
scheduling in the power system in the Netherlands is based on hourly intervals, whereas
the operational planning (settlement periods) are in 15 min. intervals called program
time unit (PTU). The system balances are monitored real-time and recorded per PTU by
the Dutch TSO (TenneT TSO).

The proposed DR with IDS at the distribution level is evaluated as a new (ancillary)
service participating in system area balancing. The proposed DR scheme can deliver
DR actions, which are proportional to the load supplied by the MV/LV substation, as
discussed in 6.2.3. In the Netherlands, about 30 % of the system load is supplied to
residential customers via distribution network, where the voltage control with OLTC is
applicable to induce proposed DR service in certain range, as discussed 6.2.2. Therefore,
five penetration levels of IDS with OLTC in the distribution network are assessed. The
evaluation of penetration levels of IDS in the system is estimated for 1 %, 5 %, 10 %,
20 % and 30 % of load supplied by ≈ 120 000 MV/LV substations in the Netherlands.
The penetration levels are used as superscripts of mentioned variables (e.g., I DS30%).
The evaluation of different penetration levels of IDSs in the system is estimated based
on extrapolation.

The availability of the proposed DR depends on the load supplied, which is
evaluated in 15 min. intervals. This resolution is suitable for a comparison with
PTU lengths applied in the Netherlands for the imbalance market. The results are
derived for each penetration level of IDS in the system contributing to mitigate system
imbalances. The participation of IDS and the maxima of available DR provisioned by
IDSs are evaluated for each penetration level of IDSs in the system. The imbalance
data per PTU for the Netherlands in year 2012 are considered as input data for
simulations (source: TenneT TSO).

Assume a case study, where IDSs with 30 % penetration level participated on the
DR provision in the Netherlands in year 2012. The available DR provision over a
year can be estimated within the available DR maxima for the specific penetration
level 〈∆P I DS30%

down,max ;∆P I DS30%
up,max 〉 and contrasted with the occurrence of imbalance volumes

in the Netherlands for the same year. The results per PTU are depicted in figure 6.10,
where the overview of the year 2012 is presented in figure 6.10a and a detail presenting
the time availability of DR 〈∆P I DS30%

down,max ; ∆P I DS30%
up,max 〉 with imbalances recorded over the
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(a) System imbalances and estimated available DR for year 2012.
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(b) Detail of figure 6.10a for 10 days in mid 2012.

Figure 6.10: The estimated availability of the proposed DR application with IDS over one
year period (a) and with a detail for a period of 10 days in mid 2012 (b). The availability
of proposed DR is contrasted with the system imbalance data in the Dutch power system in
year 2012. The DR availability as 〈∆P I DS30%

down,max ; ∆P I DS30%
up,max 〉 is estimated for 30 % share of the

total load supplied by IDS participating in system balancing.
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period of 10 days in mid 2012 is depicted in figure 6.10b.

As shown in figure 6.10, with a detail in figure 6.10b, the time dependency of
the available DR varies over time and presents an important factor, which has to be
considered to correctly address the mitigation capabilities of the proposed DR scheme
and its implications on system imbalances. It can be observed in figure 6.10, that in
most of time instances throughout a year, the called system imbalances can be fully met
by the means of the proposed DR provision by IDSs with 30 % penetration level.

Based on the actual imbalance data for the Netherlands in year 2012, the remaining
imbalance volumes per PTU, after deployment of the proposed DR, can be estimated
for each IDS penetration level with respect to the time availability of called imbalances
and with respect to the time availability of proposed DR application. The duration
curve of original imbalance data can be estimated, based on the imbalance data.
The imbalance duration curves of remaining imbalance volumes per PTU for certain
penetration level of IDS in the system can be contrasted with the original imbalance
data for the Netherlands in year 2012. The results are presented in figure 6.11. Note
that the available provision of proposed DR is proportional to the load supplied by
IDS. Although a significant DR capacity on the system level can be provided by a
high penetration of IDSs in the system, there can be still remaining imbalances in
the system, which have to be mitigated in a conventional way. This can be observed
in figure 6.11, where certain imbalances in the system can remain even for 30 %
penetration level of IDSs in the system assumed, if the calls for imbalances are higher
that the available ∆P I DS30%

down,max , ∆P I DS30%
up,max , as depicted in figure 6.10.

The simulation results point out, that the total amount and the magnitude of
called imbalances volumes in the system can be significantly reduced if the proposed
application is deployed. For instance, if 30 % penetration level of IDSs in the Dutch
power system in the year 2012 participated in system balancing, the magnitude of peak
imbalances volumes would have been reduced by≈ 31 % for positive and by≈ 42 % for
the negative imbalances occurring in the system. The total amount of called imbalance
volumes would be reduced and the remaining imbalance volumes (not covered by IDS)
can be estimated based on the original called positive imbalance volumes in the year
2012 ∆P I MB2012

up and for the negative called volumes in the same year ∆P I MB2012
down . The

number of PTUs reflect the operation time of a power system considered, usually 8 760 h
over a year would results in 8 760 · 4 PTUs in the Dutch power system. The reduction
factor of called imbalance volumes, due to the 30 % of IDS participating on system
balancing, for year 2012 ∆P I DS30%,I M2012

up,red can be estimated as in equation 6.6.

∆P I DS30%,I M2012
up,red = 1−

PT Us
∑

t=1

�

∆P I M2012
up (t)−∆P I DS30%,I M2012

up,red (t)
�

(6.6)

Similarly, the reduction factor of called negative imbalance volumes for
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Figure 6.11: Original imbalance volumes duration curve based on the data for the
Netherlands in year 2012 contrasted with the remaining imbalance volumes duration curves
after deployment of available DR for system support. The results are depicted for all IDS
penetration levels considered in the system.

30 % penetration level of IDSs in the system can be estimated as in equation 6.7.

∆P I DS30%,I M2012
down,red = 1−

PT Us
∑

t=1

�

∆P I M2012
down (t)−∆P I DS30%,I M2012

down,red (t)
�

(6.7)

The reduction in the amount of called imbalance volumes in the power system
would be significant, if IDSs provided DR for participation on system balancing. For
instance in year 2012, the reduction of the amount of called imbalance volumes
of∆P I DS30%,I M2012

up,red = 97% and∆P I DS30%,I M2012
down,red = 99% would be theoretically possible

in the investigated power system.
The impact of the proposed DR provision to participate in system balancing can

be assessed based on the utilization factors of the available DR capacity for each
penetration level of IDSs in the system. The total amount of available DR capacity
depends on IDS penetration level in the system and it is time dependent. Therefore,
the utilization of available DR to support power system balancing depends also on
IDS penetration level and on the coincidence of called imbalances with the available
capacity in the system. The utilization factor of the available DR for mitigation of
system imbalances ∆P I DS30%,I M2012

down,util and ∆P I DS30%,I M2012
up,util , depends on the penetration

level of IDSs in the investigated system and on the called imbalance volumes in
the system over the investigated period. Those variables define the deployment
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of available DR ∆Pdown,depl and ∆Pup,depl in the system. The utilization factors
are ∆Pdown,util ∨ ∆Pup,util ≤ 1, and if ∆Pdown,util = 1, then all the available DR
capacity if fully utilized and will be fully deployed for every called imbalance in the
system. For instance, the utilization factor ∆P I DS30%,I M2012

up,util for the positive imbalance
volumes in year 2012 and for IDS 30 % penetration level can be estimated, as in
equation 6.8.

∆P I DS30%,I M2012
up,util =

PT Us
∑

t=1





∆P I DS30%,I M2012
up,depl (t)

∆P I DS30%,I M2012
up,max (t)



 (6.8)

Similarly, the utilization factor related to the provision of DR, for 30 %
penetration level of IDSs in the system, to support system balancing of negative
imbalances ∆P I DS30%,I M2012

down,util , can be estimated as in equation 6.9.

∆P I DS30%,I M2012
down,util =

PT Us
∑

t=1





∆P I DS30%,I M2012
down,depl (t)

∆P I DS30%,I M2012
down,max (t)



 (6.9)

The utilization factors for each penetration level of IDS supporting system balancing
were estimated based on the imbalance data for the Netherlands for the year 2012.
The utilization factors related to participation on reduction of positive ∆P I M2012

up,util and
negative imbalances ∆P I M2012

down,util are depicted in figure 6.12.
The results presented in figure 6.12 highlight the fact, that for 1 % penetration

level of IDSs in the system, the available capacity of available DR is relatively small.
Therefore, all the available DR capacity ∆P I DS1%,I M2012

down,depl and ∆P I DS1%,I M2012
up,depl would

have fully participated on support of system balancing. This results in estimated
unity utilization factors ∆P I DS1%,I M2012

up,util and ∆P I DS1%,I M2012
down,util . The utilization factors

rapidly decreases for higher penetration levels of IDSs supporting system balancing.
In figure 6.11 can be observed, that more calls for negative imbalance volumes
(down-regulation) would be possibly mitigated in year 2012 with the proposed DR
application. This can explain the utilization factors ∆P I M2012

down,util < ∆P I M2012
up,util for IDS

penetration > 1 %, as depicted in figure 6.12.
Note that for higher IDS penetration levels, the utilization factors of available DR

rapidly decrease. The proposed application of DR with OLTC is based on voltage
adjustments (deviations) from nominal voltage at the MV/LV substation, as discussed
in 6.2.1. Therefore, smaller voltage deviations will be required for higher penetration
levels of IDSs to provide requested volumes of DR calls. For instance, an average
deviation from the nominal voltage at the MV/LV substation Un ± 0.3 % can be
expected for 30 % penetration level of IDSs in the system. Nevertheless, such small
induced voltage deviations are lower than the currently occurring voltage deviation in
the distribution network due to load variations. The deviations in order Un ± 0.3 % will
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Figure 6.12: The utilization factors of available DR provided by IDSs in the system and
participating of system balancing. The values are estimated for the imbalance volumes
in the Netherlands in year 2012 separately for ∆P I M2012

down,util and ∆P I M2012
up,util for all assessed

penetration levels of IDS in the system.

Table 6.2: The overview of reduction capabilities of the proposed DR for supporting
system balancing. The imbalance volumes reduction and the magnitude reduction of called
imbalance volumes in the system for assessed IDS penetration levels. The results are based
on imbalance volume data for the Netherlands in the year 2012.

IDS penetration level
Magnitude reduction Imbalance volumes reduction

Up-regulation
Down-

regulation
Up-regulation

Down-
regulation

1 % 1.11 % 1.39 % 11.49 % 15.10 %
5 % 5.54 % 6.95 % 43.88 % 54.28 %
10 % 11.08 % 13.90 % 68.75 % 79.27 %
20 % 22.16 % 27.81 % 90.58 % 96.03 %
30 % 31.41 % 41.71 % 96.68 % 99.42 %

be most probably unnoticed by network users, but they can significantly support system
balancing and reduce the amount of called imbalance volumes in the system and their
magnitude.

