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Abstract

At present, the energy transition is increasingly being driven by the integration of renewable energy
into the grid. However, this weather-dependent energy generation imposes challenges to the sys-
tem operators since the deviations between the forecasted and the actual generation keep increas-
ing due to this intermittent generation. Moreover, new consumption patterns and the emergence
of new types of loads in the distribution grids, such as heat pumps and electric vehicles, increase
the dynamics and complexity of the power system. Therefore, distribution grids need to become
more active, being able to monitor the real-time changes and controlling the different network ele-
ments.

In this context, operational flexibility is seen by the DSOs as a suitable solution for keeping the
power balance of the system during a specific time period, coping with fluctuations and responding
to variations of electricity supply and demand. For this purpose, the impact of the integration of dif-
ferent flexibility sources in the distribution grid has to be assessed by the DSO in order to overcome
the operational challenges that it is currently facing.

In order to assess the performance of flexibility in a network, this thesis proposes how to model
an active distribution network based on the Dutch standards. Taking as a reference a distribution
grid built on the software Vision Network Analysis, a converter was developed in order to export the
network data to the input data needed in the data matrices of the open-source tool Matpower. The
second step was centred upon the development of controls that simulated the action of different
flexibility sources, applied to the Matpower network. For this research, flexibility from the PV dis-
tributed generation, flexible loads with demand response and short-term flexible storage have been
considered.

With the aim of performing a comparative assessment of the impact of these flexibility sources, the
operating limits of the test network have been simulated under three different demand levels for a
complete day. The base line scenario keeps the demand levels already set for the network, while
the under-scaled scenario assumes a 40% lower demand for the complete day. Additionally, an
over-scaled scenario has been proposed, which considers the expected demand increase for 2030
with the corresponding integration of heat pumps and electric vehicles. In general, higher demand
rates imposed longer undervoltage peaks. Then, the effect of the flexibility sources was assessed by
means of the 1-hour resolution controls. It was found that the voltage regulation performed by the
droop control applied to distributed generators was minimum and not useful for this type of study.
On the other hand, the combination of demand response and flexible storage can deal with all the
voltage deviations beyond the allowed limits. The analysis for each case will depend on the limit set
for the power curtailment by demand response and the size of the necessary flexible storage system
to reach a complete voltage regulation along the network.

This analysis demonstrates the influence of reactive power in voltage control, as well as the influ-
ence of active power in the loading levels of the network branches. Based on these factors and in
order to provide the DSO with operational indicators for the quantification of short-term flexibil-
ity, four indicators have been proposed in order to compare the needs of flexibility between net-
works and the performance of flexibility sources in terms of voltage regulation and loadings of the
branches.
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1
Introduction

The purpose of this chapter is to provide the reader with an overview of the urgency and relevance
of the research carried out in this thesis. With this aim, this Introduction starts with a review of
the literature regarding previous studies in order to assess the academic knowledge on the field of
study and identify the research gaps. Secondly, the research objectives are placed in context and
the strategies followed to meet these objectives are presented. Lastly, the overall research method-
ology and scientific contributions to this research field are highlighted and the report outline is
introduced.

1.1. Motivation

In the past years, several targets have been set in order to achieve a carbon-neutral society. The
commitment of the European Union was set to reduce greenhouse gas emissions (GHG) by 85%-
90% by 2050 with respect to 1990 levels [1], which illustrates the amount of coordinated effort that
will be needed in order to meet this target.

Currently, renewable energy sources (RES) are leading the energy transition, especially by means of
the integration of solar and wind energy into the grid. However, the increase of weather-dependent
energy generation poses challenges for obtaining a real-time balance between production and de-
mand. The European day-ahead markets provide generation forecasts, but the deviations of the
actual generation from these predictions are increasing due to this intermittent renewable gener-
ation. Therefore, higher penetration rates of renewable energy sources in medium voltage (MV)
and increasingly low voltage (LV) networks increase the difficulty of the operation of the distribu-
tion networks. Moreover, new types of loads such as heat pumps and electric vehicles are being
integrated in the low-voltage grid level with high energy efficiency targets, imposing challenges to
the distribution system operators (DSOs) for ensuring the prediction of the demand levels in the
network, the reliability of electricity supply and its continuity.

In contrast to transmission networks, most of the distribution networks are radial and designed for
handling unidirectional power flows [2]. However, the growth of distributed generators, the emer-
gence of active consumers (with dual load-generator behaviour) or the presence of new equipment
and services such as smart meters lead to the need of a broader range of solutions to ensure a flex-
ible system and meet the real-time balance [3]. Power system flexibility refers in this context to the
modification of the generation levels or change of the consumption patterns in reaction to an ex-
ternal signal, which could be a price or activation signal, with the aim of providing a service within

1
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the energy system [3]. Power flexibility represents the ability to cope with fluctuations, responding
to variations of electricity supply and demand in a set timely manner [4].

Therefore, distribution grids need to be transformed into more dynamic and complex systems. Tra-
ditional passive distribution networks need to become more active due to the opportunities that
network management can bring to achieve a reliable operation of the power system [5]. In this
context, the concept of active distribution networks (ADN) refers to the network capability of mon-
itoring the whole grid in real time and improve the capacity of low-voltage networks by the control
of distributed energy resources [4].

In order to satisfy the operational requirements imposed by future ADNs, controllable resources
need to be integrated to ease their flexible operation. In this context, operational flexibility would be
able to adapt the operational requirements of the network to the flexible adjustments needed for the
capabilities of the controllable resources, responding to different operational states [6]. Operational
requirements of ADNs include the economic operation, the improvement of the voltage profiles
throughout the network or accommodating the integration of distributed generators [6]. In general,
operational flexibility is defined as the ability to keep power balance of a system during a specific
time period.

The major drivers that define the need of flexibility in a power system are the increase of variable
renewable energy sources, mainly wind and solar, outages, the decommissioning of conventional
energy generation, the electrification of the industrial and transport sectors or the allocation of
cross-border capacity between different time horizons [3]. Particularly at the DSO level, the main
concerns focus on the increasing volatility of demand, the increasing levels of behind-the-meter
generation or increasing transmission congestion. Moreover, the increasing introduction of variable
renewable energy (VRE) as distributed generation leads to the so-called flexibility gap, represented
in Figure 1.1 [7], due to two main reasons. Firstly, these VREs are currently taking the market share,
removing conventional power plants from the market. Secondly, VREs also lead to a bigger need of
flexibility due to their inherent variable characteristics [7]. Consequently, new sources will need to
fill the resulting flexibility from the three main network domains: the supply side, the demand side
and the storage side. Flexibility enablers, particularly the grid and markets, will need to facilitate
these new sources of flexibility in order to achieve the transition to higher VRE shares.

Figure 1.1: The emerging flexibility gap [7]
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The time horizon considered also plays a crucial role in the evaluation of flexibility. Since changes in
the system load are not normally monitored for long periods, the focus of the integration of flexibil-
ity in ADNs will be in the short term, which ranges between 15 minutes and 12 hours [3]. However,
measuring the adequacy of the different flexibility sources and the flexibility potential of the overall
system is a challenging task, since it will depend on the behavioural and technical boundaries for
operation of each system agent/component at every moment.

Under this increasing dynamic and complex power system, flexibility would allow to respond timely
to short-term variations of supply and demand. This is why its potential is being considered by the
DSOs for an optimal management the current and future active distribution networks. In this con-
text, the company Phase to Phase, together with their customers, have taken steps towards consider-
ing the integration of short-term power flexibility for the operational analysis of Dutch distribution
networks. From the operational point of view, the potential of flexibility needs to be assessed in
order to release operational challenges for the DSOs, especially the congestion in the transmission
lines, voltage instability or the forecast uncertainty created by the distributed generators and evolv-
ing types of loads. The goal of this thesis is therefore to evaluate the performance of different flexi-
bility sources taking as a case study a synthetic model of a typical Dutch distribution network. The
creation of this test network is created based on real parameters and demand and generation levels
present in a distribution network in the Netherlands, obtained from the available data included in
the Phase to Phase grid models. This standard network aims to simulate voltage stability issues and
congestion problems for the current network state, which could be aggravated in the near future
(i.e. year 2030) and lead to unwanted disruptions and even blackouts.

1.2. Literature review

The need to better understand the impact of operational flexibility on the power system and the
requirements of more flexible resources have led to the broad study of how to quantify their perfor-
mance in different scenarios. In order to build upon these studies, this section explores some of the
relevant flexibility indicators that have been proposed and the commonly used frameworks for car-
rying out a quantitative analysis of operational flexibility. The main focus for this literature review
is the identification of short-term flexibility indicators, which represents the main focus of the flex-
ibility analysis carried out for the subsequent simulations of this research. The section concludes
with the knowledge gaps that this research aims to fill.

1.2.1. Flexibility quantification

Focusing on the contribution of different flexibility sources in distribution grids, several studies
agree that in order to begin a transition to a higher share of variable renewable energy, method-
ologies to assess system flexibility and its impact to the grid will be required [8]. In this research,
operational flexibility focuses on the technical capabilities of the system to modulate the fed power
and energy into and out of the grid, which need to be characterized and classified into suitable flex-
ibility metrics.

The quantification of flexibility would allow us to get a general understanding of the capability of the
power system to respond to predicted and unpredicted changes in a wide variety of time horizons.
The assessment of the metric obtained for the short term will facilitate that the considerations for
the long-term planning process are robust for the increasing integration of VRE sources. From on
the point of view of the operational flexibility of the network, the focus of the flexibility metric will
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be on market-independent indicators, so that the system operator would be able to identify the
technical boundaries and capabilities of the system.

Ideally, the type of flexibility metrics that is being searched would include the following character-
istics [9]:

• To be bale to quantify the ability of the system to respond to changes of the system load,
variable renewable generation or generation outages in the short term.

• To be able to minimize the computational effort and data requirements, respecting the oper-
ational constraints of the system.

• To ensure their applicability across different power systems.

The final goal of these metrics would be the assessment of the flexibility included in a system in the
short term and over an extended period of time, considering the contribution of all the elements of
the system to respond to the net load changes and the flexibility sources integrated into the network.
In this way, the objectives of having sufficient capacity for meeting the system load and having the
ability of meeting short-term net load changes would be achieved.

Apart from the assessment of market-independent indicators, metrics that inform about the per-
formance of operational flexibility across different networks would also be needed. In this way,
a first approach about the suitability of a system to respond to unpredicted generation and load
deviations, as well as the suitability for integrating more flexible resources would be analysed by
the system operator. Focusing on system-wide indicators, Huang et al. [10] propose a quantitative
approach to evaluate the grid flexibility of a whole country. In this case, six quantitative system in-
dicators are proposed for the assessment of the current flexibility of a national power system: grid
reliability, load profile ramp, electricity market access, forecasting systems, proportion of natural
gas in electricity generation and renewable energy diversity [10]. These indicators, shown in Ta-
ble 1.1, are normalised using a min-max normalization method since most of these indicators do
not have a value of comparison.

Indicator Metrics
1. Grid reliability SAIDI, SAIFI

2. Load profile ramp
Rate of worst-case scenario demand increase (MW/h)
normalized by flexible installed capacity available

3. Electricity market access
Capacity of interconnections currently operating and
to be completed (MW) normalized by peak load

4. Forecasting Systems Yes/No
5. Proportion of Natural Gas in
Electricity Generation

Amount of electricity generated by natural gas
in proportion to the total electricity generated

6. Renewable Energy Diversity
Number of renewable energy sources integrated
in the analysed grid

Table 1.1: List of indicators proposed for the flexibility assessment of a national grid [10]

For the study of the indicators shown in the table, the overall grid flexibility score for the country
will be the average of all the 6 indicators. However, the accuracy of the results does not clearly show
the current flexibility performance or its preparedness of the system for the integration of flexible
resources. First, most of these indicators are based on average values taken from yearly collected
data for the specific country when no detailed information is available, such as the SAIDI and SAIFI
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scores for the analysis of grid reliability. Moreover, other indicators considered such as the presence
of forecasting systems are based on a yes-no answer. Finally, the linear normalisation proposed for
each indicator adds difficulty to the comparison between specific power networks. Although this
analysis for a whole country could be extrapolated to smaller-size power networks, no clear conclu-
sions are drawn about a more specific comparison of operational flexibility performance per indi-
cator. However, this general list of factors could be considered as a first approach for determining if
these fields are already integrated into the system considered, which are related to the preparedness
for the integration of flexibility in the system.

For this research, the assessment of operational flexibility within a network is performed from the
point of view of the grid operator. Considering an active distribution network, it is assumed that
the DSO will be able to manage and control different elements and flexibility sources in the network
in order to respond to short-term variations of the parameters of interest. However, the Literature
exhibits a lack of methods for the calculation of quantification regarding the amount, improvement
and change of operational flexibility in ADNs. Usually, the role of the system operator for the eval-
uation of flexibility is related to the planning process with the aim of adapting the current practices
for the measurement of flexibility. In this context, flexibility metrics could identify the time inter-
vals at which shortages of flexible resources are expected to happen and the impact of the change
or addition of flexible resources.

Lannoye et al. [9] highlight the importance of having enough ramping resources in the system that
are able to respond in the time-horizon considered. In particular, the lack of ramping probability
and insufficient ramping resource expectation were analysed in order to assess the regulating ca-
pacity that the system can provide. Predicting the potential deficit of fast flexible resources could
help to understand the flexibility needs of the current system. This study proposes the calculation
of the insufficient ramping resource expectation (IRRE), which measures the system inability of a
power system to respond to the predicted and unpredicted load changes. In this case, the process of
flexibility assessment is data intensive, since a distribution of the available flexible resources needs
to be built for each direction and time horizon [9].

Therefore, since the flexibility should be determined by the technical features of the system com-
ponents and their operation, the resources need to be temporally dependent so that flexibility is
kept among the different resources. Then, the operator will decide how to respond to regulate the
predicted changes in the net load. Lannoye et al. [9] state three steps for the determination of the
amount of flexibility that the network resources can offer, prior to the assessment of technical fea-
tures such as ramp rate constraints. These steps and their respective calculations are shown be-
low:

1. Resource flexibility: availability of the resource to offer flexibility. The upward flexibility, cal-
culated in Equation 1.1, is obtained by multiplying the upward ramp rate RRu,+ by the by the
remaining time to reach stable operation. The start-up time Su of the unit is extracted from
the time horizon considered. Onl i net ,u refers to the binary online variable for each network
resource. Similarly, the downward available flexibility in the network would be calculated by
Equation 1.2.

F lext ,u,i ,+ = RRu,+∗ (
i − (

1− Online t ,u
)∗Su

)
(1.1)

F lext ,u,i ,− = RRu,−∗ i ∗ Online t ,u (1.2)

2. System flexibility: once the assessment of the flexibility provided by each resource is carried
out, a system-wide resource can be proposed. The temporal dependency is kept with the aim
of helping the operator in planning decisions such as unit commitment or economic dispatch,
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considering the whole flexibility capability of all the resources:

F lext ,SY ST E M ,i ,+/− =∑
∀u

F lext ,u,i ,+/− (1.3)

3. Calculation of IRRE: finally, the probability of insufficient flexibility can be calculated as the
cumulative probability of not providing the amount of ramping every point in time. The cal-
culation for insufficient ramping resource probability (IRRP) is performed by Equation 1.4,
which depends on the available flexibility distribution AF Di ,+/− (calculated from the system
flexibility time series). The function IRRP provides the probability of insufficient ramping re-
sources in the network.

I RRPt ,i ,+/− = AF Di ,+/−
(
N LRt ,i ,+/−−1

)
(1.4)

Where N LRt ,i ,+/− denotes the net load ramp in every direction. To conclude, the sum of the
IRRP values over the whole time series provides the insufficient ramping resource expecta-
tion:

I RREi ,+/− = ∑
∀t∈T+/−

I RRPt ,i ,+/− (1.5)

The previous resource and system flexibility indicators focus on the capability of the system to re-
spond to the expected or unexpected changes of the generation of net load. The considerations
of these methods are usually applied to the planning process in the long term, leading to data-
intensive and probabilistic methods. Although Equation 1.1, Equation 1.2 and Equation 1.3 could
be adapted for performing a short-term assessment of the flexibility of the network resources. The
time horizons for short-term flexibility range from real time (0 seconds to 5 minutes), to very short
term (5 minutes to 15 minutes) to short term (15 minutes to 12 hours) [3]. The quantification of the
flexibility included in the short-term time horizon can be assessed by taking into account different
categories, illustrated in Figure 1.2 [3]. The larger the area in the radar chart, the more flexibility can
be provided by the resource.

Figure 1.2: Categorization of flexibility sources [3]
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Where:

• Activation measures how fast the resource can provide the capacity that is indicated in the
specific Technology scale category, which indicates the scale of the technology.

• Direction, up or down depending on the point of power injection.

• Duration, referring to how long the flexibility action can be sustained.

• Time shifting, which indicates that the change of capacity must be compensated with an op-
posite action, typical for storage or demand response.

The analysis of flexibility quantification has focused on measuring the capability of the network
resources to provide flexibility, as well as assessing the system-wide flexibility from the operator
point of view. However, several flexibility metrics have been proposed in order to assess flexibility
resources from the end user point of view. These indicators are normally based on price signals and
economical benefits for the end customer. For instance, demand response has become a field of in-
terest since it includes several aspects that can be quantified, such as energy efficiency, loss of load,
thermal energy lost or the on-site generation consumed. When given a Demand Response action, it
is crucial to know the cost of implementation of this request since a compensation should be given
to the building or household owner by the aggregator or grid operator [8]. For instance, D’Ettorre
et al. [11] investigate the performance of a cost-optimal control strategy for activating demand re-
sponse actions at a building equipped with a heat pump. In this study, the consumption patterns
and operational costs are assessed with the aim of evaluating the suitability of different demand re-
sponse programs, focused on adapting the demand profiles to grid requirements by modifying the
electric load profile of the heat pump [11]. In this case, the hourly electricity price represents an ex-
ternal signal which triggers the demand response request from the grid. The impact of the different
demand response measures is determined with the cost-deviation from the baseline case:

δC f lex =Cα
Dai l y −C r e f

Dai l y (1.6)

where:
δC f lex is the daily flexibility cost-deviation [€]
Cα

Dai l y is the daily cost when added demand response [€]

C r e f
Dai l y is the daily reference cost without demand response [€]

For the assessment of operational assessment, the market implications of each flexibility source
have been neglected. This is why the main focus is on system-wide indicators and the prepared-
ness of the system as a whole to respond to deviations of generation and demand, considering the
short-term time horizon. As already seen, flexibility indicators are often proposed for the long-term
planning process, where data distribution and probability calculations are performed in order to
state the expected system flexibility performance. However, short-term flexibility metrics consid-
ering several variable generation and demand scenarios [12], together with power capability for up
and down regulation [13] should be further extended and considered by the DSO for the reliable
operation of an active distribution network.

1.2.2. Research gaps

The different metrics that have been analysed in this literature review section focus on operational
and system planning indicators for the quantification of flexibility in several time frames and fields
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of application. The flexibility analysis has been found to remain limited for the short-term quan-
tification of the impact of diverse flexibility sources integrated into the grid. Specifically, the focus
on demand response predominates in the recent research from the demand side, but quantification
from the grid side (system operator or aggregator) still needs to be considered.

Another challenge that has been pointed out among the different studies in the Literature is the
data availability and quality, as well as the data formats. In this sense, the comparison across dif-
ferent networks or even countries becomes more difficult when the flexibility potential needs to be
assessed. The lack of sufficient data for the assessment of the current operational flexibility in the
network and for long-term planning studies represents one of the factors that hinders the creation of
standardised metrics for measuring the available and potential flexibility in a power system.

In conclusion, comprehensive short-term operational flexibility indicators that include a detailed
formulation of the mathematical formulation of system-wide flexibility indicators has not been pro-
posed in the Literature. In particular, what is still missing in the ability of assessing is the available
technical operational flexibility as a function of the technical control inputs such as overloadings
or voltage instability signals, and the time-dependent system states [14]. In order to provide the
DSOs with a methodology to evaluate the impact of flexibility resources on a distribution grid, this
research aims to develop insightful flexibility indicators that evaluate the response to the variations
of supply and demand in the short term. These indicators will allow us to compare the needs of
flexibility of different networks, as well as the suitable action of the flexibility sources considered for
each network side: demand, generation and storage.

1.3. Research objectives

As presented in this chapter, the operational challenges of active distribution networks lead to the
need of new tools by the DSOs for short-term decision support. In this context, flexibility appears to
be a potential source for balancing support in the short term. For the assessment of the integration
of flexibility in the network, first the potential flexibility sources need to be modelled and assessed
in the distribution network. Secondly, a qualitative but also quantitative analysis of the impact of
these sources is required in order to prioritize the needed actions and compare the performance of
these sources among different networks.

For this research, the following research objective and research questions have been proposed:

Research objective:
To propose a systematic procedure to assess the impact of different sources of flexibility by a DSO
in an active distribution network.

Research questions:
I) How could a futuristic scenario of a Dutch distribution network be confidently modelled in an
open-source tool for steady-state performance assessment of flexibility?
II) What is a mathematical insightful method to assess flexibility from different sources in future
Dutch distribution networks?

1.4. Methodology

The following research steps have been identified in order to answer the aforementioned research
objectives:
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1. Scope of the research
The first milestone of the project consists in the identification of the desired outcomes of the
research and to delimit the previous knowledge needed. This will be carried out considering
the research questions, which constitute the final goal of the study (Chapter 1).

2. Literature review and evaluation of the state of the art of flexibility quantification
The second step is the review of previous studies regarding the quantification of different flex-
ibility sources by means of different indicators. This work allows to find gaps in the Literature
and to place the research topic in context. Moreover, the principles of power-flow modelling
and the methods of interest need to be reviewed in order to get a proper understanding for
their application in the tools used to develop the test model (Chapters 1 and 2)

3. Model formulation and validation
This step consists in the development of the test network, validating the results for both tools
and identifying the main network components (Chapter 3).

4. Comparative assessment of different flexibility sources
Once the model has been built and tested, the performance of different flexibility sources is
evaluated in terms of voltage stability and loadings of the test network. Voltage controls are
proposed for each flexibility source analysed (Chapter 4) with the goal of determining the
operational limits of the network under the conditions of different case studies and detect the
critical elements of the network (Chapter 5).

5. Development of suitable flexibility indicators and application to different scenarios
The next step is the development of a systematic methodology to compare the flexibility im-
pact in different scenarios that could be used by the DSO. This is done by proposing different
operational flexibility indicators and drawing the required conclusions for the set case studies
(Chapter 6).

