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Summary
Smart Congestion Management in Active Distribution Networks
Driven by international climate policy, the electrical distribution networks worldwide have
been hosting an increasing share of renewable energy resource (RES) based distributed generation (DG) and new forms of load consumption such as electric vehicles (EVs), heat pumps
(HPs), or electrical heating ventilation and air-conditioning (HVAC) systems. The intermittent and unpredictable nature of these Distributed Energy Resources (DERs) introduces
capacity challenges for the network operator, as almost half of the MV/LV transformers are
predicted to be overloaded with the future loading scenarios.
Thermal overloading or congestion occurs, when the power flow through a network asset (e.g.
transformers, cables) exceeds its nominal capacity. Although the network assets are designed
to withstand congestion for a limited time, continuous overloading accelerates the ageing of
the assets. Consequently, the overloaded assets need to be replaced or reinforced in order to
avoid an imminent failure. However, the traditional approach of network reinforcement to
tackle such challenges not only necessitates a huge investment, but also deemed redundant
due to relatively lower duration of the peak loads.
Recent developments in Information and Communication Technology (ICT) have enabled
a wider observability and smarter controllability in the network operations. This has principally paved the way for the development of Active Distribution Networks (ADNs). ADNs
oﬀer an alternative approach to tackle the operational issues by ensuring a more eﬃcient utilization of the existing network assets. Therefore, various types of demand response programs
have been studied to unlock the flexibility of the end-users in the ADNs. These programs
intrinsically aim to tackle the capacity issues by shifting the flexible loads to the oﬀ-peak
hours through diﬀerent direct and indirect control approaches. The direct control approach
aims to mitigate the congestions by curtailment of load and local generation, while the indirect approach influences the individual prosumers with dynamic prices through intermediate
market entities such as aggregators and retailers. To this end, the Universal Smart Energy
Framework (USEF) has been initiated in the Netherlands as a complementary development
with a view to providing standardized solutions for the actors involved in the energy system.
v
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USEF aims to help unlocking the flexibility of the small-scale end-users by formulating an
integrated market structure to trade the flexibility. Aligned with the USEF framework, the
direct and indirect approaches of congestion management are combined in this thesis for
scheduling and real-time operation. The devised approaches ensure a more reliable operation of ADNs, while deferring the need of additional network investments.
Thermal overloading of an MV/LV transformer results in degradation of the ageing insulation and thereby incurs a monetary loss. The resulting cost plays a significant role in the
development of suitable demand response mechanisms to tackle real-time congestions. A dynamic overloading cost is first calculated in real-time operations using the thermal loading
model of oil-immersed transformers. Based on the incurred cost, flexibility is procured from
the prosumers through representative aggregators. The procurement is performed involving
a local flexibility market through adjustments in the control signal. A mixed-integer optimization problem is formulated in order to select suitable oﬀers from the aggregator clusters.
A multi-agent system based distributed architecture has been adopted for the coordination
of the proposed mechanism.
In addition to market-based indirect control, a direct control methodology is discussed to address the simultaneous issues of voltage and thermal limit violations. Correlated voltage level
violations and congestion might be prominent in future distribution networks incorporating dominant share of RES-based local generation technologies and electric heat pumps. A
unified approach has been proposed, combining local voltage control and centralized congestion management mechanism in order to address simultaneous network issues. Distributed
local voltage control works continuously and is designed to limit power injection from the
PV inverters and power consumption of the heat pumps to tackle the overvoltage and undervoltage problems respectively. The centralized control complements the local voltage
control in discrete time steps and curtailment requests are sent to suitable households to alleviate congestions in the secondary transformer. The households are selected by solving an
optimization problem based on their instantaneous comfort levels and oﬀered flexibility to
tackle network congestions.
A methodology has been developed in order to provide network support through management of the domestic appliances and local DG units. The proposed methodology is embedded in the Home Energy Management System (HEMS) and makes use of the agent-based
architecture for the direct and indirect control. The HEMS is capable of coordinating the
residential appliances following an active supply and demand matching platform in marketbased settings. Since the HEMS works as the responsible entity for a house, it can regulate
the residential energy consumption/generation in order to abide by the network constraints.
The proposed algorithm allows the HEMS to control the energy consumption/ generation
to maintain the local voltage levels. Moreover, it responds to the curtailment signals from
the network operator in order to help alleviating the peak loads. Besides simulation analyses,
a hardware prototype of the HEMS incorporating the proposed methodology has also been

vii
developed. The prototype has been tested in the lab environment for the applications of
undervoltage control and load curtailment in a Home Area Network (HAN).
The impact of dynamic price on the network load is assessed from the day-ahead planning
perspective. A detailed bottom-up model is used to represent the response of the residential
appliances to the variable price levels. Price responsive loads are observed to react to the
price by shifting towards the price valleys in order to minimize the energy cost. This higher
simultaneity of loads during the low-price hours results in violating thermal constraints.
An iterative market-based control is applied to adjust the price levels for the mitigation of
expected congestion. However, the adjustment of price may not always be feasible to shift
adequate loads from the peak hours. In such a case, a more direct approach of graceful degradation is applied to limit network access for the selected end-users. The process of graceful
degradation is performed by curtailing active power demand through flexible capacity contracts, namely firm and non-firm capacities. The non-firm capacity is curtailed based on the
preferences of the end-users and network configuration. The sensitivity of the point of connections to the unbalance is taken into consideration to avoid an increased voltage unbalance
among the phases.
In short, the thesis highlights suitable congestion management techniques for the LV networks. To this end, both direct and indirect approaches of congestion management are
investigated for the real-time application as well as for the scheduling purposes. The main
contribution of the thesis is the development of a comprehensive framework for congestion management in the ADNs. Some important points are also indicated that need to be
considered for future research in the related domain.
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Introduction

1.1 The road towards sustainability
The electrical power system has been a driving force for global economic development. With
the rapid industrialization all over the world, the importance of electricity has been consistently increasing as the most reliable and aﬀordable form of energy (Fig. 1.1) [1,2]. In order
to keep pace with the rising demand, the power system has also been growing in physical
dimensions with high levels of stability and reliability. This could principally be realized
through numerous engineering endeavors and abundant availability of the primary energy
resources. Thanks to a predictable demand growth and long lifetime of the network assets,
the power distribution networks have been built in a ‘fit-and-forget’ approach all over the
world.
However, for the last couple of decades, concerns about conventional energy sources have
been growing due to the rapid depletion of the fossil fuels, uncertainty of fuel prices, geopolitical tensions and global warming [3]. Consequently, more sustainable and cleaner alternatives for the conventional energy resources have gained a substantial momentum in recent
years (see Fig. 1.2) [4]. Eﬀorts have been made at national and international levels in order
to promote a more environment-friendly energy mix. Most notably, the European Union
(EU) has introduced the ‘2020 goal’, aiming for a 20% reduction in the Green-House Gas
1
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Figure 1.1: Trends of per capita electricity consumption [2].

(GHG) emission compared to the levels of 1990, a 20% increase in energy eﬃciency and
a 20% share of renewable energy sources (RES) in final energy consumption [5]. Global
agreements have also been reached to limit the rise of global average temperature below 2◦ C
of the pre-industrial levels [6].
The global drive towards sustainable energy systems has influenced a number of recent developments that have profound impacts on the operation of power systems. First of all,
renewable sources, especially wind and solar, are expected to have a significant share in the
generation mix. The intermittent nature of these sources introduces uncertainties and bidirectional power flow in the network, which has traditionally been designed to facilitate a unidirectional flow. Although the marginal generation cost for RES is negligible, being weather
dependent, they oﬀer limited controllability. As a result, the growing penetration of RES
essentially introduces an augmented complexity in the balancing mechanism of the supply
and demand [7]. Second, most of these Distributed Generators (DGs) are installed at the
distribution networks involving lower voltage levels, i.e. closer to the consumer premises.
This results in frequent operational challenges in terms of voltage control, power quality
and network congestion due to the large diversity in loading and limited observability for
the network operators [8]. Next, electricity being the cleanest form of energy, the drive towards a greener energy scenario has been leading to a widespread electrification of various
energy intensive demand sectors. For instance, the heating and transportation sectors are
undergoing a massive evolution due to the recent surge in the heat pumps (HPs) and electric
vehicles (EVs) respectively [9]. From the operational perspective, this results in an increased
power flow in the network and may well cause overloading of the cables and transformers.
Thus, reinforcement or replacement of overloaded assets becomes necessary, which requires

1.2: Motivation
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Figure 1.2: Percentages of RES in total electricity generation [4].
a substantial investment [10].

1.2 Motivation
As discussed earlier, the power system has traditionally been operated vertically, where the
electricity is generated at centralized power plants and is delivered to the end-users through
long distance transmission and distribution networks. The transmission network is equipped
with advanced monitoring and communication systems, thus ensuring a coordinated operation of the generators and a high degree of security of the power supply. On the contrary, the
distribution network has been mostly passive in nature, due to the limited online monitoring
and real-time control possibilities and the lack of connected generation capacity [1].
Thanks to the developments in Information and Communication Technology (ICT), Distribution System Operators (DSOs) can avail a greater observability of their networks. This
influenced a growing interest on the research and development of Active Distribution Networks (ADNs) in many countries. ADNs generally refer to the distribution networks that
are equipped with advanced measurement and monitoring devices and are capable of regulating power flows through flexible and intelligent decision making algorithms. Aided by a
robust communication backbone, ADNs may allow DSOs to avoid investment in network
reinforcement by an optimal utilization of existing network capacity [11–14].
Besides the imminent shift towards the ADNs, the liberalization of electricity markets has
paved the way for new market entrants with innovative business models. Conventionally,
the demand side has been considered completely inflexible and price-inelastic. However,
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attempts are being made to develop market policies in order to involve the consumers more
actively in the value chain. As a result, the classical role of consumers as the energy sink
is being taken over by a role as energy producers (most commonly termed as ‘prosumers’).
At the same time, diﬀerent types of dynamic pricing methods have also been implemented,
thus empowering end-users with the possibility of scheduling or planning their consumption
patterns [7, 15].
From an operational point of view, the above mentioned developments have resulted in a notable source of demand flexibility. The flexibility in the demand side is usually defined as the
ability to adjust energy consumption/generation following appropriate boundary conditions.
A large body of literature has been developed focusing on the applications of flexibility for
the operational constraint management of the distribution networks. The required flexibility can be invoked through monetary incentives, dynamic pricing schemes, (local) flexibility
markets or contractual agreements [9, 16, 17].
A suitable mechanism is crucial in order to handle the flexibility in an eﬃcient way for
the capacity management purposes. Market-based methods are one of the most promising
approaches for the procurement of the flexibility at the demand side. They inherently aim to
maximize the social benefit i.e. to obtain the required flexibility with the lowest possible cost
[7]. However, these mechanisms suﬀer some drawbacks. First, legislative frameworks usually
do not allow a DSO to influence the small-scale end-users through monetary incentives [18].
Second, it is diﬃcult to incorporate specific network constraints into the allocation process
involving multiple actors with varying market policies [19]. Next, market parties may not
be able to provide the required flexibility within the associated time frame. Consequently,
market-based methods need to be supported by adequate measures that guarantee a more
robust and reliable way of procuring the flexibility for mitigating any operational constraint
violations [20].
Strides are being made to standardize the developed solutions for wider applications and
interoperability. The NIST Framework and Roadmap for Smart Grid Interoperability Standards1 have been developed in the US to facilitate and coordinate the development of interoperability standards [21]. Concurrently, in Europe, the Smart Grids Architecture Model
(SGAM) framework has been developed by the Smart Grid Coordination Group (SG-CG)
as a reference architecture for the development of smart grid solutions considering various
interoperability layers [22]. In a complementary development, the Universal Smart Energy
Framework (USEF) has been introduced in the Netherlands. It provides a detailed guideline
for the use of flexibility to address the operational issues. The following section discusses the
framework of USEF more in detail.

1 NIST

- National Institute of Standards and Technology
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Figure 1.3: Simplified interaction model in USEF compliant distribution networks and energy
market [25].

1.3 Universal Smart Energy Framework (USEF)
The Universal Smart Energy Framework (USEF) [23] has been initiated in order to provide
standardized solutions for the actors involved in the future energy systems. The aim has
been to formulate an open and consistent platform to adapt the conventional distribution
network and electricity market into a fully integrated system. To this end, emerging market
roles like aggregators and energy service companies are implemented, that not only help
unlocking the flexibility of the small-scale end-users, but also extend a market structure to
trade the flexibility. As shown in Fig. 1.3, USEF specifies a detailed interaction model
that facilitates fair market access of the stakeholders to exploit the flexibility for network
capacity management and active balancing of the supply and demand of electricity. To this
end, referring to the classical power system operational states [24], four diﬀerent operating
regimes of the network are distinguished. The operating regimes are built on and extend the
commonly known ‘Traﬃc light scheme’ [12] with a view to ensuring a higher availability of
the network.
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1.3.1 USEF network operations
As shown in Fig. 1.4, network operation under USEF is divided in four regimes, green, yellow, orange and red. The green regime refers to the normal operation, when the network load
does not violate any (local) operational constraints in the network. Without the application
of any flexibility services, the green regime is comparable to the current practices in distribution network operation. Since distribution networks conventionally do not posses active
management techniques, protection devices are activated when network load reaches a predefined threshold. Consequently, network segments are isolated from the supply, resulting
in power outages and the transition to the red operating regime.
As opposed to current practice, USEF compliant networks enter the yellow regime in the
case of looming capacity problems. The yellow regime is termed as ‘capacity management’,
since the DSO gets involved in local flexibility markets for peak reduction. USEF proposes
a Market-based Control Mechanism (MCM) that facilitates the coordination between the
green and yellow regimes. The MCM comprises of an iterative allocation or scheduling
method between the DSO and the aggregators representing the end-users.
The orange regime is activated when the MCM fails to invoke adequate flexibility in the
yellow regime. The DSO temporarily overrules the market and limits network access of the
selected end-users in order to keep the power flow within the thermal limits of the assets.
The selection is performed based on contractual agreements and connection capacities. The
orange regime is called the ‘graceful degradation’, as it prevents a complete power outage in
a network by regulating the power flow at some of the connections.

1.3.2 Mapping of USEF in the literature
As discussed earlier, the role of flexibility for network capacity management has drawn a
significant interest among the researchers and policy makers. The EU Summer Package,
that was devised in 2015 depicted legislative proposals for a new electricity market design,
emission trading system and guideline on capacity allocation and congestion management
[26]. The package has been followed up by the Winter Package (formally known as ‘Clean
Energy for All Europeans’) in 2016, that focused on various aspects related to the adequacy of
the European power system, a common power market and energy eﬃciency targets for 2030
[27]. Furthermore, diﬀerent types of Demand Response (DR) programs have been proposed
and implemented in pilot projects as suitable tools to unlock the flexibility for network
services. These DR programs, as discussed in the literature, can be roughly subdivided into
indirect and direct approaches [16, 28]. The indirect approaches use market-based methods
to influence end-users through changes in price levels. In most cases, an aggregator or an
intermediate market party is considered as an entity to coordinate the collective flexibility
of the end-users. On the other hand, the direct approaches are carried out by the DSO to
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Figure 1.4: Network operating regimes in USEF.

control the flow of power at the physical point of connections (POCs). This may involve
remote switching of loads at the customer premises through predefined contracts [16, 28].
In the context of liberalized electricity markets, indirect variants of DR programs are embedded into the MCM of USEF. The flexibility of the end-users is traded in a market involving
DSOs, Balance Responsible Parties (BRPs) and aggregators [29, 30]. End-users are more
actively involved in the market and play an important role in the price forming process with
their flexibility. Thus, the MCM actually builds on a dynamically controlled operation of
the network and extends it by incorporating the DR functionality. In addition to the MCM,
the application of the ‘graceful degradation’ enables the DSO to apply direct control actions,
when the MCM may not avail the required flexibility. As a result, it works as a suitable support for the flexibility market in exceptional situations. Thus, the network operation regimes
in USEF inherently combines the direct and indirect approaches of DR, as discussed in the
literature.
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1.4 Research objectives and scope
1.4.1 Objective
The increasing share of distributed energy resources (DERs) is posing a major challenge
for the capacity of distribution networks, as congestion or thermal overloading may be expected to occur more frequently. As mentioned before, the reinforcement of overloaded
assets requires a huge investment from DSOs. Development of ADNs provides possibilities
to circumvent this investment by ensuring an optimal utilization of the existing assets. In
addition, USEF provides a consistent guideline for addressing network congestions combining state-of-the-art research and current network practice. Nevertheless, the associated
processes for tackling the congestion need to be carefully devised considering the developments in demand and supply and the range of flexibility they bring forth.
The main objective of this thesis is to identify suitable techniques aligned with the USEF
framework, that can help to tackle congestion issues in distribution networks. The adopted
techniques need to incorporate dynamic energy consumption behavior of the end-users along
with new forms of load and DG units. The investigated approaches also need to be financially
and computationally feasible, in order to be acceptable for the implementation on a wider
scale.

1.4.2 Research questions
Based on the aforementioned objective, the following research questions are formulated and
will be addressed in the subsequent chapters.
• What are the key developments that will play significant roles in the loading scenarios
of the future distribution networks and how do they aﬀect operational constraints?
• How can suitable DR programs be designed to procure adequate flexibility for realtime congestion management while maintaining desired comfort levels of the endusers?
• How can the DSO estimate or quantify eﬀects of overloading in order to be able to
unlock the flexibility required?
• What is the correlation between voltage and thermal limit violations and what are
eﬀects of local voltage control methods on network loading?
• How can a network support functionality be incorporated in domestic energy management systems?

1.5: Approach and thesis outline
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• How does the day-ahead dynamic price influence the expected load in the network,
and how can it be altered to address network overloading?
• How can the graceful degradation method be formulated to address the preferences
of end-users?

1.4.3 Scope
Since residential end-users comprise almost 90% of the connections in the distribution networks, the research focuses on exploiting the flexibility oﬀered by this particular group. Thus,
industrial and commercial users are left out of the scope of this work. The main focus of
the research reported in this thesis, is on the formulation of suitable techniques from the
perspective of a DSO. It is assumed that the distribution networks will be equipped with
adequate monitoring and remote switching capabilities. Therefore, the cost of the enabling
technologies are left out of the scope in this thesis.

1.5 Approach and thesis outline
In order to formulate suitable congestion management mechanisms, important developments in distribution networks and their impacts on network operations need to be explored first. Then, the role of demand flexibility in future distribution networks is analyzed.
Appropriate technologies, that enable unlocking the flexibility for network congestion management are also investigated. To this end, direct and indirect approaches are distinguished
to be evaluated for real-time operation and for day-ahead scheduling.
Next, indirect and direct load control methods for real-time congestion management in
ADNs are addressed separately. Since indirect method utilizes price-based control signals,
the cost incurred by the overloading needs to be estimated considering the relevant thermal dynamics. The overloading cost is determined from the per unit loss of life and total
life-cycle cost of the network asset. This provides the basis for comparing the benefits of
procuring flexibility with the actual monetary costs. On the other hand, direct control is
considered to be working on the physical network level. Therefore, correlated problems of
voltage and thermal limit violations are studied. Time series simulations are used to determine the eﬀects of local voltage control on the network load. After that, the response of
home energy management systems (HEMSs) to the operational challenges is explored. The
impact of the varying levels of penetration of the HEMSs is assessed for a typical LV feeder.
The developed method is tested in a laboratory environment involving a home area network
(HAN).
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Figure 1.5: Organization of the thesis according to the chapters.
Finally, day-ahead scheduling is investigated considering dynamic price levels and price responsive loads. An iterative market-based control is implemented, emulating the MCM in
USEF. An integrated approach is developed by complementing market-based control with
the graceful degradation mechanism. In this regard, the impact on the voltage unbalance
is also studied and incorporated into the decision making algorithm. The eﬃcacy of the
integrated approach is then analyzed through simulations on an unbalanced LV network.
This thesis is organized as follows:
• Chapter 2 presents a brief overview of the transition in distribution network operation. First, traditional distribution networks are discussed. This is followed by an
analysis of recent changes in supply and demand, with a specific focus on the Dutch
networks. Next, the operational challenges associated with the growing penetration
of the RES and electrification of residential demands are explained. The role of flexibility in demand response programs is then elaborated. The process of unlocking the
flexibility through diﬀerent indirect and direct approaches is presented. Finally, a set
of technologies that holds the key for a successful roll out of the ADN along with
eﬃcient DR programs is highlighted.
• Chapter 3 proposes an indirect DR methodology for real-time management of congestion in the MV/LV transformers. A dynamic thermal model is used to determine
loss of life of the transformer due to overloading. This loss of life is subsequently used
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to estimate the costs incurred by an imminent overloading. A local flexibility market
is designed to procure adequate flexibility from the involved aggregators. To this end,
the overloading cost is compared with the cost of procurement of flexibility based
on the day-ahead electricity market price. An agent-based hierarchical architecture is
adopted, that helps to achieve an eﬃcient coordination and makes the system easily
scalable.
• Chapter 4 explores the eﬀect of local voltage control methods on thermal overloading
of the network. In this regard, a unified approach of thermal and voltage constraint
management is proposed. The unified approach is formulated by combining a centralized congestion management scheme with the local voltage control method. The
adopted voltage control method curtails the active power injection of the solar PV
systems and the consumption of the heat pumps based on locally available information to tackle the overvoltage and undervoltage problems respectively. In addition,
this unified approach uses a fair curtailment method to determine the locations for
power curtailment, upon the violation of the thermal limits of the transformer.
• Chapter 5 discusses the application of the HEMSs for network support. A laboratory
prototype of a HEMS is developed using Raspberry Pi and a home area network. A
zigbee-based meshed network of smart plugs is used to control residential appliances
remotely. In addition to the primary purpose of energy management, network support
functionality in terms of local voltage control and power curtailment is tested in a
laboratory-scale demonstration.
• Chapter 6 investigates a comprehensive scheme for day-ahead congestion management by integrating the direct and indirect load control methodologies. The impact
of dynamic prices on the residential load is first evaluated, considering five diﬀerent
price-responsive loads along with the base load and solar PV systems. An aggregator
is assumed to manage the flexibility through day-ahead price signals. When congestion is expected, the DSO requests flexibility from the aggregator. The aggregator
tries to avail the requested flexibility through iterative changes in the price levels.
The response of the end-users is explicitly modelled, which enables to keep the energy consumption fixed considering the set points of individual appliances. A graceful degradation process complements the price-based method, in case the changes in
price may not suﬃciently resolve the expected congestion. Curtailment locations are
identified based on the preferences of the end-users. The preferences are represented
by the maximum amount, duration and frequency of curtailment per end-user. A
sensitivity-based method is used that tackles any probable violation of voltage unbalance following the curtailment of active power by graceful degradation.
• Chapter 7 concludes the thesis by summarizing the main findings, highlighting the
general contributions and formulating recommendations for future research.
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2

Transitional distribution networks

In this chapter, the evolution from passive to active distribution networks is highlighted. First, an
overview of the traditional distribution networks is presented, followed by the recent developments
and new challenges associated with the energy transition. The context of Smart Grids is then
elaborated, including the role of flexibility in the future distribution networks. Technological
innovations that hold the key for a successful roll out of smart grid, are also briefly discussed.