The results related to the reduction of remaining imbalance volumes, after the
deployment of proposed OLTC application, in the Netherlands in the year 2012 for
assessed IDS penetration levels are presented together with the magnitude reduction of
called imbalance volumes in table 6.2.
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6.2.5 Impact on distribution network losses

The proposed DR application, provided by IDS, will influence loading in the distribution
network and if participating on supporting system balancing, it will affect also
distribution network losses. Therefore, in this section, the changes of the distribution
network losses related to the IDS participation on system balancing support are
assessed. To keep the consistency with previous results, the evaluation is made for
the MV/LV distribution network, which is equipped by IDS and provide DR by means
of voltage control with OLTC, as discussed in 6.2.3. The distribution network losses
were estimated for a normal operation of IDS, where IDS does not participate in system
support, and for a situation, where IDS participate in supporting system balancing. The
distribution network losses are compared for both situations and the relative change of
the distribution losses (including transformer losses and all cables and feeders losses in
the LV network) due IDS provisioning system support is indicated. In reality the impact
on energy loss can be more complex. In principle, as the voltage at the MV/LV substation
increases or decreases, the power drawn by connected loads changes accordingly, based
on their PUrat io, as discussed in 6.2.1. Consequently, voltage changes will results in
alternation of current flows in the network. The distribution network losses will change
accordingly to the current flows in the observed LV network. However, the distribution
network losses are not linearly correlated with the induced voltage changes. It is
observed, that as the voltage increases (e.g., OLTC adjusted to induce up-regulation),
connected loads in the LV network draw more power and the overall distribution
network losses increase. Vice versa, for the provision of a down-regulation, the OLTC
reduces the supplied voltage and the power demanded by connected loads decreases
and simultaneously the distribution network losses can be reduced. The resulting
change in total distribution network losses depends also on called imbalance volumes
in the investigated system.

The participation of the proposed DR application on system balancing will require
different voltage adjustments for different DR calls throughout the investigated
period. The changes in distribution network losses are estimated with respect to
the participation in system balancing, for up-regulation and down-regulation over the
investigated period of one year, as described in 6.2.4. The relative distribution network
losses are estimated based on the distribution losses during normal operation (≈ 3 %)
for the evaluated distribution network, as in 4.2. The changes of distribution network
losses are evaluated as relative distribution losses change for IDS providing only voltage
adjustments for a load increase (up-regulation), IDS providing only adjustments for a
load decrease (down-regulation) and for IDS participating on provision of symmetrical
service (both up-regulation and down-regulation). The results for all considered IDS
penetration levels are depicted in figure 6.13.

Based on the imbalance data for the year 2012 in the Netherlands, IDSs in
higher penetration levels in the system would be able to reduce more the remaining
imbalance volumes for down-regulation than for up-regulation. This can be observed
in figure 6.11, where remaining imbalance volumes for down-regulation are smaller
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Figure 6.13: The estimated relative changes of distribution network losses for different
penetration levels of IDSs in the system provisioning DR for support of system balancing.
Based on called and reduced imbalance volumes in the Netherlands in year 2012, as
depicted in figure 6.11.

than for up-regulation. As a consequence, the distribution network losses related to
down-regulation outweigh the distribution network losses related to up-regulation. The
overall distribution network losses associated with IDS participation on up-regulation
as well as on down-regulation have only a marginal impact on the total distribution
network losses (e.g., < 2 % relative change of current distribution network losses). The
utilization of the available DR provided by IDSs decrease for higher penetration levels
of IDSs in the system, as depicted in figure 6.12, consequently the required average
voltage adjustments are also smaller. In addition, for higher IDS penetration levels, the
change of distribution network losses compared to the normal operation decreases to
negligible levels (e.g., 0.01 % change for 30 % IDS penetration level).

The summary of distribution network losses, estimated for different penetration
levels of IDS participation in system balancing is presented in table 6.3. The results
are based on data for the Netherlands in the year 2012.

6.2.6 Enabling technologies

The key enabling technologies for the presented DR application in the distribution
network are:

• OLTC located in the MV/LV substation, such as in the experimental IDS. The
OLTC in IDS operates within 〈UTR,min; UTR,max〉, given by the OLTC design
as 〈Un − 5 %; Un + 5 %〉 [95]. Nevertheless, a larger accessible voltage range can
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Table 6.3: The overview of relative changes of distribution network losses related to the
IDS operation and system balancing support. The results are based on imbalance volume
data for the Netherlands in year 2012.

IDS penetration level
Relative change of distribution network losses

Up-regulation Down-regulation Total

1 % 2.85 % -4.61 % -1.76 %
5 % 1.48 % -1.97 % -0.50 %
10 % 0.66 % -0.69 % -0.04 %
20 % 0.12 % -0.08 % 0.04 %
30 % 0.03 % -0.01 % 0.02 %

enlarge the available DR at a substation, reduce limitations in DR time dependent
availability and can enable a higher reduction of called imbalance volumes in the
system

• To assess the operational limits for a OLTC, on-line measurements of
supplied power and voltage level at the LV bus-bar are required to estimate
location specific 〈∆U LVbus−bar

down,max(t);∆U LVbus−bar
up,max (t)〉. Consequently the values

of 〈∆P LVbus−bar

down,max(t);∆P LVbus−bar
up,max (t)〉 can be assessed on-line for a specific network

configuration

• Additional measurements form network users POCs in the supplied network
(voltage and supplied power) will enable accurate assessment of U POC

min (t)
and U POC

max (t). The locally specific limiting factors can be used for estimation of
the DR availability, such as in equation 6.3 and in equation 6.4. Additionally,
location specific PUrat io could be estimated as a function of time for the assessed
LV network

• The available DR at a MV/LV substation level can be assessed locally based on
local measurements, but communication means will be required to send the DR
availability (e.g., 〈∆P LVbus−bar

down,max(t);∆P LVbus−bar
up,max (t)〉) to the DSO and to receive the

calls for DR actions

The above mentioned enabling technologies will improve the utility of proposed
DR application, nevertheless OLTC is the key enabler for this functionality and it
can be reasonably operated also without additional measurements under assumptions
presented in 6.2.2.
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6.3 Theft detection

The total electricity loss in the system is due to technical and non-technical reasons.
On the one hand, the technical loss is naturally present in the system due to energy
dissipation in network components and is given by the physical properties of the
network. On the other hand, non-technical loss (NTL) can coexist in the distribution
system due to other reasons. The loss due to NTL presents a economic loss for DSOs
and consequently also for network users.

The DSOs had limited means to fight NTL in the past, as only limited measurements
from the distribution network were available to assess NTL. The detection of NTL used
to be traced on random basis or after an external impulse to a DSO. As the automation
of distribution network progress, more measurement data can be used by a DSO to
tackle NTL. Therefore, the application exploiting measurement data from distribution
network is proposed in this section, to systematically approach theft in LV distribution.

In this section, the value of NTL in the Netherlands is presented in 6.3.1, followed
by an overview of detection methods currently applied to reveal illegal abstraction
of electricity in 6.3.2. The proposed application for localization of illegal electricity
abstraction is presented in 6.3.3.

6.3.1 Value of non-technical loss in the Netherlands

The estimation of NTL and even of the technical loss is complicated in the distribution
network, because extensive data to estimate it are not available, the losses cannot be
precisely computed. The average annual loss can be estimated and a certain fraction of
it can be assumed to be associated with NTL and with illegal abstraction of electricity.

The illegal abstraction of electricity can be more common in some low-income
and middle-income countries, where a substantial part of the electricity generated is
attributed to total transmission and distribution loss. Significant NTL were encountered
for instance in India, where 55 % of generated electricity was billed and only part of
the bills was paid to supplier (year 2003) [139]. The electricity loss in India is extreme
and could run electricity companies close to bankruptcy [140]. The total electricity
loss in Lebanon is estimated to be about 50 % (year 2003) [141]. In Albania, Haiti
or Bangladesh total loss higher then 30 % was estimated (year 2004) [22]. In Brazil,
the total loss of about 15 to 17 % can be expected (year 2012) [142], [143]. But NTL
can also significantly change over time as the efficiency of DSOs improves, such as in
Latin America were a significant reduction of NTL was observed after the privatization
of the power sector (e.g., Colombia) [143]. The study of socio-economical indicators,
governance, institution democracy and corruption identified a correlation between the
total loss (indicating illegal abstraction of electricity) and the socio-economic indicators
of a country. It was found that in a well-governed countries, a lower total electricity
loss can be expected [22].

The transmission and distribution of electricity in the Netherlands is very
efficient and the average total electricity loss (from the year 2000 till 2010) was
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only 4.32 % [23].
Nevertheless, illegal abstraction of electricity takes place also in high-income

countries. The exact values of NTL associated with illegal abstraction of electricity are
nowadays impossible to obtain. But in [22] is indicated that in a very efficient power
system, the transmission and distribution loss shall be less then 6 % and the value of
NTL (including electricity theft) in range from 1 to 2 % can be expected.

The estimated NTL due to illegal abstraction of electricity in the Netherlands is
expected to be about 1 200 GWh per year, which represent about 1 % of the annual
electricity consumption. This value corresponds to the lower boundary value in the
indicated range of expected NTL in highly efficient power systems in [22]. In the
Netherlands an electricity fraud or theft attempt is expected to takes place on every
second MV/LV substation on average [85].

The total electricity loss in distribution network can be divided into:

• Technical loss is due to physical properties of the distribution network, length
of circuits and design practices (e.g., the use of underground cables in the
Netherlands influenced by a relatively high population density)

• Administration loss is given by unknown connections or missing meters, which
are not measured, but not intentionally tampered by network users for illegal
abstraction of electricity

• Illegal abstraction of electricity (electricity fraud and theft), which is the not-
metered electricity usage by intentional tampering of electricity meter or illegal
connections

The share of the individual components of the total loss in the distribution network
in the Netherlands is depicted in figure 6.14, where it can be seen that the estimated
illegal abstraction of electricity accounts for 23 % of the total loss for DSOs in the
Netherlands.

After ownership unbundling of distribution, transmission and production companies
in the Dutch electricity sector, a DSO estimates the total loss as a fraction of energy
distributed to network users. The network loss is estimated in the settlement process
between the electricity traders and a DSO. The electricity to cover the total loss has
to be purchased for a market price from independent production companies by a DSO.
Therefore, illegally abstracted electricity represents additional cost for a DSO.

The cost of NTL is not only in terms of abstracted energy and a higher total loss in
the system, but also in terms of sales reduction and reduction of retail margins of DSOs.
The total cost related to the illegal abstraction of electricity in the Netherlands for DSOs
is estimated to be about M€114 annually [85]. The illegally abstracted electricity also
represents monetary losses for the government in terms of uncollected tax. The annual
loss in the tax collection is estimated to be about M€120 [85]. The estimated total
cost of illegal abstraction of electricity in the Netherlands is about M€234 annually.
Currently, there are no means to estimate exactly the total loss and related cost of
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Figure 6.14: The estimated sources of electricity loss in the distribution network in the
Netherlands [85].

electricity theft in the system, therefore the presented values are anticipated for the
range of expected loss.