6. Conclusions
Lastly, the results from the case studies and indicators are presented and evaluated against the
aforementioned research questions, adding the recommendations for future development of
this research topic and its implications (Chapter 7).

1.5. Scientific contributions of this thesis

Firstly, modelling a standard active distribution network is a topic raising much interest in the field
of power system operation and planning. Most of the models are based on an optimisation nature
and aim to define the benefits that different flexibility options would bring to the increasingly dy-
namic power system. This thesis builds upon the existing power-flow modelling techniques and
contributes to the knowledge of the operational impact of flexibility sources in the future Dutch
distribution networks.

The test model has been extracted from a real distribution grid managed by a Dutch DSO, aiming to
represent a typical distribution network in the Netherlands with regard to its topology, load profiles,
type and length of cables and size of the network elements. Therefore, the conclusions obtained for
this specific case will be applicable to most of the other Dutch distribution grids. Furthermore, this
test network is implemented in the software Vision Network Analysis, developed by Phase to Phase
BV. In order to carry out the necessary simulations, a converter that exports the network data from
Vision to Matpower has also been developed throughout this research. In this way, every distribu-
tion network modelled in Vision can be built and tested in an open-source tool such as Matpower,
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allowing for the integration of additional scenario studies in the model. Contrary to the IEEE Eu-
ropean Low Voltage Test Feeders, usually based on the UK and the USA distribution grid structure
and values, this test network provides a typical distribution grid based on Dutch standards that can
be extended and used for further academic research, as well as subsequently applied to most dis-
tribution grids across the country. In this way, more accurate conclusions can be obtained and the
specifications of the power system in the Netherlands can be better simulated at a national and
regional level.

Large scale validation of the principles in other networks has not been performed due to time con-
straints but it can certainly be a subject of future research adopting the framework implemented.
The selected model for this thesis can be classified under the so-called ’engineering models’, since
it deals with the operational challenges of the system, considering several technical constraints.
Moreover, a sensitivity analysis is performed in order to mitigate the uncertainty of the assumptions
and strengthen the conclusions drawn from the analysis of the case studies.

Regarding the evaluation of operational flexibility, different operating conditions are applied to the
same test network in order to draw insightful conclusions about the net load and renewable gener-
ation change in the network and the suitability of flexible resources. Taking into account the results
from the different case studies, operational flexibility indicators that measure the change severity of
the network variables of interest will be proposed. The main aim of these indicators is to provide a
comprehensive methodology for the cross-network assessment of operational flexibility needs and
the contribution of the flexibility sources integrated into the network.

1.6. Report outline

Once the motivation for this project, the state of the art of flexibility quantification and the research
objectives have been introduced, Chapter 2 provides an overview of the principles of power flow
modelling as well as steady-state control methods in order to provide a knowledge basis for the
subsequent chapters.

The understanding of power flow calculations and the methods used in this research are necessary
to comprehend their application to the tools used for the development of the test network, pro-
bided in Chapter 3. The validation of Matpower based on the software Vision Network Analysis is
performed and the initial results are obtained and explained.

Chapter 4 details the controls that have been developed for the simulation of different flexibility
sources in the test network. Then, Chapter 5 presents several case studies for carrying out a com-
parative assessment of diverse flexibility sources. Different levels of demand and generation are
considered in the network in order to identify its operational boundaries in a futuristic context and
the performance of the analysed flexibility sources, focusing on voltage regulation and congestion
mitigation along the network.

Chapter 6 proposes flexibility indicators that can represent the main results obtained from the case
studies analysed in Chapter 5. A methodology for short-term flexibility quantification is proposed
and these flexibility indicators are compared for the different flexibility sources.

Lastly, the conclusions of this research are presented in Chapter 7, together with recommendations
of future work for further development of this research.
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Modelling of steady-state power flow

Power flow studies, also known as load flow, represent an essential tool in power system analysis.
They are needed for expansion planning, economic scheduling or the control of the current system.
This chapter concisely reviews the main working principles of steady-state power flow calculations,
highlighting the Newton-Raphson procedure to solve the non-linear equations derived from the
load flow problem and applied by the simulation tools used in this thesis. Finally, the main concepts
regarding voltage control through reactive power support are also presented, which will serve as a
foundation for the subsequent development of control methodologies for the integrated flexibility
sources in the network.

2.1. Power flow calculations

Power flow calculations focus on the steady-state analysis of the power system network with the
aim of determining the operating state of the system for a given loading. Power flow calculations
are based on known input variables and consist of determining the voltage magnitudes and voltage
phase angles at each bus, as well as the active and reactive power of every network line and the
system losses [15].

When solving a load flow problem, balanced operating conditions are assumed in the system and a
single-phase positive sequence model is used. It is also important to consider that the power flow
analysis of a three-phase balanced system under steady-state conditions must meet the following
requirements [16]:

• Generators need to supply all the loads and compensate the power losses of all lines. More-
over, they cannot surpass their nominal active and reactive power values.

• Voltage magnitudes of all the buses must be included within the nominal voltage limits.

• Transformers and cables should not be overloaded.

In general, each bus has four different associated variables: voltage magnitude |V|, phase angle δ,
the active (real) power P and the reactive power Q. Moreover, the system buses are classified into
three categories, detailed below. They are also represented graphically in Figure 2.1.

1. Slack or Swing bus: Generator bus which represents the reference bus of the power system
since both voltage magnitude and angle are specified. On the other hand, the active and re-
active power are not controlled: the slack bus will supply the necessary power to have a bal-

11
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anced power system making up for the difference produced by the network losses between
the scheduled loads and the generated power [17].

2. Load bus (P-Q bus): In general, every bus that has no generator is defined as a load bus. They
are called P-Q buses since both the active and reactive power at the bus are known, while the
voltage magnitudes and the phase angle of the bus voltages need to be determined [18].

3. Generator bus (P-V bus): At this bus, also known as ‘voltage-controlled bus’, the real power
and voltage magnitude are specified. Therefore, the phase angle of the bus voltages and the
reactive power are unknown, although the value of the reactive power limits are also set [17].

Figure 2.1: Bus classification in a power system

Therefore, for P-Q buses the voltage angles and magnitudes are unknown, whereas in a P-V bus just
the voltage angle is unknown. A summary of the specified and unknown parameters at each type of
bus can be found in Table 2.1.

Bus type
Specified parameters

at bus i
Unknown parameters

at bus i
PQ Bus Pi & Qi Vi , δi

PV Bus Pi & Vi Qi & δi

Slack Bus
Vi & δi

(usually 1<0°)
Pi & Qi

Table 2.1: Specified and unknown parameters in each bus type [15]

The calculation of the power flows throughout the network is based on a set of non-algebraic equa-
tions. For each line or cable, the series impedance Z and the total line admittance Y are required
in order to determine the bus admittance matrix N x N. The typical matrix element Yi j , which rep-
resents the admittance magnitude between node i and node j is obtained following Equation 2.1
[19].

Yi j =
∣∣Yi j

∣∣∠θi j =
∣∣Yi j

∣∣cosθi j + j
∣∣Yi j

∣∣sinθi j =Gi j + j Bi j (2.1)
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Where θi j is the admittance phase angle between node i and node j, Gi j is the real part of the ad-
mittance between node i and node j (also called conductance) and Bi j is the imaginary part of the
admittance between node i and node j (also called susceptance).

Other information considered includes shunt capacitor ratings, impedances, transformer ratings or
transformer tap settings. Moreover, before the power-flow calculations, initial values of certain bus
voltages and power injections must be known. The voltage at a bus i is represented by:

Vi = |Vi |∠δi = |Vi |
(
cosδi + j sinδi

)
(2.2)

Where |Vi | is the magnitude of the voltage phasor at node i and δi is the voltage phase angle at node
i. The current that is injected at the bus i is represented in Equation 2.3 as the summation expressed
in terms of Yi j of Ybus :

Ii = Yi 1V1 +Yi 2V2 +·· ·+Yi N VN =
N∑

j=1
Yi j V j (2.3)

Therefore, the net active and reactive power injected into the network at bus i, Pi and Qi respec-
tively, can be determined as the complex conjugate of the power injected at bus i [19]:

Pi − jQi =V ∗
i

N∑
j=1

Yi j V j (2.4)

Substituting Equation 2.1 and Equation 2.2 and separating the active and reactive power, the power-
flow equations are obtained. Equation 2.5 and Equation 2.6 provide the calculated net active and
reactive power entering the network at bus i [20].

Pi =
N∑

j=1

∣∣Yi j Vi V j
∣∣cos

(
θi j +δ j −δi

)
(2.5)

Qi =−
N∑

j=1

∣∣Yi j Vi V j
∣∣sin

(
θi j +δ j −δi

)
(2.6)

The aforementioned equations can be solved mathematically by means of different iteration meth-
ods. In this respect, the most common methods used to solve non-linear algebraic equations are
Gauss-Seidel, Newton-Raphson and Quasi-Newton methods. The next subsection discusses the
Newton-Raphson method, performed by the tools used in this research for power system analysis
and power flow simulations.

2.1.1. Newton-Raphson method

The Newton-Raphson method constitutes the most widely used method for solving non-linear al-
gebraic equations simultaneously. It is the most efficient and practical method since the number of
iterations needed to obtain a solution is not related to the system size, but functional evaluations are
performed in each iteration. The basis of this method is the Taylor’s series expansion for a function
of two or more variables [19].

Equation 2.5 and Equation 2.6 constitute non-linear equations formed by independent variables,
phase angle in radians and voltage magnitude in per unit. Each load bus (P-Q bus) is represented
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by their respective Pi and Qi equations, while each voltage-controlled bus (P-V bus) is represented
just by the Pi equation. Expanding Equation 2.5 and Equation 2.6 in Taylor’s series considering the
initial estimate and neglecting the results of higher order terms, a set of linear equations is obtained,
as shown below [17]. In this case, bus 1 does not appear since it is assumed to be a slack bus.

The linearization is given by the Jacobian matrix for the relationship between small changes in the

voltage angle and the voltage magnitude (∆δ(k)
i and ∆

∣∣∣V (k)
i

∣∣∣ respectively) with small changes of ac-

tive and reactive power ∆P (k)
i and ∆Q(k)

i . The elements of the Jacobian matrix will be the partial

derivatives of Pi and Qi , evaluated at∆δ(k)
i and∆

∣∣∣V (k)
i

∣∣∣ [17]. Equation 2.7 shows this notation:

[
∆P
∆Q

]
=

[
∂P
∂δ

∂P
∂|V|

∂Q
∂δ

∂Q
∂|V|

]
×

[
∆δ

∆|V|
]

(2.7)

In the case of P-V buses, the voltage magnitudes are specified. Considering m voltage-controlled
buses in the system, m equations from the Jacobian matrix that involve δV and δQ are neglected.
Therefore, the Newton-Raphson calculation consists of n - 1 active power constraints and n - 1 - m
reactive power constraints [17]. The calculation of each element of the Jacobian matrix is detailed
below, considering the notation from Equation 2.8.

[
∆P
∆Q

]
=

[
J1 J2

J3 J4

][
∆δ

∆|V |
]

(2.8)

For J1, the diagonal and off-diagonal elements are:

∂Pi

∂δi
= ∑

j 6=i
|Vi |

∣∣V j
∣∣ ∣∣Yi j

∣∣sin
(
θi j −δi +δ j

)
(2.9)

∂Pi

∂δ j
=− ∣∣Vi

∥∥V j
∥∥Yi j

∣∣sin
(
θi j −δi +δ j

)
j 6= i (2.10)

For J2, the diagonal and off-diagonal elements are:

∂Pi

∂ |Vi |
= 2 |Vi | |Yi i |cosθi i +

∑
i 6=i

∣∣V j
∣∣ ∣∣Yi j

∣∣cos
(
θi j −δi +δ j

)
(2.11)

∂Pi

∂
∣∣V j

∣∣ = |Vi |
∣∣Yi j

∣∣cos
(
θi j −δi +δ j

)
j 6= i (2.12)
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For J3, the diagonal and off-diagonal elements are:

∂Qi

∂δi
= ∑

j 6=i
|Vi |

∣∣V j
∣∣ ∣∣Yi j

∣∣cos
(
θi j −δi +δ j

)
(2.13)

∂Qi

∂δ j
=−|Vi |

∣∣V j
∣∣ ∣∣Yi j

∣∣cos
(
θi j −δi +δ j

)
j 6= i (2.14)

For J4, the diagonal and off-diagonal elements are:

∂Qi

∂ |Vi |
= −2

∣∣∣∣∣Vi

∥∥∥∥∥Yi i

∣∣∣∣∣sinθi i −
∑
j 6=i

∣∣∣∣∣V j

∥∥∥∥∥Yi j

∣∣∣∣∣sin
(
θi j −δi +δ j

)
(2.15)

∂Qi

∂
∣∣V j

∣∣ =−|Vi |
∣∣Yi j

∣∣sin
(
θi j −δi +δ j

)
j 6= i (2.16)

Regarding the terms ∆P (k)
i and ∆Q(k)

i , they represent the difference between the scheduled active
and reactive power entering the bus i and the calculated values, given by:

∆P (k)
i = P sch

i −P (k)
i (2.17)

∆Q(k)
i =Q sch

i −Q(k)
i (2.18)

The new estimated values for the bus voltage will be:

δ(k+1)
i = δ(k)

i +∆δ(k)
i (2.19)

∣∣∣V (k+1)
i

∣∣∣= ∣∣∣V (k)
i

∣∣∣+∆ ∣∣∣V (k)
i

∣∣∣ (2.20)

In summary, the Newton-Raphson procedure for the power solution starts with a first estimation of
the voltage magnitude and phase angles and the corresponding injected power is calculated. The
correction of the first voltage estimation will be based on the mismatch between the scheduled
and the calculated injected power, obtained by evaluating the Jacobian at the present operating
point and solving the resulting linear equations. The obtained correction vector will be used for a
second estimation of the voltage magnitude and phase angles, and this method will continue until
the injected power mismatch becomes acceptably small [20]. The detailed steps of the Newton-
Raphson method are presented below [17]:

1. For the P-Q buses (load buses), the scheduled values Pi and Qi are specified and the voltage
magnitudes and phase angles are equal to the ones of the slack bus, or equal to 1 and 0 respec-

tively (
∣∣∣V (0)

i

∣∣∣ = 1.0 and δ(0)
i = 0.0). In the case of the P-V buses (voltage-controlled), |Vi | and

the scheduled value of |Pi | are specified, while phase angles are equal to the slack bus angle
or 0 (δ(0)

i = 0).

2. P (k)
i and Q(k)

i are calculated by using Equation 2.5 and Equation 2.6, and ∆P (k)
i and ∆Q(k)

i by
using Equation 2.17 and Equation 2.18.

3. In the case of P-V buses, P (k)
i and ∆P (k)

i are calculated with Equation 2.5 and Equation 2.17,
respectively.

4. The elements J1, J2, J3 and J4 of the Jacobian matrix are obtained from Equation 2.10 to Equa-
tion 2.16.
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5. The simultaneous linear equation expressed in Equation 2.7 is solved by Guassian elimination
or ordered triangular factorization.

6. The new calculated voltage magnitudes and phase angles are obtained from Equation 2.1.1
and Equation 2.20.

7. The procedure is repeated until the differences ∆P (k)
i and ∆Q(k)

i are lower than a chosen pre-
cision index ε> 0:

∣∣∣∆P (k)
i

∣∣∣≤ ε (2.21)∣∣∣∆Q(k)
i

∣∣∣≤ ε (2.22)

2.1.2. Power flow through a line and line losses

Once the iterative solution for the bus voltages has been obtained, the next step is the computation
of the line flows and line losses of the network branches. Considering the line model in Figure 2.2,
the current through the line Ii j measured at bus i is given in Equation 2.23, specified in the positive
direction i → j .

Figure 2.2: Line model to calculate line power flows [17]

Ii j = I`+ Ii 0 = yi j
(
Vi −V j

)+ yi 0Vi (2.23)

Therefore, the line current measured at bus j will have the positive direction j → i and is given by
Equation 2.24.

I j i =−I`+ I j 0 = yi j
(
V j −Vi

)+ y j 0V j (2.24)

The complex apparent power from bus i to bus j Si j and from bus j to bus i S j i can be obtained with
the defined relationships [17]:

Si j =Vi I∗i j (2.25)

S j i =V j I∗j i (2.26)

Finally, the power losses in the line i-j are represented by the algebraic sum of the power flows ob-
tained in Equation 2.25 and Equation 2.26:

SLi j = Si j +S j i (2.27)
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2.2. Voltage control and reactive power support in steady-state

The control of voltage and reactive power represents a crucial issue in the operation of the power
system. Different strategies are evolving due to the characteristics and topology differences between
transmission and distribution systems. In particular, control schemes to avoid a “voltage-collapse”
are becoming increasingly studied in order to achieve a reliable operation of the power system. The
main objectives that are being set for voltage control are [21]:

• To maintain the voltage values at the terminals of all the network equipment within the de-
fined acceptable limits.

• To minimize the congestion at the system lines.

• To minimize active power losses.

Reactive power is essential to deliver active power to the customer through transmission and distri-
bution systems. Elements such as synchronous generators or different types of distributed energy
resource equipment are used as a support for voltage stability through reactive power variations.
However, voltage-support requirements also depend on the locations and magnitudes of the gen-
erator outputs, the type of loads or the configuration of distributed generators in the distribution
system. Since the characteristics of the loads vary, the power requirements in the transmission sys-
tem vary as well. Reactive power can cause the voltage to fall or rise depending on the elements that
are being used for reactive power compensation. It must also be considered that power flow can-
not be transported over long distances due to the consequent power losses, so in this case voltage
control should be applied my means of local devices located throughout the system [21]. At least, a
portion of the reactive power supply should be capable of responding to changing-power demand
quickly in order to maintain the voltage values within acceptable limits.

In real power grids, the effect of active and reactive power injections is evaluated in terms of voltage
and frequency variations. In order to understand the relationship between voltage magnitudes,
phase angles, active and reactive powers, Figure 2.3 graphically illustrates the one-line and phasor
diagrams of a network line. v̄1 and v̄2 represent the phase voltages, and l̄1 and l̄2 the currents at
the line extremes. Assuming that the shunt admittance is neglected, l̄ = l̄1 = l̄2 along the line. As
illustrated, ϕ denotes the angle between l̄1 and v̄2, thus the component of the current l̄ will be
Ii = I cosϕ and Ir = I sinϕ [22]. The line impedance Z̄ is also represented as a function of the
resistance R (real part) and the reactance X (imaginary part).

Figure 2.3: One-line diagram and phasor diagram of a network line [22]

Therefore, the voltage drop∆v̄ = Z̄ ∗ l̄ can be divided into two components, shown in Equation 2.28.
Considering l̄ = Ii − j Ir , ∆u and δu represent the longitudinal and transversal components of the
voltage drop, respectively [22].

∆u = RIi +X Ir , δu = X Ii −RIr (2.28)
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Introducing the active and reactive power into Equation 2.28 considering the relation S̄ =V
(
Ii + j Ir

)=
P + jQ, the voltage drop components become:

∆u = RP +XQ

V
,δu = X P −RQ

V
(2.29)

The previous equation can be simplified assuming R < < X for transmission lines, resulting in the
relationship:

∆u ≈ XQ

V
,δu ≈ X P

V
(2.30)

Therefore, the voltage drop δu is determined by the reactive power flow along the line, while the ac-
tive power affects the phase difference between v̄1 and v̄2 significantly [22]. However, the relation-
ship between these variables is less noticeable for medium-voltage and low-voltage grids, where
lines become more resistive. In these cases, both active and reactive power influence the voltage
components.

The reactive power is always considered to have a direct effect on voltage stability throughout the
network lines. Reactive power injection into a load bus will increase or reduce the voltage depending
on the nature of the load seen by the bus (inductive or capacitive). In the case of an inductive grid,
the assessment of the positive or negative effects of reactive power injection to a load bus would
require a comparison between the consequent line voltage drop and the voltage increase at the bus
due to this injection [22].

Reactive power sources must be coordinated to ensure voltage stability along the network during
all the possible conditions of the power system. This includes plan voltage schedules, transformer
tap settings, load shedding schemes or reactive device settings. Keeping voltage values within the
admissible limits will prevent an increase of reactive power losses, excessive switching of reactors
and shunt capacitors, reducing the reactive power margin for dealing with contingencies or the
probability of voltage collapse.

However, the implementation of devices capable of regulating the reactive power injection in the
network requires effort and involves several stakeholders and devices. First, metering must be
present in order to capture the actual reactive consumption at different points of the power system.
Moreover, grid operators and planners must set in advance the required types and locations that
need reactive power correction. Finally, the reactive power devices must be maintained to provide
a correct reactive power compensation. In this context, resistive distribution loads are more critical
and must be compensated before the transmission reactive compensation takes place. The next
subsection details the working principles of droop control, voltage control method that is mostly
applied to distributed generators for local reactive power support.

2.2.1. Droop control

Frequency and voltage control in power systems can be achieved by means of diverse methods, and
with or without central communication. Control methods that are based on local measurements
and include a proportional frequency and voltage controller show more redundancy and reliable
operation, without the need of a central communication channel [23]. Droop control is the com-
monly used voltage control method through reactive power Q, which consists of a decentralized
control at the programmable generators, performed by their local controllers. This control is cur-
rently applied to programmable and dispatchable generators, despite being a category in which
renewable energy generators are not normally included.
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As introduced in this section, power angle depends mainly on the active power P, while voltage dif-
ference is directly related to the reactive power Q. In other words, the angle δ is controlled through P,
and the voltage U1 can be controlled by regulating Q [23]. These principles form the frequency and
voltage droop regulations, which can be included in the local controllers of the generation units
in order to adjust active and reactive power outputs following specific droop characteristics. Thus,
this type of regulation will change the set point along the respective characteristic according to load
conditions, and modifying the steady-state frequency and voltage errors. This droop control adjust-
ment is represented in Equation 2.31 and Equation 2.32 [24]:

f − f0 =−kp (P −P0) (2.31)

U1 −U0 =−kq (Q −Q0) (2.32)

where:
f0 and U0 refer to the nominal values of frequency and grid voltage, respectively
P0 and Q0 are the inverter set points for active and reactive power
kp and kq are the frequency and voltage droop control characteristics, representing the negative
slopes

The previously mentioned droop control characteristics and their relation to the frequency and volt-
age variables included in the equations are shown graphically in Figure 2.4.