2.1 Introduction
The electrical power system is extensive in nature and complex in operation. Often referred
to as the ‘largest man-made system’, the power system has evolved over more than a century
from small and isolated networks to a vast, interconnected and cross-border system. Traditionally, the entire power system has been developed in a top-down manner to enable a
unidirectional flow of electricity from large centralized power plants to distant load centers.
In the absence of economically and technically viable large-scale storage technologies, electricity needs to be produced at the same moment when it is demanded. Consequently, the
electricity supply side has always followed the demand, while the generated power has been
transferred through the transmission and distribution networks to the consumers [1, 24].
13
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Conventionally, the power system is operated as a three-phase AC system with a constant
frequency and variable voltage levels. A schematic representation of the conventional power
system is depicted in Fig. 2.1 including the typical voltage levels of the Dutch power system.
In the Netherlands, the transmission network consists of an extra high voltage (EHV) system
involving voltage levels of 220 kV and 380 kV and the high voltage (HV) system, typically
operated at 150 kV and 110 kV. The transmission system operator (TSO) Tennet is responsible for the operation, control and monitoring of the network assets in the EHV and HV
networks that connect the load centers throughout the country. The voltage level is typically
stepped down to 10 kV at the primary distribution substations, feeding a number of primary
medium voltage (MV) feeders. Secondary distribution substations subsequently lower the
voltage further to 0.4 kV in order to supply the residential and commercial consumers in
the low voltage (LV) networks. The distribution system operators (DSOs) are responsible
for the operation, planning and maintenance of the distribution networks [9, 31].
The conventional operation of the power system has been going through a major shift in
recent years involving the growing penetration of renewable energy sources and increasing
electrification of demand. More and more DG units are being installed at the MV and
LV levels, introducing reverse power flows. This in turn results in growing uncertainties in
network and electricity market operations. Since the scope of this thesis is focused on the operational challenges in the distribution network, the following sections discuss the issues for
DSOs more in detail. First, section 2.2 highlights the common attributes of the Dutch distribution networks and the changes associated with energy transition. Second, the challenges
for the network operators are highlighted in section 2.3. Next, section 2.4 elaborates the
shift towards a smarter network operation and the prospect of flexibility for solving network
issues through diﬀerent mechanisms in future distribution networks. Finally, a summary of
the evolution, issues and solutions is presented in section 2.5.

2.2 Developments in distribution networks
2.2.1 Traditional operation
The Dutch distribution networks are divided into MV and LV subcategories depending on
the service voltage levels. The MV networks are most commonly operated at the voltage
level of 10 kV, although voltage levels of 12, 20, 25 and 50 kV are found on a limited scale.
The majority of the MV networks are designed with a ring or meshed topology. However, as
shown in Fig. 2.2, the network is operated radially through normally open points (NOPs) in
order to accommodate redundancy for contingencies. Like in most of the Western European
countries, the (n − 1) criterion is generally followed, providing the network operator with
reconfiguration possibilities while maintaining the reliability for the maximum number of
connected end-users. The reconfiguration of the network is usually performed manually. A

15

380 kV

380 kV

380 kV

150 kV

150 kV

10 kV

10 kV

TSO

380 kV

Interconnection

Interconnection

2.2: Developments in distribution networks

10 kV

DSO

10 kV

NOP

NOP

NOP

NOP
0.4 kV

Figure 2.1: One-line representation of the Dutch power system. Typical voltage levels are indicated along with the actors responsible for the service areas [32–34].
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Figure 2.2: One-line diagram of a typical Dutch MV network [32].

typical HV/MV transformer supplies on average 15 feeders. On average, each MV feeder is
connected to 15-25 MV/LV transformers. The main 10 kV feeders are generally constructed
of 3-core 240mm2 Al cables with a nominal current rating of 360 A. Due to the redundancy,
the operational rating is half of the nominal value [32, 34–36].
The configuration of the Dutch MV network diﬀers amongst the responsible DSOs. Half
of the MV network is operated as a three-phase Y-connected system including the neutral.
The other half is operated in a ∆ (delta) configuration without the neutral. Due to the delta
connected MV side, the negative sequence and zero sequence components of the unbalanced
LV loads cannot influence the upstream network [32]. Besides the large industrial consumers
connected at the 10 kV voltage level, all the common residential and commercial end-users
are connected to the LV network. As shown in Fig. 2.3, the LV network is operated radially
at a line-to-line voltage of 400 V or line-to-neutral voltage of 230 V. About 200 customers
are connected to a single MV/LV transformer. The main LV feeders are constructed of 4-core
150mm2 Al cables. According to the Dutch Grid Code ‘Netcode Elektriciteit’, end-users
with a peak load demand of less than 60 kVA should be equipped with a LV connection. If
the peak load does not exceed 5.5 kVA, a single-phase connection is provided [32].
In the Netherlands, there are eight DSOs taking responsibility for the distribution infrastructure. Table 2.1 depicts the network connections of the DSOs operating throughout the
country. Enexis BV, Liander BV and Stedin BV represent the majority of the network connections [37]. In particular, the whole Dutch MV and LV networks consist of underground
power cables. The size of the network for the DSOs in terms of the total cable length is
shown in Table 2.2.
Conventionally, distribution networks are designed with a planning horizon of 40 years [38].
Such a long planning horizon has been feasible due to a mostly predictable load profile with
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Figure 2.3: A typical Dutch LV network with four outgoing feeders from the secondary substation.
Each feeder represents a 3-phase 4-wire system [32].

a steady economic growth. Required investment decisions have been made based on power
flow analyses considering an estimated peak load and annual load growth. Thus, network
assets have usually been dimensioned to withstand the worst-case loading situations, i.e. the
peak loads. Historical load data has been used to predict the growth. However, peak loads
of the residential consumers usually do not occur at the same moment and significantly vary
in duration. The simultaneity of these demand instants has also been incorporated in the
planning process in terms of the coincidence factor. As shown in eq. (2.1), the coincidence
factor, c expresses the ratio of the peak demand of a group of N consumers to the summation

Table 2.1: Network connections of the Dutch DSOs
MV/LV
transformers
Cogas Infra & Beheer B.V.
Endinet
Enduris
Enexis B.V.
Liander
N.V. RENDO
Stedin B.V.
Westland Infra
Total

631
1390
3336
48974
45813
428
23150
1464
125186

LV connections
Underground
53155
109413
213280
2668934
2950296
32248
2078883
57224
8163433

Overhead
0
0
0
0
0
0
2261
0
2261

Total
53155
109413
213280
2668934
2950296
32248
2081144
57224
8165694
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Table 2.2: Length of the Dutch MV and LV networks
MV networks
(km)
Cogas Infra & Beheer B.V.
Endinet
Enduris
Enexis B.V.
Liander
N.V. RENDO
Stedin B.V.
Westland Infra
Total

LV networks (km)
Underground
1662
2210
8243
97174
70603
582
36952
3023
220449

402
811
4218
44424
36482
294
16908
2125
105664

Overhead
0
0
0
0
0
0
180
0
180

Total
1662
2210
8243
97174
70603
582
37132
3023
220629

of their individual peak demand.
max
c = PN

PN

i=1,i∈N

i=1,i∈N

Pi

max Pi

(2.1)

where, Pi denotes the load profile of the i-th consumer during the time window. The maximum value of c can be 1 and happens if the peak load of all the consumers occurs at the same
time. In the traditional LV network planning process, the conincidence factor is assumed to
be around 0.2 [34], which represents a high degree of diversity in residential peaks. Since
the network is designed to meet the peak demands, a major part of the network capacity
remains unused for most of the times. These approaches have resulted in a well-functioning,
reliable and robust distribution network [39].

2.2.2 Recent developments
The global drive towards a greener climate policy and sustainable economic development has
been the motivating factor for changes in the energy system [40]. Not only an increasing
share of renewables are being introduced into the power system, the demand patterns in
the consumer end have also been largely influenced by rapid electrification of various energy consumption behaviors. While residential customers represent more than 90% of the
connections, they account for almost one-third of the total consumption among the EU
member states [39, 41]. Consequently, the transition in both the generation and demand
side pose implications for the network operators. Some important developments in DERs
are discussed in detail as following.
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Figure 2.4: Projected share of RES in the overall generation capacity in EU and selected member
states [44].

Renewable sources
Driven by the 2020 goal of the EU [5], the share of RES in the electricity generation mix
has been growing all over Europe. According to the EU reference scenario 2016 [42], by the
end of 2050, RES is projected to account for almost 62% of the total generation capacity in
the EU (Fig. 2.4). As illustrated in Fig. 2.5, approximately 11% of the total energy demand
in the Netherlands was met by renewable sources in 2015, while 7 billion kWh of electricity
was generated from wind turbines, representing a 20% increase compared to the previous
year [43]. While large-scale oﬀshore wind farms are connected to the HV level, the onshore
wind turbines are mostly connected to the MV distribution networks. In addition to the
wind generation, solar PV has been gaining popularity among the residential, industrial and
commercial consumers in the LV networks. Distributed generation has thus accounted for
a considerable 34% share of the produced electricity [9, 43].

Domestic heating
Almost half of the energy consumption in the buildings worldwide are accounted for space
heating and cooling and for hot water. With the growing drive for energy savings, better
insulated houses are being widely developed while conventional heating technologies are
being taken over by more eﬃcient solutions like heat pumps and micro-combined heat and
power (µCHP) units. µCHPs are basically heat-driven units that generate electricity as a
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Figure 2.5: Percentages of renewable in overall electricity generation in the Netherlands over the
years.
by-product, leading to a higher eﬃciency compared to traditional gas boilers. Consequently,
µCHPs are being preferred as suitable heating solutions in areas with extensive natural gas
networks [33].
In contrast to the µCHPs, HPs represent a more pronounced impact on the residential
energy scenario through the electrification of the heating and cooling demands. HPs usually
comprise of a pump that performs external work to transfer heat from a cold reservoir (air,
water, ground etc.) to a warmer reservoir (household, buildings etc). A resistive heating
element is often added to supply peak heat demands. Air-source and ground-source HPs are
being extensively installed in existing and newly developed buildings respectively as a more
sustainable solution [39,45]. However, this introduces a significant change in the residential
electricity consumption. The typical shape of the daily load profile will be altered and will
exhibit substantially larger peak demands.
Electric mobility
In the transport sector, electric vehicles (EV) have been regarded as one of the most promising
prospects for CO2 emission reduction. Driven by European legislative frameworks promoting low-emission vehicles and national incentives such as lower taxes, free inner-city parking,
use of public transport lanes etc, EV sales have been soaring in EU-28 in recent years. Almost 150000 new EVs were sold in 2015 across the EU, almost 90% of which were in just
six Member States- the Netherlands, the UK, Germany, France, Sweden and Denmark [46].
The Dutch government aims to achieve 10% and 50% share of the EVs by 2020 and 2025
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Figure 2.6: Number of diﬀerent types of charging stations in the Netherlands.
respectively. Owing to these ambitious eﬀorts, coupled with the rapid development in battery storage technologies, the number of registered EVs in the Netherlands have more than
doubled between December 2014 and December 2016 (see Table 2.3). However, the success
of plug-in electric vehicles largely depends on the availability of diﬀerent types of charging
facilities and the development of battery storage technology. As shown in Fig. 2.6, the number of diﬀerent types of charging stations have also been growing rapidly in recent years [47].
A number of projects have been developed in order to facilitate smart charging and to enable
more RES-based generation for EV charging [23, 25, 48].
Table 2.3: Number of EVs in the Netherlands between December 2014 and December 2016
Types of cars
Passenger cars (BEV)
Passenger cars (E-REV, PHEV)
Passenger cars (FCEV)
Vans
Others
Total

Dec-14
6825
36937

Dec-15
9368
78163

1258
1091
46111

1460
1284
90275

Oct-16
12196
86162
28
1587
1499
101444

Nov-16
12477
88239
30
1611
1469
103826

Dec-16
13105
98903
30
1628
1557
115223

2.3 Challenges for the network operator
Recent developments towards a greener and more sustainable energy consumption have not
been an unmixed blessing. Changes in both the demand and supply sides introduce new
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challenges for the traditional operation of the power system in various aspects. While the
conventional market clearing mechanism involving unit commitment and economic dispatch (UC-ED) became complicated with intermittent and unpredictable behavior of the
RES [25,49,50], operational challenges in physical networks have also been a relatively more
frequent phenomenon. The following subsections briefly discuss the most prominent issues
associated with the paradigm shift in distribution network operations.

2.3.1 Network loading
Increasing penetration of DG has a profound impact on the loading conditions of the distribution networks. Prominent DG units, such as wind turbines and solar PV systems are
predominantly connected to both the MV and LV networks. Thus, the power flow no longer
follows the same unidirectional pattern as before, as more and more power is being injected
into network from the DG units. For instance, as shown in Fig. 2.7, the peak generation of
the solar PV units usually occur during the noon when the residential demand is relatively
low. The surplus energy is injected into the network and eventually leads to a reverse flow of
power [45, 51].
With the growing electrification of space heating and transport sectors, the loading condition in the network is also subjected to seasonal variations. Large winter peak loads are
now expected when the PV generation is minimum due to relatively shorter day length
and considerably higher cloudiness. This also means that the conventional diversity of the
peak demand among the residential end-users will be reduced considerably. This reduced
diversity will result in a higher simulatneity of the peaks of individual households and will
subsequently lead to more frequent congestions in the network. A number of scenario-based
analyses have been performed for the utilization of future Dutch MV and LV distribution
networks considering the economic growth, the climate policy and penetration levels of various DERs. An extensive penetration of wind energy along with sustained growth in EV
usage have been shown to overload up to 49% of the Dutch MV/LV transformers [10] in
2040. Due to the proliferation of diﬀerent DER units, Dutch urban LV feeders have also
been reported to have inadequate capacity for loading conditions within the next 15 to 20
years [38].

2.3.2 Power quality
Power quality (PQ) is related to the interaction between the network and the end-users and
constitutes of voltage and current quality. While the voltage quality refers to the way the
supply voltage aﬀects the equipment, the current quality involves the impact of the associated current on the network. All types of deviations from the ideal voltage and current
are generally referred to as PQ disturbances. Integration of DG in the distribution network
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Figure 2.7: Typical daily residential load and PV generation profiles in January and July. The
load profile is generated considering the annual electricity demand of 3400 kWh, while the
PV generation profile assumes an installed capacity of 2 kWp.
introduces diﬀerent types of PQ disturbances. A small penetration rate of DG leads to disturbances in local levels only, whereas a large-scale integration may introduce global eﬀects
in the transmission and sub-transmission networks as well. Common types of disturbances
include harmonics, voltage fluctuation, unbalance etc [8, 52, 53]. Most prominent types of
PQ issues are:
• Voltage fluctuation: Rapid changes in voltage magnitude are often called voltage fluctuations or voltage flicker. Voltage fluctuations usually originate from fast variations in
generated power. Thus, with their time varying and weather dependent nature, solar
and wind power generators have a profound impact on voltage fluctuations. Solar PV
panels usually create fluctuations due to the tilt of the earth axis and passing clouds.
On the other hand, most of the old wind turbines are susceptible to the changes in
wind speed, tower dynamics, resonance and the gearbox, ultimately leading to fast
fluctuations in voltage [8].
• Voltage variation: Distribution networks worldwide need to operate within a pre-
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scribed range of voltage. The acceptable values usually vary depending on operational
standards and grid codes in diﬀerent countries. For instance, EN 50160 standard
specifies the voltage characteristics in public distribution systems. According to this
standard and Dutch Grid Code, the 10 minute RMS voltage at the Point of Conncetion (POC) must remain between 1.10 p.u. and 0.90 p.u. of the nominal value.
The distribution network operators, who are typically responsible for the planning,
operation and maintenance of the network, must follow this stringent requirement in
order to maintain an adequate power quality. Conventionally, the unidirectional flow
of power and lower coincidence of residential peak demand ensured that the power
quality has always been well within the acceptable levels [51, 54].
Nevertheless, with the increasing proliferation of diﬀerent DG units, voltage levels in
LV networks are subject to wide variations based on network topology and loading
conditions. The more active power is injected into the network from the POCs, the
higher is the voltage levels towards the end of a feeder section. This eventually leads
to overvoltage problems and limits the access of more DG connection in the same
network. For instance, a number of distribution network operators in Germany, Italy,
Ireland and Spain have been experiencing overvoltage phenomena due to the large
share of wind or solar PV installations in their networks [51, 55, 56].
Owing to the underground distribution cables, the MV and LV networks are predominantly resistive in nature. Therefore, active power consumption/injection has a
relatively higher eﬀect on the voltage levels compared to the reactive power in these
feeders. To this end, the conventional voltage control method of influencing the reactive power absorption/injection of the DG units is not always suﬃcient to solve these
issues. In such a scenario, accommodating more DG units becomes challenging and
may well be capital cost intensive [57–60].
• Voltage or current unbalance: Voltage or current unbalance due to the DG units
originates from the unequal distribution of them among the phases. According to the
EN 50160 standards, the 10-minute average RMS value of voltage unbalance factor
(VUF) must be lower than 2% for the 95% time of weekly measurements. With
the growing number of single-phase installations in the LV network, unbalance is the
most prominent phenomenon in LV feeders. Application of three-phase units can
limit the unbalance significantly [8].
• Harmonics: DG units usually do not generate a purely sinusoidal waveform. The
injected harmonic components result in voltage distortion. Although the distortion
due to the power injection is negligible compared to the consuming appliances with
power electronic interfaces, they introduce a greater level of higher order frequency
components. Higher order frequencies have been used for power line communication
(PLC) due to the lower harmonic disturbance. Large-scale integration of DG units
can thus interfere with PLC [8, 53].

2.4: Transition towards smart grids

25

2.3.3 Protection of network assets
Overcurrent relays (OCRs) are most commonly used for the primary protection in the distribution and sub-transmission networks. The overcurrent relays are usually designed to detect
increased flow in the network resulting from faults. Subsequently, each of the relays are responsible for isolating the fault as quickly as possible, while interrupting the least possible
number of consumers. In case of the conventional unidirectional power flow in radial distribution networks, each relay is coordinated with the relay protecting the adjacent network
assets as a back up protection [61, 62].
The bidirectional flows due to extensive DG installation in radial networks lead to uncertainties with relay settings. DG units using synchronous generators contribute to the fault
current significantly. Besides the high fault current, the direction of the power flow becomes
diﬃcult to predict as well. Consequently, non-selective protection actions in terms of blinding or false tripping may occur when the relay either fails to trip following the occurrence of
a fault or trips incorrectly. Undervoltage protection relays are commonly used to prevent the
interference of the DG units to the protective systems. However, application of undervoltage protection has been found to lead to the disconnection of all connected DG units in the
network. In practice, relay coordination is performed through complex planning processes
due to multitudes of associated constraints. In order to accommodate more DG connection,
relay settings in the network need to be carefully devised and adjusted [33, 61, 63].

2.4 Transition towards smart grids
Developments in information and communication technology (ICT) oﬀer a greater observability and controllability throughout the power system. The term ‘Smart Grid’ refer to the
power system incorporating extensive ICT-based solutions for an enhanced flexibility and
lower operational cost. Since the inception, the term has been used in a number of contexts,
focusing mainly on the large-scale integration of the communication technologies. Generally, Smart Grids can be defined as the electrical power networks that can eﬃciently integrate
supply and demand for wider monitoring, smooth coordination and autonomous operation
through intelligent decision making algorithms and advanced communication infrastructure [64].
The evolution of the conventional power system into a smart grid represents a continuous
process involving legislative and behavioral modifications, technological innovation and significant investment. The main rationale behind the large-scale roll-out of smart grid lies
in the ability of addressing the needs of diﬀerent stakeholders in the value chain eﬃciently
while minimizing the costs and environmental impacts and maximizing the overall reliability, resilience and stability of the network [1, 65]. Notable benefits of smart grids are:
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• Cost reduction: Smart grids enable optimal utilization of the network assets while
integrating DERs more eﬃciently. This may result in considerable savings in replacement and reinforcement of network assets.
• Network support: The end-users can benefit from dynamic price signals and provide
their flexibility for network services including congestion management, voltage regulation and local balancing.
• Reliability and resilience: Smart grids ensure a higher overall availability of the network by reducing the outage time. Autonomous actions can be taken to isolate a
problematic network section while maintaining the quality of supply for the remaining connected users.

Despite the well-known benefits, the deployment of smart grids is hindered by a number
of obstacles. Interoperability issues among diﬀerent IT protocols have been reported to be
one of the major bottlenecks [66]. Significant changes in the traditional business model are
required, which necessitate a considerable justification from the perspective of utilities and
electricity market participants. Moreover, the success of smart grids largely depends on the
acceptance of the end-users due to concerns over the privacy of consumption data. Legislative frameworks need to be carefully formulated in order to ensure proper security measures
for the transmission and usage of the large set of data accumulated from the users. Finally,
the maturity and availability of a number of technologies hold the key for a successful evolution of smart grids [66–68]. In addition to the technical diﬃculties, the current workforce
may lack adequate ICT skills required for the development of the smart grids. The current
workforce predominantly comprises employees skilled in conventional power system applications. A cultural shift is therefore necessary in order to address the challenges associated
with the proliferation of the smart grids related applications.
In the context of this research, smart grid enables utilization of the flexibility in the demand to address operational challenges of the network operators. The following subsections
highlight important aspects of the demand flexibility for network support functionalities.

2.4.1 Flexibility for network support
With the growing fluctuation in supply and demand at the residential level, demand flexibility plays a significant role in the energy transition. That is to say, consumers need to be more
flexible in their energy consumption to accommodate more variable generation and to alleviate the network peak demands [69]. To this end, an extensive body of literature has been
developed focusing on the flexibility of residential and commercial end-users incorporating
flexibility arrangements with diversified scopes, architectures and involved actors. On the
one hand, these include centralized methodologies for residential or neighborhood energy
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management [70], system balancing [25], distribution congestion management [10,71] and
voltage control [72, 73]. On the other hand, distributed frameworks have also been widely
studied involving agent-based architecure and local flexibility markets [74, 75] combined
with eﬃcient computational intelligence. Centralized approaches determine control actions
based on data gathered at a central location and have the advantages of taking the whole network into consideration. However, these approaches are not particularly scalable due to data
transfer and computational limitations. Moreover, they are vulnerable to technical failures,
since control actions are performed from a single controller. On the contrary, decentralized
or distributed approaches aim at dividing the task into a number of smaller ones and exploit
locally available information with limited communication. As the intelligence is distributed
among diﬀerent points in the network, these approaches are more robust to failures. Thus,
distributed approaches can be particularly suitable for large-scale problems with scalability
issues. Nonetheless, the distributed controllers lack the global view of the system, and hence
may not be able to reach the global optimum solution [76, 77].

2.4.2 Flexibility and Demand Response
From the network operator’s perspective, exploiting flexibility can be an eﬃcient and costeﬀective alternative for large-scale network reinforcements. In liberalized electricity markets,
small-scale consumers and producers are able to oﬀer flexibility by participating in the energy
market through market entities like aggregators. The oﬀered flexibility is traded in diﬀerent price or incentive-based market settings and is incorporated in demand response (DR)
programs.
Conventionally, the concept of DR expresses the price elasticity of the electricity demand and
facilitates shifting of demand based on certain price changes. The US Department of Energy
defines DR as, “Changes in electric usage by end-use customers from their normal consumption
patterns in response to changes in the price of electricity over time, or to incentive payments designed
to induce lower electricity use at times of high wholesale market prices or when system reliability
is jeopardized” [78]. In this thesis, DR is defined as “the changes in consumption or generation
behavior of the end-users in response to price signals or incentives sent by market entities upon
violation of specific network constraints.”
It is important to note that, network issues such as thermal overloading and voltage limit
violation are related to particular network assets and are therefore confined within certain
areas. On the other hand, in the liberalized electricity markets, aggregators or energy suppliers are not limited by geographical boundaries, since the end-users are free to choose their
respective suppliers (Fig. 6.1). In addition, all stakeholders of the smart grids have various
optimal strategies and behaviors to operate their generation sources and consumer appliances. While a DSO may put forth eﬀort to reduce the power losses and capacity issues,
the energy supplier/retailer may encourage the customers to maximize the demands; in-turn
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the consumers may be sensitive to the price signals from the power market to accordingly
adjust their power consumption or even production. Thus, DR programs that aim to resolve
operational challenges of the network must be designed considering the conflicting interests
of the involved actors as well as by addressing the locational issues [79, 80].
DSOs

Network
asstes

Residential
end-users

Aggregators

Figure 2.8: Involved actors and their interaction for network support in smart grids.

2.4.3 Market-controlled DR
Since the regulatory framework inhibits DSOs to influence small-scale end-users, marketcontrolled DR programs are used to procure flexibility through market parties like aggregators using diﬀerent price signals. Such market-based DR programs employ a variable
electricity tariﬀ for diﬀerent times of the day, while consumers are expected to manage domestic energy consumption considering the varying levels of the price. These mechanisms
inherently influence load shifting from peak hours to less congested time intervals during
the day and thereby facilitate peak shaving for network operators. The price levels may diﬀer
at predefined time periods or dynamically throughout the day. For instance, in many European countries, day-night tariﬀ schemes have been implemented with a lower price during
the nights and weekends. Since the price levels are adjusted in order to invoke demand flexibility, market-based DR programs are often termed as ‘price-based DR schemes’. Variants
of such price-based schemes include time-of-use (ToU) pricing, critical peak pricing (CPP),
day-ahead dynamic tariﬃng, real-time pricing (RTP) etc [16, 81, 82].
Price-based DR programs can be easily scalable and do not usually hamper consumer privacy. However, controversies exist concerning the fairness of such mechanisms, as it provides
the same price levels to the consumers with diﬀerent consumption levels. A lower price level
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also encourages the switching of more loads, which may result in overloading network components [16, 83]. Furthermore, most of these market-oriented approaches aim to resolve
market issues and hence have eﬀects on a global scale. Therefore, it is diﬃcult to address
local network constraints through such varying price levels.