The literature related to electricity theft is limited. However, it is predicted,
that utilities worldwide lose about M$25 000 annually due to illegal abstraction of
electricity [144]. For instance in United Kingdom, The Office of Gas and Electricity
Markets (Ofgem) published an estimate of annual cost related to electricity theft, which
indicate the cost to be in order of M£100 [145]. Similarly to the Netherlands, the loss
due to electricity theft is recovered from all (paying) network users in form of higher
bills.

In the USA, the cost of illegal abstraction of electricity is expected to be in range
of 0.5 to 3.5 % of annual gross revenues in USA utilities [22]. And a recent surge in
illegal abstraction of electricity is reported in relation to the downturn in economic
cycle [146]. The utilities in the USA are expected to have loss due to the illegal
abstraction of electricity in range of M$1 000 till M$6 000 annually [147]. For instance
alone in the Huston area, the annual cost of M$14 associated with illegal abstraction of
electricity is passed on network users [148].

In Italy, one of the drives for the roll out of automated meter reading (AMR)
infrastructure was the effort to reduce NTL in the network of ENEL. The main drivers
of NTL reduction and effective control of contracted power helped to justify large
investment into AMR [149].

In British Colombia (about M4.4 inhabitants in 2011), Canada, the loss due to illegal
abstraction of electricity is estimated to be about M$100 annually only for the British
Columbia Hydro, where most of the illegally abstracted electricity is used for drugs
cultivation. British Colombia Hydro reported that the perpetrators are becoming more
sophisticated and loss due to illegal abstraction of electricity surged in last years [150].
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6.3.2 Detection methods used to reveal illegal electricity abstraction

The illegal abstraction of electricity takes many different forms. Unauthorized
connections to the overhead lines at the supply voltage level or disconnecting neutral
wire from the meter are common techniques in many low-income and middle-income
countries [144]. The distribution network in the Netherlands consist of underground
cables, which does not allow an easy access for illegal connections outside network user
premises. The illegal abstraction of electricity takes more subtle forms, usually such as
tampering of the electricity meter alone, connection cables and meter terminals can be
found together with a cut-off circuit.

Generally, two types of illegal abstraction of electricity from the distribution network
can be recognized:

• Electricity theft corresponding to illegal network connections and to bypassing of
the electricity meter

• Electricity fraud or efforts to deceive electricity usage, related to tampering of
electricity meter, metered data, accuracy of the meter or inter-changing of meter
terminals

In 95 % of the detected cases with illegal abstraction of electricity in
the Netherlands, electricity theft was used for illegal drugs cultivation. The motivation
for the perpetrators are the huge annual sales from this activity, which are estimated
alone for the Netherlands to be in order of M$3 000 [85].

The DSOs in the Netherlands are aware of the losses caused by illegal abstraction
of electricity and carry out techniques for suppressing and detecting the tampering
attempts. The current methodologies generally focus more on indirect theft detection,
based on irregularities observed in distribution network. In most cases, the illegal
abstraction of electricity is used for cultivation of drugs, which require periodical
changes of periods with and without illumination. An example of measured currents
related to suspected illegal abstraction of electricity for cultivation use in a LV network
of a DSO in the Netherlands is depicted in figure 6.15.

Several techniques exist to fight the illegal abstraction of electricity. On the one
hand, additional metering points in the distribution network are suggested to oversee
the aggregated consumption of groups of network users [151]. But suspected network
users can notice the installation and suspend the illegal abstraction [142].

On the other hand, some fraud detection methods rely on investigation of
irregularities of network user consumption data [152]. The measured data can be
collected and investigated with data mining techniques to reveal abnormalities or
suspicious changes in the network user consumption behavior. The principle of outliers
detection in a data set of network users consumption data is commonly used form of
detection. The consumption data can be also used for more advanced data mining
techniques to find irregularities indicating NTL [153]. The classification techniques of
network user consumption data can be used to filter network users with suspicion on
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Figure 6.15: Measured currents at a feeder section in the LV network of one Dutch DSO
with suspected illegal abstraction of electricity.

NTL presence [154]. Advanced classification for NTL detection on a large consumption
datasets is proposed in [147] and the soft computing methods with machine learning
considering an imperfect knowledge are proposed for fraud detection in [155].

Other detection methods rely for instance on estimation of propagation of higher
frequencies (e.g., power-line communication) in the network, which is expected to
be attenuated by some illegally connected loads [140]. However, the techniques
assume that abnormal consumption behavior is correlated with NTL. Nevertheless, the
alternation in network user consumption data does not always imply involvement in
illegal abstraction of electricity and can lead to embarrassment of honest network users
if no irregularity is found by (costly) inspection teams [142].

An automated methodology to fight NTL in the network is proposed in [144].
If higher NTL are detected in the network, genuine network users are temporarily
disconnected, a harmonic generator is switched on to destroy illegal loads and
after that, genuine network users are reconnected [144]. Although with a strong
psychological impact on network users, the drawback of this method lies in an easy
application of a cut-off circuit, which will protect illegal loads of dishonest network
users.

The presented methods to reveal electricity theft reflect local specifics and available
measurements in the network. But the detection can be more complicated if network
users employ techniques to illegally abstract electricity on a temporary basis or to bypass
the meter to connect only some heavy loads [144], e.g., similarly to the profile in
figure 6.15.

In the Netherlands, mostly (irregular) electricity theft takes place in the network
by bypassing the electricity meter. Therefore, the electricity theft does not necessarily
affect network user load profile. In addition, to efficiently fight NTL in the system, the
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perpetrator localization is needed. Therefore, the presented detection methods can not
yield required results to efficiently fight NTL in the Netherlands.

6.3.3 Proposed application to reveal NTL

The proposed application of measurement data form LV network shall overcome the
issues related to commonly used detection method of illegal abstraction of electricity. It
should not be biased by changes in network user load behavior and it should be able to
indicate the location of illegal abstraction in the network.

The LV networks in the Netherlands are commonly designed for a designated
neighborhoods, constructed by a property developer, which allows keeping a good
overview of network assets and network users connections to the network. A good
knowledge of network assets in the Netherlands is fundamental for the proposed
application for detection of illegal abstraction of electricity.

The proposed method is based on load flow analysis. Assume the typical LV network
in the Netherlands, as presented in 4.2. A feeder in the LV network supplies distributed
loads at network users POCs. The voltage level at each POC in the LV network is a
function of the voltage at the LV bus-bar in the MV/LV substation USS−LV , network
impedances Znet and power injections (positive or negative) in the network at each
POC SPOC . The load flow calculations are govern by the principle presented in
equation 6.10.

[U POC] = [Znet] · [I POC] (6.10)

Where in equation 6.10, [I POC] is the vector of current injections at each POC
estimated from SPOC , [U POC] is the vector of voltages at each POC and [Znet] is the
network impedance matrix. For the radial distribution network with possible power
injections from connected DGs, the unbalanced load flow analysis based on iteration
process with forward and backward sweep is used. The load flow can be formulated
as a set of non-linear equations for all network users and the solution can be found, as
presented in [156], [157], [158]. The resulting [U POC] yields the vector of voltages at
each POC for assumed LV network configuration. The estimation can be done for each
time instance t of available data from the smart metering infrastructure.

The load flow analysis enables to estimate the total technical loss in the distribution
network for each time instance t as the sum of technical loss in the connection
cable PPOC(i)

loss,cc and in the main feeder PPOC(i)
loss, f . The loss in a cable section connecting

POC(i) with RPOC(i)
cc can be computed as in equation 6.11 [159].

PPOC(i)
loss,cc = RPOC(i)

cc ·

�

PPOC(i)
�2
+
�

QPOC(i)
�2

�

�U POC(i)
�

�

2 (6.11)

Similarly to equation 6.11, the loss in a feeder section can be computed based on
the power flow in a feeder section between two POCs or MV/LV substation (considered
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as POC(0)−POC(1) in the network, as in equation 6.12.

PPOC(i−1)−POC(i)
loss, f = RPOC(i−1)−POC(i)

f ·

�

PPOC(i−1)−POC(i)
�2
+
�

QPOC(i−1)−POC(i)
�2

�

�U POC(i−1)−POC(i)
�

�

2 (6.12)

The total technical loss in the LV network or in a feeder can be computed as in
equation 6.13.

Ploss(t) =
n.POC
∑

i=1

PPOC(i)
loss,cc (t) +

n.POC
∑

i=1

PPOC(i−1)−POC(i)
loss, f (t) (6.13)

The power injection in a feeder in the LV network for each time instance t can be
estimated as in equation 6.14.

SSS−LV (t) =
n.POC
∑

i=1

SPOC(i)(t) + Ploss(t) (6.14)

The smart metering infrastructure enables access to the measurements of
active PPOC(t) and reactive power QPOC(t) and voltage magnitude U POC(t) at each POC
as a series of measurements at time intervals t. This measurements can be exploited
to reconstruct conditions in the LV network. The theft detection can be applied on per
feeder basis in the LV network. Based on the measured data from smart meters, the
expected power injection in a feeder can be estimated SSS−LV

est (t), as in equation 6.14.
In the first phase of the theft detection method, the measured SSS−LV (t) at the

MV/LV substation and the estimated SSS−LV
est (t) are compared. If SSS−LV (t) 6= SSS−LV

est (t)
within a specified bandwidth for mismatch errors, it can be assumed, that a illegal
abstraction of electricity takes place in the investigated feeder. In practice, the loss can
be assumed as a function of supplied load.

If the theft in a feeder is detected, the localization procedure can be initiated.
The proposed application exploits the measurement data from smart meters in the
network and it is based on comparison of estimated voltages at a POC U POC

est (t)
and measured voltage at the same POC U POC(t). The network user is billed based
on energy consumed and current capacity at the POC, ergo based on this power
measurements, the expected voltage level at the POC can be estimated. The electricity
theft does not influence the recorded power at a POC, but any illegal abstraction of
electricity (e.g., load connected before the electricity meter) will influence the voltage
conditions in the investigated LV network and at the POC with the illegal abstraction of
electricity. The localization of illegal abstraction of electricity in the network is reduced
to maxima search of

�

�U POC
est (t)− U POC(t)

�

� over the investigated period. The detection
algorithm is presented as a pseudo-code in algorithm 6.1, for n measurements available
for t ∈




t1; tn
�

and for m POCs in the network.
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Figure 6.16: Example of one phase voltage profile for POCs along a feeder, where a illegal
abstraction of electricity takes place close to POC(31). In presence of electricity theft, the
measured voltages U POC (t) will be different in comparison with estimated voltages U POC

est (t).
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Figure 6.17: The estimated absolute difference between measured U POC (t) with smart
meters and estimated U POC

est (t) over one week period (single-phase). The illegal abstraction
of electricity takes place at POC(31).