Figure 2.4: Droop control characteristics of frequency and voltage [23]

The main objective of this control, when applied to distributed generators, is to keep frequency and
voltage at appropriate levels for given values of P and Q based on predefined droop characteristics
[25]. The slope of the droop characteristics defines until which threshold the programmable gen-
erators can share power among them and the ability to bring frequency and voltage back to their
nominal values.





3
Development of an open test model of an

active distribution network

Chapter 2 outlined the key concepts regarding power flow calculations and concisely reviewed the
Newton-Raphson procedure, used for solving the power flow problem in the selected power sys-
tems simulation tools for this research: Vision Network Analysis v9.1 and Matpower v7.0. Matpower
was selected in addition to Vision since it represent an open-source tool that performs steady-state
power flow calculations in the same way as Vision. Additionally, this chapter first presents how each
of these tools adapts the mathematical models of power flow calculations for the subsequent de-
velopment of the test network used in this thesis. Secondly, the validation of the model developed
in Matpower based on the power flow results obtained with the model implemented in Vision is
performed. Finally, the first results with the test network are obtained without the integration of
flexibility with the aim of illustrating that power flow calculation results match for both tools. The
impact of the different flexibility sources on the network operation will be presented in Chapter
5.

3.1. Power flow calculations in the tools Vision and Matpower

After having stated the theory behind power flow calculations, the main aim of this section is to
further explain how Vision Network Analysis and Matpower treat and implement these concepts for
obtaining the power flow results. For this purpose, a first introduction of each tool is presented, as
well as the modelling considerations of each network element. A particular emphasis is placed on
the input parameters needed and calculations performed by Vision Network Analysis, since it is an
industrial tool that has not been previously tested with another open-source tool for power system
analysis.

Before describing the main characteristics of each software separately, a flowchart that illustrates
the input data needed, the steps followed for performing the power flow calculations and the type
of results obtained is represented in Figure 3.1 for both Vision and Matpower. With this compar-
ison, it can be observed that Vision needs less steps for obtaining the results, but both apply the
Newton-Raphson method and use the same type of input data for the analysis of power networks.
The particular features of each tool are detailed in this section.

21
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Figure 3.1: Flowcharts of the the steps followed in Vision and Matpower for the calculation of the
power flow

3.1.1. Vision Network Analysis

Vision Network Analysis is a tool designed by Phase to Phase BV focused on the analysis of transmis-
sion, distribution and industrial networks, and used for power flow calculations, fault analysis and
short-circuit calculations. When modelling the network, a database that includes commonly used
cables, transformers, reactance coils, generators, motors, protection relays and busbar systems is
accessible. The network model is object-oriented and the objects are graphically interconnected in
order to build the desired power system model. The layout of the test network modelled for this
research will be illustrated in the next section of this chapter.

In general, this tool carries out power flow calculations following a regular load flow with the aim
of calculating voltages and currents in all operating conditions. The load flow is solved by using
the typical Newton-Raphson method, following the iterative process that was already detailed in
Chapter 2. This process will stop when it reaches a sufficient accuracy or the solution does not
converge. Vision sets the maximum number of Newton-Raphson iterations to 15 by default, and its
accuracy is defined as the maximum power mismatch allowed in p.u., which is set at 10−5 by default
[26].

Each power system is modelled in Vision using as many equations as nodes in the system. The so-
lution of the iterative process for this set of equations requires the reference of the complex voltage
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at one node, the swing bus. As introduced in the previous chapter, this bus has a specified voltage
value in magnitude and angle. In the standard power flow calculations, the swing bus is integrated
in the external grid, also called the network source. At this bus, the nominal voltage is multiplied by
a reference voltage Ur e f , set by the user. The voltage angle is usually zero, but it can also be modified
by the user [26]. Since the voltage is fixed for the swing bus, the complex power variable is chosen
(P+jQ). Therefore, the difference between the generated power in the network and the demand plus
the network losses will be provided or absorbed by this external grid. The results of the power flow
analysis are directly perceived by the colour indication set in Vision so that possible problematic ar-
eas can be easily identified. The criteria for this colour indication are illustrated in Figure 3.2. Then,
detailed information about each network element can also be accessed and visualised.

Figure 3.2: Colour criteria for identifying abnormal operating conditions in the network [26]

The results from the power flow calculations also present the following sign conventions [26]:

• Branch: positive for a power or current when they flow from the node into the branch.

• Load, motor, coil or battery: positive for a power or current when they are consumed by the
element.

• External grid, wind turbine, PV, generator or capacitor: positive for a power or current when
they are supplied by the element.

Each network component is now detailed in terms of their modelling and parameters that are taken
as inputs for the power flow analysis. In particular, the objects present in the analysed test network
include:

• Nodes

• Branches: cables, links and transformers.

• Elements: external grid, synchronous generator, PV element, load and transformer load.

• Switches, breakers, protections: load switches, fuses, circuit-breakers, short-circuit indicators
and measurement units can be added to the branches and elements.

For each analysed element, a screenshot of an example of the parameters considered in Vision is
added. It is important to highlight that the parameters coloured in blue are the ones that are be-
ing considered for the load flow, while the rest represent additional information for other type of
calculations, such as short-circuit or fault analysis.
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Nodes

Nodes represent busbar systems or stations, connected through branches. Figure 3.3 shows the
node parameters that are considered for the power flow calculations, coloured in blue. First, Unom

represents the nominal operating voltage, which is set for the test network at 10,5 kV for the medium-
voltage level, and 400-420 V for the low-voltage level.

Moreover, all the loads that are connected to a node are corrected by a simultaneity factor, which
represents the fraction of the expected active load connected at the time when the demand peak
occurs, shown in Figure 3.3 as ’Simultaneity of loads’. It is also known as the ‘coincidence factor’,
which can be given for each node. Then, all the loads and transformers loads connected to the node
will be multiplied by the corresponding factor, as illustrated in Equation 3.1 and Equation 3.2.

Pload ,calcul ati on = Si mul t anei t y∗Pload (3.1)

Qload ,calcul ati on = Si mul t anei t y∗Ql oad (3.2)

Figure 3.3: Example of the node parameters in Vision

Branches

In this category, the parameters and modelling logic applied in Vision for links, cables and trans-
formers are further detailed.

1. Link:
Connection between two nodes with the same nominal voltage, and with almost zero impedance.
The link includes a rated current Inom and a maximum short-circuit current Ik [26]. If they are
not specified, the link will be assumed as infinitely strong.

2. Cable:
A cable represents a three-phase connection between two nodes, which also specifies data of
the conductor type. The cable is formed by one or several cable parts in series, as shown in
Figure 3.4. For each cable part, the number of parallel three-conductor cables is defined, as
well as the cable type. This number of parallel cables, the cable length, the defined nominal
current Inom for each cable part and the ampacity factor need to be stated for calculating the
power flow through the cable.
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Figure 3.4: Example of the cable parameters modelled in Vision

Furthermore, the specified cable type includes a more complete set of parameters, found at
Figure 3.5. As mentioned previously, the ones coloured in blue are considered for the load
flow calculation: operational resistance, reactance and capacitance (Rac , X and C ), dielectric
loss angle tan(δ) and specified nominal currents set for the cable type.

Figure 3.5: Example of the parameters of a cable type considered in Vision

In general, the nominal current of the cable depends on the permissible conductor and jacket
temperature. As observed in the cable type parameters, Inom depends on three different val-
ues of the thermal resistivity of the soil G. These values of G will be used in the calculations
to select the maximum current loading. In the case of several cable parts, the weakest will
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determine the cable loading.

Regarding the cable modelling, the so-called pi model is used, illustrated in Figure 3.6 and
already introduced in Chapter 2. This model is valid for cables with a length until 50 km [26].
R represents the resistance, L the inductive reactance, C the capacitive reactance and Rshunt

the shunt resistance.

Figure 3.6: Cable model considered in Vision [26]

In this case, Rshunt is calculated by using tan(δ), specified in the cable type parameters. δ
represents the dielectric loss angle, which measures the ageing of the cable connection. Thus,
tan(δ) depends on the type of insulation, the temperature of the cable and the ageing, among
other factors. The derivation used for calculating Rshunt from the dielectric loss factor tan(δ)
is detailed below, IR being the resistive current component, IC the capacitive current compo-
nent and ω refers to the angular frequency.

3. Transformer:
The transformer connects subsystems that are at different voltage levels. In the test network
used, 52.5/10.5 kV, 10.5/0.42 kV and 10.5/0.4 kV transformers are present. Focusing on the de-
fined transformer parameters in Figure 3.7, Unom,w1 and Unom,w2 are based on the nominal
voltage of the nodes to which each winding is connected, between the 0,8*Unom and 1.2*Unom

for both nodes. Moreover, the minimum, nominal and maximum tap position of the trans-
former are specified. In this case, the minimum tap position refers to the lowest number of
windings, which yields the largest voltage ratio [26]. The nominal apparent power Snom has
also been included in the given parameters in order to indicate a possible overload after car-
rying out the power flow calculations. On the other hand, the relative short-circuit voltage
uk , short-circuit loss Pk , no-load loss Po and no-load current Io are used for analysing short-
circuit and no-loss conditions, respectively.
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Figure 3.7: Transformer parameters considered in Vision

Additionally, the voltage ratio of the transformer depends on the tap side, which is determined
by using the equations [26]:

Tapside w1 :
(
Unom,wl + tap standardised ∗ tapsize )/Unom,w 2

Tapside w2 : Unom,w 1/
(
Unom,w 2+ tap standardised ∗ tapsize )

Finally, the transformer impedance, resistance and reactance are calculated as follows [26]:

Imped ance : Zeq = Uk

100
· U 2

nom

Snom
(3.3)

Resi st ance : RT = Pk /1000

Snom
· U 2

nom

Snom
(3.4)

React ance : XT =
√

Z 2
eq −R2

T (3.5)

Elements

In this category, the parameters and modelling logic applied in Vision for the source, synchronous
generator, load and PV generator are further detailed.

1. Source:
The source is needed for carrying out the power flow calculations since it represents the swing
bus. It is a fictitious network element that supplies the mismatch between generation and
load plus the network losses, also seen as an infinitely powerful network.

In Vision, every network usually has only one source, with a set voltage magnitude and angle.
A reference voltage Ur e f can be used for defining the voltage of the source per unit and it is
calculated as a factor of the nominal voltage of the node Unom to which the source is added
(keeping the same angle as the node) [26]:

|U | =Uref ∗Unom node

The source parameters that are used for the load flow are coloured in blue in Figure 3.8. As
stated, only the reference voltage and the angle play a role in the calculations. Moreover, a
profile can be added, defining an hourly, weekly or monthly behaviour of the external grid.
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Figure 3.8: Parameters considered for the source in Vision

2. Synchronous generator:
In power flow calculations, the synchronous generator can be controlled by the power fac-
tor cos-phi or it can be voltage-controlled. For this research, all the synchronous generators
present a cos-phi control, which sets a defined relation between the real power P and apparent
power S. This is a typical control mode used for generators in Dutch medium-voltage distri-
bution networks. Therefore, the synchronous generator is represented as a negative constant
power load, being the active power Pload and reactive power of the load Qload (assuming a
non-zero cos(phi ) [26]:

Pload =−Pref

Qload =−P∗
ref

√(
1−cos(phi )2

)
/cos( phi ) (capacitive)

Qload =+P∗
ref

√(
1−cos(phi )2

)
/cos( phi ) (inductive)

3. Load:
The load behaviour sets the voltage dependency of the load. In this case, all loads are set
with a ‘constant power’ behaviour, thus 100% constant P and Q. Therefore, the rated power is
always constant, independently of the calculated voltage |U| at the node. In summary:

• If |U| increases, Il oad decreases.

• If |U| decreases, Il oad increases.

Instead of a single load, a transformer load can also be connected to a node. This element
combines a transformer and a load, which is connected at the secondary side of the trans-
former. The needed parameters for the load flow calculations are the combined ones of the
transformer and the load.

Regarding the modelling of the load for the power flow calculations, a subdivision between
constant power (P,Q) and constant impedance (R,X) is made for the real and imaginary part
of the load. A particular ratio between P and R (or Q and X ) is selected, and the voltage
dependence will vary between 0 and the quadratic form:

Pload = P ∗ [ (const.P / 100) + (const. R/100)(|U |/Unom )2] (3.6)
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Qload =Q∗[ (const. Q/100)+ ( const. X /100)(|U |/Unow )2] (3.7)

where:

P, Q represent the load power at nominal node voltage
|U| is the calculated node voltage
Unom is the nominal node voltage
const. P is the constant real power proportion in %
const. Q is the constant imaginary power proportion in %
const. R is the constant real impedance proportion in %
const. X is the constant imaginary impedance proportion in %

Being:
const. P + const. Q = 100%
const. Q + const. X = 100%

4. PV element:
The photovoltaic element represents the generation of electric energy by means of a solar
panel. The needed property is the nominal power of the set of panels, and the irradiation of
the PV element is calculated depending on its location, day of the year and time of the day, as
shown in Figure 3.9. For the power flow calculations, the voltage-dependent behaviour of the
PV element is constant power, as for the loads.

Figure 3.9: Parameters considered for the PV element in Vision
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3.1.2. MATPOWER

Matpower is a Matlab package that aims to solve power flow calculations and optimal power flow
problems. It focuses on standard steady-state models for power flow analysis. The Matpower input
data are introduced by means of a set of matrices, packaged as a Matlab struct, called the Matpower
case file and denoted by mpc. The main fields of the struct is the scalar baseMVA, and the matrices:
bus, branch, gen, and optionally gencost [27]. In general, baseMVA is a scalar value that represents
the system MVA base used for transforming the power input data into per unit quantities. Each row
from the matrices corresponds to a bus, branch or generator, the number of rows from the matrix
bus, branch and gen being: nb , nl and ng , respectively. The details of the Matpower case format and
the fields for each matrix can be found in Appendix A.

As in the case of Vision Network Analysis, the main elements that are modelled in Matpower are
nodes, branches (lines and transformers) and generators. The mathematical formulation and main
aspects considered for the power flow calculations in Matpower for these fields are detailed be-
low. Afterwards, the power flow method used, the network equations and the results obtained are
stated.

1. Branches:
The branch model includes all the lines, transformers and phase shifter elements of the net-
work. As in Vision, it consists of the pi transmission line model, with series impedance zs =
rs + j xs and a total charging susceptance bc , in series with a phase shifting transformer, as
illustrated in Figure 3.10 [27]. In this case, the transformer has a tap ratio τ and phase shift
angle θshift , located at the initial extreme of the branch (‘from’).

The represented current injections i f and it at the initial and end extremes of the branch
(’from’ and ’to’) can be expressed by means of the branch admittance matrix Ybr , with their
respective terminal voltages v f and vt :[

i f

i̇t

]
= Ybr

[
v f

vt

]
(3.8)

Considering the series admittance element, present in the pi model of Figure 3.10, as ys =
1/zs , the previous branch admittance matrix can be expressed as:

Ybr =
[ (

ys + j bc
2

)
1
τ2 −ys

1
τe− jθshift

−ys
1

τe jθshhit
ys + j bc

2

]
(3.9)

Figure 3.10: Branch model considered in Matpower [27]
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If for branch i the elements of the matrix are labelled as shown in Equation 3.10, four vectors
Y f f , Y f t , Yt f and Yt t with a dimension nl x1 (number of branches as rows and 1 column) can
be constructed, in which each i -th element is extracted from the corresponding element of
Y i

br .

Y i
br =

[
y i

f f y i
f t

y i
t f y i

t t

]
(3.10)

Moreover, the nl xnb connection matrices C f and Ct are used to build the system admittance
matrices, for which the (i , j )th element of C f and (i ,k)th element of Ct are 1 for the branch i
if it is connected from bus j to bus k. Otherwise, the elements of C f and Ct will be zero.

2. Generators:
Matpower models the generator as a complex power injection at a specific bus. The injection
for generator i is expressed in Equation 3.11. ng being the number of rows in the generator
matrix, there will be ng x1 vectors of power injections.

si
g = p i

g + j q i
g (3.11)

Being Sg = Pg + jQg the ng x1 vector representing these power injections. The generator ma-
trix in Matpower expresses p i

g and q i
g in MW and MVAr, specified in the columns PG (2) and

QG (3) for each row i of the gen matrix (Figure A.3 from Appendix A). Being nbxng the gen-
erator connection matrix Cg , its (i , j )th element is 1 if a generator j is located at bus i, and 0
otherwise. Therefore, the generators bus injections can be defined as Sg , bus =Cg ·Sg .

3. Loads:
In Vision Network Analysis, the loads could be modelled with different behaviours, but the
constant power loads were selected for this research. Matpower also models the loads with a
constant power behaviour, thus with a specific value of active and reactive power consumed
at the bus. For bus i , the load can be expressed as:

si
d = p i

d + j q i
d (3.12)

Being Sd = Pd + jQd the nbx1 vector representing the complex loads at all buses [27]. The
generator matrix in Matpower expresses p i

d and q i
d in MW and MVAr, specified in the columns

PD (2) and QD (3) for each row i of the bus matrix (Figure A.1). Negative values can also be
included in order to represent fixed distributed generation at some buses. On the other hand,
dispatchable loads are represented as negative generators, thus including negative values in
Sg .

Once the network buses (including their loads), branches and generators have been modelled, the
corresponding network equations that define the power flow problem are obtained. For a network
with nb buses, the constant impedances of the model can be included in a nbxnb bus admittance
matrix Ybus , expressed in Equation 3.13 [27]. It relates the current injections at the nodes Ibus to the
node voltages V :

Ibus = Ybus V (3.13)

In the same way, a network of nl branches will present a nl xnb branch admittance matrix Y f and
Yt (’from’ and ’to’). These relate the bus voltages and the nl x1 vectors I f and It of the branch cur-
rents:

I f = Y f V (3.14)



32 3. Development of an open test model of an active distribution network

It = Yt V (3.15)

Considering Y f f , Y f t , Yt f and Yt t the diagonal of the admittance matrix, each system admittance
matrix ’from’ and ’to’ (Equation 3.16 and Equation 3.17) defines the admittance matrix of the bus,
expressed in Equation 3.18.

Y f =
[
Y f f

]
C f +

[
Y f t

]
Ct (3.16)

Yt =
[
Yt f

]
C f + [Yt t ]Ct (3.17)

Ybus =C>
f Y f +C>

t Yt + [Ysh] (3.18)

By using the corresponding current injections presented in Equation 3.14 and Equation 3.15, the
complex power injections can be described as functions of the complex bus voltages:

Sbus (V ) = [V ]I∗bus = [V ]Y ∗
bus V ∗ (3.19)

S f (V ) = [
C f V

]
I∗f = [

C f V
]

Y ∗
f V ∗ (3.20)

St (V ) = [Ct V ] I∗t = [Ct V ]Y ∗
t V ∗ (3.21)

Finally, the AC nodal power balance equations are formed by matching the nodal bus injections and
the injections from loads and generators. These are expressed in a complex matrix form, expressed
as a function of the complex bus voltages and the generator injections:

gS
(
V ,Sg

)= Sbus (V )+Sd −Cg Sg = 0 (3.22)

The power flow calculations performed in Matpower aim to solve the power balance equations pre-
sented in Equation 3.22. Matpower follows the same methodology as Vision for solving the power
flow problem by applying the Newton-Raphson method, with an updated Jacobian at each iteration.
As previously explained in this chapter, the load flow problem consists of solving a set of voltages
and flows in the network for specific conditions of load and generation. Moreover, Matpower in-
cludes power flow calculations for both AC and DC problems. One of the main differences with
Vision is that Matpower lacks an automatic adjustment of the transformer taps.

The focus for this research is on AC power flow. As in the conventional methods, a generator bus is
selected as a reference for both voltage magnitude and angle (slack bus). The active power gener-
ation at the slack bus is considered unknown so as not to overspecify the problem. The rest of the
generator buses are classified as PV buses, which set the active power injection and voltage mag-
nitude given in the generator matrix: columns PG (3) and VG (6) of Figure A.3, respectively. Since
Matpower specifies Pd and Qd of the loads, all the non-generator buses are classified as PQ buses,
the active and reactive power injections being the PD (3) and QD (4) columns of the bus matrix (Fig-
ure A.1), respectively. In the traditional AC power flow problem, Equation 3.22 is split into the active
and reactive power components as functions of the voltage magnitudes Vm and angles Θ, and Pd

and Qd generator injections [27]. In this case, the load injections are constant and given. These two
power components are shown in Equation 3.23 and Equation 3.24.

gP
(
Θ,Vm ,Pg

)= Pbus (Θ,Vm)+Pd −Cg Pg = 0 (3.23)

gQ
(
Θ,Vm ,Qg

)=Qbus (Θ,Vm)+Qd −Cg Qg = 0 (3.24)

Considering that g (x) = 0 represents the set of equations to solve, its formulation can be stated
taking the real power balance equations from Equation 3.23 for the non-slack buses and the reactive
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power balance equations from Equation 3.24 for the PQ buses, including the reference angle, loads
and known voltage magnitudes and generator injections:

g (x) =
[

g {i }
P

(
Θ,Vm ,Pg

)
g { j }

Q

(
Θ,Vm ,Qg

) ]
∀i ∈IPV ∪IPQ (3.25)

Finally, the remaining unknown voltage quantities at the non-reference buses, and the voltage mag-
nitudes at the PQ buses can be expressed as [27]:

x =
[
θ{i }

v { j }
m

]
∀i ∉Iref

∀ j ∈IPQ
(3.26)

The vector x represents the resulting set of non-linear algebraic equations that needs to be solved.
Once the solution of x is obtained, the remaining active power balance equation yields the generator
active power injection in the slack bus and, in the same way, the reactive power balance equations
lead to the generator reactive power injections.

Each Newton-Raphson iteration will calculate the mismatch g(x) (Equation 3.25) forming the Jaco-
bian, which is based on the sensitivities of these differences on the x values, and solving the updated
value of x by updating the Jacobian. In general, these AC power flow tools solve the power flow
problem without generator limits, voltage magnitude limits or branch flow limits constraints. In
Matpower, the power flow is executed by calling the command runpf, applied to the case struct file.
By default, runpf solves the AC power flow problem following the Newton-Raphson method. The
results struct will include the mpc struct input data with some additional columns. Details about
the fields obtained in the power flow results can be found in Figure A.4 (Appendix A).