2.4.4 Incentive-based DR
Incentive-based DR programs encourage end-users to alter energy consumption following
flexibility requests or contractual agreements, coupled with monetary compensations. In
most cases, a centralized entity is responsible for the determination of appropriate flexibility
requests and corresponding incentives. The program administrator is usually provided with
some degrees of authority to regulate the power flow at the connection points according to
their preferences. Such incentive-based DR programs include direct-load control (DLC),
interruptible tariﬀs, demand-bidding programs, etc [16, 84].
Active power curtailment is a popular DLC solution for peak load reduction and voltage
constraint management in the distribution networks. Centralized or distributed algorithms
are employed to determine the curtailment locations considering certain criteria [85, 86].
While some load control methods use partial load-shedding schemes [87, 88], smart load
management methods have also been developed incorporating remotely controlled switches
enabling a flexible consumption level at the connection points [19, 89].
Direct control mechanisms have been applied extensively for controlling power injected by
DG units in MV and LV distribution networks. Traditionally, reactive power control methods of DG units have been used to control voltage levels at the connection points. However,
distribution networks, predominantly comprising of underground power cables, introduce
higher resistance compared to overhead lines. This means that the reactive power consumption/injection has a significantly lower impact on the voltage levels in radial distribution
networks. Consequently, active power curtailment becomes necessary in order to accommodate more RES-based DG and to maintain the power quality of the networks [90, 91].
For instance, solar PV systems are widely being equipped with integrated droop-control
functionality, that curtails active power injection when voltage levels exceed certain threshold values. Nevertheless, the regulatory frameworks for curtailment and related financial
compensation largely vary depending on regional and national legislations. In most of the
European countries, DG units with a certain installed capacity are obliged to curtail active
power injection upon request from the DSO [12, 58].
However, several factors play a crucial role for the limited application and acceptance of the
approaches. First, such direct methods are inherently invasive, as the end-users perceive a
lack of control over their energy consumption and disruption of their comfort [16, 92, 93].
Second, the transmission of the control signal is hindered by technical diﬃculties [94]. Next,
distrust and skepticism exist among the end-users due to the privacy concerns [93]. Finally,
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most of the direct approaches suﬀer from the system scalability issues for wider applications
[16].

2.4.5 Enabling technologies
Successful roll-out of the smart grid relies heavily on the level of maturity of enabling technologies. Emerging technological innovations will dictate the growth of smart grids in the
coming years. In this section, a brief overview of related technologies is presented.

Advanced Metering Infrastructure (AMI)
Smart meters are being widely deployed at residential and commercial connection points
all over Europe and North America as part of the advanced metering infrastructure (AMI).
Smart meters allow measurement of consumption levels in high time resolutions and dynamic price schemes. The measured data can be transmitted to the network operator, energy
supplier and/or aggregator. At the same time, customers can be better informed on real-time
energy consumption and associated costs. With bidirectional communication, smart meters
can act as the interface among utilities, network operators and end-users. Thus, smart metering provides the opportunity to shift the demand based on the tariﬀ schemes and thereby
to realize energy cost savings [67]. These actions can be automated, when coupled with a
suitable home energy management system (HEMS). A HEMS is usually designed to optimize household energy consumption autonomously, considering the cost and comfort levels
of the dwellers. A coordinated scheme comprising of the smart meter and HEMS can therefore optimize the flexible domestic appliances to provide network support in response to
certain requests from network operators [95].
According to the estimates of the EU, smart metering along with smart grid can achieve
up to 9% reduction in household energy consumptions and emission levels. To this end,
the EU aims to replace 80% of the conventional electricity meters with smart meters by
2020. This means that, close to 200 million smart meters need to be installed in the EU
member states by 2020, representing an approximate investment of e45 billion [96]. In
the Netherlands, almost 1.5 million households have already been equipped with a smart
meter. Approximately 6 million gas and electricity smart meters will be installed to meet the
EU requirements. On a national scale, this is expected to result in positive benefits of e770
million. When translated to lower levels, the approximate savings will range between 3%
and 6% annually per POC [97, 98].
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Distribution automation
Distribution automation is related to the monitoring ability and operational control of the
distribution networks and has been considered one of the cornerstones for the development
of smart distribution networks. Distribution automation generally refers to a set of technologies that allow the DSO to remotely monitor, coordinate and control network components
in real-time. Main attributes of it include fault detection, isolation and restoration, feeder
reconfiguration, outage management, state estimation, DG management, protection coordination etc. Thus, it empowers the network with self-healing capabilities, i.e. allows it to
rapidly isolate a faulted section of a feeder and reconfigure the network in order to maintain the supply for the largest set of consumers. When coordinated with the smart meters
or automatic metering infrastructure (AMI), distribution automation ensures a much wider
observability of the network states- ranging from MV feeders to customer POCs [99–103].
Since distribution automation provides an extensive insight in network loading, a higher
reliability can be achieved by prioritizing the components for network expansion. With the
global drive to smarter network operations, it has been gaining momentum in distribution
networks worldwide. Approximately 55% of the distribution feeders in the US will be integrated with advanced automation systems by 2030 [99]. In the Netherlands, Enexis, one of
the largest network operators, has started a large-scale deployment of distribution automation in the MV networks in 2011. Apart from reducing the customer outage time, Enexis
aims to continuously measure the voltage levels and loading conditions at the MV/LV substations and to monitor partial discharges (PD) in the online cables [104].

Multi-Agent Systems (MAS)
Distributed intelligence has been widely implemented in power system related applications
lately. As discussed earlier, recent developments necessitate a more complex interaction
among the involved actors in the energy value chain with a greater computational burden
for the conventional centralized control schemes. Distributed intelligence allows dividing
such large-scale problems into a number of smaller ones with reduced complexity. Thus,
an enhanced scalability can be obtained employing distributed architecture with suitable
computational intelligence [13].
Multi-agent systems (MAS) is revealed as one of the most prominent technologies for the
implementation of distributed intelligence. Based on agent-oriented programming, MAS
has been extensively used in smart grids research, with varied scopes ranging from market
operations including real-time trading and balancing services to active network management
with residential energy management [95, 105], voltage regulation [75, 106] and distributed
state estimation [13].
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Internet of Things (IoT)
The internet was first developed as a means to facilitate communication amongst people.
However, by 2008 the number of things connected to the internet surpassed the number of
people living in the world. More than 50 billion devices are estimated to be connected to
the internet by the end of 2020 [107, 108].
The Internet of Things (IoT) is defined as the network of objects in the physical world,
that are connected to the internet. These objects are equipped with suitable technology that
allows them to communicate with both external and internal entities. Thus, IoT essentially
aims to integrate and coordinate physical devices and objects for an intelligent and eﬃcient
transformation of daily activities [107, 109].
Since IoT realizes interconnection among devices of diversified industries along with peer-topeer communication, it provides a suitable platform for distributed and autonomous operation. This paves the way for a seamless coordination among the actors involved in the smart
grid, ranging from real-time data measurement, information exchange and autonomous decision making to remote switching of network components [110].

2.5 Summary
Electric power distribution networks have undergone an evolutionary process through the
last century. Traditional planning and design methodologies of distribution networks used
to rely heavily on engineering expertise along with predictable growth and loading scenarios.
With limited monitoring possibilities, this resulted in a mostly passive, yet robust and reliable
distribution network with ample unused capacity and relatively long lifetime.
However, a shift of paradigm in the network operations is imminent under the energy transition. Driven by the global strides towards environment-friendly energy consumption, the
share of RES and electric loads have been growing rapidly all over the world. While a greener
generation mix and lower CO2 emission levels are achieved, growing penetration of local
DG units and electrification of loads pose operational challenges for the DSOs. On the one
hand, bidirectional and unpredictable power flows have presented augmented uncertainties.
On the other hand, network congestion due to larger peak demands and power quality issues
have become more frequent phenomena. The conventional approach of reinforcement of the
network assets may not always be financially feasible owing to the associated uncertainties.
The advent of smart grids, facilitated by advanced communication technologies provides the
DSOs with alternative solutions to tackle the operational issues. A large body of literature
has been developed focusing on the utilization of flexibility at the demand side through
diﬀerent types of direct or indirect approaches. This paves the way for a more decentralized
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operation of distribution networks, involving distributed and computational intelligence.
Collaborative attempts have been made in both global and national levels in order to make a
successful use of the flexibility. DSOs in diﬀerent parts of the world have been deploying automation technologies in their networks, that allow a wider monitoring and remote control
ability. While addressing network issues more eﬃciently, end-users are also being benefited
with better insights about their energy consumption, cost and environmental impacts. At
the same time, the prospect of flexibility trading allows them to be more actively involved in
the energy market.
When aggregated, residential flexibility can be eﬃciently utilized for addressing operational
challenges in distribution networks. This can be realized through suitable direct or indirect
approaches to mitigate such issues during scheduling or real-time operation. These open
issues are addressed in the subsequent chapters of the thesis.
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3

Demand response for congestion
management
In this chapter, a methodology for real-time congestion management of MV/LV transformers is
proposed. A detailed thermal model of the transformer is developed in order to obtain the costs
incurred by overloading. An agent-based scalable architecture is adopted to combine distributed
and computational intelligence for the optimum procurement of flexibility. The eﬃciency of the
proposed mechanism is investigated through simulations on a representative Dutch LV network.
Simulation results indicate that the proposed method can eﬀectively alleviate network congestions,
while maintaining the desired comfort levels of the prosumers.1

3.1 Introduction
Congestions or thermal overloadings occur when the power flow through a network asset
(e.g. lines, cables, transformers) exceeds its transfer capability. Although the network assets are generally designed to withstand loads beyond their nominal capacity for some time,
continuous overloading results in degradation of the insulation of distribution cables and
1 This

chapter is based on [74].
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transformer windings [39, 83]. As discussed in Chapter 2, replacement of these overloaded
assets requires a substantial investment of the DSO. To circumvent this, a number of price
and/or incentive-based Demand Response (DR) mechanisms have been investigated in order to exploit the flexibility of the end-users [28, 56]. However, most of these mechanisms
aim to influence the demand flexibility in general, while they neglect or only partially address physical constraints of distribution networks [111–113]. Consequently, applications
of DR-based methods for managing real-time congestions are still quite limited.
Market-based DR programs have been drawing extensive attention of late, thanks to the increasing availability of the flexible domestic appliances and small-scale generation technologies like rooftop solar PV and µCHP units [114–116]. To this end, diﬀerent types of flexibility arrangements have been discussed in literature with varied scopes and aims ranging from
balancing services [49, 115, 117, 118] to network congestion management [114, 119, 120].
For the network congestion problem, locational marginal pricing (LMP) methods [71, 114]
and local flexibility markets [20] have been proposed as promising solutions incorporating
the day-ahead electricity market prices. However, in reality, procurement of flexibility in
real-time appears to be a more complex problem involving scenarios with multiple market
entities in the same congested network area [79, 80]. Therefore, a sound methodology is
crucial for a market-based DR program in order to tackle congestions more eﬃciently.
In this chapter, a mechanism for real-time procurement of flexibility is discussed considering
a local flexibility market involving multiple aggregators in an agent-based environment. A
dynamic thermal overloading model of distribution transformers is used to determine the
costs incurred by the congestion. First, an overview of the system architecture along with the
coordination mechanism is presented in section 3.2. Next, section 3.3 describes the thermal
loading model of the transformer followed by the methodology for flexibility procurement
in section 3.4. Section 3.5 provides the description of the test scenario and the assumptions adopted. Finally, simulation results are presented and analyzed in section 3.6, before
summarizing the key findings in section 3.7.

3.2 Agent-based coordination
3.2.1 Distributed system architecture
Multi-agent systems (MAS) based distributed intelligence has been widely regarded as a reliable and eﬃcient tool for solving complicated problems [75, 106]. Compared to more centralized mechanisms, such decentralized approaches cause less computational burden that
makes them well-suited for large-scale problems involving multiple entities with conflicting
interests. The PowerMatcher platform [105] represents an eﬃcient MAS-based DR platform that allows individual prosumers to actively participate in the real-time energy value
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chain. In this platform, DERs are represented by software agents with primary objective being an optimal operation of respective devices. The coordination is performed in the agent
environment with internal control signals (λ) expressed in per unit values ranging from 0 to
1 [105, 121, 122].
In this work, a hierarchical system architecture is implemented, as illustrated in Fig. 3.1.
Device agents (DAs) represent the appliances and DG units connected at the household
level. Each household is represented by a house agent (HA) that coordinates the domestic
device agents and works as the interface between the household and the external entities. The
aggregator agent is responsible for coordinating the households in its portfolio of prosumers
and determining the real-time control signals. Network agents, such as transformer agent
(TA) and feeder agents (FAs) monitor and control respective network components. A more
detailed description of the system architecture can be found in [83] and [95].
A local flexibility service agent (LFSA) is deployed to facilitate adequate flexibility for the
network operator. The LFSA gathers flexibility oﬀers from aggregators and selects the best
oﬀers matching the flexibility requested by the network agents.

3.2.2 Coordination mechanism
The priority of the devices in each time step, t is portrayed by the bid of the device, dkt as
a function of the control price signal, λ. This bid is expressed in terms of expected levels
of power consumption/generation in the next time interval for the price signals. DAs that
represent flexible appliances, consider the properties of the corresponding devices (e.g. nominal power rating, buﬀer capacity), user defined set-points (e.g. desired inside temperature of
the household) and external parameters (e.g. outdoor temperature, building characteristics)
while constructing the bids. Base loads are regarded uncontrollable, hence not influenced
by the changes in control signal. A flat bid corresponding to the aggregated uncontrollable
load is used to represent the total base load in each time step. At each time step, the HA
collects the device bids and combines them in a house bid, dht such that:

dhtλ =

Nk
X

dktλ

(3.1)

k=1

where Nk denotes the number of available devices. The house bids are sent to the contracted
aggregators for the development of the aggregated bid, datλ .

datλ =

Nh
X
h=1

dhtλ

(3.2)
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Figure 3.1: Agent-based system architecture.
where Nh is the number of houses contracted by the aggregator. For scalability purposes, the
aggregators can classify their contracted prosumers in separate clusters. This can for instance
be based on their geographical locations, network topology, annual energy consumption,
amount of installed DG capacity, etc. In this work, we assume that aggregator clusters are
constructed based on the network topology, i.e. prosumers connected in the same LV feeder
are grouped under one cluster. Eq.(3.2) can thus be formulated as:
f

datλ

=

Na
X

f

Nh
X

dhtλ

(3.3)

f ∈a,f =1 h∈f,h=1

where, Naf and Nhf express the number of feeder clusters for a-th aggregator and the number
of houses in the f -th feeder cluster respectively. The aggregator calculates the equilibrium
point as the control signal, λ∗ by matching the local supply and demand in its clusters. Thus,
the estimated active power demand of a-th aggregator at time t, Pta can be derived from the
bid as:
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Pta = dat (λ∗ )

(3.4)

In every time step, the aggregator agent estimates the total demand and available flexibility
oﬀers in each of its feeder clusters, Faf . The flexibility oﬀers and the estimated demand are
sent to the LFSA and the TA respectively. From the estimated demand of all the aggregators,
the TA determines the expected load in the next time step. In addition, the TA is updated
about the instantaneous feeder loading, Stf by the FAs and calculates the total transformer
load. Next, the TA calculates the expected loss of life and corresponding overloading cost
based on the thermal model of the transformer. The expected overloading cost, CtOL is
sent to the LFSA in order to procure flexibility from the aggregators. The LFSA selects
suitable flexibility oﬀers from the available ones and subsequently informs the aggregators
select
regarding the selected flexibility oﬀers, Faf
. Finally, the aggregators calculate the required
adjustment of the control signal, ∆λaf for relevant clusters and determine the final control
signal for the next time period. The final control signal, λ∗∗
af is then sent to the DAs via
the HAs to govern individual devices at the prosumer connection points. The mechanism
at each time step t is schematically summarized by the UML (Unified Modelling Language)
sequence diagram shown in Fig. 3.2. Next sections describe the methodologies of calculation
of the overloading cost and flexibility procurement more in detail.

FA

TA

LFSA

Aggregator

Pt a
St f

CtOL

HA

d λh

DA

dλk

Faf

Fafselect

λaf**

λaf**

Figure 3.2: UML sequence diagram of agent coordination at each time step.
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3.3 Thermal overloading of transformer
Overloading of the MV/LV transformer may occur due to increased loads at connection
points, for instance simultaneous charging of a large number of EVs or switching of domestic HPs. Although thermal overloading aﬀects the insulation life-time of the transformer
windings, thermal dynamics allow the transformer to be overloaded for a certain duration
of time. Therefore, the procurement of flexibility needs to be aligned with the actual status
and corresponding cost of overloading the transformer.

3.3.1 Determination of the loss of life
In each time step, the estimated loads of the aggregators supplying at a certain congestion
point are used to determine the total expected load of the transformer, Let as follows:

Let =

Na
X

Pta

(3.5)

a=1

where Pta expresses the expected load of a-th aggregator at time t. The expected load is
converted to corresponding hottest spot temperature, θtH of the transformer. According to
IEEE standard C57.91-2011, the hottest-spot temperature, which is the highest temperature
of the winding at the operating condition, is the principal factor in determining the expected
life of oil-immersed transformers, which are typically used at MV/LV substations [123,124].
To determine this temperature, a ratio called the load multiplex, K is calculated and then
used to determine the top oil temperature rise, ∆θtT O and hottest spot temperature rise,
∆θtH , as:
Let
Kt =
(3.6)
Srated
 2

Kt R + 1
∆θtT O = ∆θT R
(3.7)
R+1
∆θtH = ∆θHR Kt 2

(3.8)

where Srated denotes the rated load of the transformer, R, ∆θT R and ∆θHR express the
ratio of load loss to no-load loss, top oil temperature rise and hottest-spot temperature rise
at the rated load respectively.
The resulting hottest-spot temperature at time t is calculated by considering the temperature
rise for the load conditions and the ambient temperature, θtA . The ambient temperature is
the temperature of the air in contact with the radiators or heat exchangers of the transformer
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and can be approximated by either taking the average daily temperature or the average maximum temperature of the month over several years [124].
θtH = θtA + ∆θtT O + ∆θtH

(3.9)

The aging acceleration factor, ΦAA
indicates the aging of the transformer insulation and is
t
calculated on the basis of Arrhenius reaction rate theory [124].


ΦAA
=e
t

15000
15000
383 − θ H +273
t



(3.10)

The degradation in the insulation of a transformer is realized when the minimum time of
overloading is 30 minutes [123, 125]. In this work, a discrete step size of 15 minutes is
considered. Since insulation degradation is realized with an overloading duration of 30
minutes, the equivalent aging factor, Φeq
t is determined by taking the historical load of the
same time duration. If N is the number of time intervals in half an hour and ∆t is the
length of each time interval, Φeq
t can be represented as:
Φeq
t

PN
=

n=1

PN

ΦAA
t ∆tn

n=1

∆tn

(3.11)

Considering a discrete time step size of 15 minutes, Φeq
t is calculated by:
Φeq
t =

ΦAA
+ ΦAA
t
t−1
2

(3.12)

The per unit loss of life of the transformer, Ttlol is then given by:
Ttlol =

Φeq
t ∆t
Tinl

(3.13)

where Tinl denotes normal insulation life in hours. In this work, the normal insulation life
is assumed to be 180000 hours or 20.55 years, which represents a well dried, oxygen-free
distribution transformer [124].

3.3.2 Overloading cost
The total lifecycle cost (TLC) method is adopted for calculating the aging cost of the transformer. The TLC method is considered to be one of the most cost and resource eﬃcient
methods for the economic analysis of transformers [83, 126]. TLC is calculated over the
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lifetime of a transformer and considers the operation and maintenance cost of the transformer along with the initial cost. Let CP , CN L and CLL being the purchase cost, no-load
loss cost and load loss cost respectively, the TLC of the transformer, CT LC is given by:
CT LC = CP + CN L + CLL

(3.14)

The aging cost is determined by multiplying the per unit loss of life, Ttlol with the TLC.
Ctaging = Ttlol .CT LC

(3.15)

Finally, as expressed in eq. (3.16), the overloading cost, CtOL is calculated by the arithmetic
diﬀerence between the instantaneous aging cost, Ctaging and the aging cost at rated load of
aging
the transformer, CR
.
CtOL


=

aging
Ctaging − CR
0

aging
when Ctaging > CR
otherwise

(3.16)

3.4 Procurement of flexibility
Upon determining the overloading cost, the DSO requests flexibility from the aggregators in
order to resolve the congestion. The task of flexibility procurement is carried out by the LFSA
that works as the interface between the network agents and the aggregators. The estimated
overloading cost is taken as the basis of the calculation and adequate flexibility is procured
from the available oﬀers of the aggregators.

3.4.1 Available flexibility
Aggregated flexibility
The aggregated bid represents the preference of all the prosumers in the portfolio of an aggregator. Therefore, the available flexibility at a given time can be determined from the
aggregated bid of each aggregator. Let λ∗a being the equilibrium price for a-th aggregator,
flexibility is determined by taking the respective shift in power for each step of price shift in
the aggregated bid. Thus, the flex bid, dfaλlex is given by:
dfaλlex


=

0
daλ − daλ∗a

∀λ ≤ λ∗a
∀λ > λ∗a

(3.17)
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Flexibility at feeder clusters
Due to the predominantly radial topology of the LV networks, a feeder level clustering is
advantageous for managing flexibility. This is performed by grouping the households connected at the same feeder together. Thus, the resulting flex bid of f -th feeder for a-th aggregator is given by:
h
Naf

dfaflex

=

X

lex
dfh,af

(3.18)

h=1
lex
where dfh,af
expresses the bid of available flexibility at each house.

The flex bid corresponds to the available shifts from current equilibrium and can therefore
be used for network support. These shifts are termed as flex oﬀers and are calculated for each
of the feeder clusters. Thus, the flex oﬀers from f -th cluster of a-th aggregator is given by:

i
Faf
= dfaflex
λi

F
∀i = 1, 2, ..., Naf

(3.19)

F
where Naf
denotes the number of available shifts for f -th feeder cluster of the a-th aggregator.

3.4.2 Selection of flex oﬀers
The LFSA is responsible for selecting suitable flex oﬀers to alleviate the load of the transformer. The procured flexibility thus helps mitigating the costs incurred by the transformer
overloading. In this regard, the cost of the procured flexibility plays a crucial role, as the
DSO may choose to overload the transformer and bear monetary losses instead of procuring
flexibility at a higher price. Per unit price of the available flexibility may also vary significantly, since it depends on the viewpoints of individual aggregators and involves complex
market dynamics. In this research, a simplified approach is adopted to demonstrate the
methodology, where the per unit price of flexibility is assumed to be equal to the day-ahead
electricity market price, CtDA . Thus, suitable flexibility oﬀers can be selected by comparing
the costs associated with the procurement of flexibility with the expected overloading cost.
The TA seeks to lower the imminent overloading cost and informs the LFSA about the
required flexibility and the estimated overloading cost at expected load. From the perspective
of the LFSA, the optimization problem becomes a maximization problem constrained by the
cost of required flexibility. This can be mathematically formulated as:
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f

min

uaf ,xiaf

−CtDA

NF

Na
Na X
af
X
X

i
uaf .xiaf . | Faf
| .∆t

(3.20)

a=1 f =1 i=1

subject to,
F
Naf

X

xiaf ≤ 1

(3.21)

i=1
f

NF

Na
Na X
af
X
X

i
uaf .xiaf . | Faf
|≤| Let | −Srated

(3.22)

a=1 f =1 i=1

f

CtDA

NF

Na
Na X
af
X
X

i
uaf .xiaf . | Faf
| .∆t ≤ CtOL

(3.23)

a=1 f =1 i=1

where


uaf =

xiaf =



0
1

when not selected
when selected

(3.24)

0
1

when not selected
when selected

(3.25)

Eq. (3.21) - (3.23) depict the constraints of the optimization problem. Eq. (3.24) and
(3.25) represent the bounds for the binary decision variables, uaf and xiaf which select the
feeder clusters and corresponding flex oﬀers respectively. Constraint in eq. (3.21) dictates
that, multiple flex oﬀers from a single cluster cannot be selected. Constraints described by
(3.22) and (3.23) limit the procured flexibility and associated cost within the acceptable
range of the TA.
Once the local market is cleared by the LFSA, the selected flex oﬀers are communicated to
the aggregators for the necessary adjustments in the bid for respective clusters. The adjusted
control price is determined by the index of the selected flex oﬀer of the concerned cluster.
∗
i
λ∗∗
af = λa + δλ.i.xaf

F
∀i = 1, 2, ..., Naf

(3.26)

where δλ indicates the discrete step size of λ.
The optimization problem described in eq. (3.20)-(3.25) consists of integer variables and
can be solved by Mixed-Integer Programming (MIP) technique. The entire process can be
schematically summarized as shown by the flowchart in Fig. 6.2.
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Figure 3.3: Process of flexibility procurement.