The detection method can be demonstrated on two example case studies of one
feeder from the typical LV network, as presented in 4.2, with connected network
users, as presented in 4.3 and with OLTC control (A), as discussed in 4.5. The
first case study does not include any DGs and the second case study considers five
three-phase DGs connected at POC(10), POC(20), POC(30), POC(50) and POC(60),
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Algorithm 6.1 Pseudo-code for detection and localization

B Detect the presence of illegal abstraction in the LV network
for t ∈




t1; tn
�

do
if SSS−LV

est (t) 6= SSS−LV (t) then
B Illegal abstraction detected
Read U POC(m)(t) ∀ m ∈ All POCs
Read PPOC(m)(t) ∀ m ∈ All POCs
Estimate U POC

est(m)(t) ∀ m ∈ All POCs
for ∀ m ∈ All POCs do

avg.
�

�

�U POC(m)
est (t1→ t)− U POC(m)(t1→ t)

�

�

�

B Test is a sufficient n of measurements is processed

if avg.
�

�

�U POC(m)
est (t1→ t)− U POC(m)(t1→ t)

�

�

� ≤ f
�

Uia,min, Pia,min, uε
�

then

B Localization of illegal abstraction

find m with
�

max
�

�

�U POC(m)
est (t1→ t)− U POC(m)(t1→ t)

�

�

�

�

B Illegal abstraction located at POC(m)
end if

end for
else

B No illegal abstraction detected
end if

end for

resulting in DGrat io = 10 % in the investigated LV network. The measured PV
profile is considered for DG output as presented in 4.5. Assume, that a three-phase
illegal abstraction of electricity with Pthe f t(t) = 3 · 3.68 kW takes place close to
the POC(31) in the network, e.g., the illegal load is connected by a bypass connection
before the smart meter at POC(31). The difference between the measured U POC(t)
and estimated U POC

est (t) can be observed in both case studies with and without DG. The
results for one phase are shown in figure 6.16 for one time instance (t ≈ 12:00).
The loads connected at a POC influence the voltage profile in the feeder. However,
if metered, the voltage drop measured at a POC would correspond to the estimated
voltage drop expected at the POC. Therefore, the maximal deviation between U POC(t)
and U POC

est (t) indicates the presence of not metered loads connected, ergo the location
of the illegal abstraction in the network. For the results presented in figure 6.16,
max

�

�U POC
est (t)− U POC(t)

�

� is found for POC(31), which corresponds to the theft location
in the network. The estimated absolute average difference of measured U POC(t) and
estimated U POC

est (t) for the investigated feeder over one week period for both case
studies is depicted in figure 6.17. In figure 6.17, the value of max

�

�U POC
est (t)− U POC(t)

�

�

indicates the POC, where the illegal abstraction of electricity takes place.
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6.3.4 Influence of topology and measurement uncertainty

In real applications, uncertainties are present in all measurements used for the
proposed detection method of illegal abstraction of electricity. Therefore, the influence
of uncertainties in considered network topology and measurement data from smart
metering infrastructure is investigated. The aim of the presented consideration
is to define the minimum detectable current Iia,min and the minimum detectable
power Pia,min of the illegal abstraction of electricity in the network.

The localization of the illegal abstraction of electricity requires a good knowledge
of the network topology to reconstruct the load flow from measured data. Even
in a well-documented LV network topology, lengths and impedances of individual
network components are uncertain. To simulate the impact of those uncertainties,
every component in the investigated network was assumed to have a random
deviation ≤ ± 10 % from the expected impedance value.

The measurements from smart metering infrastructure are also coupled with
uncertainties. The methodology related to uncertainties estimation in measurements
data presented in [160] was reversely reproduced to investigate the influence of
measurement uncertainties from smart metering infrastructure and from measurement
provided at the MV/LV substation.

As suggested in [160], the uncertainties in repeated measurements can be
characterized by normal distribution, where the population standard deviation can be
defined to provide an estimate of the uncertainty due to repeatability of measurements.
Ergo, the uncertainty of a measurements uε can be defined and their impact on the
estimation of the illegal abstraction of electricity can be simulated. The proposed
method exploits the power (or current) and the voltage measurements from smart
metering infrastructure and from the MV/LV substation, which were burdened by
measurement uncertainty uε.

The resulting uncertainties of measured data and network model were estimated
based on the Monte Carlo simulation and the uncertainty distribution in the LV network
over the period of 50 weeks was investigated. The variance of statistically independent
population of measurement can be estimated as σ2. It is than possible to bound the
measured value in a specific level of confidence. The confidence limits of measurements
for the theft detection estimation can be expressed by t-statistics as multiples of sample
standard deviation. The confidence limits of ± 3 ·σ, where ≈ 99.7 % of measurements
lies within the confidence interval, are assumed in the evaluation. Ergo, by repeating
measurements, the values of the minimum detectable current Iia,min and the value of
the minimum detectable power Pia,min due to the illegal abstraction of electricity can be

defined as a function of n repeated measurements by
± 3 ·σ
p

n
.

Four cases of assumed uncertainties of measurements provided by the smart
metering infrastructure and of measurements in the MV/LV substation are presented.
The impact of different measurement uncertainties uε ∈ 1.0 %, 0.5 %, 0.2 %, 0.1 %
on the minimum detectable Iia,min and Pia,min is investigated.
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Figure 6.18: The minimum detectable current Iia,min due to illegal abstraction of electricity
in the LV network, as a function of measurement repetitions for different measurement
uncertainties uε involved.

The estimated results for the minimum detectable current Iia,min, as a function
of number of repeated measurements and as a function of considered measurement
uncertainty, are depicted in figure 6.18.

Similarly, the minimum detectable power Pia,min due to illegal abstraction of
electricity in the LV network can be defined as a function of repeated measurements and
different uncertainties involved in those measurements. The results for the minimum
detectable power Pia,min are depicted in figure 6.19.

The requirements for the smart metering infrastructure in the Netherlands, defined
in NTA 8130 [62], indicates that 15 min. measurements shall be provided from smart
meters, and 960 readings shall be stored within the metering installation. Considering
the proposed application for theft detection, this can be sufficient to detect most cases
of illegal abstraction of electricity in the Netherlands. The time needed to locate certain
illegal abstraction of electricity in the LV network can be expressed in the required
measurement time from smart meters, as presented in table 6.4.

It can be noted in table 6.4, that even with assumption of high measurement
uncertainties uε = 1.0 %, the example of the illegal abstraction of electricity in
LV network in the Netherlands presented in figure 6.15 would be detected within a
day with the proposed application.

In some distribution networks the connection of network users to phases, feeders
or to the MV/LV substations is unknown or uncertain. The methodology to improve
the connection data as proposed in [161] can be used to improve the connection data
of network users. Afterwards, parameters of distribution network can be identified,
based on the methodology proposed in [158]. The resulting improvements in the
network user connectivity and estimated network parameters enable utilization of the
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Figure 6.19: The minimum detectable power Pia,min due to illegal abstraction of electricity
in the LV network, as a function of measurement repetitions for different measurement
uncertainties uε involved.

Table 6.4: The expected time required to detect Pia,min due to illegal abstraction of
electricity in the LV network with the current smart metering infrastructure [62] for different
measurement uncertainties.

Measurement
uncertainties

Detectable Pia,min with smart meters within
One day Two days One week

uε = 1.0 % 6.6 kW 4.7 kW 2.5 kW
uε = 0.5 % 3.4 kW 2.4 kW 1.3 kW
uε = 0.2 % 1.7 kW 1.2 kW 0.6 kW
uε = 0.1 % 1.2 kW 0.9 kW 0.5 kW

proposed application to detect the location of the illegal abstraction of electricity also
to distribution networks with limited topology knowledge.

6.4 Evaluating heavy loading conditions in LV network

The distribution networks were in the past designed to accommodate network users
by the "fit-and-forget" scheme and without considering DGs. Nevertheless, high
penetrations of DGs and new form of loads (e.g., EVs) are envisioned to increase the
uncertainty in the power system in the future, as discussed in 2.3. Therefore, the
possible implications of those developments on the LV distribution network, in terms
of heavy loading conditions, were investigated and the results are presented in this
section.
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DG generation in the LV network generally does not guarantee that the network
will be simultaneously able to integrate new forms of additional loads, such as EVs,
and congestion or voltage drop problems can occur, as presented in [162]. The
concentration of DGs and additional loads in the LV network can cause conditions,
where the currently used protection scheme can be insufficient to adequately react on
potential hidden overloads in the LV network, which can be theoretically expected.
Heavy load conditions (leading to high current conditions or congestions) in the
network can contribute to degradation of distribution network assets due to overload
of network components.

The exploitation of measurement data from smart metering infrastructure is
proposed to evaluate the current conditions in the LV network and to reveal a possible
high current conditions, which could lead to possible overloads. This new functionality
can be enabled by a smart metering infrastructure, although not initially designated
for this particular application. An advanced assessment of current conditions in the
LV network can on the one hand improve utilization of distribution network assets
without jeopardizing their reliability and operational constraints, and on the other hand
it can improve the service provision to connected network users.

The current protection scheme is introduced in section 6.4.1. A set of case studies
is presented to underpin the proposed application with simulation results in 6.4.2.
The requirements on measurements enabling the proposed functionality are presented
in 6.4.3.

6.4.1 Predisposition of LV networks to heavy loading conditions

The LV network protection in the Netherlands is usually realized by fuses located in
the MV/LV substation and by fuses or circuit breakers at each network user POC in
the LV network. The typical values for protection devices are based on the time-
current characteristic with indication of the maximal current Imax . The LV feeder is
typically protected only at its LV bus-bar connection in the MV/LV substation. The
typical maximal current for LV feeders is set as ISS−LV

max = 200 A by the protection
fuses in the MV/LV substation. Each network user has maximal current limit set by
the main circuit breaker (or fuse) at the POC, which is typically I POC

max = 40 A for
single-phase network users. The LV distribution network design takes the load diversity
represented by the load factor of connected network users into account. The load
factor is defined as the ratio of the average load to the maximal load over a certain
period. The LV distribution networks in the Netherlands have been designed for relative
low load factor of ≈ 10 %. Based on observation, the average power at each POC,
denoted as SPOC

avg , is only about 5 % of the maximal power accessible at a POC, denoted
as SPOC

max . The value of 10 % approximately corresponds to the average peak load of
residential network users, which is used for distribution network planning, as presented
in table 4.1. However, it is envisioned that the load factor can increase in the future
as the share of new types of loads (or additional loads) connected to the LV network
increase (e.g., due to connection of EVs, air-conditioners, etc.).
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MV/LV
transformer 1

Figure 6.20: A detail of the typical LV distribution network topology in the Netherlands, as
depicted in figure 4.1.