3.2. Modelling of the test network with Vision and Matpower

In this chapter, the two software tools used for the development of this project have been detailed,
including the models of the different network components and the mathematical models consid-
ered for carrying out the required power flow calculations. On the one hand, Vision Network Anal-
ysis has been used for the user interface, network modelling and collection of the first power flow
results. On the other hand, Matpower will be used for modifying the system for the integration of
the different flexibility sources and analysis the power flow results under different network condi-
tions.

For this purpose, first the test distribution grid needs to be chosen and modelled in Vision, repre-
sented in Figure 3.11. This network is operated by a Dutch DSO and it is located in the province of
Guelders (Gelderland in Dutch), between Nijmegen and Arnhem. Each colour defines a different
network feeder and the visible points represent the different nodes of the power grid, which are not
related to the colour indication that Vision uses for the analysis of the power flow results. Due to the
magnitude and complexity of this grid for the study, with almost 400 nodes, only two feeders were
selected, shown in Figure 3.12. The selection of this portion of the system is suitable for the aim of
this research, with a resulting radial network of 100 nodes. These feeders were selected due to the
variety of locations of the nodes and the different nature of loads. Moreover, the size of the grid is
suitable for the analysis of different levels of demand and generation along the network, as well as
for the introduction and simulation of flexibility sources.
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Figure 3.11: Location of the selected distribution grid

Figure 3.12: The 2 feeders of the distribution grid chosen for the study
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The single-line diagram of the network is presented in Figure 3.13, as shown in the Vision interface.
Information regarding the number of the different components present in the network can be found
in Table 3.1.

Element Number
Nodes 100
Sources 1
Synchronous generators 2
Loads 47
PV 28
Cables 50
Links 11
Transformers 38
Measure fields 48

Table 3.1: Total number of the different components present in the test network

In power systems engineering, the single-line diagram constitutes a simplified notation for the
representation of a baanced power system. This network represents the medium-voltage level of
the distribution grid. It is important to consider how Vision categorises the different voltage lev-
els:

• High Voltage: greater than 100 kV

• Intermediate Voltage: between 20 and 100 kV

• Medium Voltage: between 1 and 30 kV

• Low Voltage: less than 1 kV

Both medium-voltage and low-voltage loads are present in the network and important considera-
tions about their modelling need to be pointed out. Firstly, they are aggregate loads and they do not
represent individual households. Each load represents an equivalent that can include consumers
with different profiles and different possibilities for power curtailment. Going deeper to the level
of a specific low-voltage customer is out of the scope of this research but can be a subject of future
investigation.
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Figure 3.13: The 2-feeder distribution network developed with Vision

Zooming into both feeders, a detailed organisation of the different components is illustrated, as
well as the actual names of the nodes as shown in the low-voltage grid operated by a Dutch dis-
tribution system operator. Figure 3.14 shows the configuration of the blue feeder of the network
and Figure 3.15 depicts the configuration of the yellow feeder previously presented in Figure 3.13.
This feeder also details to which component corresponds every symbol represented in the net-
work.
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Figure 3.14: Zoom of the first feeder of the selected distribution network

Figure 3.15: Zoom of the second feeder of the selected distribution network

Once the test network has been developed in Vision and the power flow results are obtained and
checked, the network file must be built into Matpower for its subsequent simulations. For this pur-
pose, a converter was developed that exports and transforms the network data from Vision to the
needed Matpower file format. The considerations and steps followed in order to obtain the Mat-
power network file are detailed in this section. Afterwards, the validation of the power flow results
in Matpower is carried out by their comparison with the Vision load flow results for the same net-
work.

First, the active and reactive powers of the different Vision network components were determined.
Both active and reactive power were then split into two parts: the constant power and constant
impedances, which represent the PD, QD and GS, BS columns in Matpower, respectively. PD and
QD correspond to the real and reactive power demand, while GS and BS correspond to the shunt
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conductance and susceptance, all included in the bus data matrix (Figure A.1). The active powers
are directly exported in MW and reactive powers in Mvar.

During the conversion process, the simultaneity factor of the nodes is also considered. In other
words, the powers of the loads connected to each node are scaled to the set factor. This is applied
to all the elements except the external grid and the synchronous generators, which are included in
the generator matrix structure of Matpower instead on the bus one. On the other hand, the external
grid will be seen as a synchronous generator in voltage control mode with very broad reactive power
limits.

The load at each bus is taken in an equivalent form, so all loads and constant power generators
connected to the bus are summed up with their respective signs: positive for loads and negative for
PV generators. Moreover, bus types are determined considering the rules below:

• If an external grid is connected to a bus, this becomes the reference (slack) bus.

• If the bus has no external grid connected but a synchronous generator in a voltage control
mode, it is a PV bus type.

• If the bus is not classified into a slack or PV bus, then it is a PQ bus.

Branches are represented in Vision as the components that connect two nodes with each other, and
they are exported to the branch matrix structure from Matpower. Focusing on the cables, first an
equivalent resistance ROhm , reactance XOhm and shunt branch capacitance CµF of all the cable parts
between two network nodes are determined and then transformed to per unit. These parameters
were calculated by using Equation 3.27, Equation 3.28 and Equation 3.29.

Rpu = ROhm

Zbase
(3.27)

Xpu = XOhm

Zbase
(3.28)

Bpu = 2π fnom ·Cµ f ·10−6 ·Zbase (3.29)

Where the base impedance in p.u. Zbase is determined from the nominal voltage of the connected
buses and the base apparent power in p.u. Sbase , calculated by using Equation 3.30. The base fre-
quency and base apparent power can be selected by the user in the conversion process; by default,
they are 50 Hz and 10 MVA, respectively.

Zbase =
U 2

base

Sbase
=

U 2
nom_bus

Sbase
(3.30)

The most critical component to convert from Vision to Matpower is the transformer due to its tap
changer, which can be placed in the primary or secondary sides. It is important to pay attention to
the transformer modelling since the tap changer can deviate the transformer nominal voltages from
the bus nominal ones. Matpower requires that the taps refer the primary voltages to the secondary
side, while the transformer impedances are always referred to the secondary side. Therefore, if the
tap changer is at the primary side in Vision, the Matpower ’Tap’ parameter is defined as the calcula-
tion performed in Equation 3.31. On the other hand, if the tap changer is at the secondary side, the
’Tap’ parameter can be expressed as described in Equation 3.32.

Tappr i mar y =
Unom prim +∆U · Tap position

Unom bus1
· Unom bus2

Unom sec
(3.31)



3.3. Validation of the model done in Matpower based on Vision 39

Tap secondary = Unom prim

Unom bus1
· Unom bus2

Unom sec +∆U · Tap position
(3.32)

where:
Unom_pr i m and Unom_sec are the nominal voltages of the primary and secondary transformer wind-
ings, respectively.
Unom_bus1 and Unom_bus2 are the nominal voltages of the primary and secondary buses.
∆U is the voltage step size of the tap changer.
Tap position is the actual position of the tap changer.

Finally, the transformer impedance Ztr is first converted from the transformer per unit form to the
global one (Equation 3.33) and then referred to the secondary side (Equation 3.34).

Ztr _g l obal = Ztr · Sbase

Snom
(3.33)

Z ′
tr _g l obal = Ztr _g l obal ·

(
Unom_bus2

Unom_sec

)2

(3.34)

Shunt branches of the transformer related to no-load losses and magnetizing currents are neglected
for the purpose of this project. To conclude, the Vision components that cannot be converted from
Vision to Matpower are listed below:

1. PV and wind turbines with advanced inverter controls. In particular, the steady-state controls
Q(U), Q(P) and P(U), which adjust active and/or reactive power depending on the bus voltage.

2. Battery storage systems.

3. Three-winding transformers.

The graphical visualisation of this converter tool can also be found in Appendix B.

3.3. Validation of the model done in Matpower based on Vision

The previous subsection exposed the different steps, parameters and calculations considered in or-
der to export the required input data in Matpower from the Vision distribution network. In order to
check and validate the developed Vision-Matpower converter, the IEEE 33-Bus Radial Distribution
System was selected, since it has a smaller size for the comparison between both tools. This 33-bus
Matpower case file can be found within the Matpower installation folder and its structure is shown
in Figure 3.16. Considering the input data presented in the Matpower network and the intercon-
nection between the different elements, the same network was manually built in Vision. Its layout
is presented in Figure 3.17.
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Figure 3.16: IEEE 33-Bus Radial Distribution System [28]

Figure 3.17: IEEE 33-bus radial distribution system built with Vision

The next step was to transform the Vision network to the Matpower network format by means of
the developed converter. In this way, the power flow results obtained with the original IEEE 33-bus
network and the ones obtained with the converted Matpower network can be compared in order to
check the reliability of the converter.

A detailed comparison of the power flow results is presented in Appendix C: Table C.1 shows the
voltage magnitude comparison for the different nodes and the active and reactive power set for
the network loads. Secondly, Table C.2 presents the load flow results at the branches provided by
Vision and Matpower. Finally, the comparison of the voltage magnitudes in both software tools is
presented graphically in Figure 3.18.

It can be noticed that, for every variable, the load flow results obtained by both softwares are practi-
cally the same. The only difference is the active and reactive power for the first node. This is because
Vision provides the value of total power provided by the external grid, while Matpower refers the
value to the power consumed at that node. For the aim of this research, it can be concluded that Vi-
sion Network Analysis is a robust tool for the analysis and simulation of the network proposed due
to the matching of the results with Matpower. The couple of both tools is expected to bring accurate
results and it will be further used for simulations and network analysis studies.
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Figure 3.18: Voltage magnitude comparison for the IEEE 33-bus distribution grid, obtained with
Vision and Matpower

3.4. Power flow results for the test network without flexibility

Once the coupling of both tools has been performed and validated, the next step is to adapt the test
network in order to simulate a complete day. The daily demand and generation conditions will be
modified in the next chapters to consider different operating situations. For this purpose, the daily
demand and generation profiles need to be constructed and integrated into the network. Then, the
voltage and loading results are compared between Vision and Matpower to ensure that they are the
same and that both tools can be interchanged for subsequent simulations with the integration of
flexibility.

Focusing on the daily load profiles in the distribution network, DSOs in the Netherlands can only ac-
cess aggregated households meter data due to privacy restrictions, such as the aggregated loads rep-
resented in Vision. In order to assess the different assets of a typical distribution grid and where and
when overloads are expected to occur throughout the day, power load time series with an hour res-
olution have been constructed. Several average load profiles representing different load behaviours
can be selected and applied to the different loads in Vision, where each profile determines the re-
lation of power of an aggregated load as a function of time. All the profiles are normalized between
0 and 1, so they are included in the model as a factor that is multiplied by the active and reactive
power set for the load in order to consider the hourly demand variations throughout the day. These
hourly load profiles for the regional DSO grid level were built by Phase to Phase using internal data
sources.

Four representative profiles have been selected with the aim of considering different types of cus-
tomers and consumption patterns. Figure 3.19 displays typical residential demand profiles and Fig-
ure 3.20 typical industrial demand profiles. In particular, Figure 3.19a illustrates a residential de-
mand profile for a household whose consumption is electrical except for the heating system (pow-
ered by natural gas) and Figure 3.19b includes a residential demand profile whose consumption is
all electric. On the other hand, Figure 3.20a represents the electricity demand consumption of a typ-
ical industrial load (i.e. factory) and Figure 3.20b shows the demand profile of a commercial load,
such as a shop or other type of commercial business.



42 3. Development of an open test model of an active distribution network

(a) Example of a residential demand profile with
electric consumption except heating

(b) Example of a residential demand profile with a
complete electric consumption

Figure 3.19: Standard residential demand profiles applied in the network loads

(a) Example of a typical industrial demand profile (b) Example of a typical commercial demand profile

Figure 3.20: Standard industrial demand profiles applied in the network loads

A combination of these four profiles was included in the test network to distribute the demand
peaks during the day and consider the different types of customers that are typically connected to
a distribution network. The load profiles were integrated among all the network loads in a random
manner but also considering that the low-voltage grid mainly supplies households and small-scale
enterprises, while medium-voltage loads normally include large-scale customers. Following these
voltage criteria and the different areas in the Netherlands represented for the test network (Fig-
ure 3.12), residential profiles were prioritized for urban areas or villages, while industrial profiles
were included in more isolated locations.

In general, all the previous residential loads present a base load that varies significantly during the
day from the night (hours 3-4) to the peak loads, around hours 9-10 in the morning and particularly
hours 18-19 in the evening. Moreover, although the weekly change is not analysed in this research,
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the demand is usually higher during the working days than in the weekend. On the other hand, in-
dustrial load profiles also show a peak in the morning that remains during the midday hours, when
the commercial activity is higher. In this case, the demand peak in the evening is less notorious than
in the representative residential profiles.

Moreover, it is assumed that only solar PV generation will make a significant contribution in the
residential areas. In order to get the hourly PV generation during summer and winter, two real rep-
resentative days were selected and the PV profiles were normalised, as shown in Figure 3.21. More-
over, the normalised winter factors were under scaled considering that solar panels generate less
energy during this period. For these specific profiles, the solar PV generation is around 40% less
than in summer. In general, the obtained PV generation varies significantly depending on the day
and the week due to the changing weather conditions. Still, the daily pattern is more regular than
then one for wind generation. The PV output normally peaks in the middle of the day, around hour
13, whereas there is no generation in the late evening hours and during the night.

Figure 3.21: Representative photovoltaic generation profile in a summer and winter day

Power flow calculations with the test network are firstly carried out without any source of flexibility
in order to compare the power flow results with Vision and Matpower. For this purpose, the previ-
ous four normalised demand profiles were distributed among the network loads and the summer
normalised PV profile was also integrated in all the PV generators. The aim of these simulations is to
identify the current operating conditions of the network in this scenario, as well as the main voltage
and overloading problems that could arise. The results will allow to identify the needs of flexibility,
the most critical points of the network as well as the time periods in which the operating limits have
the risk to be exceeded. In this case, grid reinforcement is neglected, with the assumption that only
the current practices performed by the DSO can be performed. In this context, under operating
conditions of voltage instability or congestion issues, the main actions to take would be:

1. Transformer tap change: this mechanism is used to vary the voltage relations between the
transformer windings, allowing to regulate the output voltage in the second winding. When
calculating the power flow in Vision, the tap is adjusted automatically thanks to the trans-
former controls already included.

2. Load curtailment: decreasing the active power generated or consumed is the next action that
the DSO would apply if significant congestion issues are still present. Special attention needs
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to be given to the specific energy regulations and agreements between generators and con-
sumers. For this research, it is assumed that the aggregated loads are highly controllable,
which might be a valid assumption in the long term, when dynamic local electricity pricing
and/or smart appliances with demand response capabilities might be widely applied.

After calculating the power flow for this test network, Vision is able to represent the voltage pro-
files for all the nodes at every hour of the day. These voltage profiles are shown in Figure D.1 of the
Appendix for a better visualisation. Then, the same load and PV generation profiles were also in-
tegrated in Matlab in order to simulate the same scenario (Figure 3.22). It can be noticed that the
voltage profiles follow the same trend in both tools, although the values are not exactly the same.
However, the error is kept below 2% for all the voltage values. These differences are mainly caused
by:

1. The change of the transformer tap. When running the load flow in Vision, the tap changer is
automatically modified to get the best voltage relation; by contrast, Matpower does not take
the tap into account and directly considers the resulting hourly voltages due to the limitations
of the developed converter.

2. The solar energy generated by the PV elements in Vision is defined by an internal algorithm.
Hence, Vision still scales the different generation values depending on the hour of the day by
means of an internal algorithm. This is why the voltages are more similar at noon, when the
PV generation reaches the maximum (1 p.u.) and Vision presents the same solar generation
as Matpower.

It is important to consider that both medium voltage nodes (10,5 kV) and low voltage nodes (400-
420 V) are represented in the same graph but each level presents different allowed operating limits
(detailed in Figure 3.22). For the medium-voltage nodes, voltage values must range between 0,95
and 1,05 p.u. and low voltage-nodes between 0,9 and 1,06 p.u. These values are already defined in
Vision for identifying overvoltage or undervoltage operating conditions.
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Figure 3.22: Voltage profiles throughout the day obtained with Matlab

Apart from voltage regulation, the main aim of flexibility sources is to mitigate the potential over-
loads in the network. Figure D.2 of the Appendix illustrates the load rates for all network branches
throughout the day for this base case, directly obtained from Vision. These loading levels can also
be obtained in Matlab, as shown in Figure 3.23. It can be observed that there are periods that could
experience possible overloading situations, with elements that present 96% loading values. These
periods correspond to the demand peaks, especially in the morning peak between 9:00-10:00 am.
Chapter 5 will compare the state of the load rates of the network branches between the base case
and after the action of different flexibility sources in order to check the suitability of these sources
for congestion management.
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Figure 3.23: Load rates of the network branches obtained with Matlab

On the other hand, considering that demand is expected to increase in the coming years and that
consumption patterns keep changing, congestion issues throughout the network are also expected
to increase. In order to identify the most critical points of the network in this scenario, the load flow
was calculated with a demand increase of 50%, represented in Figure 3.24. Following the colour
indication set in Vision (detailed previously in Figure 3.2), it can be noticed that there are several
overloaded elements in the network, coloured in orange and red. Higher load levels and under
voltage problems arise even though the transformer tap was automatically updated by Vision. The
DSO would proceed to apply load curtailment if the problems persist, but this is not a common
practice in the low-voltage level.
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Figure 3.24: Load flow results in Vision from the combined scenario with a 50% load increase

Load curtailment programs involve an agreement between the customer and the utility or power
provider, in which the customer agrees to decrease their power consumption at the utility’s request
in order to meet the required power needs [29]. This power drop is normally notified in advance and
are usually quite expensive for the utility or system operator. In response, some industrial customers
are able to power up their own generators and transfer the required loads to the generators, reducing
the total demand of the utility and grid congestion. Once the peak of demand is over, the customer
would be able to transfer the loads back to the utility [29].

The case of curtailment of residential loads would be more critical, since the security of electricity
supply is fundamental in order to avoid potential economic losses and socioeconomic disruptions.
Supply systems that are integrating renewable energy sources have a higher probability of experi-
encing outages at the transmission and distribution level due to their intermittency and challenging
regulation when periods of high demand appear. While the grid configuration keeps unchanged,
the presence of new sources of distributed generation and the higher grid electrification impose
operational challenges for the system operator in terms of congestion of the lines or voltage stabil-
ity issues along the network. This transformation of the power system has a critical effect on the
distribution networks, in which the current practices of the DSOs might be limited for balancing
purposes. In this sense, power system flexibility would allow to respond timely to the variations of
supply and demand in the short-term [30].





4
Implemented control methods for the
study of flexibility in the test network

The previous chapter highlighted the current operational risks in a futuristic ADN in terms of volt-
age regulation and congestion, mainly due to the increasing demand levels and the changing trends
of power consumption. Under these conditions, operational flexibility could be a cost-efficient op-
tion for the current infrastructure challenges without resorting to grid reinforcement. With the aim
of assessing the impact of different flexibility sources in the operation of the test network, specific
controls have been developed in Matlab. Each flexibility source presents a specific control that sim-
ulates its potential impact on the daily network operation. The controls will modify the variables
of the Matpower case file, improving the power flow results considering the constraints defined. It
is important to highlight that these controls focus on voltage regulation, while the impact on the
branches loadings will be analysed afterwards for each case in the next chapter to check that poten-
tial congestion problems do not arise.

The logic for the development of the Matlab controls is presented as follows. First, the individual
impact of the presence of flexible generation is analysed, focusing on the integration of droop con-
trol in the PV distributed generators. Secondly, only the presence of flexible loads is considered by
means of the integration of demand response in selected loads. Then, the combination of both flex-
ible demand and generation is applied, which are based on a droop control; the obtained results
will be compared with the performance of each control separately in the next chapter. Finally, stor-
age has also been added as a potential flexibility source in distributed networks and the logic for its
integration in the different case studies is detailed.

4.1. Flexible generation

The main working principles of droop control were introduced in subsection 2.2.1. Focusing on its
integration into distributed energy generators, usually primary and secondary droop controls are
implemented in the distribution grid by means of local measurements, reducing the communica-
tion between generators. A central controller could be added to speed up the response to perturba-
tions.

In this study aims to explore, the effect of a decentralized droop control on the network voltage
profiles due to the injection or absorption of the reactive power determined by the applied droop
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characteristic, as shown in Figure 4.1. The droop control acquires the network data, the voltage
magnitude in this case, at the interconnection point between the PV inverter and the grid. If the
measured voltage does not meet the set constraints, the individual parameters of the distributed
generation will be adapted in order to compensate for the voltage error and adjust its set point
within the acceptable range [31]. This control follows Equation 4.1, which changes the voltage set
point (U1) along the respective characteristic (kq ), modifying the steady-state voltage error U1 −
U0.

U1 −U0 =−kq (Q −Q0) (4.1)

Figure 4.1: V-Q droop characteristic [24]

Since the size and number of distributed generators are not high for this network, the droop control
has been integrated into all the PV generators with the aim of noticing its maximum impact: there
are 28 out of 100 buses that include a PV element.

This control has been simulated in Matlab and the flowchart reproduced in Figure 4.2 shows the
logic followed in terms of power flow calculations. To begin with, the hourly voltage results from the
base case without flexibility are taken as the starting point of the control. Then, the voltage values
are checked for every node that includes a (controllable) PV generator. Starting with the first hour,
if a violation of the voltage limits occurs at those nodes, the droop control acts and calculates the
required reactive power Qi that needs to be injected or absorbed by the PV inverter. It is important
to underline that this network includes photovoltaic DGs in both medium-voltage and low-voltage
levels, which present different voltage constraints: the medium-voltage limits are set between 0.95
and 1.05 p.u. and low-voltage limits are between 0.9-1.06 p.u. For this case, the most restrictive
condition has been applied to all nodes.

As shown in Figure 4.2, the calculated Qi for each node depends on the voltage set point Vi at that
hour, the nominal voltage value Vnom (always 1 p.u. in this case) and the droop characteristic k.
This equation is derived from Equation 4.1. Moreover, the resulting equation is multiplied by the
power of the inverter for that hour Shour to express Qi in MVar instead of p.u., as considered in the
Matpower case file. It has also been assumed that the hourly apparent power of the inverter is equal
to the maximum peak active power it can deliver during that hour (MWp), which corresponds to the
hourly PV generation already set in the generation profiles of Vision and Matpower.