3.5 Simulation setup
The proposed methodology is evaluated with a simulation case study in a residential Dutch
LV network. The network consists of three feeders, namely Feeder A, Feeder B and Feeder
C. Total number of households connected in the feeders are 95, 42 and 92 respectively. As
shown in Fig. 3.4, a 500 kVA MV/LV transformer feeds the network from the MV bus.
All feeders are underground power cables. The network model is built in the MATLAB
environment using the open-source Power System Analysis Toolbox (PSAT) [127]. Typical
network parameters are tabulated in Table 3.1.
Three aggregators (A1, A2, A3) are considered in the simulation for serving randomly selected households in each of the three feeders. The aggregators optimize their individual
portfolios of contracted prosumers in order to match local supply and demand. The equilibrium price, λ*, as calculated by the aggregators, is expressed in discrete per unit values
between 0 and 1 with a step size of 0.05.
Apart from uncontrollable base loads, the households in the network are equipped with
freezers, solar PV and heating devices. In order to meet the heating demand, 90% of the
households consist of heat pumps, while the rest meet the demand with µCHPs. The uncontrolled base loads are represented as aggregated loads of residential consumers and modeled
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Table 3.1: Network properties
Property
Transformer rating
Transformer Full-load loss
Transformer no-load loss
Purchase cost of transformer
Length of Feeder A
Length of Feeder B
Length of Feeder C

Values
10.25 kV/0.4 kV, 500 kVA
4.6kW
0.62kW
e6000
792m
658m
350m

using normalized profiles [39]. Such normalized profiles are available for 400 Dutch households [128], which are used to obtain the actual base load profiles considering 3400kWh
as average annual energy demand per household in the Netherlands. Typical rated values
of other devices and parameters are presented in Table 3.2. Outdoor temperature and solar
irradiation data are obtained from Royal Dutch Meteorological Institute [129].
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Figure 3.4: Network model used in the simulation.
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Table 3.2: Device parameters of the households
Property
Installed PV capacity
Rated power of the freezer
Temperature range of freezer
Rated pump power of HP
Rated resistive heating of HP
Household temperature range
COP of HP
Rated power of µCHP

Values
1.5kWp to 6kWp
150W to 400W
−15◦ C to −30◦ C
1.5kW to 2kW
3kW to 3.5kW
17◦ C to 23◦ C
2.5 to 3.5
800W to 1200W

The optimization problem defined by eq. (3.24) - (3.23) is solved by the mixed integer linear
programming solver of the MATLAB Optimization Toolbox [130].

3.6 Numerical results
Snapshots of the simulation results of the case study are first presented for two consecutive
winter days in the Netherlands. Subsequently, the annual performance of the proposed
approach is analyzed in terms of cost savings and reduction in congestion duration.
Each of the three aggregators matches the local supply and demand of their contracted prosumers and calculates the internal equilibrium price, λ* for the cluster. The per unit local
price signal also reflects the loading status in the portfolio of the aggregator. When the local generation exceeds the local load, the price is set at 0 p.u. Similarly the value of 1 p.u.
indicates that the local load exceeds the amount of of local generation.
The equilibrium prices for the aggregators during the simulated two days are illustrated in
Fig. 3.5. The highest levels of aggregator price indicate that consumption is higher than
local generation for all of the aggregators during the early and evening hours of the day.
Consequently, the price cannot be increased anymore to influence the consumers to lower
their consumption during this time. In other words, flexibility cannot be procured from
the market anymore to deal with network congestions. Similar situations would occur if the
local generation exceeded local load leading to the price set at zero. In such a case, the DSO
cannot increase the load in the cluster by further lowering the price.
An equilibrium point exists when the local load matches the generation in the cluster. In this
case the DSO can shift the load in both directions, thus procuring the available flexibility by
altering the price depending on the level of thermal overloading. For instance, flexibility is
available from all of the aggregators between 12:00 and 14:00 hours on the first day. Thus,
congestions during these hours can be resolved by appropriate adjustment of the internal
price.
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Figure 3.5: Internal price signals of three aggregators for uncontrolled case.

3.6.1 Price adjustment for congestion management
Upon detection of a thermal overloading, the LFSA optimizes the available flexibility of the
aggregator clusters in order to procure flexibility for resolving the overloading. Fig. 3.6
depicts the transformer loading when the control methodology is applied along with the
uncontrolled case.
As shown in Fig. 3.6, the transformer is overloaded at 13:00 hours and 18:30 hours on the
first day. We investigate the congestion occurring at 13:00 hours in more detail. With an expected loading of 1.10 p.u., an overloading cost of e0.26 would have realized. As depicted in
Fig. 3.7, in order to avoid this overloading cost, 8.5 kWh of flexibility is required. Available
flexibility of the clusters at this time step and their price considering the instantaneous dayahead electricity price are tabulated in Table 3.3. The flexibility oﬀer of 7.98 kWh of feeder
B and Aggregator A1 is selected as it best matches the objective and constraints described in
section 3.4.2. Thus, the load becomes lower in the next time step and the overloading cost
is avoided. Similar situations occur in the evening of the first day and flexibility is procured
to relieve the congestion.
Congestions are observed to occur again during the evening of the second day. However,
no flexibility is procured by the LFSA at these time steps. This is due to the fact that the
magnitude of the overloading cost is rather low compared to the cost and magnitude of
the flexibility oﬀers required to solve it. Procurement of flexibility at this time would have
resulted a higher cost for the network operator than accepting the overloading.
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Figure 3.6: Transformer loading without congestion management.
Table 3.3: Available flexibility and associated cost at 13:00 hours on the first day

Feeder A

Feeder B

Feeder C

A1
11.78 kWh
(e0.33)
12.18 kWh
(e0.34)
4.23 kWh
(e0.12)
7.98 kWh
(e0.23)
11.48 kWh
(e0.32)
13.60 kWh
(e0.38)

A2
15.24 kWh
(e0.43)
15.64 kWh
(e0.44)
7.55 kWh
(e0.21)
9.23 kWh
(e0.26)
12.31 kWh
(e0.35)

A3
0.00 kWh

0.00 kWh

0.00 kWh

3.6.2 Overloading cost
The eﬀect of the proposed method is tabulated in Table 3.4 in terms of a number of performance metrics. In the controlled case, the total cost is determined by taking both the
overloading cost and the paid incentives in account. Please note that, the paid incentives
in exchange of procured flexibility have to be distributed by the aggregator. The settlement
between the aggregators and the prosumers has been left out of the scope of the thesis, since
this is subject to the contractual agreement between the involved parties.
The overloading cost is observed to be largely mitigated, while the incentive accounts for a
large share in the total cost. The total cost corresponds to a similar value of the overloading
cost in the uncontrolled case, since the flexibility is procured when the day-ahead price was
relatively higher. However, the duration of congestion is minimized, thanks to the adjust-
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Figure 3.7: (a) Required and procured flexibility by the LFSA during the simulated two days,
(b) Overloading cost, cost of procured flexibility and the day-ahead price.

ment of the local price.
It is important to note that the proposed mechanism works on the basis of an active supplydemand matching algorithm, where each of the devices works within a defined set point of
comfort levels. The preference of each device (and hence the prosumer/household) is reflected in the real-time bid. That is why the comfort levels of the prosumers are generally
never violated, even if the supplied energy is reduced while managing the congestions.

Table 3.4: Results summary for the simulated two days
Indicators
Overloading cost (e)
Incentive paid (e)
Total cost (e)
Savings (%)
Congestion duration (h)
Reduction (%)
Supplied energy (MWh)
Reduction (%)
Total loss (MWh)
Loss reduction (%)

Uncontrolled case
2.58
2.58
3.25
19.07
1.21
-

Controlled case
1.62
0.77
2.39
7.95
2.25
30.77
18.70
1.94
1.17
2.90
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3.6.3 Performance analysis
The proposed method has been evaluated for the half-yearly and annual performance in terms
of a number of indicators as shown in Table 3.5. A significant cost saving and reduction in
congestion duration is realized by the price adjustment in the controlled case. The cost saving
is achieved due to the much lower day-ahead electricity price compared to the estimated
overloading cost. In the spring and the summer, the duration of the days is far longer than
in the winter, leading to an abundant yield in solar PV generation. Consequently, local
prices (control signals) drop and the loads tend to operate at the same time. For instance,
in the winter with scarce local generation, HPs tend to operate at temperature levels close to
their lower operating margin. However, in the spring they mostly operate closer to the upper
margin of the desired temperature. This aﬃrms the previously reported issues of congestions
in relation to price-responsive loads and RES-based DG units [10]. This can eventually be
handled with a smarter operation of the aggregators through a better scheduling of flexible
demands.
Table 3.5: Simulation results for longer simulation time window
Time
horizon
6 months

1 year

Indicators
Overloading cost (e)
Incentive (e)
Total cost (e)
Congestion duration (h)
Total loss (MWh)
Energy supplied (MWh)
Overloading cost (e)
Incentive (e)
Total cost (e)
Congestion duration (h)
Total loss (MWh)
Energy supplied (MWh)

Uncontrolled
loading
2553.27
0.00
2553.27
30.50
108.98
1087.35
6735.87
0.00
6735.87
88
201.70
1998.99

Controlled
loading
30.88
52.30
83.18
7.75
105.09
1016.16
93.10
181.1
274.20
24
192.66
1821.07

Reduction
(%)
98.79
96.74
74.59
3.57
655
98.62
95.93
72.73
4.48
8.90

Freezers and HPs being the available flexible loads in the households, the impact of the price
adjustment will be reflected back on the consumption patterns of these loads. Fig. 3.8 shows
the histogram of the probability of the daily average temperature for all three feeders. For
the freezers, a higher average temperature is observed in the controlled case, as the devices
tend to operate relatively closer to their highest acceptable temperature setpoints. Similar
situations occur for the HPs, as the average inside household temperature for the controlled
case is slightly lower than the uncontrolled case. It is important to note that the temperature
setpoints in both cases have not been violated. Thus, the comfort levels of the prosumers
have been well represented by the bid and have been considered for the price adjustment.

3.7: Discussion
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Figure 3.8: Histogram of the probability of daily average temperatures- (a) inside temperature
of the freezers, (b) household interior temperature.

3.7 Discussion
Demand response mechanisms have been investigated worldwide as a potential solution to
reduce system peak demands and thereby defer redundant network reinforcements. In this
chapter, an agent-based DR mechanism has been discussed for real-time congestion management in LV distribution networks. An agent-based system architecture has been adopted and
distributed intelligence has been employed that enables decentralized decision making. The
residential load profiles have been generated by a bottom-up approach involving dynamic
control signals. A detailed thermal model of the transformer has been used to observe the
impacts on the lifetime of the winding insulation in a radial LV network with a dominant
share of DERs. Subsequently, the resulting aging of the transformer has been translated into
the monetary cost and a decentralized algorithm incorporating a local flexibility market has
been developed in order to alleviate the cost and payable incentives.
The proposed methodology has been investigated through simulations for 229 households
connected in a typical Dutch LV network. Significant savings in overloading cost (up to
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98%) and congestion duration (72%) have been achieved by exploiting the flexibility through
the local flexibility market. Simulation results also demonstrate the bottlenecks of network
operations with a large share of DG and price-responsive loads. A high local generation results in a lower price and ends up overloading the transformer by a large margin due to the
increased load. However, in such a case, there remains ample scope of shifting the loads and
lowering the overloading cost.
The adopted methodology assumes a robust ICT backbone embedded in the ADN. Such
a communication infrastructure will necessitate a considerably large investment. However,
recent developments in the distribution network including smart metering and distribution
automation will provide a reliable platform for the application of the proposed scheme without significant additional cost. In addition, a suitable scheduling mechanism would provide
a better insight of the available flexibility and associated costs for the aggregators. Thus,
the overall performance can be further enhanced by incorporating smarter prediction and
scheduling methodologies.
In this research, the day-ahead electricity price is considered as the price of flexibility. In
practice, aggregators will optimize their portfolio and determine the price that best suits
their business interest. A more detailed research is required in order to quantify the available
flexibility and its cost more eﬃciently.

4

Direct control with unified approach

Rapid proliferation of distributed energy resources (DERs) poses operational challenges for lowvoltage (LV) distribution networks in terms of thermal overloading of network assets along with
voltage limit violations at the POCs. In this chapter, a unified approach combining a local voltage control mechanism with a centralized congestion management scheme is discussed by utilizing
an agent-based hierarchical architecture. The feasibility of the proposed approach is validated by
a simulation of a representative Dutch urban LV network considering up to 100% penetration
of solar PV and electric heat pumps (HPs). The quantitative analysis reveals that local voltage
control strategies can essentially aid mitigating thermal overloading of the network assets. Thus,
integrating a local voltage control method with a coordinated congestion management mechanism
can enhance the system flexibility while maintaining the network constraints and the comfort levels
of the consumers simultaneously.1

4.1 Introduction
The widespread integration of distributed energy resources (DERs) including renewable energy sources (RES) and electrification of transport and heating sectors introduce various operational challenges like network congestions and voltage limit violations in the distribution
1 This

chapter is based on [106].

55

56

Chapter 4: Direct control with unified approach

networks. Due to the radial topology of the LV networks, these issues are usually correlated
and largely depend on loading conditions in the network. As discussed earlier, the conventional approach of network reinforcement necessitates huge investments although the peak
loads will generally occur only for a limited number of hours per year. An alternative approach is to better utilize the existing infrastructure and by spreading the peak loads using
suitable control methodologies.
While most of the existing techniques aim to solve network problems separately, these issues are subject to change along with diﬀerent time horizons, i.e. peak and oﬀ-peak times,
weekdays and weekends, or with seasonal variations. Furthermore, they are correlated and
might occur in diﬀerent network levels, i.e. voltage violations at the local level of the point
of connection (POC) while thermal congestions are likely at the area level of the distribution
transformer or main outgoing feeders. In this chapter, a unified approach is discussed that
aims to deal with both network congestions and voltage limit violations in various time horizons. The proposed unified approach makes use of a direct control method to complement
the market-based demand response mechanism incorporating an agent-based distributed architecture. First, the problems of congestions and voltage limit violations in a radial LV
network are analyzed. Next, the proposed unified approach is discussed along with the decentralized system architecture followed by the description of a case study. Finally, simulation
results are presented and relevant conclusions are drawn.

4.1.1 Voltage variations
Owing to the very high number of connected end-users and diversity of loads, voltage variations in the LV networks are higher than those in the MV and HV networks. In a radial
LV network, voltage variation depends not only on the local power consumption but also
on locally injected power and the impedance of the network [106]. Voltage at the receiving
end of a cable section, VR can be expressed as:
VR = VS − IR (R + jX)

(4.1)

where, R + jX denotes the impedance of the distribution cable, VS is the voltage at the
sending end, and IR is the current through the cable section. If the POC at the receiving
end constitutes local distributed injected generation with, PG and QG , and local active and
reactive power consumption PL and QL respectively, eq. (4.1) can be rewritten as:

VR = VS −

(RPR + XQR ) − j(RQR − XPR )
VR

where, PR = |PL | − |PG | and QR = |QL | − |QG |.


(4.2)
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Typical LV underground power cables are of predominantly resistive nature due to a high
R/X ratio (a list of frequently used LV cables along with their technical parameters has been
presented in Appendix A). Consequently, the active power has a bigger impact on the voltage
variations along the feeder than the reactive power [75, 131, 132]. Thus, eq. (4.2) can be
simplified as:


(RPR )
VR ≈ VS −
(4.3)
VR
As a result, the relation between the sending and receiving end voltages can be represented
as:
VR > V S
VR < V S

when, PG > PL
when, PG < PL

(4.4)

In order to compensate for the voltage drop and to avoid undervoltage at the end of the
feeder, the secondary side voltage of a MV/LV transformer is usually set at [1.01 − 1.05]
p.u. [133]. However, when the local generation at the POCs exceeds local loads, voltage
level along the feeder rises and the POC at the end of the feeder may experience overvoltage
(Feeder 1 of Fig. 4.1). On the other hand, another feeder with a higher amount of loads
than local generation shows a voltage drop along the feeder (Feeder 2 of Fig. 4.1).

4.1.2 Network congestions
Instantaneous loading of a MV/LV transformer can be calculated from the current flowing
in the outgoing feeders. As VS and IS are the voltage at the LV bus and total current
t
at the secondary side respectively, the load of the transformer at any given time t, Sins
is
determined by:
t
Sins
= VS IS

(4.5)

t
Congestions occur in a MV/LV transformer when the loading of the transformer, Sins
exceeds its thermal rating, Smax caused either by increased residential loads or reverse power
flows from the domestic DG units. Consequently, congestions can occur simultaneously
along with the local voltage limit violations in the network. A coordinated mechanism is
therefore necessary in order to limit residential consumptions or curtail active power production at the POCs for resolving the congestion. For simplicity, both of these cases will
henceforth be termed as ‘active power curtailment’. To relieve the congestion, total required
curtailment, Pcurtail can thus be calculated as:

t
Pcurtail = Sins
− |Smax |

(4.6)
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Figure 4.1: Change of voltage along the LV feeders.

Pcurtail =

N
X

Pcurtail,i

(4.7)

i=1

where, Pcurtail,i denotes the amount of curtailed active power at each of the N POCs
downstream of the transformer.

4.1.3 Correlation of network issues
As shown in eq. (4.5), congestion in the transformer necessitates a higher flow of current in
the network. This increased flow of current causes a higher voltage drop along the cables.
Consequently, voltage levels at the end of the feeder decreases and undervoltage problems
become prominent. HV/MV transformers are usually equipped with On Load Tap Changers
(OLTC) to keep the voltage levels within a desired range of values. This enables keeping the
voltage levels in the MV feeders uncorrelated and to regulate the downstream networks more
conveniently. Unlike their HV/MV counterparts, MV/LV transformers normally have a
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fixed tap setting which can only be altered oﬀ-line. Hence, voltage levels in the LV networks
are subject to frequent fluctuations following changes in the upstream MV networks [34].
With the increasing share of the local RES, increasing the voltage set point at the secondary
side of the MV/LV transformer does not represent an optimal solution to tackle voltage
problems in the LV network. Diﬀerent mechanisms are being used to address such problems for example- by reinforcing network assets, shifting loads or by curtailing active power
injection [28, 54]. However, such correlated issues of voltage variation and congestion are
subject to uncertainties associated with the daily and seasonal diﬀerences in load and generation patterns. A unified approach is therefore needed to address the needs in the same
network in diﬀerent times of the year.

4.2 The unified approach
The unified approach is formulated with a view to managing thermal overloading of the
MV/LV transformer along with the voltage limit violations at the POCs. A local control
method is adopted to continuously monitor and mitigate voltage level violations at the
POCs.
LV distribution networks are typically allowed to operate within a certain range of the nominal voltage, Vmin and Vmax . Therefore, the voltage level at i-th POC, Vi is bounded by
the following constraint [134]:
Vmin ≤ Vi ≤ Vmax

∀i ∈ N

(4.8)

where, N denotes the set of POCs in the network. According to the EN50160 standards, the
upper and lower limits of the 10-minute average RMS voltages are considered to be 1.1 p.u.
and 0.9 p.u. respectively. The local control mechanism optimizes domestic appliances and
local generation units in order to maintain the voltage levels within this acceptable margin.
The local control method is complemented by a centralized congestion management (CM)
mechanism, as shown in Fig. 4.2. Unlike the local control, the centralized control is executed
in discrete time steps. The process is coordinated by the distribution system operator (DSO)
as the conditions at time t = t0 dictates the actions to be implemented at time t = t0 + ∆t,
where ∆t represents the time interval between two consecutive steps.
Upon violation of the thermal constraints of the transformer, a curtailment plan is prepared
to identify the locations and amount of active power curtailment. Preferences of the individual POCs are considered in terms of comfort levels and fairness of generation curtailment.
Thus, the overall objective of the approach can be formulated as minimization of the interruption while maintaining the consumers’ preferences and comfort (eq. (4.9)).
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Figure 4.2: Unified approach of thermal and voltage constraint management.

min Pcurtail

(4.9)

subject to,
t
Pcurtail ≥ Sins
− |Smax |

(4.10)

Application of the proposed unified approach heavily hinges on the ICT infrastructure and
the monitoring ability of the network operator. The following set of assumptions are adopted
for the formulation of the approach:
• Advanced ICT infrastructures are widely being developed for network support applications in various parts of the Europe and North America incorporating sensors,
phasor measurement units (PMUs) and smart meters enabling real-time measurement [9, 67]. A greater monitoring and observability will thus be achieved by the
network operators in the coming years. The considered network in this chapter, is assumed to be a part of an Active Distribution Network (ADN) equipped with a strong
and reliable ICT backbone.
• Various types of regulatory frameworks exist in order to manage the growing levels of
flexibility in the demand side of the electricity value chain, ranging from the implementation local flexibility market to bilateral agreements between involved actors [28].
The unified approach makes use of predefined contracts between the DSO and the
end-users for the direct control of solar PV systems and HP units in order to cope
with operational challenges.
• Developments in distributed intelligence allow agent-based systems to make autonomous
actions based on decisions through online calculations. In this chapter, the agents are
assumed to be suﬃciently intelligent to carry out required calculations with available
information and make the necessary communications with a high degree of reliability.
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4.3 Local voltage control
4.3.1 Overvoltage
Two distinct control schemes are discussed that aim to curtail active power injection from
the PV inverters when voltage levels exceed certain threshold values. The mechanisms are as
follows:
P − V droop control
Diﬀerent types of droop control methods namely P − V , Q − V , P − f have been discussed and implemented as eﬀective tools to maintain the security constraints of the network [58, 133, 135–138]. Due to the possibility of a decentralized operation, droop control
is widely applied in PV systems worldwide. This allows a flexible and reliable operation for
local voltage control without requiring any extended communication infrastructure. The
well-established P − V droop control mechanism has been integrated in this work (Fig.
4.3). The output active power of the PV system, Pnet is set at the maximum power point,
PM P P during normal operations and is reduced following a linear function, if the voltage
levels at the POC, Vm exceeds the threshold level of Vuth . As shown in eq. (4.11), the PV
system is switched oﬀ when the voltage levels exceed the upper limit of the acceptable range,
Vub .

∀Vnom < Vm ≤ Vuth
 PM P P
m −Vuth
PM P P − PM P P VVub
∀Vuth < Vm < Vub
Pnet =
(4.11)
−Vuth

0
∀Vm ≥ Vub
where, Vnom denotes the nominal voltage levels at the individual POCs.

Pinj
PMPP

Vnom

Vuth

Vub

Vm

Figure 4.3: Droop characteristic for local overvoltage control of the solar PV systems.
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Sensitivity-based control
In radial LV networks, voltage levels at the end of a feeder section strongly depend on the
network impedance and network power flow conditions. Thus, consumption/ injection behavior at each of the POCs has a distinct impact on the voltage levels. The sensitivity-based
control aims to curtail active power injection from the PV inverters based on a voltage/active
power (δV /δP ) sensitivity calculation [58, 91]. The method takes in account the instantaneous voltage levels at the POC, Vm and in case of the violation of threshold (Vuth ),
calculates the required amount of curtailment, ∆P as expressed by eq. (4.12).

∆P =

Vm − Vuth
δV /δP

(4.12)

The resulting power output, Pnet can thus be calculated as shown in eq. (4.13).