If an overload is noticed at protected sections in the LV network (at I POC
max

and ISS−LV
max ), it will be cleared by protections devices in the network. Nevertheless, in a

situation with a high penetration of DGs and or simultaneously operating additional
LV loads, bi-directional power flows in the network can result in an overload or
congestion of a LV feeder, which can occur unnoticed somewhere along the feeder
without violating I POC

max or ISS−LV
max values. As a consequence, conditions presented in

equation 6.15 will occur and an overload of a feeder section can develop.

ISS−LV
max <

n.POCs
∑

i=1

I POC(i) (6.15)

Assume a plausible (future) case, where DGs and additional loads are connected
with a high penetration level to the LV network and they operate simultaneously (e.g., to
utilize locally generated electricity with locally connected loads). As the electricity
generated in the LV network is at the same time consumed within the network, the
simultaneous operation of DGs and additional loads can lead to overload of network
components without violating the maximal current limits, which will trigger the LV
feeder protection.

Let’s label each feeder section based on the closest POCs in the LV network structure
as in figure 4.6. The current in the first feeder section, between the MV/LV substation
and POC(1), is denoted as ISS−LV−POC(1)

cs and etc, as depicted in figure 6.20.
To cause an overload in the LV network, which is not cleared by the current

protection devices, high current values have to be reached somewhere in the LV
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feeder I POC(i)−POC(i+1)
cs . In this situation, the value of I POC(i)−POC(i+1)

cs can be higher
than ISS−LV

max and ISS−LV−POC(1)
cs , as stated in equation 6.16.

ISS−LV−POC(1)
cs ≤ ISS−LV

max ≤ I POC(i)−POC(i+1)
cs (6.16)

If the conditions in equation 6.16 are met, the overload of a feeder section occur in
the LV network without tripping of protection devices. If a sufficient power is supplied to
the LV network from locally connected DGs, the conditions presented in equation 6.16
can be actual.

6.4.2 Case studies

The possibility of distribution network components being overloaded in the Netherlands
is identified as a problem that can occur with high penetration levels of EVs and DGs
in the distribution network [39]. Similarly [162], it is also shown that voltage drop
problems can be expected in the distribution network due to charging of EVs, but with
a lower probability than the overload of network components [39].

Nevertheless, the residential customer load profiles commonly utilized in studies
about EVs charging assume passive network users characterized only by their load
(with a certain increase over coming decades), but without participation on electricity
supply with DGs connected at network users premises. Therefore, the presented case
studies aim to examine the simultaneous operation of DGs and additional loads (AL)
with stochastic characteristics, to analyze the implications related to the operation of
LV networks. One case study with a fixed location of ALs in the network is presented
in detail and the remaining case studies are derived from the presented one with a
random allocation of ALs and for a different penetration levels of AL in the investigated
network.

A typical Dutch LV network, as presented in 4.2, is adopted in the case studies.
The distribution of DGs and their output per feeder is according to table 4.3,
for DGrat io = 100 %. The allocation of DGs among the feeder is retained for
feeders 1, 3 and 4, where feeder 4 is without DGs. Only DGs connected at feeder 2
are relocated from the last four POCs to the first four POCs at the same feeder to assess
different DG-load allocations.

An additional load can represent for instance charging of EVs or operation of
air-conditioners randomly dispersed in the LV network. The elaboration of possible
charging strategies of EVs is not considered. An inquisitive reader can find more
information, for instance about the complexity of deriving EVs charging profiles
in [162], [163] or with specific input data for the Netherlands in [40], [44], [42]. A
generic new type of additional loads (denoted as AL) are considered for all case studies.

Similarly to the DGrat io, the ratio of additional loads ALrat io quantifies the share
of combined maximal demand of number of additional loads in the LV network (n.AL)
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relatively to the rating of 400 kVA MV/LV transformer, as in equation 6.17.

ALrat io ≈

n.AL
∑

i=1

�

PAL,POC(i)
max

�

S t r (6.17)

All additional loads are assumed to be a single phase loads with PAL
max = 3.68 kW

(corresponding to IAL
max ≈ 16 A) and ALs are active in periods when DGs generate

electricity.
A set of case studies aims to evaluate the impact of a random allocation of ALs

(based on Monte Carlo simulation) in the LV network to assess possible situations in real
LV network. However, to clearly demonstrate high current conditions in LV network on
an example, one additional case study with fixed locations of ALs is assessed in detail.
In this case study, 12 ALs are connected to each of feeders 2 and 3 in the investigated
LV network. All ALs are equally distributed over the three phases and are connected
at POCs close to the middle of feeders 2 and 3. The measured PV output profile in
the Netherlands, as in figure 4.5, is adopted as the output of considered DGs in the
network to be consistent with the evaluation in 4.5.1. The simultaneous operation of
DGs and additional loads in the investigated network over one week period is depicted
in figure 6.21, where ALs and DGs are active over 61.6 % of the time. For this particular
case study, the locations of ALs are fixed and to distinguished this case study from other
case studies presented later, the ALrat io = 22.1 % is used. The resulting ALrat io is
estimated based on 12 ALs with PAL

max , which are connected to each of feeders 2 and 3
in this particular case study.

The typical network user load profiles, as discussed in 4.3, are used and the loads
associated with ALs are superimposed on individual load profiles of network users.
Based on presented assumptions, the assessment of current conditions for each feeder
section in the investigated LV network can be performed. To keep consistency with
simulations presented in 4.5.1, the results are presented per feeder section either for all
feeders, or only for selected feeders in the LV network over the investigated one week
period. As ALs are connected to feeders 2 and 3, the detailed results with the current
conditions per feeder section of feeders 2 and 3 are depicted in figure 6.22. Where
in each box in figure 6.22, the central mark is the median value, the edges of the box
represent 25th and 75th percentiles and the data outliers are plotted individually outside
the whiskers.

The combination of ALs and DGs in the LV network can result in higher
currents in a feeder section I POC(i)−POC(i+1)

cs > ISS−LV
max at exposed feeders without

violating the maximal current ISS−LV
max at the beginning of the feeder. Feeder section

currents I f > ISS−LV
max = 200 A can be observed between POC(28) and POC(48).

Ergo, on this example it can be demonstrated that the occurrence of high currents in
the LV network is possible and can occur without tripping of the protection devices in
the network. The presented case study shows that the assumptions from equation 6.16
are actual even for a relative low ALrat io.



126 DATA APPLICATIONS

0:00 Mo 0:00 Tu 0:00 We 0:00 Th 0:00 Fr 0:00 Sa 0:00 Su 0:00
0

20

40

60

80

100

Time

A
L

r
a
ti
o
,
D
G

r
a
ti
o
[%

]

 

 ∑n.AL
i=1 PAL(i)(t)∑n
i=1PDG(i)(t)

Figure 6.21: The total DG generation (with DGrat io = 100 %) and the total additional load
(with ALrat io = 22.1 %) in the investigated LV network as a share of the MV/LV transformer
rating over a week period.
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Figure 6.22: The current conditions per feeder section in the investigated LV network
for feeders 2 and 3, where ALs are connected. The results are for an example
with ALrat io = 22.1 % and DGrat io = 100 %.

Additionally, the occurrence of higher currents can be evaluated for the whole LV
network as a function of time over the investigated period. The occurrence is defined
as the relative share of feeder sections with currents higher than defined limit over
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Figure 6.23: The occurrence of higher currents (I > 150 A and I > 200 A) in the
investigated LV network as a function of time over a one week period. The results are
for ALrat io = 22.1 % and DGrat io = 100 %.

the total number of feeder sections in the investigated LV network. The occurrence of
higher currents, higher than defined limits, for instance I f > 150 A and I f > 200 A
can be assessed in the investigated LV network, as depicted in figure 6.23. It can be
observed, that the higher currents coincide with the simultaneous operation of DGs and
ALs in the LV network as in figure 6.21. Therefore, the consideration related to the
operation of ALs in the distribution network shall be accompanied with the evaluation
of DG operation to provide more realistic results.

It can be reasonably expected that a high penetration of ALs or DGs will
consequently lead to deterioration of voltage level conditions of LV network users before
unwanted high current conditions are observed in the LV network, as discussed for DGs
in 4.5.2. For that reason, the voltage level conditions in the LV network are evaluated
next to the current conditions. If no OLTC is present at the MV/LV substation, the most
suitable fixed tap position of the MV/LV transformer would be for instance Un + 0 %
or Un − 2.5 %. In both cases, the voltage level conditions for all POCs in the investigated
LV network would be within 〈Un − 10 %, Un + 10 %〉, as depicted in the example for
fixed tap position set to Un + 0 % in figure 6.24. Assume also that the investigated
LV network is supplied by a MV/LV transformer with OLTC operating with a control
strategy A to accommodate DGs, as discussed in 4.5.1. The voltage level conditions for
all POCs in the investigated LV network can be evaluated and the results are presented
in figure 6.25. The maximal difference between the voltage level maxima and minima
in the investigate LV network will be within 15.6 % Un for the case with no OLTC
and 11.6 % Un for OLTC applied at the MV/LV substation with the control strategy A.

It can be observed in figure 6.25 that the voltage level conditions in the investigated
LV network are within the limits for supplied voltage level, as discussed in 4.4.
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Figure 6.24: The voltage deviations in the investigated LV network for all POCs over a one
week period. The LV network is supplied via MV/LV transformer without OLTC with fixed
tap position set to Un + 0 %. The results are for DGrat io = 100 % and ALrat io = 22.1 %.

Nevertheless, higher currents can simultaneously occur in the LV network as presented
in figure 6.22. Although, ISS−LV

max for all feeders, I POC
max and the voltage level for all network

users in the LV network are not violated, currents I f > ISS−LV
max can be observed in the

LV network already for ALrat io = 22.1 %. Ergo, implications of higher penetration
levels of ALs on the distribution network should be also investigated.

A set of case studies was evaluated for different penetration levels of ALs in the
investigated LV network configuration. The allocation of ALs in real distribution
network can be random, therefore the Monte Carlo method is employed to numerically
evaluate the impact of randomly allocated ALs on the current conditions in the
investigated LV network. The number of additional loads in the network is estimated
based on the evaluated ALrat io. The maximal power demanded by all additional loads
in the investigated network

∑n.AL
i=1 (P

AL
max(i)) is presented together with the number of

ALs considered n.AL, for each ALrat io in table 6.5. The corresponding number of ALs
(according to the ALrat io) is randomly assigned to different locations in the LV network
and the current conditions are evaluated for each of 1 000 Monte Carlo repetitions in
duration of one week. Based on the simulation results, the impact on the LV current
conditions and the probability of a high current occurrences can be assessed.