Moreover, a limitation of the amount of reactive power to inject or absorb by the PV inverter has
been added. For these simulations, the reactive power head room has been set at ±20% and the
droop slope presents a fixed value of k=1. Usually, the droop characteristic ranges between 1 and 5
for distributed generators but a low value has been chosen due to the small size of the PV generators
currently considered [32]. Summarizing, for each PV inverter:
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Shour = Phour (MWp)
Qmax = 0.2*Phour

Qmi n = -0.2*Phour

Qi = ((Vo-Vi )/k)*Shour

The next step will be to substitute the new calculated values of reactive power for every hour in the
Matpower network file and run the power flow again in order to check the voltage results. It is im-
portant to note that droop control will only act once when there is a violation of the voltage limits at
the selected nodes since the amount of reactive power that can be adjusted is limited. This process
will be performed for every hour of the day. The final outcome will be the corrected voltage profiles
throughout the day due to the action of droop control when required. The impact of droop control
in the test network will be presented in the next chapter for summer and winter solar generation
conditions.

Figure 4.2: Flowchart of the droop control implemented in Matlab
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4.2. Flexible demand

Demand response presents a large potential to meet flexibility needs in the Dutch power system,
particularly in industrial demand applications which are expected to grow in the coming years, such
as power-to-gas (P2G), power-to-heat (P2H) or power-to-ammonia (P2A) [33]. Additionally, house-
holds have been pointed out as candidates for providing demand response services, but its potential
highly depends on price incentives, human behaviour or the emergent role of the aggregator in the
low-voltage networks. Demand side management mechanisms would provide opportunities for the
consumers to play a crucial role in the grid operation by reducing their power consumption or shift-
ing the electricity usage during some periods, depending on financial incentives or time-based rates
[34]. In fact, demand response programs are already being tested by system operators for balancing
purposes.

In this context, residential loads have a huge potential for adopting demand side management
(DSM) programs due to several reasons. First, the energy consumption from both buildings and
the construction sector combined represent nearly 40% of the total CO2 emissions. Energy demand
from households increases every year, encouraged by the bigger ownership of energy-consuming
devices [35]. Particularly, space heating represents 68% of the end-use energy in the residential sec-
tor [36]. The different devices that consume energy in the households, together with the expected
demand increase in the coming years, lead to a potential integration of demand response programs
in distribution grids, focusing on the mitigation of overloads.

Demand Response is usually defined as a shift of part of the peak power demand from an hour to
another, forward or backwards. It can be divided into different categories, mainly non-dispatchable
(price-based) and dispatchable load (incentive-based) [37]. Nevertheless, direct control programs
can also be set, which give power companies the ability to turn some devices on and off, such as
power heaters or air conditioners, during high-demand periods. As a reward, the customers receive
some financial incentives or lower electricity bills.

Although peak shifting is the demand response method that is mostly implemented in several pilot
projects, the direct control by the system operator is chosen for these simulations. For this research,
only one day is being analysed while in real operation, the shift of demand can be set from one hour
to another hour of the week or month. Therefore, the analysis of demand response for this study will
focus on the effect of power variations, performed by the DSO, during the hours of the day which
present the highest demand rates. An overview of the steps followed is illustrated in Figure 4.3. This
control has been applied to a quarter of the network loads (13 out of 47) in order to notice its local
effect on voltages and loadings. The type of load behaviour selected for the integration of demand
response is the residential load with a 100% electricity consumption. In this way, there are higher
chances of regulating the energy used in the household by means of these programs.

Using a similar procedure to the one used for droop control in distributed generators, demand re-
sponse control takes as a starting point the voltage results from the power flow calculations without
flexibility. However, this time the control does not act at each node depending on the voltage set
point at that hour, but as a whole set. If at least one of the nodes with Demand Response violates
the voltage limits, the control is activated and the voltage condition is checked for all the nodes with
a controllable load. As expected, the network aggregate loads are highly controllable and fully man-
ageable by the DSO. For this research, just the overall impact on the network operation in terms of
power flow calculations is investigated.

In general, decreasing the power of a load entails that the current required decreases accordingly.
As a consequence, the voltage increases based on the Ohm law (V(V) = R(Ω) * I(A)), and it decreases
while the power demand increases. The method shown in the flowchart follows this rationale: if
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the node presents undervoltage, the value of active and reactive power of the load at that hour is
decreased by 10%; if the node presents overvoltage, the active and reactive power are increased by
10% in order to bring back the voltage values within the allowed range. In a similar way to the droop
control applied to the distributed generators, the demand response control proposed also varies
active and reactive power depending on the variation of the voltage values beyond the admissible
limits. However, there is not a defined slope for the variation of P and Q depending on the variation
of the voltage. In this case, the voltage values are continuously checked each hour (’while’ loop)
and, if the voltage limits are still violated for that hour, P and Q are varied a fixed 10% of the P and
Q values set in the previous load flow loop. Since the active and reactive powers can be decreased
until zero if the iterations continue and the voltages are not regulated, a limit of 50% of active power
(real consumption of the customer) that can be increased or decreased has been defined.

Therefore, the variation of active power P performed by demand response in this study considers the
limits below. Pmax refers to the maximum amount of active power that the load can increase under
overvoltage conditions with respect to the initial active power set for that hour (without flexibility).
On the other hand, Pmi n corresponds to the maximum amount of active power that the load can
decrease if undervoltages occur, with respect to the initial hourly active power values before the
introduction of flexibility. The increase and decrease of P is performed proportionally depending
on the voltage deviation, applying the theory of droop control.

Pmax = 1.5*Phour

Pmi n = 0.5*Phour

Once the updated values of P and Q reach the previous limits or the voltages are corrected with less
iterations, the new calculated values of active and reactive power are substituted in the Matpower
case file and power flow calculations are carried out. This process will be repeated for each hour of
the day until the voltage profiles are regulated for the whole day, considering the set assumptions
and constraints.

The variation of both active and reactive power is usually applied to industrial loads, which include
motors than can regulate better the reactive power, either injected or absorbed. However, while
most of the electric companies do not directly charge for reactive power, they benefit from power
factor correction since the lines carrying additional reactive current cost them more money. The
economic benefits that power factor correction can offer to a typical household are normally ig-
nored in comparison to the savings and other benefits that businesses with large industrial loads
can offer. In general, reactive power is paid in the form of energy losses originated by the reactive
currents flowing into the households. These losses are expected in the form of heat and cannot be
returned to the grid. In this research, the effect of reactive power regulation by demand response
programs has also been considered for the selected residential loads since the most energy-intensive
domestic devices such as the washing machine and the dishwasher include motors that could per-
form this task. The final goal of this control is to prove to what extent this type of regulation could
be a source of voltage control in the residential level.

In general, the reactive power that is added by the lines represents a hurdle for the grid operator.
With low demand conditions, for example during the night, parallel reactors might be necessary
in order to consume the additional capacitive reactive power introduced. During the peak hours,
voltages are expected to drop, which are aggravated by the inductive reactive power present in the
lines. Hence, the reactive power control should be considered, especially if large inductive industrial
loads are the subject of study.
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Figure 4.3: Flowchart of the Demand Response for both P and Q control implemented in Matlab

4.3. Flexible generation and demand

Along this chapter, the logic for the separate integration of flexible generation and demand in the
test distribution network has been presented. However, the effect of the combined control of dis-
tributed generation and demand in the network could lead to interesting results in terms of voltage
regulation. Its impact will be explored in the next chapter.

As presented in the previous sections, the proposed controls for the simulation of flexible genera-
tion and demand consist of a droop control with k=1 and Qi = ±20%, as well as demand response
regulating both P and Q with a variation range of ±50%. Similar to previous subsections, the control
logic that has been followed in this case is represented in Figure 4.4 in a two-stage approach. It has
been considered that droop control is first applied and then, the resulting voltages are corrected by
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demand response. In this way, the customer side is the last one to be modified in order not to com-
promise the security of supply and to avoid the higher costs that the demand response programs
involve as much as possible.

Figure 4.4: Flowchart of the combined control of generation and demand implemented in Matlab
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Therefore, first the voltage values at all the nodes with distributed generation are regulated by the
droop control with the injection or absorption of the corresponding reactive power Q at each node.
Once the droop control has been applied, the corrected voltage values are checked again and, if
violation of the voltage limits still persists at the nodes with controllable demand, demand response
acts for all the network flexible loads. The value of P and Q will be therefore decreased or increased
by the control in order to bring back the voltages close to their nominal values at every node. First,
droop control checks the voltage profiles every hour of the day, and then demand response also acts
throughout the complete day. In this case, the dashed-line boxes include the droop and demand
response control steps that were also within the dashed boxes in Figure 4.2 and Figure 4.3 to simplify
the flowchart.

4.4. Flexible energy storage

In general, the role of energy storage for flexibility services is limited due to its relatively high costs.
This specially applies to long-term storage functions that could meet the expected flexibility needs
or, at a regional level, for congestion management purposes [33]. Storage options are usually more
expensive than the alternatives, such as demand response, curtailment or even grid reinforcement.
However, the role of storage would be more significant for meeting balancing needs considering the
uncertainty generated by the distributed renewable energy sources, and particularly for providing
primary and secondary power reserves.

Focusing on energy storage at a regional level, the use of battery systems purely for congestion man-
agement in the short-term was found to not outweigh the costs. Relatively large batteries would be
required for this function and taking into account the costs of a battery system, additional energy
losses and complexity (and, therefore, higher operational risks), it can be concluded that the in-
tegration of battery systems instead of opting for grid reinforcement is economically feasible for a
few number of cases [33]. However, the use of batteries when the system includes other sources
of voltage support or back-up power, could be profitable. The application of energy storage for
this research aims to explore the impact of battery systems on a network which already presents
other voltage regulation sources in the form of the presented flexibility controls. Energy storage is
proposed as a flexibility source for regulating the pending voltage profiles after the action of droop
control and demand response in order to achieve a suitable voltage regulation and congestion man-
agement along the network.

For each case study analysed in Chapter 5, the following steps have been taken in order to evaluate
the need of battery systems, as well as the dimension of their required capacities and location in the
network:

1. Active power difference needed per node for voltage regulation:
As already stated, it is assumed that droop control and demand response have already taken
place, while energy storage acts as an extra measure for voltage regulation. In this context,
the nodes that still violate the admissible voltage limits after the action of flexibility need to
be detected. Each of these nodes will present a connected battery system, which must charge
and discharge the required energy to achieve voltage regulation during the specified hours.
The first step is to define the amount of active power that still needs to be increased or de-
creased at each node every hour in order to bring back the voltage profiles within the allowed
limits. This power would be covered by individual battery systems connected to each node of
interest. For this purpose, the steps represented in Figure 4.5 are followed.

The starting parameters are the voltages values throughout the day, previously corrected by
droop control and demand response actions. Then, the voltage value of each node is checked
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every hour. If the node presents overvoltage (Vi >1.06), the active power of the selected nodes
is increased by 0.01 MW for the corresponding hours and the power flow is run again. The
process continues until the overvoltage values disappear. On the other hand, if undervoltages
are detected along the network, the power is decreased by 0.001 MW for the necessary nodes
in order to bring back the voltage values within the allowed limits. Similarly, the power flow
is calculated again and the active power will be corrected until the voltages are completely
regulated. In the end, the active power for all the nodes will be unchanged if there are no
voltage violations, or Phour will be updated by the control. The difference between the final
and initial active power at each node every hour defines the amount of active power that needs
to be charged or discharged by the battery systems during the day.

For this case, the voltage limits have been set between 0.9 and 1.06 p.u., which corresponds to
the low-voltage constraints set in Vision and used by their clients for the identification of volt-
age stability issues in the network. This is why it was found that medium-voltage profiles were
corrected more easily by the other flexibility sources, while low-voltage profiles still presented
some voltage instability that required storage applications.

Figure 4.5: Flowchart of the logic implemented in Matlab for the detection of storage needs in the
network

2. Capacity estimation for the required battery systems:
With the set theoretical amount of active power to decrease or increase per node, a first cal-
culation of the needed battery capacity at each node can be worked out. For this, it has been
assumed that the State of Charge (SoC) of all batteries can vary between 10% and 90% in order
to avoid undercharging and overcharging conditions [38]. The SoC refers to the current avail-
able capacity of the battery with respect to its nominal capacity, a discharged battery being
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SoC = 0% and a completely charged battery being SoC = 100% . Therefore, in this case study
the total variation range of the SoC has been set at 80%, meaning that only that percentage of
the full battery capacity can be used considering the charging and discharging constraints.

The estimated capacity for each battery is directly influenced by this SoC rate. The capacity
will be calculated as the total amount of power that needs to be decreased or increased at that
node during the complete day, divided by the SoC range (0,8) to take into account the actual
capacity that can be varied. Equation 4.2 shows this calculation. The capacity of the battery
connected to a node ’n’ will be obtained by considering all the active power that needs to
be injected (discharged) or absorbed (charged) by the battery with the aim of regulating its
voltage values during the complete day, adding the SoC constraints defined. The number of
nodes n whose active power is corrected by the control defines the number of required battery
systems in the network.

Capacity (n) =
ihour=24∑
ihour=1

Pn (ihour )

0.8
(4.2)

3. Logic for the charged and discharged energy by the batteries throughout the day:
Once a first estimation of the number of battery systems that would be required in the network
and their theoretical capacity is made, their charging and discharging logic during the day
needs to be defined. In this sense, it is important that the charging and discharging periods of
the batteries do not influence other voltage profiles in an undesirable way.

During the overvoltage periods, all the batteries will charge in order to increase the demand
at the selected nodes and lower the voltage values. By contrast, during undervoltages peri-
ods, the batteries will discharge in order to cover part of the demand and increase the voltage
values. During the rest of the hours, the batteries will do the opposite in order to present
the optimal conditions when the critical time periods are reached. Thus, being completely
charged at the time when they need to start discharging due to the presence of undervoltages,
and in the same way being completely discharged when the overvoltage values are detected.
Therefore, the rest of the hours the batteries will charge or discharge the same amount of
energy every hour, always considering their influence in the global network voltage profiles.

4. Check the State of Charge (SoC) of the batteries throughout the day:
After implementing the charging-discharging logic of the battery systems throughout the day,
their State of Charge is checked. This is a way of ensuring that the batteries are charged and
discharged respecting the SoC constraints (between 10 and 90%) assuming their estimated
capacity. The hourly SoC is calculated dividing the capacity of the battery system during that
hour by the total estimated storage capacity connected to that node, as shown in Equation 4.3.

SOC = Capacity (nhour )

Capacity (ntotal )
(4.3)

Finally, the network voltages can be illustrated after the introduction of the battery system control,
which must be within the admissible voltage limits. The different steps followed for the integra-
tion of flexible storage systems will be applied in different case studies in the next chapter. The
differences found regarding the size of the battery systems and their location will draw conclusions
about the suitability of this flexibility source under changing operating conditions, and how feasible
its integration would be in a future ADN in the Netherlands.
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operational flexibility sources

The demand for flexibility of a distribution network can be covered from the supply side, demand
side or by means of flexible storage systems. Droop control, demand response and flexible battery
systems have been proposed respectively as potential flexibility sources that could be integrated in
an action distribution grid in the Netherlands. The controls presented in Chapter 4 for the sim-
ulation of these sources in an hourly basis are now applied to the developed test network under
different operating conditions.

First, the characteristics of the case studies analysed for the assessment of the different sources of
flexibility are presented. Then, a sensitivity analysis is carried out prior to the analysis of each case
study in order to identify the interrelation between the network variables of interest and how they
influence each other. Finally, the sources of flexibility are integrated in the case studies proposed
and conclusions are drawn regarding their performance when the test network is exposed to chang-
ing levels of demand and generation.

5.1. Case studies proposed

The test network built in Vision and Matpower represents the ’base line case’ for this analysis. The
results for the defined generation and demand levels in the network have already been shown in
Chapter 3, in terms of voltage regulation and loading of the branches. In order to get more insightful
conclusions about the performance of the sources of flexibility considered after their integration
into the network, other two case studies have been considered. The same network is simulated with
lower demand values than the base line case, and higher demand levels with some peaks of demand
during the day are also introduced.

In this way, it is easier to spotthe differences regarding the resulting voltage profiles and their sub-
sequent regulation by the flexibility controls proposed in Chapter 4. Therefore, the suitability of
these sources for each case will be assessed in order to obtain a comparative assessment about the
performance of flexibility under different operating conditions in the same network.

For this analysis, a complete day is analysed for all the study cases, considering 1-hour resolution.
Moreover, two representative days, one in summer and one in winter, are assessed for each case in
order to identify the differences of the network in terms of power flow results, considering seasonal
differences of solar generation. Both PV generation profiles were already presented in Figure 3.21
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above. Before the integration and assessment of the different flexibility sources for different levels
of demand and generation, the assumptions made for the under-scaled and over-scaled case study
are presented.

5.1.1. Under-scaled scenario

Both under-scaled and over-scaled scenarios are derived from the base line case already set up in
the test network. The conditions for both case studies were extracted from the FLEXNET project
report, developed by Alliander and ECN [39]. This project aims to assess the demand and supply
of flexibility of the Dutch power system up to 2050 at both regional and national levels. In order
to analyse the demand of flexibility in the Netherlands, it proposes two types of scenarios: the Ref-
erence scenario (accepted policy scenario) and the Alternative scenario, which assumes a strong
growth of the electrification of the energy system, specially by means of electric vehicles (EV), heat
pumps (HP) and other additional types of electrification. The Alternative scenario will be the one
considered for the analysis of the under-scaled and over-scaled case studies in this network.

From now on, the interest will rely on the scenario ’A2030’ proposed by FLEXNET, which considers
the expected values of the Dutch power system for 2030. These values are based on data and differ-
ent models developed by research centers and DSOs in the Netherlands in order to assess the grid
performance in the near future. Moreover, additional electrification of the national network will be
considered.

Focusing on the under-scaled scenario, the demand levels have been extrapolated from Figure 5.1,
proposed by FLEXNET. The average load is considered as our base line case study in order to define
the under-scaled case as the ’minimum load’ represented in the graph. In this way, for the Alterna-
tive scenario in 2030, the average and minimum load differ in a factor of 0,61. Hence, in order to
build a representative day with low levels of demand, the demand from the base line case has been
decreased in a factor of 61%. The solar PV generation will not be changed, but both summer and
winter differences will be assessed for this case.

Figure 5.1: Minimum, maximum and average hourly power load values in the Netherlands in all
the scenario cases proposed in the Flexnet report [33]
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5.1.2. Over-scaled scenario

The main aim of the over-scaled scenario is to assess the way in which higher rates of electrification
of the power system of the Netherlands have an impact on the demand for flexibility, and how the
proposed sources of flexibility are able to respond to this increase of demand. For higher levels of
electrification, the grid could be loaded beyond its limits.

Taking as a reference A2030 scenario already considered for the under-scaled scenario and follow-
ing Figure 5.2, a significant increase of electrification demand is expected by 2030. Moreover, the
contribution of additional load created by electric vehicles (EVs) and heat pumps (HPs) is already
noticeable. For the over-scaled case study proposed for this research, apart from the additional
electrification rates, the added daily demand from EVs and HPS is also considered.

Figure 5.2: Total power load in the Netherlands for all the scenario cases proposed in the Flexnet
report [33]

Particularly, three representative hourly profiles have been developed for three variables in the de-
mand side (base load, additional load for EVs and additional load for HPs), apart from the PV gen-
eration profiles (summer and winter) in the supply side. All these profiles have been normalised to
represent a factor between 0 and 1, such as the different load profiles already presented in Chap-
ter 3. Each profile will be multiplied by the respective input values for each case study in order to
simulate the daily variations of demand and generation in the network.

The HP demand profiles at the regional level were extrapolated from national data regarding the ex-
pected electricity consumption of heat pumps, and the seasonal differences were taken into account
in order to create a HP demand profile of a representative summer and winter day, as represented
in Figure 5.3. It can be observed that, in winter, the contribution of heat pumps to the total demand
profile is quite significant and highly depends on the variation of the hourly temperatures and the
household activities. For instance, it can be noticed that in the midday hours, when the temper-
ature rises again, the heat pump’s load decreases. In general, the base load period is found in the
afternoon (13-15h), while the demand peaks occur in the morning (7-9h), when people start heating
their houses, and in the evening (18-20h), when people arrive home from work and start heating the
homes again. In the case of summer, the power demand is much lower since HPs are usually used
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for heating tap water and not for pace heating. However, the demand profiles also vary during the
day, with two peaks in the morning and in the evening.

Figure 5.3: Daily demand factor profile considered for a heat pump in summer and winter

The daily EV power demand has also been extrapolated from DSOs data regarding the expected ar-
rival time to the EV chargers and the charging periods during the day. At the aggregated level, the
EV load profile presents two outstanding peaks, around 9:00 and 18:00. This is due to the fact that,
during working days, it is assumed that passenger EVs charge their vehicle when they arrive to the
charging station and when they come back home. This is also combined with relatively large charg-
ing times. Moreover, the morning and evening peaks of the EV daily demand profile unfavourably
coincide with the demand profile peaks of a typical household.

Figure 5.4: Daily demand factor profile considered for and electric vehicle

The main issue of the increasing integration of EV and HP in the distribution grid is that they are
usually active during the same time periods of the day on a local level, as shown in Figure 5.3 and
Figure 5.4, leading to peak loads on the grid. Local penetrations of the previous technologies could
create loading peaks, leading to potential loading issues. Moreover, these technologies will not be
uniformly distributed along the network, creating additional challenges for the network operation
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by the DSO [33]. In the A2030 scenario considered in Figure 5.2, it is assumed that there will be
a 20% share of heat pumps among the total number of residential households, and 32% share of
electric vehicles in all the passenger cars in the Netherlands [33]. These penetration rates were also
considered for integrating these technologies into the test network.

The previous expected penetration rates were considered for the integration of HPs and EVs in the
over-scaled scenario of the analysis. In the case of the addition of HPs, only the loads with demand
response were considered, since heat pumps present high potential for providing flexibility in the
residential level. Having 47 loads in the network and 20% increase of the presence of heat pumps,
the additional HP demand profile was added to 10 loads (out of 13 loads with demand response). On
the other hand, 32% of the residential loads were added the daily EV demand profile also focusing
on their expected penetration rate in 2030. In this case, the EVs were equally distributed between
the two types of residential loads present in the network.

In this way, the load profile for each particular load was modified based on the expected adoption
of these technologies along the network. In particular, the impact of EVs and HPs on the demand
profile will be noticed after carrying out the power flow calculations. To achieve this, the forecasted
share of these technologies at the national level have been transferred to the regional level following
the same penetration rates.