Pnet


 PM P P
PM P P − ∆P
=

0

∀Vnom < Vm ≤ Vuth
∀Vuth < Vm < Vub
∀Vm ≥ Vub

(4.13)

The voltage/active power sensitivity depends on the network topology and the power flow
situations. However, the topology of the network is the most dominant factor for the sensitivity and remains mostly fixed in a radial distribution network. The sensitivity can be
obtained from the Jacobian matrix through an oﬀ-line power flow calculation [135]. The
value of the sensitivity can be set by the DSO at the local voltage control mechanism of the
PV system and may be revised in case of a modification in network topology.

4.3.2 Undervoltage
Contrary to the overvoltage problem, undervoltage instants occur when the POCs in the
network represent higher load consumptions as would be the case with a large-scale penetration of HPs for meeting the heating demand during the winter. Automated demand
response (ADR) or direct control methods have been investigated in a number of studies in
order to mitigate undervoltage problems in the LV networks [72]. To this end, heat pumps
have been identified as a notable source of flexibility in the residential sector [139,140]. The
heat pumps are comprised of a pump that performs external work to transfer heat from a cold
reservoir (air, water, ground etc.) to a warmer reservoir (house, buildings) combined with a
resistive heating element [45, 139]. To prevent the undervoltage problems in the network,
the power consumption of the heat pumps is controlled maintaining the thermal comfort of
the inhabitants. Two diﬀerent types of undervoltage control schemes exist.
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Linear droop control
Droop control methods aim to regulate power flows according to a linear relationship between the voltage levels and active power consumption [141]. This maintains a regulated
flow of power while ensuring that voltage thresholds are not violated. In this work, a linear
droop control scheme for HPs is proposed that aims to curtail the active power consumption
of the resistive heating element of the heat pump according to a linear slope, as illustrated in
Fig. 4.4(a). P HP and Vlth express the demanded power by the heat pump controller and
the lower threshold of the voltage limit respectively. Upon violation of the lower threshold,
the active power consumption of the heating element, Pbooster is reduced following a linear
function as shown in eq. (4.14). The device is switched oﬀ in case only the pump is active
in a particular time instant and voltage threshold is violated.

PHP =

 0
PHP



−Vlth

Pbooster − Pbooster VVm


lb −Vlth


0






0

∀ Vm ≥ Vlth
∀ Vlth > Vm ≥ Vlb
0
& PHP
= Pheater + Ppump
∀ Vlth > Vm ≥ Vlb
0
& PHP
= Ppump
∀ Vm < Vlb

(4.14)

where Vlb denotes the lower margin of the acceptable range of the voltage at the POCs.

Step control
As shown in Fig. 4.4(b), the step control switches oﬀ the resistive heating part when the
measured voltage Vm drops below the lower threshold value of Vlth . Consequently, a relatively higher curtailment results compared to the linear droop control method. Similar to
linear droop case, as expressed in eq. (4.15) the device is switched oﬀ in case only the pump
is active when the threshold is crossed.

PHP =

 0
PHP




Ppump



0







0

∀ Vm ≥ Vlth
∀ Vlth > Vm ≥ Vlb
0
& PHP
= Pheater + Ppump
∀ Vlth > Vm ≥ Vlb
0
& PHP
= Ppump
∀ Vm < Vlb

(4.15)
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Figure 4.4: Local undervoltage control with the heat pumps. (a) Linear droop control (b) Step
control.

4.4 Centralized control for thermal overloading
The proposed unified approach applies a a centralized direct control based congestion management mechanism that complements the local voltage control methods. Congestions
caused by the increased load are managed by controlling the HP loads of the households.
Active power injection of the PV system is curtailed in case the reverse power flow exceeds
the thermal rating of the transformer.

4.4.1 PV curtailment
Active power curtailment of PV inverters has been the focus of a large body of literature. In
addition to a number of market-based DR mechanisms, curtailment of injected active power
has been studied to manage overvoltage and congestion problems [90, 91, 95]. Regulatory
frameworks for curtailment and corresponding compensation for the curtailed power diﬀer
widely from country to country [51]. In this chapter, residential consumers are considered
for curtailment based on predefined bilateral agreements with the network operator.
A fair curtailment scheme is adopted to limit the amount of injected power from the residential PV inverters to mitigate the congestions caused by the reverse power flows. The process
is schematically presented as shown in Fig. 4.5. The total amount of required curtailment
is calculated and distributed fairly among the POCs considering the injected energy of the
individual PV systems. A curtailment coeﬃcient, wcurtail,i is used for the fair allocation of
the curtailment and defined as the fraction of injected energy during each time step, ∆t by
each POC to the total injected energy by all the POCs in the feeder.
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Einj,i

i∈N,i=1

(4.16)

Einj,i

where, Einj,i denotes the injected amount of energy in kWh by the i-th of N POCs in the
network. When a congestion is detected, the curtailment amount for each of the POCs is
calculated considering a target level of transformer loading, Starget . Curtailment at each of
the POCs, Pcurtail,i can thus be calculated by:

t
Pcurtail,i = wcurtail,i . Sins
− |Starget |

(4.17)

The curtailment levels are reset to zero when the instantaneous loading,
Starget .

t
Sins

falls below

start
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t = t + ∆t

t
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Pcurtail ≠ 0
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> S target

Update Pcurtail
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Pcurtail = 0

1
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Figure 4.5: Methodology of PV curtailment for thermal constraint management.

4.4.2 Direct control of HP
A number of mechanisms are reported in the literature to determine the switching actions
of directly controlled thermal loads [140, 142]. The direct control of HP load is done by a
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merit-order based decision making scheme according to the inside temperature of the households. Meanwhile, curtailment requests from the DSO can be sent directly to the households
with appropriate flexibility oﬀers.

Flexibility oﬀers
As discussed in Chapter 3, market-based mechanisms usually utilize additional entities like
aggregators, retailers and/or energy service companies (ESCos) to procure flexibility from
residential end-users through so-called local flexibility markets [23, 83, 105]. For instance,
flexibility is often oﬀered in terms of bids representing priorities and volumes of flexible
power for certain monetary amounts. However, more direct approaches of curtailment are
required if flexibility resource is not suﬃcient for market-based control to cope with congestions.
In this chapter, a direct approach for load curtailment is investigated considering the temperature of the households, as depicted schematically in Fig. 4.6. Although the curtailment
process is coordinated by the DSO, tracking the inside temperature of the houses is not
possible due to privacy concerns. The privacy bottleneck is circumvented using flexibility
oﬀers from the residential end-users. The flexibility oﬀers represent the preferences of the
consumers in terms of curtailable load and instantaneous thermal comfort [105,143] instead
of the actual temperature. The comfort coeﬃcient of i-th house at time t, ρti can be defined
as a function of actual (T ) and the desirable limits of inside temperature (Tmax and Tmin
respectively) of the house as:

ρti =

T − Tmin
Tmax − Tmin

(4.18)

Based on the comfort coeﬃcient, a flexibility oﬀer is generated to inform the DSO about the
curtailable load in the next time step. ρmin being the minimum required level of comfort
for providing network support, flexibility oﬀer at time t, Fit is given by:

 0
P t − Ppump
Fit =
 HP
Ppump

∀ρti ≤ ρmin
t
∀ρti > ρmin and PHP
> Ppump
t
t
∀ρi > ρmin and PHP
= Ppump

(4.19)

It is important to note that the households can utilize diﬀerent modes for operating their heat
pump and can therefore choose an alternative approach of providing the flexibility oﬀers.
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Figure 4.6: Methodology of heat pump control for thermal constraint management.

Determining curtailment locations
The comfort coeﬃcients and flexibility oﬀers are collected by the DSO in each time step. A
target loading level, Starget is considered in order to select suitable flexibility oﬀers. Based
on the available information, the DSO sends curtailment requests to appropriate POCs. In
order to do so, the DSO aims to maximize the comfort levels of the prosumers while maintaining the thermal constraints of the network. This can be expressed by an optimization
problem as follows:

N
X

min

ui .(1 − ρti )

(4.20)

if selected
if not selected

(4.21)

i∈N,i=1

where,

ui =

1
0
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subject to,
N
X

t
ui .Fit ≤ Sins
− |Starget |

(4.22)

i∈N,i=1
t
where, Sins
denotes the instantaneous transformer load at time t. Curtailment at each of
the POCs is thus given by:

Pcurtail,i = ui .Fit

(4.23)

The decision variable, ui is binary in nature in order to select the households for curtailing
the heat pump loads. Thus, the optimization problem expressed by eq. (4.20)-(4.22) can be
solved by Mixed-Integer Programming (MIP) technique. Based on the solution, the DSO
sends a curtailment request to the selected households. Upon receiving the request from the
DSO, the heat pump controller limits its power consumption and supports the DSO with
congestion management.
Apart from the outside temperature, the heat capacity of the household plays a crucial role
in the change of temperature within the house. Thus, once a heat pump load is curtailed,
the comfort coeﬃcient starts decreasing gradually. At each discrete time step, transformer
loading is observed and the curtailment requests are updated considering the actual comfort level of the households. It is important to note that the heat pumps operate within a
user-defined range of temperature and are switched on when the inside temperature reaches
the lowest acceptable value. This ensures that the procured flexibility does not violate the
desired comfort level of the households.

4.5 Implementation
As highlighted in section 3, the proposed unified approach constitutes of inter-operating
centralized and decentralized systems with complex tasks. Computational and distributed
intelligence has been discussed as a reliable, flexible and eﬃcient approach to monitor and
control such inter-operating system. As a popular decentralized control approach, agentbased control has been extensively applied in electrical power and energy systems applications [75].
The agent-based control scheme, as shown in Fig. 4.7 has been developed to coordinate the
process of our unified approach. Within each of the houses, the base load, PV system and
heat pump are represented by individual device agents namely the base load agent, PV agent
and heat pump agent respectively. Each of the households is represented by a house agent
(HA) that coordinates the device agents and works as the interface between the household
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and the external entities. The transformer agent (TA) and feeder agents (FA) correspond to
the network agents and are responsible for monitoring the loading of the transformer and
feeders respectively. The agents perform synchronous communication among them applying
the Agent Communication Language (ACL) standards. This makes the architecture easily
scalable and interoperable with other network segments and market entities.
As can be seen from Fig. 4.7, the HAs coordinate the device agents, as the device agents send
relevant information such as consumed/generated power, voltage levels and the temperature
to the HA. Once a violation of the voltage levels is observed, the HA activates one of the
local voltage control mechanisms instantaneously to keep the voltage levels within acceptable
margins. The HA calculates the comfort coeﬃcients, draws up a corresponding flexibility
oﬀer and sends it along with the value of injected energy to the FA after every 15 minutes.
Each FA measures the power flow in the feeder and communicates with the TA and the HAs.
The TA checks the transformer loading conditions and communicates with the FAs. Once a
congestion is detected, the TA sends a curtailment request to the FAs. Next, the FA prepares a
curtailment plan based on the comfort coeﬃcients sent by the HAs and subsequently forward

Transformer Agent

Feeder Agents

House Agents

Base
load

Heat
Pump

Solar
PV

Device Agents

Figure 4.7: The agent-based system architecture.
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the request to the individual HAs.
In case the HA receives a curtailment request from the FA and also detects a voltage limit
violation, it prioritizes the signal that entails higher amount of curtailment while overruling
another.
Contrary to the centralized method, the agent-based approach reduces the required communication and computational burden. The computational intelligence integrated at the level
of the FA and TA is capable of solving the problems with the locally available information.
The approach is easily scalable and can be integrated with advanced market-based mechanisms to implement diﬀerent demand response mechanisms. Moreover, flexibility can also
be procured to solve congestions at the MV networks through a flexibility request from the
network agents located at the upper level, for instance in the MV feeders to the TA in the
LV network.

4.6 Modeling and simulation
4.6.1 Description of the test case
A typical Dutch residential LV network as shown in Fig. 4.8, is used as the test network
for the simulation. The network comprises of 20 households and is fed from a 100kVA,
10/0.4kV transformer. Each household is provided with a three-phase connection. The
network consists of underground power cables with relatively high R/X ratios compared to
overhead lines. Properties of the test network are summarized in Table 4.1.
Table 4.1: Properties of the test network
Property
Transformer rating
Transformer R0, Z0
Power factor

Values
10kV/0.4kV, 100kVA
0.0072Ω, 0.0246Ω
0.98

As shown in Table 4.2, four sets of uncontrolled base loads, solar PV and domestic heat
pumps are considered in the simulation. Each of the households in the network is equipped
with either of these four setups. The base load profiles are modelled using average normalized
profiles of Dutch residential consumers [39]. The solar irradiation and the outdoor temperature data are obtained from the Royal Dutch Meteorological Institute (KNMI) [129]. The
solar PV and heat pumps are modelled according to the functionalities described in [144].
The thermal dynamics of the households are simplified by assuming a constant internal heat
gain and heat loss due to heat transmission and air ventilation only. COP and UA values denote the coeﬃcient of performance of the HP unit and the thermal conductance of
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Figure 4.8: Test network for simulation.
the households respectively. Assumed thermal capacities represent typical values for semidetached Dutch households [144].
Table 4.2: Properties of diﬀerent heat pumps and thermal properties of the households
Properties
Temperature range (◦ C)
Ppump (kW)
Pbooster (kW)
COP of HP (-)
Internal heat gain (J)
UA (W/K)
Thermal capacity (MJ/K)
ρmin
Installed PV capacity (kWp)

Type 1
19-21
1.5
3.0
3.5
400
270
60.5
0.100
8.5

Type 2
19-22
1.2
2.5
4.0
200
300
50.5
0.100
7.5

Type 3
18-21
2.0
3.0
3.0
500
400
50.5
0.125
9.5

Type 4
18-22
1.5
2.5
3.5
350
150
40.5
0.125
8.0

4.6.2 Simulation platform
The test network is modelled in Simulink/Matlab environment. The MAS architecture is
implemented in JADE (Java Agent Development Framework), while the communication
between two platforms is performed through TCP/IP as client-server. As shown in Fig. 4.9,
based on the available information, each HA calculates and sends the comfort coeﬃcient,
injected energy and flexibility oﬀers to the FA after every 15 minutes. In case of a voltage limit
violation, the HA calculates the required amount of curtailment and sends a curtailment
command back to the actuator modeled in Simulink.
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Figure 4.9: UML sequence diagram of the simulation setup.

After every 15 minutes, the TA checks the transformer loading and requests the FA for
curtailment if congestion is detected. The FA coordinates the process of curtailment and
sends resulting curtailment signals to the HAs. The curtailment signal is subsequently sent
back to Simulink by respective HA to be implemented in the next time step.

4.7 Numerical results
Simulations are performed separately for two consecutive summer and winter days in the
Netherlands. The results of the case study are thus divided in two scenarios according to the
seasonal variations, including Scenario A for summer and Scenario B for winter.

4.7.1 Scenario A: Summer
During the summer, the solar PV generation in the households is coupled with relatively low
demand, which results in a considerable power injection from solar PV into the network.
This results in reverse power flows and local voltage rise toward the end of the radial LV
feeder.
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Local voltage control
Voltage levels at all the POCs in the network without any control mechanism are illustrated
in Fig. 4.10. It is observed that the POCs located at the end of the feeders (e.g. house no.
6 and 20) experience higher voltage than the ones located closer to the transformer. The
threshold of 1.06 p.u. is set for the sake of comparisons between control algorithms while
the allowable upper limit of the voltage level is 1.1 p.u.
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Figure 4.10: Voltage levels at the POCs in the Summer.
Voltage profiles of houses no. 6 and 20 are shown in Fig. 4.11 for both the local control
mechanisms. The notable diﬀerence between the two control mechanisms occurs when the
voltage levels exceed the threshold of 1.06 p.u. The droop control curtails the active power
following the linear droop function and results in a slower voltage rise. On the other hand,
the sensitivity-based control turns out to be a more conservative approach as it maintains
the voltage levels closer to the threshold limit.
As can be seen from Fig. 4.12, injected active power from the PV systems causes congestions
in the transformer. Although local voltage control limits the power flow in the network
during peak generation, the congestion is not fully resolved.
The amount of curtailed energy per household is shown in Fig. 4.13 as the percentage of
generated PV energy. Unlike droop control, the sensitivity-based control curtails injected
active power only at the houses located near the end of the feeder. The location of these
houses attribute to a higher line resistance and stronger correlation between the voltage and
active power. Consequently, voltage level violations occur at the end of the feeder earlier than
at the other POCs. On the contrary, the droop-control results in a relatively higher voltage
profile and thus a lower amount of active power curtailment. Therefore, the threshold is
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not violated at the furthest POCs alone and PV generation is curtailed at other points as
well. Both local control mechanisms result in an unfair PV curtailment among the POCs as
the consumers located at the end of the feeder curtail considerably more active power than
the others. A more centralized and coordinated voltage control mechanism is required to
develop a fair basis of curtailment.
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Figure 4.11: Voltage profile and curtailed active power with local control at House no. 6 and
20 in summer.
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Figure 4.13: Percentage of curtailed energy in summer.

Unified approach
As depicted by the active power flow in the transformer in Fig. 4.14, the overloading of the
transformer is largely mitigated with the unified approach. Apart from houses no. 6, 19
and 20, the percentage of the curtailed energy in case of the unified approach is mostly of
the same order for all the POCs. This is due to the use of the curtailment coeﬃcient that
considers individual injected energy and fairly allocates the curtailment among the houses.
For houses no. 6, 19 and 20, local voltage control entails more curtailment and thus overrules
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the request from the feeder agent.
Table 4.3 summarizes key results in terms of the maximum transformer load, duration of
overloading and maximum voltage in the network. It is observed that, the unified approach
eﬀectively reduces the duration of overloading in the network and limits the voltage rise at
the POCs. Compared to local control, it also results in a lower curtailment for the POCs
located at the end of a feeder section.
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Figure 4.14: Transformer load with unified approach in summer.

Table 4.3: Summarized results for scenario A
Properties

Maximum voltage (p.u.)
Maximum load (p.u.)
Overload duration (h)
Curtailed energy (kWh)

No
control

1.082
1.23
4.98
0.00

Local control
PV
droop
1.070
1.11
4.26
50.15

Sensitivitybased
1.062
1.00
1.48
83.36

Unified approach
PV
droop
1.070
1.09
0.61
90.45

Sensitivitybased
1.061
1.00
0.00
98.07

4.7.2 Scenario B: Winter
Unlike the summer, the outside temperature in the winter is low which introduces a high
heating demand in the households. This, coupled with a low local PV generation leads to a
higher loading in the feeder. Operational challenges thus occur in terms of local undervoltage
problems along with the violation of thermal limits.
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Local voltage control
As shown in Fig. 4.15, voltage levels during the winter days represent considerably lower
magnitudes of voltages as compared to the summer case (Fig. 4.10), as several POCs experience violation of the threshold limit of 0.96 p.u.
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Figure 4.15: Voltage levels at the POCs in the Winter.
Resulting voltage levels with the two undervoltage control methods for houses no. 6 and 20
are shown in Fig. 4.16. Although both of the methods can eﬀectively mitigate the threshold
violation, as illustrated in Fig. 4.17, the transformer congestion is not fully resolved. The
notable diﬀerence between the two methods is that the step control involves a more conservative approach and results in a more improved voltage profile than linear droop control.

Unified approach
Transformer loading for the unified approach with both step and droop controls are illustrated in Fig. 4.18. Unlike the local control, in this case, transformer load is reduced once
it exceeds the nominal rating.
A number of performance metrics for the proposed approaches along with the case without
control are summarized in Table 4.4. It is evident that, even though the proposed mechanisms work on the basis of curtailing loads, loads are merely shifted from one time instant
to another in order to maintain the voltage levels and mitigate congestion. Compared to the
linear droop control, the step control curtails more energy but results in a much better performance as the total duration of overloading is largely mitigated. As expected, the unified
approach curtails more load and the total duration of overloading is mostly negligible.
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Figure 4.16: Voltage profile with local control at House no. 6 and 20 in the winter.
The impact of the control methodologies is investigated in terms of the deviation in the mean
interior temperature of the households for the controlled cases from the mean temperature
with no control. As illustrated in Fig. 4.19, the mean temperature inside the households
decreases due to the curtailment of the heat pump loads. In case of local voltage control, step
control results in deviations in more households, as droop control curtails only part of the
resistive heater power. In contrast, the unified approach curtails the loads when congestion is
detected in the MV/LV transformer. Consequently, more households experience curtailment
leading to a lower average temperature. It needs to be noted that the heat pumps continue
maintaining the inside temperature within the predefined set points even though the mean
temperature is reduced due to curtailment.

4.8 Discussion
Direct load control mechanisms have been investigated in a number of studies to enhance
the flexibility in the network by complementing the market-based DR programs. A directcontrol based unified approach to mitigate correlated voltage limit violations and network
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Figure 4.17: Transformer load in the winter with the local control.
1.2

Power (p.u.)

1.0
0.8
0.6
0.4
0.2

No control
Step control

0

4

8

12 16
Day 1

Smax
Starget
HP droop control

20

0

Time (h)

4

8

12 16
Day 2

20

0

Figure 4.18: Transformer load in the winter with the unified approach.
congestion at once has been discussed in this chapter. The approach is based on, combining a continuous local voltage control method with a centralized method applied in discrete
time steps for congestion management. An agent-based architecture is used to implement
and coordinate the proposed control scheme. The local voltage control method exploits the
locally available information only to curtail active power demand/injection when the voltage
at the POC exceeds certain threshold. On the other hand, the network agents coordinate
the centralized control by limiting active power consumption of thermal loads considering
the comfort levels of the end-users and injected active power from the PV systems based on
a fair approach of curtailment.
Simulation results indicate that local voltage control can essentially reduce network congestions apart from mitigating any violations of voltage limits. However, local control does not
provide a fair curtailment of the consumers, since voltage problems occur predominantly
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Table 4.4: Summarized results for scenario B
No
control

Properties

Energy supplied (MWh)
Curtailed energy (%)
Minimum voltage (p.u.)
Maximum load (p.u.)
Overload duration (min)
Average consumption
per household (kWh)

∆ T mean (°C)

Unified approach

4.80
0.941
1.19
305.75

Step
control
4.70
2.08
0.956
1.15
50.52

HP
droop
4.78
0.35
0.948
1.19
288.35

Step
control
4.68
2.51
0.947
1.15
0.03

HP
droop
4.72
1.72
0.942
1.19
12.02

167.56
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Figure 4.19: Deviations in the mean inside temperature for local control and unified approach.

towards the end of a LV feeder. Consequently, houses connected at the end of a feeder are
curtailed more often than their counterparts located near the transformer. A more coordinated approach needs to be implemented in order to achieve a fair share of curtailment for
voltage limit violations.
However, the unified approach results in better curtailment profiles for both the HP loads
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and injected PV power. This is because the centralized control accounts for the priorities of
the POCs in terms of comfort levels and injected energy for HP and PV systems respectively.
Thus, the required curtailment for congestion management is uniformly distributed among
the households. Since, the voltage control is not centrally coordinated, unfairness still exists
for the POCs at the furthest ends.
The use of the distributed intelligence supports the scalability and integration perspectives
of the system. A proposed unified approach can be easily appended to MAS based DR
platforms in ADNs. This enables DSOs with a better control in network operations with
the unpredictable scenarios concerning the integration of DERs.
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5

In-home energy management
Home Energy Management Systems (HEMSs) are being implemented for residential energy management in various parts of the world. Conventionally, a HEMS is developed from the consumer’s
perspective, with the principal aim of cost saving while maintaining optimal comfort. In recent
years, various DR programs are being incorporated into HEMSs with a view to addressing the
network constraints. In this chapter, the functionality of network support through HEMSs is presented. The developed scheme utilizes the agent-based coordination discussed in Chapter 3, and
manages the household appliances to comply with thermal and voltage constraints. The proposed
mechanism is evaluated through simulation of a typical Dutch LV feeder. A hardware prototype
has also been developed and tested in the laboratory environment. The proposed methodologies
show promising perspectives for local voltage control and direct load control for congestion management.1

5.1 Background
Empowered with advanced ICT solutions, Home Energy Management Systems (HEMSs)
are being increasingly adopted by residential consumers. A HEMS is generally defined as an
1 This

chapter is based on [95] and [145].
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in-home system capable of monitoring, controlling and analyzing residential energy consumption. At the same time, it provides supporting information to the residents, with
the aims of conservation of energy, reduction of cost and maximizing comfort levels [144,
146, 147]. While residential HEMSs are mainly designed from the consumer’s perspective,
more advanced variants, incorporating various forecasting and optimization algorithms are
emerging. Apart from the commercial interest, HEMSs have been the focus of noteworthy
academic research due to its promising role in demand response for peak load reduction
and load shaping, as well as for DER integration and market engagement through dynamic
prices. Thus, HEMSs are projected to play a crucial role in the transactive energy systems in
the upcoming years [148–150].
The role of HEMSs in DR programs has been investigated in a number of works. Up to 44%
reduction in daily energy cost is reported in [151], when the HEMS is used to shift flexible
loads during times of high PV generation. Approximately 11% reduction in network peak
load was achieved by utilizing the load shifting flexibility in the PowerMatcher platform
[105]. A priority-based scheduling of smart and flexible residential devices is reported in
[152], which can provide peak load reduction of 8% and 41% of a single apartment for the
average and worst case scenarios respectively. However, a residential HEMS tries to schedule
flexible loads during the low-price hours. Consequently, increased peak demands are found
to occur when a significant share of the households are equipped with such a price-responsive
HEMS [70, 149].
In this chapter, we analyze the application of HEMSs for real-time network support in terms
of active power curtailment for peak load reduction and local voltage control. An agent-based
architecture, as discussed in Chapter 3, is adopted. The proposed methodology is assessed
through simulations on a typical Dutch LV feeder. Impact on the total feeder load and voltage levels are analyzed for two cases assuming 50% and 100% penetration levels of HEMSs
for network support. A laboratory prototype has also been developed incorporating a Home
Area Network (HAN) and remotely controllable smart plugs. The remainder of the chapter
is organized as follows. Section 5.2 discusses the methodologies of network support through
the HEMSs in the agent-based environment. The description of the simulation case study
is elaborated in section 5.3. Finally, the laboratory prototype is described in section 5.4.