The relative occurrences of currents higher than defined limit is estimated for
each ALrat io, based on the ratio of all feeder sections in the network with currents higher
than defined threshold over the number of all feeder sections during the investigated
period. The results are presented for all repetitive simulations evaluated with the
Monte Carlo method. The numerical results are shown in table 6.5 for thresholds set
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Figure 6.25: The voltage deviations in the investigated LV network for all POCs over a one
week period. The control strategy A is applied to adjust the OLTC in the MV/LV substation
as discussed in 4.5.1. The results are for DGrat io = 100 % and ALrat io = 22.1 %.

to I f > 150 A, I f > 200 A and I f > 250 A.
It can be noted that due to DGs connected in the LV network without ALs

(for ALrat io = 0 %), the electricity generated from locally connected DGs is not primary
consumed within the network, but transported from a LV feeder towards the MV/LV
substation. Therefore, a higher share of currents per a feeder section I f > 150 A can be
observed already for low values of ALrat io and even for ALrat io = 0 %. Nevertheless,
this case study demonstrates that the LV network can accommodate a high penetration
of DGs without occurrence of higher currents in the network and without violation of
voltage level conditions, as discussed before in 4.5. With increasing amount of ALs in
the LV network, this effect diminishes as the locally generated electricity is increasingly
also consumed locally by ALs. Therefore, among the investigated case studies the
minimum share of observations with I f > 150 A can be found for ALrat io = 30 %.
With higher values of ALrat io, the share of electricity consumed in the investigated
LV network increases. As a consequence, the share of observations with I f > 150 A
increases as the locally connected DGs supply more ALs in the LV network. The amount
of observations with currents higher than given threshold increases in the LV network, as
more observations are associated with feeder sections between DGs and ALs, similarly
such as depicted in figure 6.22.

The impact of ALs on the LV network is investigated as a function of ALrat io, which
results in varying number of ALs in the LV network, as detailed in table 6.5. The
current distribution and their occurrence in the investigated network can be depicted
for moderate penetration levels of ALs, as in figure 6.26. It can be observed, that the
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Table 6.5: The overview of evaluated case studies with different levels of ALrat io, the
number of ALs considered for each case study and the evaluation of current conditions
in the investigated network for all investigated case studies based on their ALrat io.

Case study
with ALrat io

Number of
ALs (n.AL)

Occurrence
of

I f > 150 A

Occurrence
of

I f > 200 A

Occurrence
of

I f > 250 A

Total rating
of all ALs
∑n.AL

i=1 (P
AL
max(i))

100 % 109 17.95 % 4.18 % 0.42 % 401 kW
90 % 98 13.46% 2.44 % 0.21 % 361 kW
80 % 87 9.57 % 1.23 % 0.060 % 320 kW
70 % 76 6.55 % 0.60 % 0.018 % 280 kW
60 % 65 4.24 % 0.29 % 0.0025 % 239 kW
50 % 54 2.85 % 0.16 % 0 % 199 kW
40 % 43 2.35 % 0.19 % 0 % 158 kW
30 % 33 2.32 % 0.23 % 0 % 121 kW
20 % 22 2.78 % 0.31 % 0 % 81 kW
10 % 11 3.11 % 0.45 % 0 % 40 kW
0 % 0 3.62 % 0.62 % 0 % 0 kW

currents in the investigated LV network can reach higher values I f > 200 A, but with
a very low occurrence probability. The occurrence of higher currents I f > 200 A
increase with higher penetration levels of ALs in the investigated network, as depicted
in figure 6.27. The current I f > 250 A can be observed for ALrat io ≥ 60 % in
figure 6.27, similar conditions in the LV network could lead to overload of distribution
network components. The current conditions I f > 300 A can be observed in figure 6.27
for ALrat io ≥ 80 %, but with a negligible occurrence probability. Simultaneously, the
voltage level conditions for all ALrat io in the investigated network are comfortable with
the standard for supplied voltage quality, as discussed in 4.4.

6.4.3 Practical implications

A serious impact of overloading in the network, due to higher currents in the LV feeder,
can be a thermal damage of network components. Nevertheless, thermal constants for
LV cables with a cross section area A ≥ 70 mm2 are longer than 15 min. [164]. The
proposed application focuses on feeders, which have A ≥ 70 mm2 and are commonly
used in the LV distribution networks in the Netherlands. Therefore, the assessment
based on 15 min. measurements will be sufficient.

There are usually no direct measurements along LV feeders, which can be used
to assess the current conditions per feeder section. As the occurrence is not location
specific in the LV network, the utilization of measurements from smart metering
infrastructure is suggested for the proposed application to evaluate the current
conditions per feeder section. The assessment of current conditions, as presented in
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Figure 6.26: The occurrence of higher current for ALrat io from 0 % till 50 %. The results
are for DGrat io = 100 %.
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Figure 6.27: The occurrence of higher current for ALrat io from 50 % till 100 %. The results
are for DGrat io = 100 %.

this section, can be enabled by collecting and processing average current or power
measurements from metering points at network users POCs. The measurements



132 DATA APPLICATIONS

as 15 min. average current values should be accessible with the smart metering
infrastructure as proposed in the NTA 8130 standard [62] and, with a priori knowledge
of the LV network topology, can be utilized to enable the assessment of the current
conditions in LV feeders.

The measurements from smart metering infrastructure can be combined with
current measurements at each LV feeder and with LV bus-bar voltage measurements.
The data concentrators for smart metering infrastructure can be located in the MV/LV
substation, depending on the technology used, ergo the data processing could be done
locally to prevent unnecessary data transfers during normal operation. Only status
messages could be transmitted to DSO on regular basis. A threshold could be set
(e.g., if I f > 200 A) to notice the DSO operating the network about possibility of
overloads occurrence. The preventive actions can be undertaken, before operational
limits of exposed network components would be reached.

The proposed approach is applicable in a similar manner to MV distribution, where
the measurements from LV level can be used to estimate the current conditions in the
MV part of the network.

6.5 Conclusions

The developments in distribution automation are considered to unlock new network
functions at the distribution level. Therefore, applications of data, measurements and
advanced distribution assets are presented in three sections of this chapter.

In 6.2 is discussed the application of OLTC in IDS to induce DR. The advancements
in distribution network automation in the future, such as the development of IDS,
will unlock opportunities for new applications, which can be utilized by distribution
network assets. For instance, as the on-line voltage control can take a commonplace
in distribution networks, new applications can widespread. Therefore, in this section,
the use of on-line voltage control, which is made available with IDS, is proposed to
enable DR application at distribution level. The proposed DR can be used for instance
to support system balancing, as presented also in this section.

The proposed DR application can function in the network without jeopardizing of
its initial goal to improve supplied voltage quality. Nevertheless, it is estimated that the
DR potential can be significant for a high IDS penetration in power system and it can
have significant impact on called imbalance volumes.

The proposed DR will be available as a share of the total load supplied by IDSs in
the system. The higher the IDS penetration level (the higher the share of total load in
the system supplied by IDSs), the lower the utilization factor of induced DR actions at
an individual IDS will be required. As the proposed technique is based on voltage level
changes at IDS, the higher the IDS penetration level, the smaller the voltage adjustments
required to meet the calls for imbalance volumes. The average voltage fluctuations,
due to IDSs participating on system balancing, will be much smaller than the currently
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observed voltage fluctuations in the distribution networks. The voltage fluctuations,
due to load variations in the network, will be mitigated by IDS. Ergo, network users
will experience improved voltage quality despite IDS provision of DR to support system
balancing. It is shown, that with higher IDS penetration levels, the required average
voltage adjustments will have only an imperceptible effect on connected network users.

The implications of the proposed DR application on distribution network losses are
only negligible and relative changes < 2 % of current distribution network losses can
be expected.

The proposed system respects the presumption that at any moment, during a normal
operation, all connected network users are supplied with voltage level in accordance
to the standard for supplied voltage quality. Nevertheless, this assumption could be
overridden during emergency events, when higher voltage deviations would be justified.
In this case, the proposed DR application would be able to provide response to even
larger imbalance calls.

The proposed application has some unique characteristics, especially it will be
available round-the-clock and with a dispatch speed limited practically only by the
means of applied communication and power electronics. The service provision is also
symmetrical (for both up-regulation and down-regulation) and can be changed instantly
or kept active throughout many subsequent PTUs. The service availability is predictable
as it follows daily load patterns and the availability can be more precisely assessed
based on local network users load data. The proposed application can have a very high
reliability, because it depends on many IDSs coordinating simultaneously their voltage
adjustments in incremental steps. In case of a failure of some IDSs, the required DR
could be fulfilled by additional adjustment of remaining IDSs in the system. The high
reliability of the proposed DR approach is essential for a successful integration into
power system operation.

As more challenges can be expected in the future in the area of power system
balancing, the proposed concept could contribute to better integration of intermittent
power generation in the power system. Since developments in substation automation
will make the provision of the proposed service possible, this resource shall be
considered, because it can profoundly increase the amount of readily available
operating reserves in power systems. The proposed DR application could help in
rationalization of power system operation and in reduction of called imbalance volumes
in the system.

Note, that the application of CVR techniques is sometimes accompanied with some
controversy about its feasibility and magnitude of achievable load response. Although
the results presented in 6.2.1 are comparable with recent work, as presented in
table 6.1, additional simulations were done to present more comprehensive results
to support the proposed DR application. To address the concerns related to the
applicability of the CVR technique, results presented in 6.2 are evaluated also under
the assumption, that the load response ratio is only 50 % of the measured one, as
presented in 6.2.1. Additional results are presented in Appendix B.
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In 6.3 is proposed application for electricity theft detection in distribution networks.
The problem of illegal abstraction of electricity is not unique for the Netherlands, but is
common in many countries worldwide. Nevertheless, it is a complex phenomenon with
many aspects and with a certain social and law enforcement dimension.

The application for detection of illegal abstraction of electricity presented in this
section exploits the data available from the smart metering infrastructure. The
presented application not only indicates the presence of illegal abstraction of electricity
in the network, but it distinguishes itself from other proposed methods by the possibility
to identify the location, where the illegal abstraction takes place. Based on evaluation
of measurement uncertainties and their impact on the detectable illegal abstraction
of electricity, it is pointed out, that with the current smart metering infrastructure in
the Netherlands, the most common source of illegal abstraction of electricity could be
detected within a day. The proposed application was also experimentally verified in a
field test in the distribution network of one of the Dutch DSOs.

Although, the potential to reduce the non-technical loss in the network is large,
a prudent approach in estimation of the real benefits shall be undertaken. For
instance, the potential reduction of losses related to the illegal abstraction of electricity
with advanced detection techniques in range of only 25 % is expected in United
Kingdom [145]. Therefore, a low level of non-technical loss in a very efficient power
system can be acceptable in a case, where the cost related to the fight of the perpetrators
in the network are higher than the achievable benefits for genuine network users.

In 6.4 is presented the application of heavy load assessment in distribution networks,
which is based on exploitation of measurement data from smart metering infrastructure
in LV network.

The presented case studies demonstrated that a combination of new forms of
additional loads (ALs) and DGs can result in high current conditions (congestions) in
LV network. In a severe case, the high current conditions could lead to overload of
distribution network components for high penetrations of ALs. It is noted that high
current conditions are nowadays not very probable in LV network in the Netherlands,
as the penetration levels of DGs and ALs is still relatively low. Nevertheless, with a high
penetration of ALs in the network, congestions in the LV network can occur.