For the development of the over-scaled scenario, a weighted sum of the different demand levels
presented in Figure 5.2 was performed. First, a general demand increase for the whole network was
considered due to the expected additional electrification of the system by 2030. For this purpose,
the total demand in the A2030 scenario (obtained from the sum of all the values in the column,
equal to 153.1 TWh) was divided by the total demand in the A2023 scenario, considered as the base
line case. This results in a general demand increase factor of 1.22, which was multiplied by all the
load demand profiles every hour of the day. Then, the additional demand provided by HPs and EVs
was also added to the selected loads by a weighted sum considering the values in the A2030 scenario
shown in Figure 5.2.

Therefore, if a residential load is considered to present a HP and EV at the same time, its daily de-
mand profile would additionally present the general demand increase factor (1.22), the weighted HP
demand factor (2.5/153.1) multiplied by the winter or summer demand profile respectively and the
weighted EV demand factor (8.4/153.1) multiplied by the EV normalised demand previously pre-
sented. The resulting demand values for each load were multiplied by the daily demand profiles
considered in Matpower in order to simulate an increase of demand in a futuristic scenario for the
same test network.

For the households with a HP and that also own an EV, the highest demand peak will occur in the
evening: the household evening demand peak coincides with the evening charging peak, and the
heat pump also contributes to this peak, especially in winter. The impact of the integration of these
technologies into the daily network demand profile will be noticed after carrying out the power flow
calculations.

5.1.3. Summary of the case studies and analysis methodology

As presented in this section, three different demand levels will be included in the network in order
to analyse its operational limits, as well as the suitability of the proposed flexibility sources under
different scenarios. The base demand considered in the power flow calculations without flexibility
is now under-scaled and over-scaled in order to simulate a typical day with low and high demand
rates. Moreover, for the over-scaled scenario, expected demand values for 2030 in the Netherlands
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are considered, including higher rates of electrification and penetration of heat pumps and electric
vehicles.

Apart from the variation of the network demand levels during the day, a representative summer and
winter day were analysed for each case, taking the daily PV generation profiles already presented in
Figure 3.21. In this way, the role of the generation levels in the network on voltage stability and con-
gestion of the lines will be also analysed. The different scenarios are summarized in Table 5.1.

24-hour Demand Profile
Under scaled Base line Over scaled

Summer Case 1a Case 2a Case 3a
PV generation

Winter Case 1b Case 2b Case 3b

Table 5.1: Summary of the demand and generation conditions for the different case studies

For each case study, first the power flow results without the integration of flexibility will be assessed
in order to identify the influence of different demand and generation levels in the network opera-
tion. Then, the controls proposed in Chapter 4 will be integrated into each case study in order to
simulate the action of the different flexibility sources considered. The representative differences in
the results between the case studies will be presented, mainly focusing on:

1. Sensitivity analysis of the voltages and loadings to active power curtailment and reactive power
control. Prior to the assessment of the results from the different scenarios, a sensitivity anal-
ysis will be performed for each case in order to identify the critical points of the network in
terms of voltage stability and congestion.

2. Voltage stability. The controls proposed for the supply, demand and storage flexibility sources
focus on the regulation of the voltage profiles within the admissible range. Their performance
for the different network conditions will be assessed, identifying the critical time periods of
the day in terms of voltage deviations.

3. Loadings of the network branches. Despite the focus on the control of voltage regulation, the
load rates of the network cables and transformers need to be considered after the action of the
different flexibility sources, to check their suitability for short-term congestion management.

The next section details the sensitivity analysis performed for the assessment of the variations of
the node voltages and branch loadings throughout the network under active and reactive power
changes.

5.2. Sensitivity analysis

Before presenting the flexibility assessment for the different case studies, a sensitivity analysis was
carried out in order to identify how the network operation is affected by changes in the different
parameters. This sensitivity analysis will determine how different values of the variables of interest,
active and reactive power in this case, affect other dependent variables under given assumptions
(voltages and loadings). The main aim of this analysis is to identify the most critical points of the
network under different operating conditions. For this research, the main interest lies in:

1. The voltage variations at every network node due to the active and reactive power variations
at any other node.
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2. The loading variation of every network branch due to the active and reactive power variations
at any other branch.

To begin with, Chapter 2 presented the theory of power flow calculations and derived the net active
and reactive power equations Pi and Qi, which represent the power injections at a bus i (Equation 2.5
and Equation 2.6). In real electricity distribution networks, where the inductive nature of the loads
predominates, the effects of active and reactive power injections into the system buses are com-
monly analysed in terms of voltage variations [40]. Considering the dependence of the voltages at a
bus i on the net powers of all the buses in the network:

Vi = f (P1,P2, . . . ,Pn ,Q1,Q2, . . . ,Qn)

The differential function Vi can be expressed as [41]:

dVi =
n∑

j=1

∂Vi

∂p j
dP j +

n∑
j=1

∂Vi

∂Q j
dQ j (5.1)

Where the partial derivatives ∂Vi
∂P j

and ∂Vi
∂Q j

represent the voltage sensitivity coefficients with respect

to the power variations at the network nodes. Considering that there are n equations given by
the previous expression (Equation 5.1), these coefficients build the sensitivity matrices ∂V /∂P and
∂V /∂Q, denoted Sp and Sq respectively [40]:

[
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. . . . . . . . .
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 (5.2)

Focusing on the analytical definition of the derivative of a function f , being f : U (x0) ⊂ R→ R be a
real valued function defined in an open neighborhood of a real number x0 ∈R. The derivative of the
function f at the point x0 is equal to the limit (if it exists):

f ′ (x0) = lim
x→x0

f (x)− f (x0)

x −x0
= lim
∆x→0

f (x0 +∆x)− f (x0)

∆x
= lim
∆x→0

∆ f (x)

∆x
(5.3)

Since the power flow equations Pi and Qi present an implicit relation in terms of voltage magni-
tudes and angles, P = f1 (|V|, ) and Q = f2 (|V|, ), the derivation process becomes complex. For the
aim of this study, the partial derivatives are approximated by finite differences to build the sensitiv-
ity matrices ∂V /∂P and ∂V /∂Q:

∂Vi

∂P j
≈ ∆Vi

∆P j
,

∂Vi

∂Q j
≈ ∆Vi

∆Q j
(5.4)

In the same way and considering the loadings L of the network branches, it has been assumed:

∂Li

∂P j
≈ ∆Li

∆P j
,

∂Li

∂Q j
≈ ∆Li

∆Q j
(5.5)

The sensitivity coefficients will depend on the characteristics of the loads and lines and they will
represent the changes in either voltages, reactive power flows or line losses, both locally and re-
motely. For each of the six case studies proposed, the sensitivity matrices ∆V

∆P , ∆V
∆Q , ∆L

∆P and ∆L
∆Q were

obtained. The value of ∆P and ∆Q for building the sensitivity matrices was selected in order to be
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sufficiently small but large enough to notice the variation of node voltages and branch loadings due
to the injections of active and reactive power. After carrying out different practical experiments, it
was decided that:

• For the voltage sensitivity coefficients: ∆P = 10−5 and ∆Q = 10−5.

• For the loading sensitivity coefficients: ∆P = 10−3 and ∆Q = 10−3.

From the voltage control point of view, the most relevant sensitivity matrix is ∂V /∂Q, whose coef-
ficients for a given column represent the voltage variation contribution at each bus with respect to
the injection into the bus linked to the specific column. The sensitivity coefficients ∂Vi /∂Q j were
compared with the ∂Vi /∂P j ones and it was found that the variations of reactive power influences
up to 10 times more the voltages of the corresponding network nodes. Therefore, the analysis of
the voltage variations along the network will focus on the results of the sensitivity matrix ∂V /∂Q. In
the same way, the loadings of the network branches are more influenced by the active power flows
through the lines. Therefore, the focus on the load rate variation at every network branch will focus
on the sensitivity matrix ∂L/∂P .

In order to obtain insightful conclusions about the influence of the different parameters in the net-
work operation conditions, the active and reactive power variations ∆P and ∆Q were applied only
at the loads with demand response (13 out of 47). The aim of this analysis is to identify the loads that
mostly compromise the voltage stability in the network and have more potential for creating con-
gestion problems in specific lines. In this way, the loads that present higher sensitivity coefficients
would require a demand response program with more urgency in order to prevent their power vari-
ations and to decrease their influence in the network nodes and loadings.

The analysis of the weight of every load in the voltages and loadings variations was carried out with
the calculation of a relative sensitivity factor. Considering that, for the ∂V /∂Q sensitivity matrix,
each row represents a network node and each column shows a load with demand response, each
sensitivity coefficient ∂Vi /∂Q j has been divided by the total sum of the coefficients of each row
in order to find the contribution of each load to the voltage variation of the node. The value is
multiplied by 100 to express these relative sensitivity factors as percentages (%). In the same way,
each row of the sensitivity matrix ∂L/∂P represents a network branch and each column pictures a
controllable load. Therefore, the relative sensitivity factor for the network loadings was obtained by
dividing every sensitivity coefficient ∂Li /∂P j of each row by the total sum of all the coefficients of
the row.

The results of these relative sensitivity factors are graphically shown in Figure 5.5 and Figure 5.6.
Figure 5.5 represents the influence of each load in the variation of the voltage nodes, while Figure 5.6
represents the influence of each load in the variation of the loadings of the different branches. The
analysis focuses on the results obtained for the base line case in summer, since similar conclusions
were obtained from each case study in terms of voltages and loadings sensitivities.

First, the relative voltage sensitivity factors obtained for each load is analysed in Figure 5.5, which
shows the weight of the sensitivities obtained in the matrix ∆V /∆Q. It can be noticed that, among
the demand response loads considered, reactive power changes from the loads 9 to 13 highly in-
fluence the voltage values along the network. In particular, load 9 presents sensitivity factors that
reach 85%, while the rest of the loads make up the pending 15% for the same node. As expected, the
node that experiences the highest sensitivity to reactive power changes is node 101, to which load 9
is connected. Not only is the magnitude of the factor crucial, but also the number of times voltage
sensitivity peaks that can be found for the same load. Only one noticeable peak can be found for
loads 1, 7 and 8, while two peaks are observed for loads 9 to 13, hence highly influencing two nodes
under minimum variations of reactive power. Looking at the magnitude and location of these fac-
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tors, especially loads 9, 10 and 11 turn out to be the most critical ones among the demand response
loads. This analysis would serve as a first indication of the network loads that would require a de-
mand response agreement with more urgency. On the other hand, loads 2 to 5 show low voltage
sensitivities under reactive power changes from all the selected loads and do not present the need
to be controllable from the point of view of voltage regulation.

Figure 5.5: Relative voltage sensitivity factors for each load with respect to the network nodes

Opposite to the localized influence in the voltage variations along the network, the relative loading
sensitivity factors shown in Figure 5.6 do not follow a visible trend. These factors represent the
results obtained for the sensitivity matrix ∆L/∆P , which measure the influence of the active power
changes of the demand response loads in the load rates of the network branches.

Although it is not clearly seen in the graph, the maximum value occurs for load 1 for branch. This
cable is located at the end of the feeder, where congestion issues are more likely to turn up. On
the other hand, all loads present high loading sensitivity factors for several branches except loads
3, 4 and 5. The amount of branches that are being affected per node can be easily identified in
Figure D.3, in section D.1 of the Appendix. In general, loads 2 and 7 present a higher number of
branches with relatively high sensitivity factors, while 8 to 13 present isolated high peaks for specific
branches. Moreover, most of the loading sensitivity peaks displayed in Figure 5.6 present a value
close to 100%, meaning that changes of the active power of most of the loads have a direct effect on
the loadings of specific branches.



68 5. Comparative assessment of different operational flexibility sources

Figure 5.6: Relative loading sensitivity factors for each load with respect to the network branches

In this case, the combination of the sensitivity matrices ∂V /∂Q and ∂L/∂P can bring insightful con-
clusions about the needs of flexible demand in a network. The changes of both active and reactive
power of the load will influence the node voltage profiles and branches, respectively. Under demand
peak situations, demand response would allow to control the active and reactive of the loads that
include this type of local flexibility, reducing the risk of excessive voltage deviations and possible
congestion issues along the network. By this type of sensitivity analysis, a ranking of the most crit-
ical loads for the reliable network operation could be performed by the DSO in order to detect the
locations that require the control of certain network variables.

After having carried out the sensitivity analysis for the variables of interest, the next section presents
the impact of the considered flexibility sources on the base line case. Afterwards, the performance
of these sources will be compared for the under-scaled and over-scaled case studies, which include
lower and higher demand requirement in the test network, respectively.

5.3. Base line scenario

A more detailed analysis of the integration of flexibility sources is presented for the base line case,
focusing on the summer PV generation conditions. Then, the main representative differences found
under different levels of demand and generation will be highlighted in order to detect the operating
limits of a standard distribution network.
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The voltage profiles resulting from this case study without flexibility integration was already pre-
sented in Chapter 3 (Figure 3.22). For a more insightful understanding of the voltage behavior along
the network, the MV and LV levels have been represented separately in Figure 5.7 and Figure 5.8,
respectively. The corresponding voltage limits for each level are also defined: between 0.95 and
1.05 p.u. for MV and between 0.9 and 1.06 p.u. for LV. These limits are defined in Vision and are
the ones considered by their clients, DSOs among them, for detecting voltage deviations along the
network.

Moreover, only the upper and lower voltage profiles are illustrated in order to easily identify the
extreme voltage values every hour of the day. The rest of the corresponding MV and LV profiles are
included within these extreme profiles. The complete voltage profiles for the network nodes can be
found in Figure D.4 and Figure D.5 of the Appendix.

For the base line conditions of demand and generation defined for the test network, undervoltages
appear for both MV and LV levels. These undervoltage peaks correspond to the electricity con-
sumption peaks in the morning and evening, at 8-10 am and 18-20 pm. It can be observed that
the morning demand peak is the most critical one, since the voltage deviations are the highest at 9
am. Particularly, the LV profiles present more variability during the day, with overvoltages present
in the first hours, from 1 to 4 am. In general, the changes in demand along the network will be bet-
ter observed in the changes that LV profiles experience since the test distribution network is mostly
residential.

Finally, the voltage differences considering summer and winter PV generation conditions are also
presented. The difference can only be noticed in the LV profiles, where most of the distributed PV
generators are located. Due to the decrease of solar power generation in winter, the net demand of
the network increases, leading to lower voltages than in the case of the selected summer day. These
differences are only noticeable during daytime, from 9 to 19h in the case of a representative winter
day.

Figure 5.7: Medium-voltage profiles extremes
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Figure 5.8: Low-voltage profiles extremes for summer and winter

5.3.1. Impact of flexible generation

In the previous subsection, the voltage profiles in the base line case were presented without any
source of flexibility. Under these conditions, the impact of the integration of flexible generation is
analysed by means of the addition of a droop control (presented in Chapter 4) in the distributed
PV generators. This control acts only if the voltage set point at that node and that hour is outside
the allowed range. Moreover, since the maximum and minimum amount of reactive power that the
PV inverter can inject or absorb is defined as a percentage of the maximum active power that the
generator can provide at that time, the impact of the control will be higher during the periods of the
day with higher PV generation, that is, around midday.

Since the global effect of droop control performed by the distributed generators is not noticeable,
the local effect on a single node is analysed. Figure 5.9 shows the maximum voltage regulation per-
formed by the control in a summer day, while Figure 5.10 shows its maximum effect in a winter
day. Since the control only acts when the PV panels are generating solar energy, a closer view of the
corresponding daily hours for summer and winter is presented for each case. In general, the volt-
age change carried out by droop control is in the order of 10−3 p.u. Particularly, the maximum net
regulation during summer is 0.016 p.u., and 0.012 p.u. during winter. In both cases, the maximum
regulation occurs when the solar generation is at its peak, around 13h.

This local effect is inappreciable network-wide and, although undervoltage values in the base line
case present a slight improvement after the control, these voltages are still not within the desired
range. This is especially due to the influence of the generation profile and the limitations that PV
inverters present for providing reactive power.
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Figure 5.9: Maximum droop control effect on the voltage profiles in summer

Figure 5.10: Maximum droop control effect on the voltage profiles in winter

In order to implement a suitable decentralized control in networks with different features, a sensitiv-
ity analysis should be carried out in order to define the different variables of the control. Figure D.7
(Appendix) shows how the voltage profiles change with different values of the droop characteristic
k, present in the droop control formulation (Equation 4.1). In general, this slope has a low value for
distributed generators and can vary between 0 and 5 for small-scale installations [42]. As shown in
Equation 4.1, it is when the value of k is the lowest that the biggest voltage change occurs. For values
bigger than 1, the control is practically not noticeable.

It is important to highlight that these control methods cannot consider changes in the network due
to rapid modifications in the output power of renewable energy sources. Moreover, the control func-
tion adapts the voltage of the individual distributed generators, instead of through the interaction
with other DGs or other points of the system [31].
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5.3.2. Impact of flexible demand

This subsection analyses the effect of demand response in the selected loads of the network (13
out of 47), without having flexible generators. The impact of the integration of flexible loads will
be directly related to their capability when variations in the voltage profiles throughout the day are
involved, as well as to the limit of the variable range of active power set in the control. For the non-
flexible network, it could be noticed that undervoltage values during periods of peaks in demand
were the main issue that needed to be tackled. The presented demand response control directly
influences the demand levels at the most critical hours of the day, which is also visible in the voltage
results after the control action. Figure 5.11 and Figure 5.12 represent the network voltage profiles
at the medium- and low-voltage levels (in summer) adding the comparison of the extreme voltage
profiles after the action of the demand response control.

The most noticeable effect occurs for the medium-voltage nodes, which present all the voltage pro-
files within the admissible limits in comparison with the non-flexible MV network. For this purpose,
the control has decreased P and Q at the nodes that presented undervoltage in order to bring back
the voltage profiles within the allowed range. For the lower voltage profile shown in Figure 5.11,
demand response has increased the voltage value from 0.875 to 0.9 at 9 am. This node does not
present a flexible load but it is influenced by the control actions in the surrounding nodes. Focusing
on the morning demand peak at 9 am, demand response has decreased the value of active power by
a maximum of 50%, as set in the control. However, only 5 loads out of 13 decrease the power of the
load until that threshold. The rest of the loads only curtail part of the power, until the voltage value
of the node at that hour is within the allowed range.

Figure 5.11: Effect of the demand response control on the medium-voltage profiles

On the other hand, the voltage values at the nodes located at the low-voltage level also show an im-
provement with respect to the base case, but the ideal network state is still not reached. Figure 5.12
illustrates how the time period between 8 a.m and 11 a.m presents voltage values below the defined
limit despite the action of the control. In this case, the voltage values cannot be improved further
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since the values of P and Q during this period have already decreased until the 50% of their nominal
values in the non-flexible base case.

Figure 5.12: Effect of demand response control on the low-voltage profiles

The presented demand response control considers the regulation of both active and reactive power
for voltage regulation. When the topic of flexibility is addressed, especially in the residential sec-
tor, it is often assumed that only the active power is shifted from demand peaks to other periods
with better operational and economical conditions. This flexible demand represents the real power
variation for which the customers would need to change their consumption behaviour under these
agreements. Moreover, the value of lost load (VLL) is usually expensive and needs to be covered
by the DSO or the different stakeholders involved in the contract. In this way, this shifted power
represents both the investment needed by the system operator and the financial incentives for the
consumers. The voltage profile comparison between the P-Q control and only P control can be ob-
served in the Appendix (Figure D.8). It can be noticed how the addition of reactive power in the
control leads to better voltage results. In the case of flexible residential loads, the value of active
power approximately doubles the defined reactive power. This is why the control of P alone also
leads to sufficient voltage control.

5.3.3. Impact of the combined flexible generation and demand

As analysed during this section, the controls applied to flexible generation and flexible demand yield
positive results in terms of voltage regulation when they are integrated separately. In order to notice
the impact of the combination of both in the network, its local effect at two different buses is shown
in Figure 5.13. Specifically, Figure 5.13a represents a node that includes flexible generation while
Figure 5.13b represents a node with a flexible load.

The main conclusion that can be drawn is that this combined control leads to a better voltage reg-
ulation in every case, no matter if a flexible load or PV element is connected to the analysed node.
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However, one control will be more dominant depending on the time of the day and the network
conditions. For example, it can be observed how droop control integrated in PV generators pre-
dominates over demand Response when solar generation is at its peak (Figure 5.13a) since the node
is directly influenced by this this type of voltage regulation. On the other hand, Figure 5.13a presents
better results for the demand response control throughout the day since a flexible load is connected.
In all cases, droop control will provide a slight improvement in the voltage set point with enough so-
lar generation, since the value of Q will be accordingly modified each hour. Demand response will
always offer a noticeable voltage regulation during demand peaks. In conclusion, the impact of each
control on the network voltages will depend on the proximity of the controls to the selected nodes,
as well as the specific conditions such as renewable energy generation and amount of demand that
must be met.

(a) Voltage profile with different controls at a node
with generation droop control

(b) Voltage profile with different controls at a node
with Demand Response

Figure 5.13: Effect of droop control, demand response and the combination of both on the voltage
profiles

5.3.4. Integration of battery systems

In the previous subsections, droop control and demand response have been investigated as poten-
tial flexibility controls in the generation and demand sides, respectively. The biggest regulation of
the voltage profile occurs with the combined control of flexible generators and loads, but still some
voltage peaks violate the set limits. In this context and with the aim of having a full control for volt-
age stability, energy storage is proposed as a potential flexibility source in distribution grids.

Figure 5.12 above showed that demand response cannot correct the overvoltages present in the first
hours of the day and the undervoltages in the morning demand peak, from 8 a.m. to 11 a.m. These
will be the critical periods in which batteries will need to be able to charge and discharge the re-
quired energy for regulating the pointed voltage profiles. For this analysis, the voltage profiles regu-
lated by the combined control of flexible generation and demand are taken as an input for the stor-
age assessment. Since the effect of droop control by the PV generators is not noticeable, the profiles
are practically the same as the ones obtained after the action of demand response. All the network
voltage profiles after the combined control action are represented in Figure D.9 and Figure D.10 of
the Appendix, for the MV and LV levels, respectively.
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Following the control logic proposed in Chapter 4 for the integration of battery systems, Figure 5.14
shows the active power difference that needs to be covered by the batteries at the network nodes
’n’ in order to respect the allowed voltage range. As expected, during the night (1 a.m. to 5 a.m.)
the active power needs to be decreased in order mitigate the overvoltage values, while during the
morning demand peak (8 a.m to 11 a.m) the power needs to be increased to remove undervolt-
ages. This would be translated into battery systems connected to each presented node, which
would absorb power during overvoltage periods and inject power to the grid when undervoltages
are present.