5.2 Network support through HEMS
Agent-based architectures of HEMSs have been widely studied due to the inherent scalability
of the technology. This allows diﬀerent stakeholders to participate more actively in the energy
management process [75,153]. For instance, the development of agent-based PowerMatcher
technology allows individual prosumers to participate in the energy market while satisfying
the objectives for diﬀerent stakeholders [154]. In this section, a brief description of an
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agent-based HEMS is presented, followed by the methodology of appliance management
for the network support during real-time operation.

5.2.1 Agent-based HEMS
The bidding strategy, as discussed in Chapter 3, is used to depict the preferences of the
residential loads. As shown in Fig. 5.1, the bids represent the projected power consumption
of an appliance as a function of the local control signal, λ. It needs to be noted that the
base load and the generated PV power are deemed completely inelastic and hence depicted
by the flat shape of the bid irrespective of the values of λ. The role of house agent (HA) is
embedded in the HEMS to coordinate the domestic appliances. As shown in Fig. 5.2(a),
the HEMS is responsible for gathering all the bids from the devices and sending them to the
aggregator. Next, the aggregator combines the collected bids and calculates the equilibrium
price, λ* for the cluster by matching the local supply and demand. This equilibrium price
is then sent back to the device agents via corresponding HEMS. As explained in Chapter 3,
the developed market-based platform is capable of shifting the demand by adjustments in
the value of λ* and can be used for network peak reduction (Fig. 5.2(b)).
In this chapter, we focus on a more direct load control (DLC) method for the congestion
management that complements the indirect market-based method discussed in Chapter 3.
According to the adopted method, the aggregator informs the DSO about the predicted load
at probable congestion points (main feeders or transformers) in the network. For scalability
purposes, each congestion point is depicted by a network agent that represents the DSO. In
case the predicted load would lead to overloading, the network agent sends a curtailment
request to the HEMSs in order to limit the power flow in the network. Each HEMS decides
the switching actions of the flexible appliances based on the received curtailment request.
In addition to the direct control for thermal constraint management, the HEMS can also
mitigate local voltage limit violations at the POC by optimizing the residential energy consumption.

5.2.2 Methodologies
The methodologies of residential energy management for network support can be subdivided
into the functionality for congestion management and local voltage control. The HEMS
can essentially coordinate both processes, since it is capable of handling all the related information of the appliances and is equipped with adequate computational intelligence. The
following sections discuss the methods more in detail.
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Figure 5.1: Example bids of diﬀerent devices as function of control price signal.
Congestion management
The DLC is designed to operate in discrete time steps, where the network load of one time
step determines the actions to be taken in the next. Upon detection of congestion, a curtailment request is sent to the HEMS responsible for the POC, stating the maximum allowable
load for the next time interval. Subsequently, the HEMS takes independent decisions to
limit the loads registered with it. The process is performed based on the following steps:
• Step 1: The HEMS calculates the instantaneous power consumption, Ptotal in the
house with the available status and information of the devices as given by:
Ptotal =

Nd
X

Pi

(5.1)

i=1

where Pi denotes the power consumption of each of the Nd devices present in the
house.
• Step 2: A priority array, X is calculated to indicate the priority of all the devices at the
given time instant:


X = x1 x2 x3 ... ... xNd
(5.2)
where x denotes the priority of each device.
As the bids already represent the flexibility of the devices, the priority of a particular
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Figure 5.2: Interaction among the actors in the MAS-based environment.
device can be calculated from the corresponding bid of the device. For instance, if
the bid of a particular home appliance indicates that the appliance is switched on
irrespective of the values of λ, it illustrates the highest priority of the device at that
time instant. Thus, the priority of the individual devices, xi can be determined by:
xi =

1
X
λ=0

zλi

∀zλi


=

1
0

∀diλ = 0
∀diλ 6= 0

(5.3)

where diλ denotes the bid of i-th device as a function of the control signal λ.
However, some of the household loads need to keep operating for a certain period
of time once being turned on (e.g. washing machine, dishwasher etc.). Moreover,
rapid switching leads to wearing of some of the appliances and therefore may not
be switched on/oﬀ for a certain period of time. For these types of loads, merely the
simplified priority array cannot define the actual priority, because this can be diﬀerent
according to comfort level, profitability and flexibility viewpoint. For example, the
usual power consumption pattern of a washing machine is shown in Fig. 5.3. The
operation should not be interrupted after 30 minutes of the beginning to prevent
financial and energy loss, caused by starting all over again. Therefore, each 15 minute
is considered as a cycle of operation for the washing machine and dishwasher, and the
device is not interrupted once it reaches the second cycle of operation. Thus, once the
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Figure 5.3: Power consumption pattern of a washing machine.
second cycle is completed, the priority is the highest and xi is set to the minimum
value, xmin .


1 ∀diλ = 0
 P1
i
i
z
∀c
<
2,
z
=
λ
λ
λ=0
0 ∀diλ 6= 0
xi =
(5.4)

xmin
∀c ≥ 2
where c denotes the cycle of the operation.
• Step 3: Once the priority array is calculated, the HEMS compares the curtailment
request sent by the DSO, Pcurt with the power consumption levels of the devices
based on the priority array. Next, it sends curtailment signals to the respective devices
for which the priority is the lowest. The process continues until the total consumption
in the house becomes lower than the desired loading.

5.2.3 Local voltage control
A local voltage control method that aims at maintaining the voltage level within the acceptable margin based on locally available information is now integrated into the HEMS. The
following sections discuss the related steps in detail.
Undervoltage control
As discussed in Chapter 4, undervoltage problems usually occur when the load in a radial LV
feeder gets high. This may for instance happen, when multiple heat pumps (HPs) operate
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at the same time and/or a number of electric vehicles starts charging simultaneously. Due
to the voltage drop along the feeder, the undervoltage problem becomes prominent towards
the end of a radial feeder [106].
Since the undervoltage problem is caused by an increased feeder load, the priority array, X,
as discussed in Section 5.2.2, can be used to determine the devices that may be turned oﬀ
or regulated in order to improve the voltage profile. Contrary to the commonly available
household appliances, the HP load, as discussed in Chapter 4, can be subdivided in two
parts, a pump that performs external work to transfer heat and a resistive heater that is
used when the internal temperature drops significantly [144]. Both of the heating elements
are separately considered to be switched oﬀ, if the HP is selected for curtailment based on
the values of X. The step control method as explained in Chapter 4, is used to switch oﬀ
the resistive heater load of the HP (Pheater ) separately when the voltage level, Vm drops
below the lower threshold, Vlth . The above mentioned relationship can be mathematically
presented as shown in eq. (5.5).
 0
PHP
∀ Vm ≥ Vlth




P
∀ Vlth > Vm ≥ Vlb

pump


0
& PHP
= Pheater + Ppump
PHP =
(5.5)
0
∀
V
>
Vm ≥ Vlb

lth


0

& PHP
= Ppump



0
∀ Vm < Vlb
0
where, PHP
denotes the power demanded by the HP device agent.

Overvoltage control
Residential DG units need to follow certain curtailment mechanisms in order to mitigate
overvoltage at the POCs. In this chapter, the droop-control method, as discussed in Chapter
4, is adopted to control the power injection of the PV systems at the POCs. The droopcontrol is activated when the voltage at the connection point, Vm exceeds the threshold
voltage level of Vuth . The injected active power, Pinj is curtailed following a linear function depicted by eq. (5.6). The method disconnects the PV unit when the voltage at the
connection point exceeds the maximum allowable limit of Vub , which is typically set at 1.1
p.u. in the distribution networks. The relationship can be mathematically presented as:

Pinj


 PM P P
PM P P 1 −
=

0

Vm −Vuth
Vub −Vuth



∀ Vm ≤ Vuth
∀ Vuth < Vm ≤ Vub
∀ Vm > Vub

where, PM P P denotes the maximum power point of the PV system.

(5.6)
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Figure 5.4: One-line representation of the test feeder used in simulation.

5.3 Case study
This section discusses the simulation case study performed to assess the performance of the
proposed methodology. First, a description of the test feeder including the residential loads
is presented in Section 5.3.1. Subsequently, simulation results for the feeder load and voltage
levels follow in Section 5.3.2.

5.3.1 Simulation setup
The proposed approach is investigated through simulations on a typical Dutch LV feeder
illustrated in Fig. 5.4. The feeder is operated radially with a nominal phase-to-phase voltage of 0.4 kV to supply 42 households. In addition to the uncontrollable base loads, each
household is equipped with four flexible appliances, namely freezer, washing machine, dishwasher and HP, along with a solar PV system. The building characteristics used in the model
correspond to the usual values for a semi-detached Dutch house. Nominal rated values of
diﬀerent household appliances are shown in Table 5.1, and the typical appliance characteristics can be found in [74]. The base load profiles are generated from the normalized load
profiles [128], considering an average annual energy demand of 3400 kWh per household.
The household appliances are modelled in MATLAB as explained in [105]. Based on the
load profiles and input parameters, the case is run for two consecutive summer and winter
days respectively. In each time step of 15 minutes, bid curves are generated for each of the
household devices. The bid curves are sent by the respective device agents to the responsible HEMSs and subsequently forwarded to the aggregator agent. The aggregator agent
aggregates the bid curves and calculates the equilibrium price, λ* for the cluster.
The lower and upper thresholds (Vlth and Vuth ) of the local voltage control are set at 0.95
p.u. and 1.05 p.u. respectively. In order to observe the eﬃcacy of the HEMS in network
support, two distinct cases are investigated. For Case I, 50% of HEMS in the network
participate in network support, while Case II considers support from the HEMS of all the
households.
Total feeder load in each time step of 15 minutes is estimated from the aggregated bid and a
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Table 5.1: Rated power consumption of the appliances
Appliance
Washing machine
Dishwasher
Freezer
Heat pump
PV peak capacity

Rated power (W)
1500 - 1800
1500 - 2000
150 - 400
1500 - 2500
1500 - 4000

curtailment request is prepared for the households that participate in network support. The
curtailment amount for each house, Pcurt is determined using a simplified method, where
the required total curtailment is uniformly distributed among the set of the participating
houses, H. This can mathematically be presented as follows:
Pcurt =

St − Sthr
n(H)

∀St > Sthr

(5.7)

where, St and Sthr denote the feeder load at time t and the threshold of feeder load respectively. The value of Sthr is assumed to be 100 kVA for the analyses.
The local voltage control method is implemented at discrete time intervals of one minute.
Thus, the voltage level and appliance priority of one step is used to decide the actions to be
taken in the next minute.

5.3.2 Simulation results
The simulation case study is performed for two consecutive summer and winter days separately. As illustrated by Fig. 5.5, the summer days are characterized by more solar irradiation
and a higher ambient temperature compared to the winter days. This results in a considerably higher heating load and lower PV generation in winter than in summer. The eﬀects of
the proposed methodology on the voltage levels and total feeder load are elaborated in the
following sections.
Summer
The higher solar irradiation and lower domestic load in the summer results in a surplus of
generated PV power. The surplus active power is injected into the feeder and results in a
reverse flow of power, as shown in Fig. 5.6. Consequently, voltage levels rise along the
feeder and violate the upper threshold value of 1.05 p.u. at a number of POCs. A histogram
of the frequencies of the voltage levels in all the POCs is shown in Fig. 5.7. The number
of upper threshold violations is largely reduced when the HEMS activates the droop control
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Figure 5.5: Global irradiation and outdoor temperature profiles used in the simulation.
for the active power curtailment. The voltage profile at the last POC during the simulated
days is shown in Fig. 5.8. When all the HEMSs of the feeder participate in the network
support, a better voltage profile is achieved.
Key performance indicators are summarized in Table 5.2 for the summer simulation cases.
The average household consumption is negative in all the cases due to the large amount of
injected energy by the PV systems. The amount of curtailed energy is reduced for the last
POC, when all the HEMS in the feeder participate in network support. This is due to the
participation of more POCs in curtailment upon violation of the voltage limits. This is also
reflected in the higher amount of total curtailment in the feeder.
Winter
Unlike the case in summer, the local generation is low in winter due to the relatively shorter
length of the day and the reduced solar irradiation. A higher residential heating demand leads
to an increased feeder load as well. As shown by the feeder load in Fig. 5.9, the threshold
level of 100 kVA is violated during the evening of the first day. HEMSs at the participating
POCs respond to the curtailment request sent by the feeder agent by switching oﬀ suitable
appliances. Consequently, the resulting feeder load in both of the controlled cases remain
within the threshold.
The histogram of the frequencies of the voltage levels in the feeder is shown in Fig. 5.10.
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Figure 5.6: Total feeder load during the simulated summer days.
Table 5.2: Simulation results for the summer days
Indicator
Max. load (kW)
Max. voltage (p.u.)
Min. voltage (p.u.)
Loading threshold violation (#)
Voltage threshold violation (#)
Average daily household
consumption (kWh)
Curtailed PV injection (kWh)
Curtailed PV injection
at the last POC (kWh)

No control
103.32
1.073
0.951
15
4845

Case I
93.1
1.068
0.951
0
2630

Case II
92.25
1.062
0.951
0
1384

-3.00

-1.64

-1.56

0

55.01

68.5

0

4.26

3.27

A significant reduction in the lower threshold violation is observed, when all the POCs
are considered in network support. It is important to note that the HEMS reacts after a
violation is detected and implements the curtailment in the next time step. For instance,
voltage levels at the last POC during the simulated winter days are shown in Fig. 5.11.
Local voltage control is triggered after the voltage level drops below 0.95 p.u. This is why
the number of lower threshold violation is reduced, but does not become zero.
Like for the summer days, the performance indicators are tabulated in Table 5.3. The controlled cases prevent the thermal limit violations eﬃciently, as the HEMS responds to the
curtailment request sent by the feeder agent. The average consumption is hardly aﬀected,
since the curtailed loads are supplied later. Due to the relatively lower PV generation, the
voltage levels do not rise beyond the upper threshold. Thus, the curtailment of the PV
injection is not required.
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Figure 5.7: Histogram of voltage levels during the simulated summer days.
Table 5.3: Simulation results for the winter days
Indicator
Max. load (kW)
Max. voltage (p.u.)
Min. voltage (p.u.)
Loading threshold violation (#)
Voltage threshold violation (#)
Average daily household
consumption (kWh)
Curtailed PV injection (kWh)

No control
106.63
0.999
0.937
30
1755

Case I
98.91
0.999
0.94
0
834

Case II
99.66
0.999
0.94
0
706

28.56

28.5

28.5

0

0

0

5.4 Experimental validation
An experimental prototype of the HEMS has been developed incorporating the network
support functionality discussed in Section 5.2. The laboratory test setup is first explained,
followed by the results of the tests performed.

5.4.1 Laboratory setup
The laboratory test setup and the associated communication among the agents and devices are illustrated in Fig. 5.12 and Fig. 5.13 respectively. A California Instrument programmable power source, MX45 supplies the test feeder. The test feeder is equipped with a
SATEC EM133 smart meter, which oﬀers real-time data acquisition through TCP/IP com-
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Figure 5.8: Voltage profile at the last POC during the simulated summer days.
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Figure 5.9: Total feeder load during simulated winter days.
munication. A household POC is used in the tests, located approximately 150m away from
the source. Software models of a freezer and a HP are developed in Simulink representing
the thermal characteristics of the devices. The Simulink models are used in combination
with the software agents embedded in the Raspberry Pi. As shown in Fig. 5.13, a feeder
agent and a device agent are used along with a HEMS agent. The agents are realized using
Raspberry Pi 3, which can access the home area network (HAN) via TCP/IP communication. The Raspberry Pi 3 is equipped with a 1.2 GHz 64-bit quad-core Central Processing
Unit (CPU) and 1 GB of Random Access Memory (RAM). Due to the low cost and reliable
computational capacity, Raspberry Pi has been extensively used in numerous automation
projects worldwide.
As discussed in Section 5.2.3, the HP load is considered to be divided in two parts, Ppump
and Pheater . Three fixed loads are used to represent the power consumption of the freezer
(Pf r ) and the two heating loads of the HP. Nominal rating of the loads are shown in Table
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Figure 5.10: Histogram of voltage levels during the simulated winter days.
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Figure 5.11: Voltage profile at the last POC during the simulated winter days.
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Figure 5.12: Single-line representation of the laboratory test setup.
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Table 5.4: Rated values of the loads used in the experimental setup
Load type
Base load
Freezer (Pf r )
HP resistive heater (Pheater )
HP pump power (Ppump )
PV system
Rest of the network

Rating
1.0 kW
500 W
1.5 kW
1.0 kW
3 kWp
10 kW

5.4. The loads are connected to the main supply via Pikkerton ZBS-110V2 smart plugs.
Apart from gathering the consumption data, the smart plugs are also capable of switching
the connected appliances on or oﬀ following remote signals using zigbee communication
protocol. The smart plugs are coordinated by a zigbee gateway that works as the interface
between the smart plugs and the agent environment.
A 1.5 kW manually controllable resistive load is connected at the POC to emulate the uncontrollable base loads. A MasterVolt PV inverter with a nominal rating of 3 kWp is used in
the tests. A PV simulator is coupled with the inverter that emulates the DC output of the PV
panels. A resistive load with a nominal capacity of 10 kW is connected at the beginning of
the feeder, that represents the aggregated network load. Voltage levels are expressed in p.u.
values, considering a nominal line-to-neutral voltage of 230 V. For the sake of simplicity,
the communication between the feeder agent and the HEMS is implemented at every 30
minutes, whereas the local voltage control takes place once every three minutes.

5.4.2 Experimental results
In order to test the undervoltage control methodology, the voltage at the POC needs to be
lower than a certain threshold. Given the short length of the test feeder and light loading
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Figure 5.14: Measured voltage at the POC for the controlled and uncontrolled cases.
condition, the undervoltage problems are generated by setting the supply voltage, Vs at 0.96
p.u.. The local control is activated when the voltage at the POC, Vr reaches 0.955 p.u.
Similarly, a threshold loading level of 14 kW is considered to test the power curtailment
functionality of the HEMS for congestion management.
The values of Vr are measured by taking the average of the voltage values read by the smart
plugs. Fig. 5.14 depicts the voltage levels at the POC for both controlled and uncontrolled
cases, while the measured power consumption of the devices are shown in Fig. 5.15. The
voltage at the POC reaches 0.9537 p.u. at 07:00 hours in the morning. The freezer is
switched oﬀ to recover the voltage level. Although the HP is operating with both heating
elements, neither of them are switched oﬀ to meet the voltage threshold. This is because
the priority of the HP was high due to the lower inside temperature of the house. However,
the resistive heater is switched oﬀ after 30 minutes and the voltage level improves to 0.9574
p.u. At this point, the freezer is switched back on, since the voltage threshold is no longer
violated.
The total feeder load, as shown in Fig. 5.16, is measured by the EM133 smart meter, connected at the beginning of the test feeder. The feeder load reflects the switching actions of the
devices to satisfy the voltage threshold. Additionally, the threshold of 14 kW is violated at
20:30 hours. Since this higher load also violates the voltage threshold, the freezer is switched
oﬀ to improve the voltage level. However, the resulting voltage and feeder load still violates
the corresponding thresholds. Thus, a curtailment request is sent by the feeder agent, and
the resistive heater is switched oﬀ at 21:00 hours. The resistive heater being the dominant
load, the voltage improves significantly following the switching action.
Please note that the voltage threshold violation occurring at 01:30 hours could not be prevented by the HEMS. This is because none of the two flexible devices could be switched oﬀ
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Figure 5.16: Measured feeder load for the controlled and uncontrolled cases.
at this time without violating the minimum level of comfort. This indicates the importance
of the number and diversity of the flexible loads that can be used for network support. Additionally, the voltage violation could well be prevented, had the support been provided by
the HEMSs at the preceding POCs of the feeder.