Therefore, an application exploiting measurement data from smart metering
infrastructure is proposed to assess the current conditions of exposed components
in the network (feeder sections), which are not directly measured. The proposed
application can provide better insight into the operation of LV networks, which can
be then reliably operated close to their operation limits and can allow assessment of
connection availability to new form of loads connected by network users.



CHAPTER 7
Conclusions, contributions and

recommendations

This chapter gives conclusions on the work presented in this dissertation. Also a
review of main achievements and contributions within this work is given. Advancing
the knowledge is a never-ending task, therefore some recommendations for future work
are discussed.

7.1 Conclusions

The demands on our aging power system infrastructure are changing. The sustainability
agenda implies unprecedented changes in our power system at different levels and
especially with implications on the electricity distribution. The distribution network
is going to be challenged by the need of accommodating many new developments as
many network users are going to change their roles from only consumers to producers
of electricity. Especially decentralized generation together with the shift towards
electro-mobility are among the key drivers for distribution system operators (DSO)
to search for new technical alternatives applicable alongside their current distribution
network assets.

The distribution networks of the future have to be therefore as flexible as possible in
implementing a variety of new (and even unforeseen) developments connected to them.
The network shall be also monitored to recognize possible operation states, which can
jeopardize its reliability and quality of service provision.

The work presented in this dissertation provides new perspectives in flexible
distribution network operation. The possible application of data and advanced
network technologies were analyzed to enhance distribution network performance. The
expected requirements and functionality of the network are assessed. As a consequence
of it, it is recognized that more insight into the network operation and provided quality
of service is needed. The network users connected to the network require certain
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quality of supplied voltage which needs be monitored by a DSO. The evaluation of
required measurements and their locations in the distribution network is assessed to
support reasonable investment in the monitoring system. Substation automation as a
technological alternative applicable within the regulatory framework of Dutch DSOs is
analyzed to increase the hosting capacity of the distribution network and to actively
improve service quality.

In this work is demonstrated that the performance of current network can
be improved with proposed applications, which include on-line voltage control
in distribution network and utilization of measurement data from the sensing
infrastructure. Many applications intended for the distribution network are mostly
single-purpose technologies. Many new opportunities for their utilization can be found
if applied in the currently passive networks. Some of them are demonstrated in this
dissertation. It is shown, that enhanced network functionality can be achieved with
new assets in the network. New synergies, e.g., in system support, stemming from the
distribution network are found and their impact on the power system is quantified.
The distribution network is an inevitable part of the future power system vision which
has to also advance to materialize it.

7.2 Dissertation contributions

The main contributions of this work can be summarized as follows:

• By using the AHP technique, the requirements at the functionality level of the
current and the future distribution network are characterized with the focus on
MV/LV distribution substations. The fulfillment of the expected functionality by
the available technological alternatives is evaluated and the applicability of them
in the context of Dutch regulatory framework is assessed.

• The application of on-line control at MV/LV substations is proposed for voltage
level conditioning in presence of a high penetration level of distributed generators
in the network. The evaluation of different control strategies is presented and the
implications for the LV as well as for the MV network are quantified to derive the
most applicable control strategy.

• It is shown, that the currently used methodology for prediction and
characterization of residential network user load has its limitation and it can be
improved. An improved methodology for characterization of load profiles based
on field measurements is proposed and evaluated to improve the accuracy of
simulations on distribution networks.

• The propagation of power quality phenomena (harmonic distortion and flicker)
in the Dutch distribution network is assessed. The most suitable locations
for measurement placement are proposed to provide a DSO with an sufficient
overview about the distortion levels in the network.
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• A new application of the on-line voltage level control at the MV/LV substation to
manage demand is proposed. It is pointed out that the accessible capacity with
this application can reduce system imbalances in a power system without severe
impact on distribution network losses and on the provided quality of service
to network users. In addition, the proposed application has some particular
characteristics, which would enable its reliable integration into the power system.

• A new application exploiting the data from the smart metering infrastructure for
detection of illegal abstraction of electricity is proposed and tested. Distinct
for this application is the use of measurements already available with the
currently installed smart meters in the Netherlands without additional hardware
requirements. Unique for this application is the localization capability of the
connection with illegal abstraction of electricity in the network.

• An advanced application exploiting measurement data from smart metering
infrastructure is proposed to assess the current condition in the distribution
network. The probability of a high loading occurrence in the presence of emerging
technologies in the LV distribution network is presented. The proposed data
application uses available data from the smart metering infrastructure to deliver
information about assets not directly measured, but prone to experience a heavy
loading conditions. This application increases DSO’s insight into the assets
utilization during the operation of its distribution network.

7.3 Recommendations for future work

This work answers the main research questions, but other important questions are
raised. The operation of the distribution network can be managed from the perspective
of the Distribution System Operator (DSO) as addressed in this dissertation. However,
a DSO operates its distribution network in regulated environment and interacts with
other entities to comply with the demands of connected network users. Therefore, the
considerations on the interaction between a DSO, other entities and network users in
the network can be further investigated in several perspectives:

• The area of incentives design to encourage sufficient network user involvement
to ease operation of distribution network should be examined. There can be
conflicting objectives of different entities in the system, which can have impact
on reliable operation of the network. In addition, challenges and limitations in
terms of enabling technology, e.g., requirements on communication, should be
addressed. The collaborative voltage level coordination including local resources
in combination with the proposed approach in chapter 4 is an example where
new effective synergies could be found.
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• Special attention shall be given to the implications related to the proliferation of
electro-mobility, which is dynamically developing [165] and is able to present
new opportunities for the system operation. Many issues could arise if the
shift towards electro-mobility is not managed with a comprehensive vision,
nevertheless many issues could be solved when the potential offered by this
emerging technology is embraced in depth, such as the vehicle-to-grid application.

• The proposed application of use of distribution network assets with the aim to
support system balancing in 6.2.4 can be examined together with the other means
for balancing and demand management. The combination with other means of
system support provisioning can be assessed at the technical as well as at the
economical level.

• The measurements related to power quality can provide DSOs with insight about
the distortion levels in the network. However, additional measurements can be
considered to improve DSOs awareness of the network operation, to provide input
for distribution network state estimation and to enable distribution network state
prediction.

• The connection of single-phase DERs, and DGs in particular, in the three-phase
LV network can alter the voltage profile in the distribution network and not
only in the connected phase. Due to the spacial allocation of the single-phase
installations, the aspects of distribution network operation to attenuate voltage
unbalances and to coordinate DER connections could be investigated further.

• Incentives for DSOs, new business models and the economic impact of proposed
applications in chapter 6 should be analyzed. As their technological maturity
progresses, the benefits of proposed applications can be reasonably assessed and
weighted against the deployment cost to reduce the uncertainty for investment. A
thorough economic analysis of proposed applications could be done in the future
as an extension of this work.



APPENDIX A

Transfer coefficients

A.1 Flicker propagation

The network parameters and examples for the flicker propagation estimation presented
in 4.6.2 is detailed.

The values for the flicker propagation as in equation 4.11, the network parameters
as in table A.1 are used. The transfer coefficient for the flicker propagation
upstream to the LV bus-bar form POC(30), located in the middle of the LV feeder is
denoted as T POC(30)→LVbus−bar

Pst
and detailed in equation A.1. The typical LV feeder has

length l = 500 m, therefore the lPOC(30) = 250 m is assumed.

T POC(30)→LVbus−bar
Pst

=

�

�

�

�

ZMV + Zt r

ZMV + Zt r + Zca · lPOC(30)

�

�

�

�

=

�

�

�

�

0.00492+ 0.01848i 

0.00492+ 0.01848i + (0.214+ 0.079 ) · 0.250

�

�

�

�

= 0.274

(A.1)

The Pst value for a flicker source in the network, can be estimated as in equation 4.8.
The numerical example for PPOC(60)

st is provided in equation A.2. The reference values
from table A.1 are used. The voltage drop is estimated based on equation 4.2, where a
motor start-up with inrush current Iir = 3 · 16 A and start-up power factor PF = 0.4
is assumed.

PPOC(60)
st = 0.337 · F · r

1
3.2 ·
�

∆U POC(60)

U POC(60)

�

· 100

= 0.337 · 1 · 1
1

3.2 · 1.219

= 0.654

(A.2)
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Table A.1: The variables used for estimation of the flicker propagation in 4.6.2.

Notation Value Description and comments

ZMV 0.00032+ 0.00318  Ω
MV network impedance, based on
Sk,MV = 50 MVA

Zt r 0.0046+ 0.0153  Ω
Impedance of the 400 kVA MV/LV
transformer

Zca 0.214+ 0.079  Ω · km−1
LV feeder impedance, based on
A = 150 mm2 (Al), four-core
(PEN)

F 1 The waveform shape factor [27]

r 1 n.repet i t ions ·min.−1
The repetition rate of distorting
source, e.g., number of repeated
motor start-ups

A.2 Harmonic propagation

The propagation of harmonic distortion in LV networks is influenced by the
frequency dependent characteristics of network components. The transfer coefficients
for T POC→LVbus−bar

u1
are based on distribution network parameters, as presented in A.1.

For higher frequencies, the evaluation is more complex as all network components
are frequency dependent. Therefore, the model of LV distribution network with same
parameters as in A.1 was build in commercial software DIgSILENT PowerFactory, where
a current source with I = 48 A = I5 was used to simulate the distortion source to

estimate
∆uLVbus−bar

5

uLVbus−bar
5

and
∆uPOC

5

uPOC
5

values for different locations in the LV network. The

parameters were recorded and the transfer coefficients T POC→LVbus−bar
u5

were estimated
for different POCs in the network. The results are presented in table B.2.
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Table A.2: The estimated values of
∆uLVbus−bar

5

uLVbus−bar
5

,
∆uPOC

5

uPOC
5

and resulting T POC→LVbus−bar
u5

used in

figure 4.15.

POC
∆uLVbus−bar

5

uLVbus−bar
5

∆uPOC
5

uPOC
5

T POC→LVbus−bar
u5

SS-LV 1.97 % 1.97 % 1.00
POC(1) 1.97 % 2.18 % 0.90
POC(2) 1.97 % 2.40 % 0.82
POC(3) 1.97 % 2.63 % 0.75
POC(4) 1.97 % 2.85 % 0.69
POC(5) 1.96 % 3.08 % 0.64
POC(6) 1.96 % 3.30 % 0.59
POC(7) 1.96 % 3.53 % 0.56
POC(8) 1.96 % 3.76 % 0.52
POC(9) 1.96 % 3.99 % 0.49
POC(10) 1.96 % 4.22 % 0.46
POC(11) 1.96 % 4.45 % 0.44
POC(12) 1.96 % 4.68 % 0.42
POC(13) 1.96 % 4.91 % 0.40
POC(14) 1.97 % 5.19 % 0.38
POC(15) 1.97 % 5.43 % 0.36
POC(16) 1.97 % 5.67 % 0.35
POC(17) 1.97 % 5.91 % 0.33
POC(18) 1.97 % 6.14 % 0.32
POC(19) 1.97 % 6.38 % 0.31
POC(20) 1.97 % 6.62 % 0.30





APPENDIX B

Demand Response with IDS

As pointed out in 6.5, the results from 6.2 are also evaluated under the assumption
that the load response ratio is only 50 % of the measured one, as presented in 6.2.1.