Table 5.2 details the storage capacity that needs to be connected to each identified node. One as-
pect that stands out is the high capacity required at the nodes with overvoltage, when these voltage
profiles showed that the limits are just slightly exceeded during the night. This is because of the
mutual influence of the voltage profiles, since that period presents several nodes with voltages that
exceed upper limit, while the batteries only act at one node. Hence, the active power that needs to
be decreased at these two individual nodes with overvoltage will be higher in order present an im-
pact on their separate voltage values. On the other hand, the undervoltage values present a higher
peak below the limit, but they are quite isolated with respect to the other voltage profiles. This is
why the battery capacity for these nodes represent more accurately the amount of active power to
increase depending on the proximity to the set limit. As expected, node 94 needs a bigger capacity
since it presents the highest voltage deviation of the network.

Figure 5.14: Active power surplus or deficit needed per node for keeping voltage values within the
allowed limits

Node Battery capacity [kWh]

Overvoltage
66 150
81 162

Undervoltage
88 36
94 172

Table 5.2: Estimated battery capacity at each node with violation of the voltage constraints
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The estimated capacity values are relatively high, considering its integration into the distribution
grid. For instance, node 94 would require a battery with a capacity of 172 kWh, while the Tesla
Powerwall, also used for residential or light-commercial services, presents a capacity of 13,5 kWh.
However, it must be considered that the low-voltage loads that are being studied in this network are
aggregated to the medium-voltage distribution grid and can represent several households and even
a neighborhood or village. In this sense, the previous total capacities estimated for each node could
be the parallel connection of several small batteries between different households.

Following the control logic presented in Chapter 4, the charging and discharging periods of the bat-
tery system are defined, as well as the conditions for their state of charge (SOC), which are added
in the Appendix for this base line case. They are represented in Figure D.12 and Figure D.13 re-
spectively. The final impact of the integration of short-term flexible battery storage systems on the
network voltage profiles can be observed in Figure D.14 of the Appendix.

To conclude, it has been proved that the combination of flexibility sources applied to generation,
demand and storage is able to keep the voltage profiles within the admissible voltage range in the
distribution grid throughput the day. It must be pointed out that batteries are only correcting the
low-voltage profiles since demand response was already able to regulate all the profiles properly
at the medium-voltage level. The battery needs obtained for this base line case will be contrasted
in the next subsection under the presence of different levels of demand and generation in the net-
work.

5.3.5. Loadings of the network branches

Due to the changes of active and reactive power imposed on by flexibility controls, the load rates of
the network branches could be affected in a negative way. This is why a final step in order to to get a
more fine-grained assessment of the performance of the different flexibility sources proposed is the
analysis of the change of the load rates along the network branches.

Figure 5.15 shows the biggest load rate difference at one network branch throughout the day for
the base line case, comparing the load rates results of the combined control with the separated
controls of flexible demand and generation. The individual effect of droop control on the network
loadings has been neglected since the difference ranges from 1% to 3%. The main conclusions from
each control can be drawn from this graph: during the period of high demand in the base case, the
effect of demand response is quite noticeable, while from 11 a.m. to 5 p.m. the combined control
predominates since the effect of droop control is at its maximum. During this period, the injection
of extra reactive power Q at a selected node decreases the voltage difference ∆U with the adjacent
node, improving the active power transmission and releasing congestion. The total current through
the line decreases, hence the power losses also decrease accordingly. In this way, integrating droop
control in certain points of the network could be an advantage if these midday hours are expected
to have peaks of demand, which would put the branches at risk of experiencing overloadings.

The highest congestion release is achieved after the action of demand response occurs, since the
decrease in the loadings through the branches ranges from a small percentage to 30-40% for some
nodes. This reduction is quite significant considering that the highest difference occurs during
peaks of demand, which present higher risks of leading to congestion issues. These periods also
correspond to undervoltage values, meaning that the necessary decrease of P and Q will be per-
formed by the control in order to bring back the voltages closer to the nominal values. It must be
taken into account that the demand response control applied is only related to the voltage results,
but the regulation through P and Q will directly impact the load rates of the system. For instance, the
branch illustrated Figure 5.15 presents load rates over 80% in the base line case: under unexpected
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demand peaks, for example due to electric vehicles charging or lack of renewable energy generation,
these load rates could be over 100% and become a threat for the well-functioning and maintenance
of the different network elements.

In general, the loadings of all the network branches decreased after the action of the flexibility con-
trols proposed, especially due to the power curtailment performed by demand response during the
critical periods of high demand during the day. In this sense, the effects of power variations by
means of flexibility sources could be beneficial when congested locations are expected or are closer
to a 100%. In conclusion, a mix of flexibility sources in the network would be the best option in
order to keep voltage stability and mitigate grid overloads, considering the specific characteristics
and operational limits of the network under analysis.

Figure 5.15: Maximum load rate decrease in the network with different flexibility controls applied
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5.4. Comparison with the under-scaled and over-scaled scenarios

After the extended analysis of the base line case, the same flexibility assessment was performed in
the presented under-scaled and over-scaled scenarios with the aim of identifying the main differ-
ences in terms of the regulation performed by the flexibility controls.

First, both extreme case studies were simulated without the integration of flexibility. As in the base
line case, MV and LV profiles are represented separately in order to notice the critical time periods of
the day and the magnitude of the voltage deviation for both voltage levels, considering the summer
PV generation profile. To begin with, Figure 5.16 displays the upper and lower MV profile extremes
for all the case studies proposed. On the other hand, Figure 5.17 illustrates the upper and lower LV
profiles extremes for each case study.

In general, the lower demand levels present in the under-scaled case make all the medium- and
low-voltage profiles (coloured in blue) remain within the allowed limits. It is that the demand is
increased by a certain factor when the overvoltages and undervoltages start to appear during the
lowest and highest consumption periods of the day. In the case of the already analysed base line
case, the demand is 40% higher than in the under-scaled case study. Considering this increase,
the peaks of demand in the morning and evening already impose undervoltages on the network.
If the demand increases even more while keeping the same generation rates, the voltage profiles
in the network experience a general severe decrease. The lower voltage profile extreme for both
medium-voltage and low-voltage levels presents high voltage deviations beyond the allowed limit.
The over-scaled scenario proposed creates more severe voltage stability problems in the MV level,
where undervoltages are present since 8 a.m until the end of the day. In the case of LV profiles, the
demand peaks are still visible although more emphasized and lasting longer. However, despite the
demand increase due to additional electrification and the integration of EVs and HPs, overvoltages
are still present during the first hours of the day. This is because the new types of loads included
in the network present the highest electricity consumption during the daytime, contributing to the
deepening of the undervoltage problems during these hours.

(a) Upper medium-voltage profile for the different
scenarios

(b) Lower medium-voltage profile for the different
scenarios

Figure 5.16: Comparison of the medium-voltage extreme profiles for the base line, under-scaled
and over-scaled demand scenarios in summer
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(a) Upper low-voltage profile for the different
scenarios

(b) Lower low-voltage profile for the different
scenarios

Figure 5.17: Comparison of the low-voltage extreme profiles for the baseline, under-scaled and
over-scaled demand scenarios in summer

Considering the over-scaled case study, the voltage profiles present some differences if a summer or
winter solar generation profile is simulated. Figure 5.18 illustrates the lower LV profile extreme for
both daily generation profiles. The decrease of generation in the system also decreases the voltage
profiles, but in this case the main factor of this voltage variation is the attributes of the seasonal
demand. For the over-scaled scenario, the heat pumps present higher electricity consumption rates
that influence the voltages to a larger extent. For instance, during winter there is no PV generation at
9 a.m, but the voltage profiles present some deviation due to the peak of consumption imposed by
the heat pumps. However, the change is not highly noticeable network-wide since only a few loads
present heat pumps or electric vehicles. Moreover, the final load addition of heat pumps represents
a small percentage of the total additional electrification considered for 2030.
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Figure 5.18: Voltage profile comparison with summer and winter PV generation conditions in the
over-scaled scenario

Focusing on the impact of the flexibility sources, the combined control of flexible generation and
demand is directly presented for the different case studies. Figure 5.19 represents the lower LV pro-
file extreme for all the operational scenarios after the action of the combined control. As analysed
for the base line case, the integration of flexibility regulates the undervoltage present in the evening
peak, especially by means of power curtailment by demand response, and flattens the morning un-
dervoltage peak. In the case of the under-scaled scenario, the control does not act since all the volt-
age profiles are already within the allowed range. Finally, the effect of the control on the over-scaled
scenario is the most noticeable one.

In general, the control follows a similar pattern for the base line case study and the over-scaled one.
The morning undervoltage peak is still present after the action of the control and it remains during
more hours for the over-scaled scenario. This is due to the power curtailment limit imposed on the
demand response control. In this way, with higher levels of demand in comparison with the base
line case of the network, the control presents more limitations for regulating the voltage profiles.
Taking as a reference hour 9 for the represented node, which experiences the highest voltage devia-
tions, the control regulates the voltage until a value of 0.89 p.u. in the base line case, and 0.878 p.u
in the over-scaled case. However, the power has not been directly modified by the control, but the
rest of the demand response loads influence this voltage value, getting it closer to the limits. Fig-
ure D.11 of the Appendix presents the same comparison after the effect of the combined control for
the upper LV profile extreme.
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Figure 5.19: Lower LV profile extreme for all the scenarios after the action of the flexibility
combined control

To conclude, the different rates of demand and generation in the network will directly influence the
storage needs in the system. The storage capacity needed already presented in Table 5.2 showed the
nodes that require a connected short-term flexible storage system in order to regulate the voltage
profiles completely along the network. These results can be compared with the results obtained for
the different case studies. The required storage locations and their respective capacities considering
summer PV generation conditions for the different case studies are shown in Table 5.3. For winter
generation conditions, the storage capacity required in shown in Table 5.4.

For this analysis, it is also assumed that the storage systems are applied after the effect of flexible
generation and demand. The voltage results obtained for each case study after the control can be
related to the storage needs stated in the tables. To begin with, overvoltages were found during the
first hours of the day for all the case studies, leading to the need to connect batteries to the selected
nodes. Moreover, the magnitude of the battery capacities for regulating overvoltage values are even
4 times higher for the under-scaled scenario due to the low levels of demands set.

In the same way, the over-scaled case study leads to the need of more storage capacity to cover
undervoltage issues in several nodes. The higher the demand rates, the higher the capacity of the
storage systems needed. In this case, the differences between the storage capacity needed in sum-
mer and winter also yield interesting results. The under-scaled case keeps the same capacity values
since it only presents overvoltages during the night, when PV generation is not being produced. For
the other two operational cases, the voltage decrease created by the lack of PV generation in winter
increases the needs of storage capacity for the same nodes. The differences between summer and
winter are highly noticeable for the over-scaled case, which presents a high increase of the needed
capacity at each node.

These results represent the ideal storage capacities for achieving a complete voltage regulation in
the operation conditions proposed. However, the connection of a battery system to a single node
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with a capacity over 200 kWh would be too expensive and demanding from the technical point of
view. Moreover, the space available for the installation of battery systems is limited in the Nether-
lands. In this context, short-term storage systems could be connected to the most critical nodes
to cover unexpected voltage deviations created by peaks of demand. For both summer and win-
ter, nodes 66, 88, 91 and 94 present a potential for the integration of batteries since they require
additional flexibility actions in every operation situation.

Under-scaled case Base line case Over-scaled case

Node
Capacity

[kWh]
Capacity

[kWh]
Capacity

[kWh]
66 450 150 112,5
67 250 - -
81 400 162 87,5

Overvoltage

85 125 - -
84 - - 13,8
86 - - 3,8
88 - 36 743,8
91 - - 407,5

Undervoltage

94 - 172 498,8

Table 5.3: Estimated battery capacity for voltage stability for the different case studies in summer

Under-scaled case Base line case Over-scaled case

Node
Capacity

[kWh]
Capacity

[kWh]
Capacity

[kWh]
66 450 150 100
67 250 - -
81 400 162,5 75

Overvoltage

85 125 - -
84 - - 106.3
86 - - 70
88 - 98,8 998.8
91 - 12,5 505

Undervoltage

94 - 197,5 492,5

Table 5.4: Estimated battery capacity for voltage stability for the different case studies in winter

This regional assessment for the test network developed shows that changes in load profiles will be
considerably affected by the local adoption of PV distributed generators and new types of loads that
contribute to higher demand rates, such as EVs and HPs. In this context, the distribution network
loads are expected to become more volatile and load peaks could be more frequent in winter due to
higher electrical heating and typically lower PV generation. DSOs will need to increase the flexibility
levels of the distribution networks gradually in order to become more active in the coming years.
Operational studies regarding voltage regulation and short-term congestion management should
be performed in order to define the system flexibility needs and the available resources to meet this
demand for flexibility.
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Flexibility indicators

This research has shown that power systems will increasingly need flexibility in the coming years,
mainly due to the integration of variable generation and changes in the demand patterns. Some of
the consequences provoked by the presence of insufficient flexibility include the decrease of power
reliability, damage of the system equipment, difficulties in increasing the presence of renewable
energy sources or higher electricity prices [43]. In this context, system operators and regulators
need to respond, requiring methods for making a quantitative operational flexibility assessment of
the power system. The final goal will be to measure the level of flexibility required depending on
the conditions of the system and the available resources. However, the transformation of the power
systems and the emergence of the concept of operational flexibility lead to new challenges for the
system operators. Firstly, assessing how much flexibility already exists in the system. Secondly,
working out how much will be needed and at what time.

The previous chapter showed the results obtained after the integration of different flexibility con-
trols in the test network, particularly in terms of voltages and branches loadings. As a final contribu-
tion of this research, this chapter proposes different short-term flexibility indicators that could be
used by the system operator in order to determine the need and performance of different flexibility
sources.

6.1. Flexibility metrics

The definition of the different flexibility indicators will depend mainly on the problems that are
intended to be mitigated and the available network resources to carry this out. Firstly, it must be
taken into account that these indicators would be directly related to the accessible data in Vision as
well as the power flow results and flexibility simulations performed in Matpower.

Focusing on the main operational issues that can be detected in the network, the two investigated
ones throughout this project have been voltage deviations and overloadings. On the other hand,
the available resources that can be quantified and potentially fix these issues are active and reactive
power, which were also regulated by the presented controls. These four aspects will be explored in
the shape of different flexibility indicators and their value in the base line case will be compared
before and after the combined flexibility control in order to obtain the desired conclusions about
the network state.

Therefore, considering the accessible network input data and the power flow results obtained in
the different simulations, four operational flexibility indicators have been proposed: the magnitude
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of the voltage deviation, the presence of overloadings throughout the network, and the active and
reactive power requirements for a complete voltage regulation at all the system nodes.

6.1.1. Voltage deviation

The deviation of the voltage profiles throughout the day and their regulation in order to be kept
within the set limits have been the focus point of the different flexibility controls proposed. There-
fore, an indicator that represents the severity of this deviation needs to be proposed as a measure
of the network flexibility needs. In this context, Giménez [44] proposed several performance in-
dexes for evaluating the dynamic security of a power system, among which the quasi-stationary
voltage index (ICET) can be applied to this study. The calculation of this index is represented in
Equation 6.1:

IC ET = min

{
1, max

i=1..N

[ ∣∣∆vi ,pos
∣∣∣∣∆vi ,max,adm

∣∣
]}

(6.1)

where:
∆vi ,pos is the voltage variation with respect to the nominal value (VN ) at bus i.
∆vi ,max,adm is the maximum allowable voltage deviation.

The voltage variation ∆vi ,pos can be directly obtained for each node and hour from the voltage re-
sults after the power flow calculations, the nominal voltage value for all nodes being VN =1 p.u. On
the other hand, ∆vi ,max,adm is represented by the fixed voltage limits that have been considered in
the different controls. These values depend on the type of node (low-voltage or medium-voltage)
and whether the deviation is over or below the nominal voltage. The maximum allowed voltage de-
viation that has been considered for the calculation of this indicator is shown in Table 6.1, as well as
the set limits for the medium and low-voltage levels in the network.

Voltage deviation
limits [p.u.]

Maximum allowed
voltage deviation [p.u.]

MV LV MV LV
Overvoltage 1,05 1,06 0,05 0,06

Undervoltage 0,95 0,9 0,05 0,1

Table 6.1: Defined voltage limits and admissible voltage deviation ranges at medium and
low-voltage levels

Following this logic, the voltage deviation indicators have been obtained for every node and every
hour. However, the indicator limit has not been set at 1 as Equation 6.1 shows, since the severity of
the deviation is necessary for comparing different network conditions in terms of voltage stability.
Table 6.2 shows the maximum value of this voltage deviation indicator for each hour of the day. The
hourly worst-case is extracted in order to detect the time periods with the risk of suffering voltage
instability.

The non-flexible base line case is also compared with the results after the action of the combined
control in order to evaluate the impact of flexibility on this particular indicator. Table 6.2 shows that
the indicator is lower than the non-flexible case in practically all the hours due to the control reg-
ulation, and this decrease is more noticeable during the periods in which a violation of the voltage
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limits occurs. These hours, coloured in red, present an indicator higher than 1 without flexibility.
This would mean that at least the voltage of one node is not within the admissible voltage range,
since the maximum indicator value for the whole network is considered for this analysis. As con-
cluded in the previous chapter, the effect of the combined control regulates the voltage during the
evening demand peak and only overvoltages in the first hours and undervoltages in the morning de-
mand peak are still present. This voltage regulation can also be noticed in the table, since the value
of the deviation decreases with the control and only these two time periods still present indicators
higher than 1.

Hour
Voltage deviation indicator

(base case)
Voltage deviation indicator

(combined control)
1:00 0,982 0,982
2:00 1,050 1,050
3:00 1,050 1,050
4:00 1,024 1,024
5:00 0,983 0,984
6:00 0,940 0,942
7:00 0,801 0,816
8:00 1,200 1,071
9:00 1,302 1,091

10:00 1,153 1,074
11:00 1,069 1,017
12:00 0,936 0,882
13:00 0,971 0,911
14:00 0,874 0,824
15:00 0,828 0,909
16:00 0,908 0,858
17:00 0,928 0,873
18:00 1,064 0,913
19:00 1,184 0,967
20:00 1,096 0,953
21:00 0,979 0,946
22:00 0,919 0,890
23:00 0,785 0,813
24:00 0,922 0,925

Table 6.2: Worst-case voltage deviation indicator for each hour of the day in the base case and in
the combined control scenario

However, the presented voltage deviation indicators do not show how many nodes have voltage
problems during each hour. Figure 6.1 illustrates the voltage indicators for all nodes every hour for
the base case. It can be observed that several nodes present a few voltage indicators greater than 1,
or close to 1 during the same hour. This multiple violation of the voltage limits should also need to
be considered when evaluating the general voltage deviation of the network. This could be added
as a secondary voltage indicator which measures the severity of the deviation.
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Figure 6.1: Heat map representing the magnitude of the voltage deviation for all the nodes and
every hour of the day

6.1.2. Overloadings of the network elements

The second indicator that can evaluate the potential congestion issues refers to the overloadings
present in the network. For this base line case study in particular, it was concluded that no over-
loadings occur throughout the different simulations, but the proximity to the 100% load rates can
be stated as another interesting indicator to take into account.