5.5 Summary
In this chapter, the application of the HEMSs for network support has been investigated
involving simulation analyses and laboratory demonstration tests. HEMS being the coordinator of the residential energy management, it is capable of performing switching actions to
maintain various network requirements. To this end, a rule-based approach is devised that
includes DLC with the market-oriented method discussed in Chapter 3. Network support
is provided by curtailing the active power injection/consumption for minimizing the voltage
and thermal limit violations.
A simulation case study on a typical Dutch LV feeder has been performed considering the
weather and irradiation profiles for both winter and summer. Two distinct cases were evaluated considering 50% and 100% participation of the HEMS for network support. Improved
voltage levels and reduced amount of curtailed energy are expected when all the HEMSs participate in network support. However, in case all of the HEMSs do not involve in network
support, the voltage levels strongly depend on the location of the participating HEMSs. This
is due to the fact that the HEMS makes the switching actions based on the voltage values
measured by the smart meter. Therefore, HEMS located closer to the transformer will need
to curtail a much lower amount of load compared to the one at the end of the feeder. A
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more advanced algorithm is warranted that enables a coordinated operation incorporating
peer-to-peer communication.
A laboratory prototype of the proposed HEMS has been developed and tested in an experimental setup. The HEMS is embedded in a Raspberry Pi and controls the devices using
a HAN. Smart plugs are used to measure the voltage levels and power consumption of devices as well as to remotely (dis)connect devices. The communication is realized through
TCP/IP and zigbee protocols. The prototype is tested for the local undervoltage control and
congestion management using three loads. Test results indicate a promising potential of the
developed prototype. However, detailed insights are expected upon practical evaluation in a
larger network involving diversified loads and switching possibilities.
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6

Integrating direct and indirect approaches

With the growing electrification of residential heating and transportation, capacity challenges
will be more frequent in low-voltage (LV) distribution networks. In the literature, several direct
and indirect load control methods have been suggested as solutions to alleviate network congestion. Direct methods involve the network operator directly controlling appliances at the household
level, while indirect methods aim to motivate end-users to shift their consumption through price
incentives. In this chapter, an integrated approach is discussed that combines the advantages of
both direct and indirect methods. The eﬃciency of the proposed integrated approach is investigated
through simulations in the unbalanced IEEE European LV test network. Simulation results reveal
a significant reduction in congestion by the integrated approach, while maintaining the required
levels of supply in the network.1

6.1 Introduction
Congestion or thermal overloading of network assets (e.g. lines, cables, transformers) is
caused by power flows exceeding rated power. Frequent overloading aﬀects the lifetime of
network assets and necessitates an earlier replacement of these assets involving a substantial
1 This

chapter is based on [155].
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cost. However, thermal overloading can be mitigated by utilizing the flexibility in the loads
of the end-users through diﬀerent direct and indirect control methods [16]. The direct
control methods involve the DSO directly controlling appliances of an individual end-user
[85, 86, 106]. A graceful degradation method is proposed in [54], that enables the DSO
to limit the power flows at connection points based on predefined contractual agreements.
However, concerns exist regarding the privacy and fairness of the use of direct control, since
curtailment decisions need to distinguish among the connected end-users. Since residential
end-users are mostly equipped with a single phase connection, active power curtailment may
lead to a higher voltage unbalance factor towards the end of the feeder [156]. Moreover, from
the perspective of a liberalized energy market, flexibility ideally needs to be procured through
the market [16].
Contrary to direct control, indirect control motivates end-users with market-controlled Demand Response (DR) mechanisms through diﬀerent price-based schemes including dayahead dynamic tariﬀs, time-of-use (ToU) pricing, critical peak pricing (CPP), real-time pricing (RTP), etc [28, 83]. Diﬀerent types of locational marginal price (LMP) or distribution
congestion pricing (DCP) have been investigated in order to address the problem of thermal
constraint violations in distribution networks [114, 157]. However, market-based methods
essentially depend on the willingness and availability of demand flexibility, and therefore may
not be able to resolve the congestions completely. To this end, a direct control approach can
complement market-based schemes to enhance the overall flexibility in the network significantly [54].
In this chapter, an integrated solution for day-ahead congestion management is defined by
incorporating an advanced market-based mechanism with a graceful degradation method
based on flexibility contracts. Specifically, a sensitivity-based approach is adopted to consider
the impact of curtailment on the voltage unbalance factor at the end of the feeder. The
integrated approach combines the advantages of the presented direct and indirect control
methods and ensures a more reliable operation of the network. The approach makes use
of the distributed intelligence within an agent-based environment. A detailed case study
is performed on a modified IEEE European LV test network in order to investigate the
eﬃciency of the proposed approach.
The remainder of the chapter is organized as follows: Section 6.2 presents an overview of the
integrated approach along with the coordination of the related entities followed by Section
6.3 which describes the mathematical formulation of the proposed approach. Section 6.4
provides the description of the test scenario and the adopted assumptions. The simulation
results are presented and analyzed in Section 6.5. Finally, conclusions are drawn in Section
6.6.
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6.2 Integrated scheduling approach
6.2.1 Overview
Local flexibility oriented market-based mechanisms have been emerging as promising alternatives for ancillary services like overall system balancing [25, 49, 115] and network congestion management [119, 158]. However, in a market-controlled network with a dominant
share of price-responsive loads, the peak loads of individual households tend to coincide.
Thus, the traditional diversity in the network is significantly diminished and may result in
inducing congestion at diﬀerent network assets.
In this chapter, an active power curtailment based graceful degradation mechanism is combined with a market-based control scheme. This integrated approach allows the network
operator to address congestions, even when flexibility cannot be procured from the market. The market control method is designed by incorporating a dynamic day-ahead price
and is coordinated by a commercial market party such as - an aggregator. Aggregators are
responsible for managing the local flexibility in their cluster of contracted end-users and
supplying the DSO with a schedule of the loading for the following day. In case congestion
is expected, the dynamic price levels are adjusted by the aggregator to shift flexible loads in
order to reduce the peak and in turn, alleviate the congestion. In case the aggregators are
not able to influence the end-users with a suitable price signal, the DSO invokes the graceful
degradation mechanism to limit network access of certain users in terms of their contracted
connection capacity. As highlighted in [19], two distinct types of connection capacities can
be identified, namely:
• Firm-capacity: The non-curtailable part of the total connection capacity. The firmcapacity cannot be curtailed by the DSO, and needs to be constantly maintained;
• Non-firm capacity: The curtailable share of the connection capacity. The non-firm
capacity is subject to curtailment upon availability based on contractual agreements
involving a maximum allowable duration and frequency of curtailment per point of
connection (POC). Through the inclusion of the maximum duration and frequency
of curtailment some level of fairness is introduced and users can voluntarily opt for
being curtailed less or more often.
In a nutshell, the day-ahead congestion management scheme is implemented at the scheduling phase considering the following approaches:
• Market-controlled DR: The market-controlled DR refers to the price-based peak
reduction in the network. Price levels are adjusted, once congestion is expected in the
network.
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• Graceful degradation: Graceful degradation is the process of active power curtailment for the peak load reduction. Curtailment decisions are made based on flexible
capacity contracts.
• Integrated approach: The integrated approach is formulated by combining the two
methods mentioned above. In order to relieve the congestion, the market-controlled
DR is first applied by changing the price levels. If the adjusted price may not yield
adequate flexibility, the process of graceful degradation is activated to determine the
curtailment locations in the network.

The application of the integrated approach hinges on a robust and reliable communication
among diﬀerent actors that are involved. An agent-based distributed system architecture is
adopted in this research that provides an eﬃcient platform for smooth and reliable coordination among them. An overview of the distributed architecture and associated interactions
is presented in Section 6.2.2.

6.2.2 Distributed coordination
System architecture
A hierarchical agent-based architecture is adopted, comprising of device agents, household
agents, an aggregator agent and a network agent. All loads and DG units connected in the
LV network are represented by device agents (DAs). The DAs are responsible for the optimization of related appliances based on the price signals and internal constraints. DAs are
coordinated by a household agent (HA) that may interact with the external market and network agents through an aggregator. The aggregator coordinates the contracted prosumers
through dynamic prices and supports the network operator with the flexibility of the endusers in its portfolio. In addition, the transformer agent (TA) is implemented as a network
agent to monitor and control the MV/LV transformer. The agent-based environment allows
the system to be highly scalable, since more network segments including more end-users and
more appliances can be easily integrated in terms of new agents.
Interaction
The interaction among the agents is graphically presented by means of a UML sequence
diagram in Fig. 6.1. The integrated approach starts with the DAs preparing the projected
consumption based on the day-ahead price supplied by the aggregator. The HA combines
the device profiles into the day-ahead household profile and sends it to the aggregator. The
day-ahead load profile of house, i comprises of the flexible load, Pfi lex and uncontrollable
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Figure 6.1: Interaction among the involved agents.

i
base load, Pbase
. Since the flexible load comprises of buﬀered and time shifting appliances,
i
Pf lex is given by:

n(Abf )

Pfi lex

=

X
a=1,a∈Abf

n(Ats )
i
Pt,a

+

X

i
Pt,a

∀t ∈ T, i ∈ H

(6.1)

a=1,a∈Ats

i
where, Pt,a
indicates the consumed power at time, t by the a-th appliance, while H, T , Abf
ts
and A denote the sets of all households, time steps, buﬀer and time shifting appliances
respectively.

The load profiles are subsequently forwarded to the TA for a network congestion analysis.
In case congestion is expected, the TA requests the aggregator for flexibility during the time
when the congestion occurs. Following the request, the aggregator runs an iterative process
to try and procure the desired flexibility from the HAs by adjusting the dynamic price. An
adjusted price is communicated to the HAs, who in turn send back an adjusted load profile.
In case the price adjustment fails to reduce the network load to the associated limits, the TA
overrules the market and runs the process of graceful degradation to determine curtailment
plan for the next day. The curtailment plan includes the information of the time, location
and amount of active power curtailment in the network. Based on the developed plan, the
TA sends the curtailment signal to the HAs directly. Finally, related HAs reoptimize their
appliances based on the imposed curtailment constraints.
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6.3 Modeling
The modeling of the integrated approach of day-ahead congestion management consists of
two parts, the market-controlled DR modeling and the modeling of the graceful degradation.
Both options require the use of household load data on the appliance level, as the level of
flexibility diﬀers depending on the type of appliance. In order to generate the load curves
of the appliances in a household, a bottom-up Markov Chain Monte Carlo approach to
the household load modeling is applied [159]. Based on this approach, the preferential
household load curve can be determined comprising of diﬀerent devices. Subsequently, the
household load is subjected to the dynamic price from the aggregator. How the appliances
in the household react to a dynamic price is discussed in the next section.

6.3.1 Market-controlled DR
As discussed in Section 6.2, market-controlled DR involves interactions between the aggregator and the household, where the households respond to the dynamic price sent by the
aggregator by adjusting their initial load profile. The price is later altered if a congestion is
expected. First, the response of the devices to the price signals is elaborated, followed by an
explanation of the adjustment of price levels.
Appliance response modeling
Each household has multiple types of appliances which will react diﬀerently to a change in
price. Four diﬀerent types of appliances can be distinguished: non-controllable appliances,
time shifting appliances, buﬀer appliances and curtailable appliances [160]. The main flexible appliances (EV, PV, heat pump, washing machine, fridge, and dishwasher) in the household are categorized as one of these types of loads. The other appliances are considered to
be non-controllable and therefore will not be aﬀected by the dynamic price. The household
tries to limit the cost of energy by changing the scheduled operation based on the dynamic
price. This can be expressed by the following optimization problem:
min

|A| NT
X
X

pt × Pt,a

(6.2)

a=1 t=1

where A is the set of all appliances within a single household, NT the number of time steps
in a day, pt the price at time t and Pt,a the power of appliance a at time t. The appliance
scheduling which needs to be optimized covers two groups of appliances: time shifting and
buﬀer appliances [17]. For the diﬀerent groups of appliances it can be assumed that their
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energy consumption is independent of one another, allowing eq. (6.2) to be rewritten as:
|A|
X

min

a=1

NT
X

pt × Pt,a

(6.3)

t=1

The optimization of the appliances can now be defined for the two main groups of appliances.
The buﬀer appliances follow the following optimization:
min

NT
X

∀a ∈ Abf

pt × Pt,a

(6.4)

t

subject to,
t=k
X

Pt,a =

k+xa

t=k
X

0
Pt,a

∀a ∈ Abf , k ∈ T

(6.5)

k+xa

0
0
min Pt,a
< Pt,a < max Pt,a
T

T

∀a ∈ Abf , t ∈ T

(6.6)

0
where xa is the maximum buﬀer time for appliance a, Pt,a
the original load of appliance
a at time t, T the set of the time steps in a day and Abf the set of buﬀer appliances. With
this optimization, the energy consumption of the appliance is kept constant. Through the
constraint in eq. (6.5), only the energy consumption within a predetermined amount of time
xa can be altered from the original energy usage Pt,a . The value of xa should be determined
for the diﬀerent appliances. For the freezer and the refrigerator the value of xa is estimated
based on [161], for the heat pump the value of xa is taken from [162] and for the EV the
value of xa is determined by the leaving time of the EV. For the time shifting appliances the
optimization can be written as:

min

NT
X

pt × Pt+τ,a

∀a ∈ Ats

(6.7)

t=1

subject to,
NT
X

NT
X

Pt+τ,a

∀a ∈ Ats

(6.8)

τmin,a < τ < τmax,a

∀a ∈ Ats

(6.9)

t=1

Pt,a =

t=1

where τ is the time shift of the appliance, τmin,a and τmax,a the limits of the maximum
allowable time shift and Ats the set of all time shifting appliances. For the optimization of
the time shifting appliances the time shift τ is the decision variable rather than the power
at each time instant. The limits of τ for the dishwasher as well as the washing machine are
determined from a pilot project [163]. The only curtailable appliance considered from a
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market perspective is the PV system. For the curtailment, the optimization problem for the
PV can simply be stated as:
min

NT
X

pt × Pt,P V

(6.10)

t=1

subject to,
0
0 < Pt,P V ≤ Pt,P
V

∀t ∈ T

(6.11)

where, Pt,P V denotes the generated active power from the solar PV system at time, t.

Price adjustment for peak reduction
As shown in Fig. 6.1, the TA requests flexibility from the aggregator, when a congestion is
anticipated. In such a case, the aggregator tries to alleviate the peak loads through iterative
changes in the price. In each iteration, the households react by reoptimizing the appliances
based on eq. (6.3). The iterative process aims to find a suitable adjusted price that reduces
the peak loads to the agreed level with the DSO. This adjusted price signal pt,new is based
on the following equation:

pt,new

(
t+2
pt + padj , if Stf ≥ Srated
1 X
=
5 t =t−2 pt ,
otherwise

(6.12)

f

where padj is the incremental price adjustment, St is the system apparent power at time t
and Srated is the rated apparent power. After the updating of the price, the system apparent
power St is recalculated with the household load profiles adjusted to the new price pt,new .
If the adjustment in the peak load is not suﬃcient, the aggregator adjusts the price again
according to eq. (6.12) until the required peak reduction is reached or the required price
diﬀerence becomes uneconomical from the aggregator’s point of view.
The DSO only pays a limited amount to the aggregator to reduce the peak load as it has the
backup option of obtaining peak reduction through graceful degradation. The change in
peak load generates a sub-optimal load profile from the market perspective. The aggregator
has to bear the cost for this sub-optimal load profile while it gets compensation from the
DSO. If the DSO compensation is not suﬃcient, the aggregator reverts to its original market
price as the aggregator needs to be able to generate benefits for the consumer in order to have
a viable business model. Not reverting back to the original price increases the net energy cost
(energy cost plus the DSO incentive) above the original level.
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6.3.2 Graceful degradation
The process of graceful degradation is coordinated by the TA and is activated only when
the aggregator fails to reduce the peak loads through price adjustments. In order to relieve
network congestion, graceful degradation limits the consumption level at certain households.
The day-ahead curtailment plan is developed based on a target loading level, the voltage
unbalance, the available non-firm capacity and the household preferences represented by the
maximum frequency and duration of curtailment. Upon receiving a curtailment request
from the TA, the households optimize their appliances to adhere to the prescribed loading
level supplied by the TA.
Sensitivity of the voltage unbalance factor
Since residential customers are connected in single phase, active power curtailment at POCs
may lead to a voltage unbalance in the network. The degree of unbalance is measured by
the voltage unbalance factor, V U F . As shown in eq. (6.13), the voltage unbalance factor,
V U F is calculated from the symmetrical components of the voltage at the POC [164,165].
%V U F =

V−
× 100
V+

(6.13)

where, V − and V + are the negative sequence and positive sequence voltage at the POC
respectively. According to the EN50160 standard, the 10-minute average RMS value of
V U F must be limited to 2% for the 95% of the time in a week [119].
In this work, the sensitivity of V U F at the end of a feeder to the changes in power consumption at the POCs is determined to limit voltage unbalance resulting from active power
curtailment. The sensitivity of i-th POC, (δ(V U F )i /δP i ) is estimated by the changes in
V U F at the end of the feeder due to the changes in power consumption at the same POC.
Development of curtailment plan
The curtailment plan corresponds to the location, time step and requested amount of active
power curtailment at each POC. From the perspective of TA, the decision making algorithm
can be formulated as an optimization problem, that minimizes the required curtailment, as
shown in eq. (6.14).
Nh
NT X
X
min
Cti
(6.14)
Cti

t=1 i=1

subject to,
i
Cti ≤ uit .Pnonf
irm

∀i ∈ H, t ∈ T

(6.15)
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i
Cti ≤ uit .Pt,curt
Nh
X

Ctmin ≤

∀i ∈ H, t ∈ T

Cti ≤ Ctmax

∀t ∈ T

(6.16)
(6.17)

i=1

zti ≤ uit
zti

≤

uit+1

∀i ∈ H
∀i ∈ H

zti ≥ uit + uit+1 − 1
N
t −1
X

(6.18)

i
uit − zti ≤ Fmax

(6.19)

∀i ∈ H
∀i ∈ H

(6.20)
(6.21)

t=1
Nt
X

uit + uit−1 + uit−2 ≤ Ψimax

∀i ∈ H

(6.22)

t=3

(V U F )t +

Nh
X
i=1

Cti .

δ(V U F )i
≤ 0.02 ∀t ∈ T
δPi

(6.23)

where, Cti is the decision variables that denotes the amount of curtailment at i-th household;
uit is binary in nature and assumes a value of 1 when i-th household is selected for curtailment; zti is a binary dummy variable that helps restricting the frequency of curtailment;
Nh indicates the total number of household in the network and is given by the number of
elements in the set of all households, H.
Constraints in eq. (6.15) and (6.16) limit the curtailed power in each household within
i
i
the contractual non-firm capacity, Pnonf
irm and curtailable power, Pt,curt at time, t respectively. The curtailable power refers to the instantaneous available non-firm capacity.
Constraints described by eq. (6.18) - (6.21) ensure that the maximum allowable frequency
i
(Fmax
) is not violated; similarly, constraint (6.22) limits the duration of curtailment per
household within the predefined limit (Ψimax ). Constraint (6.17) is imposed to limit the
total curtailment within the desired margin of Ctmin and Ctmax . The margins indicate the
minimum and maximum levels of curtailment and are calculated based on the thermal rating
and the target loading level respectively.

| St − Srated | ∀St > Srated
min
Ct
=
(6.24)
0
otherwise

| St − Starget | ∀St > Srated
Ctmax =
(6.25)
0
otherwise
(V U F )t denotes the voltage unbalance factor at the end of the feeder at time t. Constraint
(6.23) ensures that the aggregated curtailed power at the POCs do not result in a violation
of the maximum allowable unbalance factor of 2%.
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The optimization problem, as defined by eq. (6.14) - (6.23) contains both integer and
continuous variables and is therefore solved using a mixed-integer programming method.
A brief overview of the optimization solver is presented in section 6.4.3.
Household response
Since the curtailment request indicates the time and amount of curtailment for each house,
the HA first determines the devices that need to be switched oﬀ at the designated time
steps. For each house, i, this can be mathematically formulated as the following optimization
problem:
n(Ats ∪Abf )
X
i
i
i
i
min | Ct −
vt,a
.Pt,a
| ∀t ∈ Tcurt
(6.26)
a=1,a∈(Ats ∪Abf )
i
where, Tcurt
denotes the set of time steps in which curtailment is required and n(Ats ∪Abf )
represents total number of available time shifting and buﬀer appliances in house, i. The
i
decision variable, vt,a
is a binary variable and equals to 1, when a particular appliance needs
to be switched oﬀ.

Once the HA determines the switching actions of the devices by applying the appliance level
optimization as defined by eq. (6.2) - (6.11), the optimization is performed once again with
an additional constraint for each type of the devices, as shown in eq. (6.27) and (6.28).
0
i
0
i
min Pt,a
.vt,a
< Pt,a < max Pt,a
.vt,a
T

T

NT
X

Pt,a =

t=1

NT
X

i
vt,a
× Pt+τ,a

∀a ∈ Abf , t ∈ T

(6.27)

∀a ∈ Ats

(6.28)

t=1

The overall process of the integrated approach can be schematically presented by the flowchart
shown in Fig. 6.2.

6.4 Simulation setup
6.4.1 Load modeling
For the simulation of the congestion management approaches, the household load first needs
to be determined. As the household load will be assessed diﬀerently for diﬀerent types of
devices, the flexible devices need to be modelled separately. The residential loads are therefore subdivided into seven categories: base load, EV, PV, heat pump, washing machine,
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Figure 6.2: Overall process of the integrated approach.
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dishwasher and refrigerator. The base load consists of all non-controllable devices (tv, microwave, etc.). The required EV charge is modelled based on the driving distance, arrival and
departure time [10]. The charging rate is assumed to range between 3 and 8 kW. For the
PV, the rated power varies between 2 and 5.5 kW per household, facing in a southwestern
to southeastern direction. The heat pumps have rated power ranging from 0.7 kW to 2 kW,
with an additional 2 kW resistive heating element. The washing machine, dishwasher and
refrigerator have a rated power in the range of 0.6-2 kW, 0.5-1.11 kW and 0.035-0.140 kW
respectively. The original switching times of these appliances are modelled based on reported
user behavior. A constant power factor of 0.95 has been used for the analyses.
For the active power curtailment when the graceful degradation is activated, the maximum
duration and the frequency of curtailment per household are assumed randomly distributed
between 1-1.5 hours and 1 or 2 times per day respectively. The flexible loads, i.e. EV, heat
pump, washing machine, dishwasher and freezer are considered to comprise of the non-firm
capacity available at each POC.

6.4.2 Test network
A modified European LV test network is used for the case study [166]. The test network
consists of 55 households equipped with single phase connections. The substation has been
downsized with a 250 kVA, 11kV/0.416kV transformer to supply the LV network from the
MV bus. The transformer comprises of a ∆-Yn connection. The resistance and reactance of
the windings are 0.4% and 4% of the base values at the MV side respectively. An additional
LV feeder with an aggregated peak load of 100 kW, is assumed at the MV/LV substation. A
brief description of the test network is added in Appendix B.

6.4.3 Simulation platform
The simulation is performed with a time step of 15 minutes. The agent-based simulation
platform is developed and coordinated in MATLAB environment. The appliance response
optimization problems in eq. (6.2)-(6.11) are solved using MATLAB Optimization Toolbox
[130]. Based on the load profiles, the power flow calculation is performed using the EPRI
distribution system simulator, OpenDSS [167]. The optimization problem associated with
graceful degradation in eq. (6.14) - (6.18) is modelled using open-source MATLAB toolbox,
YALMIP [168]. YALMIP supports rapid prototyping of optimization problems and uses an
external optimization solver. In this research, the Gurobi Optimization solver is used for
solving the mixed-integer problem discussed in Section 6.3.2 [169].
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Figure 6.3: Sensitivity of the voltage unbalance factor at the furthest end of the feeder to the
changes of household load.

6.4.4 Determining the sensitivity of V U F
The sensitivity of V U F at the end of the feeder to the changes in power consumption is
estimated by 40 simulations for each household. In each round of simulation, the V U F at
the end of the feeder is recorded, upon varying the power consumption at each household
between 100 W and 4 kW with an increment of 100 W in each step. While varying the load
of the selected house, the power consumption of the remaining houses is kept fixed. The
process is repeated for 200 randomly selected samples from the generated load profiles.
Fig. 6.3 illustrates the eﬀect of each household on the sensitivity by means of boxplots. The
unbalance becomes more prominent along the feeder and reaches the maximum at its end. It
is important to note that the eﬀect of the load at a particular house varies within a very small
range. Therefore, the 95th percentile value of the resulting sensitivity for each household is
considered in the subsequent analyses.

6.5 Numerical results
Snapshots of the simulation results are presented for typical winter days in the Netherlands.
First, the impact of dynamic pricing scheme on residential demand is discussed. Next,
the impacts of the market-controlled DR and graceful degradation methods are explained
separately, followed by the eﬀects of applying the integrated approach. Subsequently, the
monthly performance of the mechanisms is analyzed in terms of the overall eﬃciency of
managing the congestion.
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Figure 6.4: Initial and adjusted network load profiles based on day-ahead dynamic price.

6.5.1 Eﬀects of dynamic price
Fig. 6.4 illustrates the impact of the dynamic price on the aggregated network demand. The
initial load profile represents the combined projected day-ahead profiles of the households.
Each HA adjusts its initial day-ahead profile considering the same dynamic price sent by
the aggregator. The resulting network load is illustrated by the price-adjusted profile. As
discussed in section 6.3, the HAs aim to minimize the energy cost by optimizing the daily
energy consumption of the devices. To do so, flexible devices are mostly scheduled during
the times of lower price. Therefore, the peak loads in the adjusted network load profile are
related to the valleys in the profile of the day-ahead price and vice versa. Thus, a lower
domestic energy cost is realized by introducing the dynamic price at the expense of larger
peaks in the LV network.

6.5.2 Peak reduction through market-controlled DR
In order to resolve congestion, the DSO requests flexibility from the market. The aggregator,
as the demand flexibility coordinator, determines if the requested flexibility can be delivered
by adjusting the day-ahead price. Flexible loads of the end-users are influenced by varying
the price levels, with an objective of reducing the peak load. Along with the change in price,
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Figure 6.5: Eﬀects of market-based peak reduction - (a) Network load profiles. (b) Price adjustment for peak reduction.

the resulting adjusted load profiles are illustrated for two representative days in Fig. 6.5.
In order to take advantage of the decreasing price at the late evening of the first day, EVs
start charging almost simultaneously and results in overloading the transformer. A similar
situation occurs in the evening of the second day, when the operation of the HPs coincides
with the conventional residential peak loads.
Upon receiving the flexibility request from the TA, the aggregator increases the price levels
during the times of peak demand. The oﬀ-peak price level is further reduced in order to
maintain a constant daily average price. The HAs respond to the new price levels by reoptimizing the flexible loads. The eﬀect of the increase in the price level during the peak is
reflected in the load profile, as the maximum load is reduced to 0.99 p.u. from 1.03 p.u.
Flexible loads are shifted in time and thereby keeping the total energy consumption of 4.84
MWh fixed in all of the cases.
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Figure 6.6: Eﬀect of graceful degradation on network load profile.