Under this assumption, the imbalance duration curves of remaining imbalance
volumes per PTU for certain penetration level of IDS in the system can be contrasted too
with the original imbalance data for the Netherlands in the year 2012. The results are
presented in figure B.1. Note that the available provision of proposed DR is proportional
to the load supplied by IDS (to the penetration level of IDSs in the system) and to
the load response ratio of the supplied loads, therefore differences can be observed in
comparison to results presented in figure 6.11.

Also the total amount of the available DR capacity depends on IDS penetration
level in the system and on PUrat io. The DR availability is time dependent. Therefore,
also the utilization of available DR to support power system balancing depends on
considered PUrat io and on the coincidence of called imbalances in the system. Based
on the called imbalance volumes in the Netherlands in the year 2012, the utilization
factors for different DR penetration levels in the system can be estimated for 50 % of
the measured PUrat io, as discussed in 6.2.1. The results are presented in figure B.2.
The available DR capacity is smaller with reduced PUrat io, ergo results in a higher
utilization of the available capacity for DR, as in figure B.2 compared with utilization
factors presented in figure 6.12.

The results related to the capacity factor reduction of called imbalance volumes
in the Netherlands in the year 2012 for assessed IDS penetration levels are presented
together with the magnitude reductions of called imbalance volumes in table B.2. The
results are estimated for assumption, that loads respond to applied voltage change only
with 50 % of the measured PUrat io, as discussed in 6.2.1.

The resulting distribution network losses related to the examined DR provision
and participation on system balancing are presented in figure B.3 and the numerical
values are given in table B.1. The results in figure B.3 can be compared with results
in figure 6.13. The available capacity to provide DR will be utilized more for system
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Table B.1: The overview of relative changes of distribution network losses related to the IDS
operation and supporting system balancing. The results are based on imbalance volume data
for the Netherlands in the year 2012. The results are depicted for all IDS penetration levels
considered in the system with assumption, that loads respond to applied voltage change
only with 50 % of the measured PUrat io, as discussed in 6.2.1.

IDS penetration level
Relative change of distribution network losses

Up-regulation Down-regulation Total

1 % 3.17 % -5.20 % -2.04 %
5 % 2.13 % -3.19 % -1.07 %
10 % 1.39 % -1.83 % -0.44 %
20 % 0.58 % -0.59 % -0.01 %
30 % 0.23 % -0.19 % 0.04 %

Table B.2: The overview of reduction capabilities of the proposed DR for supporting system
balancing. The results are based on imbalance volume data for the Netherlands in the
year 2012 and with assumption that loads respond to applied voltage change only with 50 %
of the measured PUrat io, as discussed in 6.2.1.

IDS penetration level
Magnitude reduction Capacity factor reduction

Up-regulation
Down-

regulation
Up-regulation

Down-
regulation

1 % 0.59 % 0.75 % 6.51 % 8.62 %
5 % 2.97 % 3.73 % 26.96 % 34.55 %
10 % 5.95 % 7.46 % 46.21 % 56.82 %
20 % 11.89 % 14.92 % 71.35 % 81.59 %
30 % 17.84 % 22.38 % 85.07 % 92.31 %

balancing when reduced 0.5 ·PUrat io is considered. As a consequence, higher changes in
distribution network losses related to individual calls for DR provision could be observed
even for higher penetration levels of IDS in the system.

The results presented in this section demonstrate, that despite the reduced PUrat io
assumed in the evaluation, the proposed DR can have notable implications on power
system balancing as it can help to reduce significantly the called imbalance volumes and
magnitude of the called imbalance volumes in the system.



DEMAND RESPONSE WITH IDS 145

0 10 20

−200

−100

0

100

200

Im
b
a
la
n
c
e
v
o
lu
m
e
[M

W
h
/
P
T
U
]

0 1000 2000 3000 4000 5000 6000 7000 8000 8760
Duration [h]

 

 

     Original Imbalance

  1 % penetration level

  5 % penetration level

10 % penetration level

20 % penetration level

30 % penetration level

Figure B.1: Original imbalance volumes duration curve based on the data for the
Netherlands in the year 2012 contrasted with the remaining imbalance volumes duration
curves after deployment of available DR to support system balancing. The results are
depicted for all IDS penetration levels considered in the system with assumption, that loads
respond to applied voltage change only with 50 % of the measured PUrat io, as discussed
in 6.2.1.
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Figure B.2: The utilization factors of available DR provided by IDSs in the system and
participating of system balancing. The values are estimated for the imbalance volumes
in the Netherlands in the year 2012 separately for ∆P I M2012

down,util and ∆P I M2012
up,util for all assessed

penetration levels of IDS in the system, assuming 50 % of the measured PUrat io, as discussed
in 6.2.1.
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Figure B.3: The estimated relative changes of distribution network losses for different
penetration levels of IDSs in the system providing DR for system balancing. Based on called
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results are given for all IDS penetration levels considered in the system with the assumption,
that loads respond to applied voltage change only with 50 % of the measured PUrat io, as
discussed in 6.2.1.
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List of acronyms

Acronym Meaning

AC Alternating Current
AHP Analytic Hierarchy Process
Al Aluminium
AL Additional Load
Alt. Alternative
AM Asynchronous Motor
AMR Automated Meter Reading
c Criterion
Cu Copper
CWI "Centrum Wiskunde & Informatica"
DER Distributed Energy Resource
DG Distributed Generation
DL Distorting Load
DR Demand Response
Dyn Winding connection: 4 primary, wye secondary with n-wire
ECDF Empirical Cumulative Distribution Function
ENTSO-E European Network of Transmission System Operators for

Electricity
EU European Union
HV High Voltage
h Hours (time)
IDeaNeD Intelligent and Decentralized Management of Networks and

Data
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Acronym Meaning

IDS Intelligent Distribution Substation
IOP EMVT "Innovatiegerichte Onderzoeksprogramma’s

Elektromagnetische Vermogenstechniek"
K-S Kolmogorov-Smirnov (test)
LV Low Voltage
M Million
MCDA Multi-Criteria Decision Analysis
min. Minute
MV Medium Voltage
NL The Netherlands
NOP Normally Open Point
NTL Non-Technical Loss
OLTC On-Load Tap Changer
PF Power Factor
POC Point Of Connection
PQ Power Quality
PTU Program Time Unit
pu Per-Unit
PV Photovoltaic
s Second(s), a sixtieth of a minute of time
SAIDI System Average Interruption Duration Index
SAIFI System Average Interruption Frequency Index
THD Total Harmonic Distortion
TSO Transmission System Operator
USA United States of America
V2G Vehicle to Grid
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List of symbols

Symbol Meaning Units

A Answer matrix for AHP –
A Cross section area mm−2

ALrat io AL ratio in the network %
CR Consistency Ratio –
cosϕ Power factor –
DGrat io DG ratio in the network %
F Shape factor of the voltage waveform –
f Grid frequency Hz
GP LV

st
Maximal global contribution of LV loads to P LV

st –
I Current A
Iia,min Minimal detectable current due to illegal

abstraction of electricity
A

Iir Inrush current A
I POC
max Maximal current at a POC, set by a protection at

POC
A

ISS−LV
max Maximal current of a feeder, set by a protection

in the MV/LV substation
A

l Length m
n.AL Number of Additional Loads –
n. f eeders Number of LV feeders –
n.POCs Number of POCs in the LV network –
n.resp Number of responses –
NC Number of choices (objective functions) –
P Active power W
PT Us Number of PTUs –
PDG Power output for a DG W
Pia,min Minimal detectable power due to illegal

abstraction of electricity
W

Pinst Installed capacity W
Pl t Long-term flicker severity –
Pm Rated mechanical power W
Pst Short-term flicker severity –
PUrat io Load response ratio –
∆Pred Reduction factor of called imbalance volumes pu
∆Pdep Deployed DR with IDS pu
∆Putil Utilization factor of the available DR pu
Q Reactive power var
R Electrical resistance Ω
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Symbol Meaning Units

RI Random index –
S Apparent Power VA
SPOC

max Maximal power demand accessible by a network
user at POC

VA

S′′q Short-circuit power VA
S t r Transformer rating VA
r Repetition rate min−1

RI Random Index –
T Transfer coefficient –
t Time instance –
TPMV (1)→MV (2)

st
Flicker transfer coefficient from a MV node 1 to a
MV node 2

–

TP
POC←LVbus−bar
st

Transfer coefficient of Pst from LV bus-bar to a
POC

–

TuMV (1)→MV (2)
5

Transfer coefficient from a MV node 1 to a MV
node 2 for u5

–

U Voltage (rms, if not indicated otherwise) V
uε Uncertainty of a measurement –
Uc Declared supply voltage level V
U LVbus−bar

down Available voltage decrease with OLTC pu
uh Harmonic voltage, where additional number can

indicates specific harmonics
%

UMV,max Maximal MV voltage which can be mitigated by
OLTC

pu

UMV,min Minimal MV voltage which can be mitigated by
OLTC

pu

Un Nominal voltage level V or pu
Utap Voltage level related to the OLTC tap position pu
UTR,max Maximum OLTC voltage (from manufacturer) pu
UTR,min Minimum OLTC voltage (from manufacturer) pu
U LVbus−bar

up Available voltage increase with OLTC pu
wi Weight factor of i criterion –
wi, j Weight factor between i, j criteria –
X Electrical reactance Ω
Z Impedance Ω
σ Standard deviation –
∧ Logical conjunction –
∨ Logical disjunction –
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List of indices

Index Meaning

ag g Aggregated
AL Additional Load
avg Average value
c Declared
cc Connection Cable
cs Cable Section
depl Deployed
DG Distributed Generation
down Down-regulation
est Estimated
f Feeder
g Generator
ia Related to Illegal Abstraction of electricity
I DS% Penetration level of IDS
I M Imbalance
inst Installed
loss Technical Loss
l t Long-Term
LV Low Voltage
LVbus−bar

Substation LV bus-bar

max Maximum value
MV Medium Voltage
MV (1)→MV (2) From node MV(1) to MV(2)
n Nominal
N Neutral (wire in four-wire system)
net Network
POC POC
POC→LVbus−bar

Direction from POC to LV bus-bar

POC←LVbus−bar
Direction from LV bus-bar to POC

rms Root Mean Square
st Short-Term
SS−LV Substation (LV side)
tap Related to Tap position of OLTC
t r Transformer
up Up-regulation
util Utilization
U Arithmetic mean of e.g., U
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