In this way and similarly to the voltage deviation indicator, the obtained overloading indicator is
presented in Table 6.3 as the worst-case result for each hour (greatest value) for the base case and
the combined control scenario. In this case, the impact of the flexibility control is more noticeable
during the morning and evening demand peaks, where the power decreased by demand response
also decreases the load rates of the particular network branches.
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Hour
Loading indicator

(base case)
Loading indicator

(combined control)
1:00 0,44 0,44
2:00 0,44 0,44
3:00 0,43 0,43
4:00 0,43 0,43
5:00 0,43 0,43
6:00 0,42 0,42
7:00 0,42 0,42
8:00 0,51 0,50
9:00 0,86 0,83

10:00 0,94 0,91
11:00 0,96 0,95
12:00 0,95 0,94
13:00 0,87 0,87
14:00 0,84 0,84
15:00 0,89 0,89
16:00 0,92 0,92
17:00 0,90 0,90
18:00 0,71 0,60
19:00 0,83 0,82
20:00 0,89 0,87
21:00 0,83 0,82
22:00 0,75 0,75
23:00 0,82 0,82
24:00 0,69 0,69

Table 6.3: Worst-case loading indicator for each hour of the day in the base case and in the
combined control scenario

6.1.3. Reactive power requirements

Focusing now on the available network resources that might prevent the previous voltage and con-
gestion problems, the regulation of reactive power performs a direct effect on the voltage profiles.
Therefore, the quantification of the reactive power that needs to be decreased or increased by each
node every hour would also inform about the network requirements throughout the day in order to
obtain the desired voltage results. Figure 6.2 represents the amount of reactive power that needs to
be increased or decreased each hour in order to bring the voltages within the allowed limits with-
out changing the active power levels of the network. The higher need of reactive power is clearly
distinguishable during the morning and evening demand peaks, although other nodes also present
reactive power deficit almost all day.
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Figure 6.2: Amount of reactive power needed at the individual nodes throughout the day to respect
voltage constraints in the base case

In order to have a network-wide overview of the reactive power needs for voltage stability, the com-
parison between the amount of available reactive power in the base case and the required value
for each hour is presented in Figure 6.3. This comparison defines the reactive power indicator, cal-
culated by dividing the extra reactive power needed each hour for keeping the voltages within the
allowed range by the available amount for that hour. The indicator results represented in Table 6.4
show how the reactive power requirements are lower for the combined control scenario, especially
during the demand peaks. This is because a reactive source is added by the droop control performed
by the flexible generators, and demand response has already improved the voltage values by also
decreasing the reactive power of the selected nodes. The worst-case indicator of each hour is repre-
sented in Table 6.4 as the maximum indicator among all the network nodes during that hour.
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Figure 6.3: Comparison between the amount of reactive power needed each hour to respect
voltage constraints and the available one in the network
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Hour
Required Q indicator

(base case)
Required Q indicator
(combined control)

1:00 -0,405 -0,405
2:00 -1,022 -1,021
3:00 -0,998 -0,998
4:00 -0,811 -0,811
5:00 -0,405 -0,405
6:00 -0,224 -0,230
7:00 0,434 0,359
8:00 1,125 0,911
9:00 1,235 0,973

10:00 0,992 0,884
11:00 0,799 0,764
12:00 0,597 0,625
13:00 0,600 0,589
14:00 0,569 0,554
15:00 0,424 0,525
16:00 0,595 0,593
17:00 0,620 0,601
18:00 0,846 0,684
19:00 1,102 0,867
20:00 1,033 0,847
21:00 0,907 0,814
22:00 0,858 0,754
23:00 0,407 0,348
24:00 -0,065 -0,097

Table 6.4: Resulting reactive power indicator each hour in the base case and in the combined
control scenario

6.1.4. Active power requirement

While reactive power directly affects voltage values, active power is directly related to the branches
loadings. Therefore, it is presented as a flexibility resource with the potential of mitigating possible
congestion periods. In a similar way to the reactive power indicator calculation, the voltage profiles
are brought back within the limits by regulating the active power values of every node every hour
and the amount needed for some particular nodes throughout the day in the base case is repre-
sented (Figure 6.4). As expected, a larger amount of active power needs to be decreased during the
undervoltage periods and only extra P is required when overvoltage situations occur during the first
hours of the day.
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Figure 6.4: Amount of active power needed at the individual nodes throughout the day in the base
case to respect voltage constraints

Finally, the total active power required each hour in the base case and after the action of the com-
bined control is illustrated in Figure 6.5. In general, a large decrease is needed in order to keep the
voltage and loading conditions. This fraction between the desirable amount of active power each
hour and the available amount in the base case leads to the definition of the required active power
indicator. Table 6.5 shows the maximum value for this indicator each hour of the day. In the same
way as the reactive power indicators, this power change is smaller for the combined control sce-
nario since demand response already curtailed the necessary active power during the critical time
periods of the day.
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Figure 6.5: Comparison between the amount of active power needed each hour to respect voltage
constraints and the available one in the network
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Hour
Required P indicator

(base case)
Required P indicator
(combined control)

1:00 0,235 0,235
2:00 0,831 0,830
3:00 0,815 0,815
4:00 0,476 0,476
5:00 0,228 0,228
6:00 0,000 -0,019
7:00 -0,474 -0,426
8:00 -1,072 -0,908
9:00 -1,182 -1,000

10:00 -1,147 -0,940
11:00 -1,105 -0,860
12:00 -0,945 -0,660
13:00 -1,020 -0,667
14:00 -0,880 -0,549
15:00 -0,727 -0,505
16:00 -0,946 -0,667
17:00 -0,919 -0,642
18:00 -0,984 -0,783
19:00 -1,015 -0,871
20:00 -0,978 -0,837
21:00 -0,908 -0,812
22:00 -0,804 -0,732
23:00 -0,540 -0,491
24:00 -0,127 -0,109

Table 6.5: Resulting active power indicator each hour in the base case and in the combined control
scenario

6.2. Conclusions for the case study

In this chapter, four different operational indicators have been proposed for the assessment of the
network state in terms of voltage deviation and potential overloadings, and the required active and
reactive power to mitigate these situations. Moreover, the non-flexible base case results have been
compared with the scenario which includes flexible generators and demand response in order to
evaluate the performance of the proposed flexibility controls.

The maximum indicators have been selected as the worst-case scenario for each hour in order to
consider the extreme values during the day. These values for both network cases are represented in
Table 6.6. On the other hand, a general indicator that shows an overview of the network state is also
calculated as the average value of all the indicators of that particular hour. These average values
can be observed in Table 6.7. Additionally, a graphical representation of these indicators results is
provided in Figure 6.6.

In general, the indicators show lower values and, therefore, better results for the flexible network
considering both the worst-case scenario and the average indicators for each hour. This especially
the case of the active and reactive power required after the flexibility control, which decrease signif-
icantly compared to the base case, while the voltage profiles are also better regulated in the com-
bined control, which is illustrated with a lower voltage deviation indicator. These indicators can
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be applied to other network situations in order to follow a first approach of its operational perfor-
mance, as well as for comparing different distribution networks and the urgency of the implemen-
tation of flexibility sources.

Base case Combined control
Voltage deviation 1,3 1,09

Overloadings 0,96 0,95
Q required 1,24 0,97
P required 1,18 1

Table 6.6: Indicator results for the worst-case scenario

Base case Combined control
Voltage deviation 0,998 0,948

Overloadings 0,715 0,705
Q required 0,711 0,652
P required 0,765 0,627

Table 6.7: Indicator results for the average scenario

(a) Radar chart comparing the worst-case indicators
for the analysed case studies

(b) Radar chart comparing the average indicators for
the analysed case studies

Figure 6.6: Flexibility indicators comparison between the base case and the combined control
scenario, considering the daily worst-case and average indicator values
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Conclusions and recommendations

The conclusions of the conducted study as well as some recommendations for future work are pro-
vided in this final chapter. The conclusions are presented by answering the two research questions
that were proposed for this project, with the aim of achieving the main research objective proposed
in this research. Section 7.1 presents the key research findings with regard to the research questions.
Then, Section 7.2 proposes recommendations for future work.

7.1. Key research findings

In general, higher penetration rates of variable energy generation in the distribution grids, the emer-
gence of prosumers or the addition of new types of loads such as heat pumps and electric vehicles
impose operational challenges for the DSO in order to obtain the desirable real-time balance be-
tween production and demand. In this context, short-term flexibility has been pointed out as a
potential solution to the fluctuations in demand and supply for the specific time horizon under
analysis. For this purpose, traditional distribution grids should transform towards active distribu-
tion networks. This transformation would facilitate the control of the grid operation by the DSO.
The general goal of this thesis has been to evaluate the performance of different flexibility sources
and its short-term quantification in order to be assessed by the DSO in an active distribution net-
work.

The research has focused on two main fields: Firstly, the development of a distribution test net-
work based on Dutch standards for the subsequent power flow analysis and integration of flexibility
controls. Secondly, the assessment of the performance of different flexibility resources in order to
identify the operational challenges of the network under different demand and generation condi-
tions. The results and conclusions obtained are used for the development of suitable short-term
flexibility indicators, applied to the standard distribution network considered throughout this re-
search.

These two sides of the research allow us to answer the research questions of this Master thesis:

1. How could a futuristic scenario of a Dutch distribution network be confidently modelled in an
open-source tool for steady-state performance assessment of flexibility?

The first stage of this research was to model a typical Dutch distribution network for the subsequent
simulation of flexibility controls under realistic scenarios. For this purpose, a real Dutch distribu-
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tion network from the Netherlands was selected and adapted for this study. Since the test network
was developed in the software Vision Network Analysis, used by energy companies and clients such
as DSOs, an open-source tool also had to be developed for its application to subsequent research
studies. Matpower was selected as a secondary tool for this analysis due to its similar procedure for
performing steady-state power flow calculations and displaying the results.

Chapter 3 detailed the considerations and steps followed for the development of a Vision-Matpower
converted in order to export the network data into the Matpower data matrix structure. With this
converter, several distribution networks based on real data from the DSOs could be exported to a
Matpower network file for performing additional simulations. Thus, the Matpower network file was
used for the integration of flexibility sources into the network. Different controls were proposed
in Chapter 4 for the simulation of flexibility actions from the supply, demand and storage sides,
considering a complete day with 1-hour resolution. In the case of flexible distributed generation
and demand response, a proportional droop control was applied with the aim of modifying the set
values of active and reactive power and respond to voltage deviations along the network. Then,
flexible storage was included in nodes that still presented high voltage deviations after the action
of flexibility from the distributed generators and demand response. It was found that the mix of
these flexibility sources, applied to the same active network in Matpower, can always bring voltage
stability into different operating conditions. The main difference between the different cases will be
the size of the storage capacity connected to the selected nodes.

2. What is a mathematical insightful method to assess flexibility from different sources in future
Dutch distribution networks?

The need to better understand the impact of operational flexibility on the distribution networks and
the requirements of more flexible resources lead to the necessity of quantifying their performance
among different networks or scenarios. For this purpose, Chapter 5 applied the flexibility controls
presented in Chapter 4 to the test network developed for this research. In order to detect the needs
of flexibility in the network and its operational limits, three different levels of demand were included
in the 24-hour load profile: an under-scaled scenario, a base line case scenario and an over-scaled
demand scenario. Moreover, the influence of the presence of summer and winter PV generation
conditions was also studied. In general, the base line case presented initial demand levels already
set for the network, while the under-scaled case assumed a general 40% demand decrease through-
out the day. Finally, the over-scaled scenario considers a demand increase, expected in 2030, with
the addition of heat pumps and electric vehicles.

The impact of each flexibility control was assessed by looking at the variables changed, mainly active
and reactive power, and its final effect by means of the regulation the hourly voltage values. For
instance, it was shown that demand peaks lead to accentuated undervoltage periods that can only
be solved by the combined action of demand response and the addition of storage systems, but with
a 50% of the hourly total power set point drop in some cases, limit fixed in the control.

The comparative assessment of the impact of different flexibility sources under different network
operation conditions performed in Chapter 5 focused on the control of P and Q for bringing back
the voltage profiles back to the allowed voltage range. Moreover, the impact of these sources on
the loading levels of the branches was analysed in order to assess their feasibility for short-term
congestion management. Since these four factors (P, Q, voltages and loadings) are directly affected
by the flexibility source applied, they are used for the formulation of operational flexibility indicators
in the short term. Four indicators can be extracted from this analysis:
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• Voltage deviation indicator, which measures the maximum voltage variation at every node
with respect to the admissible allowable voltage deviation.

• Overloading indicator, which measures the proximity to a 100% loading level, or when it is
exceeded.

• Reactive power requirements’ indicator, which refers to the Q that needs to be added or ex-
tracted every hour for achieving voltage stability throughout the network.

• Active power requirements’ indicator, which refers to the deficit or surplus of active power in
the network for voltage stability and congestion management.

In general, the calculation of these short-term indicators for the base line case is able to show the
impact of flexible sources in terms of voltage regulation, change of loadings and improvement in
the active and reactive power required for a reliable network operation. However, their analysis can
be extended to notice their impact per node and the magnitude of the changes of these indicators
during the day.

The previous research questions aim to answer the main research objective of this project: "To pro-
pose a systematic procedure to assess the impact of different sources of flexibility by a DSO in an
active distribution network".

As presented in this section, the first stage of the research consisted in the modelling of a standard
distribution grid in the Netherlands in an open-source tool. Then, the impact of different sources
of flexibility was assessed by the control of certain network variables, and indicators were derived
from the results. In general, the procedure that has been followed for the comparative assessment
of flexibility sources has been as follows:

1. To export the distribution network values from Vision to the Matpower data matrix structure
to carry out the steady-state power flow calculations. If the DSO does not use Vision, other
tools could be developed for the transformation of the available data to the needed input data
matrices in Matpower.

2. To analyse the power flow results without the integration of flexibility in order to identify the
operational limits and needs of local flexibility.

3. To simulate the network in the chosen time horizon by applying the flexibility sources of in-
terest. In this research, only droop control at flexible generators, demand response and short-
term flexible battery systems have been investigated.

4. To identify the changes in the network variables due to the action of the flexibility sources.
These changes can be quantified and translated into several indicators that inform the DSO
about the flexibility needs of a particular network and how the flexibility sources would affect
the network operation in terms of voltage stability and loadings of the branches.

7.2. Recommendations for future work

In the course of this project, several suggestions have been detected for the extension of this re-
search and the expansion of the obtained results. The main recommendations for future investiga-
tions are listed below:

• Apart from focusing on the technical features linked to the flexibility sources, other non-
technical aspects such as the market, regulatory and policy frameworks are needed for an
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insightful flexibility assessment. A broader view of system flexibility will need to be devel-
oped, integrating the different market participants and the technical and non-technical char-
acteristics of the network.

• The simulation of longer time periods such as a complete year would allow us to show the
impact of seasonal generation conditions, as well as consumption patterns and load changes
across the different months.

• The implementation of more sophisticated controls connected to the distributed generators
should be included. The chosen controls will depend on the generator’s size and network
operating conditions, and they would be able to respond to unexpected fluctuations of the
system variables. The performance of PV generators in comparison with other types of dis-
tributed generators such as wind turbines must be performed.

• The inclusion of a detailed assessment of the flexibility provided by heat pumps and electric
vehicles from a regional point of view. For instance, smart charging controls can be integrated
into the electric vehicles to have additional control elements in the network.

• The flexibility provided by demand response can be assessed by the integration of different
demand response agreements and methodologies. Normally, demand response is activated
by price signals and does not depend directly on the technical features of the network. Its
economic viability taking into account the money incentives for the customers can also be
added.

• Flexibility indicators in the planning context, more focused on the long term, can be formu-
lated if enough probabilistic data are available. Although the focus of the DSO is on the quan-
tification of the short-term operational flexibility, the considerations taken in the planning
process are important for deciding the most urgent actions in terms of the integration of flex-
ibility sources and their potential impact on the network operation.

• More detailed short-term operational flexibility indicators should be developed, considering
the economic implications of the flexibility sources applied to the network and the technical
characteristics of the elements included.
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A
Data file format in Matpower

The Matpower case file forms a struct defines the mpc struct when loaded, which contains the in-
put data of the network. The fields of this mpc struct includes the bus data (mpc.bus), branch data
(mpc.branch) and generator data (mpc.gen). The different columns and their meaning, which are
considered for the power flow calculations, are specified in Figure A.1, Figure A.2 and Figure A.3, re-
spectively. Finally, Figure A.4 details the fields obtained in the resulting power flow results struct.

Figure A.1: Bus data (mpc.bus) structure in MatPower [27]
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Figure A.2: Bus data (mpc.branch) structure in MatPower [27]

Figure A.3: Generator data (mpc.gen) structure in MatPower [27]
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Figure A.4: Power flow results in Matpower [27]





B
Visualisation of the Vision-Matpower

converter

First, the network that will be converted is loaded, appearing at the bottom, as shown in Figure B.1.
In this case, the IEEE distribution network of 33 buses was loaded (’case33bw’). Then, the conversion
to Matpower format can be selected.

Figure B.1: The developed converter Vision-Matpower

After the Sbase and frequency of the system have been set, the output of the conversion can be ex-
tracted. As noticed in Figure B.2, the different variables are presented in the data matrices format
of Matpower. Loads are directly expressed in MV or MV and resistances, reactances and conduc-
tances of the branches are expressed in p.u. and not in Ohms, since different voltage levels might be
present in the network and then different impedances have to be scaled differently.
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Figure B.2: The results from the converter in Matpower format



C
Validation of the coupling between Vision

and Matpower

Section 3.3 explained the validation process followed for the Vision-Matpower converter. Table C.1
and Table C.2 detail the comparison of the power flow results obtained by Vision and Matpower for
the nodes, loads and branches of the test network (IEEE 33-bus distribution grid).
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N
Nodes Loads

V_m (pu) P (MW) Q (Mvar)
Vision Matpower Vision Matpower Vision Matpower

1 1 1 3.917 0 2,434 0
2 0,997 0,99703 0,1 0,1000 0,06 0,060
3 0,983 0,98294 0,09 0,0900 0,04 0,040
4 0,975 0,97546 0,12 0,1200 0,08 0,080
5 0,968 0,96806 0,06 0,0600 0,03 0,030
6 0,95 0,94966 0,06 0,0600 0,02 0,020
7 0,946 0,94617 0,2 0,2000 0,1 0,100
8 0,941 0,94133 0,2 0,2000 0,1 0,100
9 0,935 0,93506 0,06 0,0600 0,02 0,020

10 0,929 0,92924 0,06 0,0600 0,02 0,020
11 0,928 0,92838 0,045 0,0450 0,03 0,030
12 0,927 0,92688 0,06 0,0600 0,035 0,035
13 0,921 0,92077 0,06 0,0600 0,035 0,035
14 0,919 0,91850 0,12 0,1200 0,08 0,080
15 0,917 0,91709 0,06 0,0600 0,01 0,010
16 0,916 0,91572 0,06 0,0600 0,02 0,020
17 0,914 0,91370 0,06 0,0600 0,02 0,020
18 0,913 0,91309 0,09 0,0900 0,04 0,040
19 0,997 0,99650 0,09 0,0900 0,04 0,040
20 0,993 0,99293 0,09 0,0900 0,04 0,040
21 0,992 0,99222 0,09 0,0900 0,04 0,040
22 0,992 0,99158 0,09 0,0900 0,04 0,040
23 0,979 0,97935 0,09 0,0900 0,05 0,050
24 0,973 0,97268 0,42 0,4200 0,2 0,200
25 0,969 0,96936 0,42 0,4200 0,2 0,200
26 0,948 0,94773 0,06 0,0600 0,025 0,025
27 0,945 0,94517 0,06 0,0600 0,025 0,025
28 0,934 0,93373 0,06 0,0600 0,02 0,020
29 0,926 0,92551 0,12 0,1200 0,07 0,070
30 0,922 0,92195 0,2 0,2000 0,6 0,600
31 0,918 0,91779 0,15 0,1500 0,07 0,070
32 0,917 0,91687 0,21 0,2100 0,1 0,100
33 0,917 0,91659 0,06 0,0600 0,04 0,040

Table C.1: Comparison of the IEEE-33 bus power flow results for the network nodes and loads
obtained by Vision and Matpower
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For Table C.2, P1, Q1 and P2, Q2 represent the active and reactive power injected at the beginning
(’from’) and at the end (’to’) of the branch, respectively.

Branches

From To
P1 (MW) Q1 (Mvar) P2 (MW) Q2 (Mvar)

Vision Mp Vision Mp Vision Mp Vision Mp
1 2 3,917 3,91768 2,434 2,43514 -3,904 -3,90544 -2,428 -2,42890
2 3 3,443 3,44430 2,207 2,20782 -3,392 -3,39251 -2,181 -2,18144
3 4 2,362 2,36290 1,683 1,68420 -2,342 -2,34299 -1,673 -1,67407
4 5 2,222 2,22299 1,593 1,59407 -2,203 -2,20430 -1,584 -1,58454
5 6 2,143 2,14430 1,554 1,55454 -2,105 -2,10605 -1,521 -1,52152
6 7 1,094 1,09527 0,528 0,52789 -1,093 -1,09335 -0,521 -0,52156
7 8 0,893 0,89335 0,421 0,42156 -0,888 -0,88851 -0,42 -0,41996
8 9 0,688 0,68851 0,32 0,31996 -0,684 -0,68433 -0,317 -0,31696
9 10 0,624 0,62433 0,297 0,29696 -0,62 -0,62077 -0,294 -0,29443

10 11 0,561 0,56077 0,274 0,27443 -0,56 -0,56022 -0,274 -0,27425
11 12 0,515 0,51522 0,244 0,24425 -0,514 -0,51434 -0,244 -0,24396
12 13 0,454 0,45434 0,209 0,20896 -0,451 -0,45167 -0,207 -0,20686
13 14 0,391 0,39167 0,172 0,17186 -0,391 -0,39094 -0,171 -0,17090
14 15 0,271 0,27094 0,0909 0,09090 -0,27 -0,27059 -0,0906 -0,09058
15 16 0,21 0,21059 0,0806 0,08058 -0,21 -0,21030 -0,0804 -0,08038
16 17 0,15 0,15030 0,0604 0,06038 -0,15 -0,15005 -0,0601 -0,06004
17 18 0,09 0,09005 0,04 0,04004 -0,09 -0,09000 -0,04 -0,04000
2 19 0,361 0,36114 0,161 0,16108 -0,361 -0,36098 -0,161 -0,16093

19 20 0,271 0,27098 0,121 0,12093 -0,27 -0,27014 -0,12 -0,12018
20 21 0,18 0,18014 0,0802 0,08018 -0,18 -0,18004 -0,0801 -0,08006
21 22 0,09 0,09004 0,0401 0,04006 -0,09 -0,09000 -0,04 -0,04000
3 23 0,94 0,93961 0,457 0,45724 -0,936 -0,93643 -0,455 -0,45507

23 24 0,846 0,84643 0,405 0,40507 -0,841 -0,84129 -0,401 -0,40101
24 25 0,421 0,42129 0,201 0,20101 -0,42 -0,42000 -0,2 -0,20000
6 26 0,95 0,95078 0,973 0,97364 -0,948 -0,94818 -0,972 -0,97231

26 27 0,888 0,88818 0,947 0,94731 -0,885 -0,88485 -0,945 -0,94562
27 28 0,825 0,82485 0,92 0,92062 -0,813 -0,81355 -0,91 -0,91065
28 29 0,753 0,75355 0,89 0,89065 -0,745 -0,74572 -0,883 -0,88383
29 30 0,626 0,62572 0,813 0,81383 -0,622 -0,62182 -0,811 -0,81184
30 31 0,422 0,42182 0,212 0,21184 -0,42 -0,42023 -0,21 -0,21027
31 32 0,27 0,27023 0,14 0,14027 -0,27 -0,27001 -0,14 -0,14002
32 33 0,06 0,06001 0,04 0,04002 -0,06 -0,06000 -0,04 -0,04000

Table C.2: Comparison of the IEEE-33 power flow results obtained for the network branches by
Vision and Matpower
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Figure D.1: Landscape view of the voltage profiles throughout the day obtained in Vision for the
network without flexibility
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Figure D.2: Load rates of the network branches obtained with Vision for the network without
flexibility
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D.1. Sensitivity analysis

Figure D.3: View of the relative loading sensitivity factor magnitude per load and branch
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D.2. Assessment of the flexibility sources

D.2.1. Network voltage profiles without flexibility:

Figure D.4: Medium-voltage profiles in the network for the base line case

Figure D.5: Low-voltage profiles in the network for the base line case
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Figure D.6: Lower extreme voltage profile for the over-scaled case in summer and winter

D.2.2. Effect of the droop control characteristic on voltage regulation:

Figure D.7: Droop control voltage regulation with different k values
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D.2.3. Network voltage profiles after demand response control:

Figure D.8: Difference of demand response control of P-Q and only P

Figure D.9: Medium-voltage profiles in the network after the effect of the combined control of
flexible generation and demand
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Figure D.10: Low-voltage profiles in the network after the effect of the combined control of flexible
generation and demand

Figure D.11: Upper extreme voltage profile for all the scenarios after the action of the combined
control (droop and DR)
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D.2.4. Integration of battery systems in the network:

Figure D.12: Power charged and discharged by each battery throughout the day

Figure D.13: State of Charge of the batteries considered during the day
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Figure D.14: Controlled voltage profiles within the allowed limits after the integration of
short-term flexible storage
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