6.5.3 Impact of graceful degradation
Fig. 6.6 presents the resulting load profile when only graceful degradation is applied. Simultaneous charging of EVs is seen to cause overloading at the midnight of the first day. The
coincidence of the flexible loads with usual evening peak results in further congestion in the
evening of both of the simulated days. Upon violation of the thermal rating, the TA selects
the most suitable houses and limits their network access in terms of the connection capacity.
The curtailment amount is determined considering the target loading, Starget , available flexibility of the households and the maximum duration and frequency of curtailment dictated
by the flexible capacity contract.
For instance, the transformer is overloaded by 3.5% and 1.8% at 01:00 and 01:15 hours
respectively on the first day. In order to resolve the congestion at these consecutive time steps
based on available flexibility, the TA sends a curtailment request of 5.13 kW and of 4.49 kW
to house no. 48. An additional request for 4.04 kW at 01:00 hours is sent to house no. 39,
due to the higher required peak reduction. The HAs respond to the curtailment request by
optimizing the available devices with the new constraints. The adjusted network load profile
reveals fewer peaks as the loads are mostly shifted away from the peak times.

6.5.4 Overall performance of the integrated approach
The overall performance of the integrated approach is evaluated in terms of the congestion
duration, maximum network load and total network supply for a simulation time window
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Table 6.1: Overall monthly performance summary
Indicators
Maximum load (p.u.)
Congestion duration (h)
Total supply (MWh)
Total loss (MWh)
Average household
electricity cost (EUR)

Pricebased
1.09
13.25
145.78
2.65

Marketcontrolled DR
1.09
5.00
145.54
2.63

Graceful
degradation
1.05
4.25
145.48
2.63

Integrated
approach
1.00
0.75
145.43
2.62

44.75

44.79

44.66

44.38

of one month. The performance indicators show the eﬃciency of the integrated approach
for resolving the congestion while maintaining the reliability of supply. Table 6.1 summarizes the comparative performance among the market-control, graceful degradation and
integrated approach. A significant reduction in the duration of the congestion is realized by
the integrated approach with a slight drop in the total network supply. The reduced supply
can be explained by the part of the curtailed load, which is shifted to the next day and hence
not being considered within the simulation time frame.
The market-controlled DR reduces the duration of congestion by almost 62% through shifting the load based on price adjustments. The load shifting behavior results in a higher supplied energy compared to the graceful degradation and the integrated approach. However,
the adjusted price may not always tackle the congestion, since it depends on the available
flexibility. This is reflected in the magnitude of the peak load being the same for both the
price-based and the market-controlled DR.
Contrary to the iterative process of the market-based control, graceful degradation sends the
curtailment signals based on the instantaneous flexibility at each time step. Although peak
loads are largely curtailed, the rebound eﬀect of the loads results in congestion at other time
steps. Since the price levels are not adjusted, the households react to the curtailment requests
by shifting the loads to relatively lower price intervals. Thus, application of the graceful
degradation alone is associated with risks of congestion at other time steps, especially when
the daily price levels do not vary much.
The overall eﬀect of the methods is depicted in the monthly load duration curve in Fig.
6.7. The adjusted network load profiles demonstrate a considerable shift from the original
price-based profile. However, loads are largely shifted in time in order to keep the energy
consumption of the same order.
The eﬀects of various levels of Starget on the performance have been tabulated in Table
6.2. A higher target loading level results in a narrower window of flexibility for graceful
degradation. Consequently, the duration of congestion remains higher. On the other hand, a
lower value of Starget provides a greater margin for curtailment decisions. Since the graceful
degradation is formulated in order to minimize the number of curtailment locations, a lower
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Figure 6.7: Monthly load duration curve of the proposed control approaches.
Table 6.2: Monthly eﬀect of diﬀerent levels of Starget
Indicators
Congestion duration (h)
Maximum load (p.u.)
Total supply (MWh)
Total loss (MWh)

0.80
0.5
1.00
145.43
2.63

0.85
0.75
1.00
145.43
2.63

Starget (p.u.)
0.90
0.95
0.75
1.50
1.00
1.00
145.43
145.52
2.62
2.65

0.98
1.50
1.00
145.52
2.65

Starget does not result in a higher amount of curtailed power. Thus, the resulting duration
of congestion is largely mitigated while maintaining the total supply.
Fig. 6.8 illustrates the histogram of V U F at the end of the test feeder for the monthly
simulation time window. A slight diﬀerence in the V U F is observed for the integrated
approach compared to the case with price-based loading. In the worst case situation, the
resulting V U F is limited well below the maximum allowable value of 2%. The range of
V U F for the monthly simulation in all the POCs is shown in Appendix B.

6.6 Conclusions
An integrated approach for day-ahead congestion management is formulated combining
the advantages of market-based indirect control and active power curtailment based direct
control methodologies. The proposed approach avoids the shortcomings of the indirect and
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Figure 6.8: Histogram of the V U F at the end of the feeder for the monthly simulation time
window.

direct control methods, which makes it well-suited for congestion management in residential
LV networks.
The integrated approach utilizes a hierarchical architecture, equipped with agent-based distributed intelligence. A detailed bottom-up Markov Chain Monte Carlo approach is used to
model the price-responsive household appliances. Day-ahead household profiles are generated by scheduling the flexible appliances based on the day-ahead price in order to minimize
the residential energy cost. If network congestion is expected, the aggregator tries to procure
flexibility from the end-users by adjusting the day-ahead price. In case price adjustments
cannot influence the end-users to shift their loads up to the desired margin, the DSO takes
over and selects suitable locations for active power curtailment. To this end, the sensitivity
of the voltage unbalance factor to the changes in residential demand is taken into account.
This provides a better distribution of curtailment among the phases and prevents a higher
voltage unbalance following active power curtailment.
The eﬃcacy of the integrated approach is investigated through simulations for 55 households
in the modified IEEE European LV test network. Simulation results show an association between the dynamic price and the occurrences of congestion, since flexible loads aim to reduce
the energy cost as much as possible by shifting to times of low prices. The market-controlled
DR is an eﬃcient method to mitigate most of the congestion which occurs, as the total
monthly congestion duration can be reduced up to 62%. For safe operation of the network,
the other 38% of the congestion has to be reduced, even if the price adjustment does not
always succeed to procure suﬃcient flexibility. In such a case, a significant reduction (94%)
in the congestion duration is achieved by complementing the market-controlled DR with a
graceful degradation approach. Since the response of the appliances following the curtailment is explicitly modelled, the amount of energy supplied remains largely unchanged.

6.6: Conclusions

123

In this chapter, nominal capacity of the transformer has been used as the indicator for thermal
overloading. A lower threshold may be used in the scheduling phase in order to accommodate the overloading due to uncertainties during real-time operation. However, real-time
congestion issues can be further mitigated using the local flexibility market and the unified
approach discussed in Chapter 3 and Chapter 4 respectively.
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7

Conclusions

This final chapter concludes the work described in this thesis by presenting the main findings and
insights. First, a brief summary of the research in relation to the research objective is provided.
Next, the contributions of the thesis to the relevant scientific areas are discussed. Finally, the
chapter ends with the recommendations for future research in this domain.

7.1 Discussions
Electrical power distribution networks have been undergoing a major shift in recent years.
On the one hand, radical changes are emerging in both demand and supply sides, involving
new forms of loads and RES-based DG units. These fundamental changes not only introduce
a higher degree of uncertainty in power flows, but also engender higher risk of frequent
violation of thermal constraints. The conventional approach of addressing the capacity issues
by reinforcing the assets are deemed financially unfeasible due to the colossal scale of required
investment. Consequently, a shift towards ADN becomes imminent in order to ensure a
more eﬃcient utilization of existing network assets.
The main objective of the research presented in this thesis has been to develop suitable techniques that will help mitigating congestion issues in the ADNs. Several research questions
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were formulated to achieve this objective. The following sections revisit the key-results in
relation to the research questions.

7.1.1 Transitional distribution networks
Chapter 2 elaborates on the evolution of distribution networks and highlights the operational
challenges in the energy transition. The increasing growth of electric loads combined with
the rapid proliferation of the local generation technologies cause increased uncertainties and
power quality issues. Significant seasonal variations are expected including reverse power
flows and voltage limit violations. Moreover, larger peak demands can be expected, owing
to the higher simultaneity of the residential power consumption associated with the charging
of EVs and operation of the HPs. As a result, a considerable share of the network assets has
been reported to be overloaded by 2030.
Advancements in ICT have paved the way for smarter network operation by means of unlocking the demand flexibility of the end-users. Various DR programs are being explored to
shift peak demands to oﬀ-peak hours through market-based or incentive-based mechanisms.
To this end, new roles are being implemented in the liberalized market setting to mobilize
the flexibility of the end-users for alleviating network congestion. Similarly, end-users are
also incentivized to participate in direct load control (DLC) programs, where the network
operator controls loads at customer premises. Both of these methods require the DSO to
have a greater observability and more real-time control possibilities. In this regard, AMI and
distribution automation are being deployed, facilitating a shift towards ADNs.
The first research question is addressed in this chapter. The developments in the distribution
network are discussed, followed by the technologies that will aﬀect the operational constraints i.e. thermal and voltage limits significantly. The future loading scenarios and power
quality impacts are elucidated. Finally, demand response programs along with suitable enabling technologies are explained that can be used for peak reduction.

7.1.2 Demand response for congestion management
Chapter 3 answers the second and third research question. It describes a market-based realtime congestion management mechanism in an agent-based ADN. A bottom-up modelling
approach is adopted, where each residential appliance provides its preferences in terms of
bids of power consumption as a function of the control signal. This made the architecture
easily scalable for expanding it to wider network segments. A local flexibility service market
is designed, that procures adequate flexibility from the aggregators. The procurement is performed on the basis of the costs incurred by the thermal overloading of the transformer. In
this regard, the detailed thermal model of the transformer has been used to determine the
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impacts on the lifetime of the winding insulation. The loss of life has been transformed into
the monetary cost using the total lifecycle cost of the transformer.
Simulations were performed for 229 households connected in a typical Dutch LV network.
The developed coordination mechanism illustrates the influence of the increased DG penetration on the price-responsive loads. When the prosumers are coordinated through marketbased signals, peak loads can be anticipated during the hours of peak local generation. This
phenomenon can be attributed to the lower price signals induced by the higher local generation. Price-responsive loads react to the lower price levels almost at the same time which
results in overloading the transformer. However, the proposed control scheme adjusts the
control signal based on the estimated overloading cost and the available flexibility. Up to
98% savings in the annual overloading cost was achieved along with a 72% reduction in the
annual frequency of congestion.

7.1.3 Direct control with unified approach
Chapter 4 addresses the fourth research question by investigating the relation between the
voltage limit violations and network loading along with the application of direct load control in real-time operation. A unified approach is developed to tackle correlated problems
of voltage limit violations and network congestion. The unified approach comprises of a
continuous local voltage control method and a centralized method applied in discrete time
steps for congestion management. The local voltage control method utilizes locally available
information to curtail active power demand/injection when the voltage at the POC violates
the lower/upper threshold of local voltage level. On the other hand, the centralized control
aims to limit the power flow at the POC by curtailment signals. Curtailment signals are
transmitted to limit the active power consumption of thermal loads and the injected active
power of the PV systems. While the former considers the thermal comfort of the end-users
in the process, the latter involves a fair curtailment scheme based on the injected energy.
A simulation case study on a representative Dutch LV network indicates that the local voltage
control can essentially reduce the impact of thermal overloading by curtailing the active
power. However, the local control does not portray a fair basis of curtailment, since the
voltage problems occur predominantly towards the end of a LV feeder. Consequently, houses
connected at the end of a feeder are always curtailed first. The unified approach results in a
better share of curtailment due to the inclusion of comfort levels and injected energy into
the decision making process.
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7.1.4 In-home energy management
Chapter 5 addresses the fifth research question by discussing the application of HEMSs
for real-time network support. The role of HEMSs is described in an agent-based marketcontrolled ADN. The network support is provided by curtailing the active power injection/consumption based on greedy selection rules. A laboratory prototype is developed to
evaluate the proposed methodology within a HAN.
A simulation case study on a typical Dutch LV feeder reveals that the voltage levels strongly
depend on the location of the HEMSs that are involved in network support. Participation of
all the HEMSs in network support yields an improved voltage characteristic along the feeder
and reduced curtailed energy. The developed prototype has been tested in an experimental
setup involving multiple agents embedded in diﬀerent Raspberry Pi boards. The HEMS
gathers the voltage and consumption data and remotely controls the loads connected via
smart plugs. The switching actions are performed based on real-time measurement of the
feeder load, household consumption, device priorities and local voltage levels. Laboratory
tests indicate a promising potential of the developed prototype for wider applications.

7.1.5 Integrating direct and indirect approaches
Chapter 6 answers the final two research questions. The influence of the dynamic price on
the scheduling of residential loads and subsequent network overloading is analyzed. Indirect control in terms of an iterative market-controlled DR scheme, is applied to adjust the
price signal for minimizing the expected peak loads. The market-based control is complemented by the process of graceful degradation for curtailing the active power demand. The
sensitivity of the voltage unbalance factor to the changes in residential demand is taken into
account for the determination of curtailment locations. This provides a better distribution
of curtailment among the phases and prevents a higher voltage unbalance resulting from the
curtailment. The preferences of the end-users are incorporated in terms of the maximum
amount, frequency and duration of curtailment, defined by contractual agreements. The
advantages of market-based indirect control and active power curtailment based direct control are thus combined into the integrated approach for the day-ahead scheduling of flexible
demand.
The integrated approach is implemented in a hierarchical architecture with agent-based distributed intelligence. A detailed bottom-up Markov Chain Monte Carlo approach is used
to model the price-responsive household appliances. The performance of the proposed integrated approach is assessed through simulations for 55 households in the modified IEEE
European LV test network. An association between the dynamic price and the occurrences
of congestion is revealed, as the flexible loads aim to reduce the energy cost by shifting to
times of low prices. Up to 62% reduction in the congestion duration was achieved by adjust-
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ing the price levels through the market-controlled DR. However, combining it with graceful
degradation yields an improved performance, as the congestion duration could be lowered
by 94%. Nominal capacity of the transformer has been used as the threshold for determining congestion. In order to address the uncertainties during real-time operation, a lower
threshold may be assumed in the scheduling phase. Further real-time congestion issues can
be mitigated through the methodologies discussed in Chapter 3 and Chapter 4.

7.2 Contributions
The main contributions of this thesis are listed as follows:
• A comprehensive framework for congestion management
This thesis lays the platform for a comprehensive framework for the congestion management in distribution networks. It highlights scalable solutions to congestion issues,
incorporating the direct and indirect load control methodologies. In this regard, the
problem has been addressed not only for real-time operation, but also for the dayahead planning purposes. This framework can be the foundation for a wide range of
applications including optimal power flow analyses and distributed energy management in the future distribution networks.
• Real-time estimation of overloading cost
The thermal model of the transformer has been used to determine the overloading cost
incurred by the dynamic loading. This provides an opportunity to quantify the inflicted monetary loss due to the overloading. The overloading cost can be a significant
parameter for the DSO while participating in the real-time flexibility market. From
the network planning perspective, the overloading cost can be a notable indicator of
reinforcement decisions.
• Procurement of flexibility in the multi-actor setting
An aggregator’s portfolio usually constitutes of a large number of end-users without
any particular geographical limitation. However, from the perspective of a DSO,
congestion of a network asset (e.g. an MV/LV transformer) is relevant only to the
end-users directly connected to the congested network asset. Therefore, procurement
of flexibility for the congestion management is complicated due to the local level of
the problem. In this work, the end-users of the aggregators are clustered based on
the network topology. A local flexibility market is designed that selects the flexibility
from the clusters. In order to alleviate the congestion, the price is adjusted only for
the selected clusters. Moreover, the process is coordinated in a scalable agent-based
environment, where the actors can be easily integrated in terms of new agents.

130

Chapter 7: Conclusions
• The unified approach of thermal and voltage constraint management
A unified approach of direct control is proposed that mitigates thermal and voltage
constraint violations during real-time operation. The approach provides insights for
implementing local voltage control methodologies that help reducing the impacts of
thermal overloading. A fair basis of curtailment is investigated for the direct control
of thermal loads such as electric heat pumps as well as for the active power injection
of solar PV systems.
• Integrating the direct and indirect load control approaches for the scheduling
phase
An important contribution of the thesis is the integrated planning framework for
day-ahead congestion management. The direct and indirect load control methods
are inherently combined to shift the network peak demands for the mitigation of
thermal overloading. The price-based operation of the LV network is implemented.
A market-controlled DR method is proposed, that influences the end-users with the
adjustments in the price levels. The drawbacks of the indirect approach are tackled by
including the graceful degradation mechanism into the process. Since the response of
the flexible residential appliances are taken into consideration, the developed approach
can be the starting point of diversified DR applications involving dynamic price and
day-ahead scheduling.
• Graceful degradation in unbalanced networks
The graceful degradation mechanism is proposed to enhance the controllability in the
distribution networks. Unlike the conventional load-shedding approaches, it aims to
regulate the power flow at the POCs through flexible capacity contracts. Two types of
capacity contracts, namely firm and non-firm capacity are envisioned. The inception
of the non-firm capacity as the curtailable share of the total capacity facilitates a higher
availability of the network for all the connected end-users. To this end, a sensitivitybased scheme is developed in order to incorporate the risk of any imminent unbalance
resulting from the curtailment into the decision making process.
• Hardware prototype of HEMS for network support
A prototype of a HEMS is developed to manage the residential appliances in an agentbased environment. The HEMS monitors the real-time power consumption of the
devices and is capable of performing remote switching actions to comply with the
network requirements i.e. voltage levels or power consumption/injection thresholds.

7.3 Recommendations
The work presented in this thesis warrants attention to some interesting open questions.
Several recommendations for future research directions are listed in the following sections.
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• Coordinated control for voltage and thermal constraint management
The local voltage control methods with active power curtailment have shown to be
promising for the congestion management in the distribution networks. However, in
the absence of a coordinated mechanism, the curtailment cannot be allocated fairly
among the POCs. Additionally, curtailment of active power may lead to an increased
unbalance among the phase voltages. A coordinated control is therefore an important
aspect of the voltage control in the LV network. In this regard, the implementation of
a comprehensive control framework can essentially address both the issues of thermal
and voltage limit violations more eﬃciently. Moreover, most of the current voltage
control approaches are applied in terms of active or reactive power control. The local
flexibility market architectures can be enhanced by incorporating the voltage control
functionality.
• Intelligent scheduling
A more detailed and smarter scheduling operation of the aggregator would help quantifying the available flexibility for both day-ahead and real-time operation. To this
end, appropriate learning mechanisms can be integrated to predict the behaviors of
the households and thereby to determine suitable price adjustments for diﬀerent time
intervals of the day. When applied in wider network areas, this can also help grouping
the households into suitable clusters to address the overloading problem in multiple
network assets.
• Influence of the local flexibility market in balancing services
Apart from its role in local congestion management, flexibility can play a crucial role in
the balancing services. The aggregator can oﬀer the flexibility to the BRPs to be traded
in the imbalance market. However, the mechanism needs to be devised carefully,
since the procurement of flexibility for one purpose would have some implications to
another. Therefore, a cooperative framework will have to be developed that may allow
solving the problem for both DSOs and BRPs.
• Pricing of flexibility for real-time congestion management
The pricing of the flexibility in the real-time flexibility market is an important issue
that needs to be addressed in future researches. The day-ahead market price is low
and may not reflect the actual case due to the real-time operation. An alternative
approach would be to use the imbalance market price, which is comparatively higher
than the day-ahead price. In practice, the aggregators will optimize their portfolio
and determine the price that would fit their business interest and available range of
flexibility. The eﬀects of such mechanisms will have to be investigated more in detail.
• DSO-Aggregator interaction for graceful degradation
The graceful degradation mechanism is developed as a form of direct load control
(DLC). The process is coordinated by the DSO based on the bilateral agreement with
the end-users. Due to the development of AMI, the curtailment request is assumed to
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be transmitted to the concerned POCs directly. However, this type of direct control
causes deviations from the forecasted consumption and thereby may have financial
implications for the aggregator or other market parties. It is therefore recommended
to keep the aggregator informed about the curtailment decisions. A more detailed
research in this direction is required to incorporate the financial consequences of the
curtailment due to the application of graceful degradation.

A

Typical network assets in Dutch LV
distribution networks

As discussed in Chapter 2, typical Dutch LV networks are equipped with underground power
cables. The underground power cables represent a higher resistance to reactance (R/X) ratio
compared to the overhead lines. Table A.1 shows examples of representative cables used in
LV networks.
Table A.1: Typical LV cables and their technical parameters
Cable type
150mm2 Al
95mm2 Al
50mm2 Al
16mm2 Al
35mm2 Cu
50mm2 Cu
10mm2 Cu
6mm2 Cu

R (Ω /km)
0.206
0.32
0.641
1.91
0.532
0.387
1.837
3.061

X (Ω /km)
0.079
0.082
0.085
0.096
0.074
0.072
0.088
0.1

R/X
2.61
3.9
7.54
19.9
7.19
5.38
20.88
30.61

MV/LV transformers used in Dutch distribution networks are dimensioned considering an
average annual load growth and density of users in a certain area. Densely clustered neighbourhoods in large cities are therefore often supplied with transformers with a much higher
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capacity compared to the rural areas. Table A.2 depicts typical characteristics of the MV/LV
transformers used in the Dutch distribution networks.
Table A.2: Typical MV/LV transformers used in Dutch distribution networks
Transformer
capacity
1.00 MVA
630 kVA
400 kVA
250 kVA
160 kVA
100 kVA

Full-load loss

No-load loss

9.9 kW
5.4 kW
4.0 kW
2.8 kW
2.1 kW
1.4 kW

0.97 kW
0.75 kW
0.52 kW
0.37 kW
0.26 kW
0.19 kW

Connected
households
500 - 800
300 - 350
200 - 250
100 - 150
50 - 100
40 - 60

Location
Dense areas
Dense areas
Large cities
Cities and towns
Rural areas
Rural areas

B

Test network used in Chapter 6

The IEEE European LV test feeder [166] has been used in the simulation analysis, as discussed in Chapter 5. It represents the characteristics of a radially operated typical European
LV feeder. The feeder is originally connected to the MV/LV substation, equipped with a
800 kVA, 11/0.416 kV transformer. A modified version of the test feeder is used in the
simulation, including a 250 kVA, 11/0.416 kV transformer and a lumped load at the substation. The lumped load represents an additional feeder with an aggregated peak load of
100 kW. The test feeder supplies 55 houses, all of which are supplied through a single-phase
connection. The residential loads are modelled as constant P Q loads. Thus, the test feeder
is well-suited for simulation analyses with unbalanced loading. The one-line diagram of the
test feeder is shown in Fig. B.1.
Voltage unbalance factor (V U F ) at the POCs
The V U F at the POCs is calculated for the monthly simulation analysis. According to
the IEC standards, the V U F is defined as the ratio of the negative sequence voltage to the
positive sequence voltage and is generally expressed in percentage values, as shown in eq.
(6.13) [119]. In three-phase systems, the relation between the line voltages can be used to

135

136

Chapter B: Test network used in Chapter 6

Aggregated load
Substation

Figure B.1: The modified IEEE European LV test feeder used in simulation.
determine the symmetrical components [170]. This can be mathematically presented as:
 0

 
V
1 1
1
Va
V +  = 1 1 β β 2   Vb 
(B.1)
3
V−
1 β2 β
Vc
where,β = ej(2π/3) ; V 0 , V + , V − are the zero, positive and negative sequence components
of the voltage; and Va , Vb and Vc are the line voltage phasors respectively.
The resulting V U F is illustrated by means of boxplots in Fig. B.2. The edges of each box
denote the 25th and 50th percentile values of the V U F for corresponding POC, while the
red line indicates the median. The whiskers at both ends extend to the ranges of V U F .
The values of V U F depict the degree of voltage unbalance in the network. The unbalance is
observed to be more pronounced towards the ends of a feeder (or a lateral) section. However,
the extreme values of V U F remain well within the maximum limit of 2%.
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Figure B.2: V U F at the POCs. (a) In normal operation with price adjusted load, (b) With the
application of the integrated approach.
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