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Abstract

Climate change is a global challenge which has affected the decision-making
process in various sectors including energy systems. Different approaches have
been proposed to decrease carbon emission in energy systems. A vital tool
in the transformation of energy systems towards Net-Zero emission is flexibil-
ity. The literature suggests different ways in enabling flexibility in an energy
system, such as demand, distributed energy resources (DER), and network flex-
ibilities. This thesis investigates the role of flexibility in the energy networks
through demand, DER, and network flexibilities.

In the first part of this thesis, demand flexibility is studied through disaggregat-
ing the demand response to the building as the source of providing flexibility.
Due to the high percentage of demand consumption by dwellings (e.g. 36%
in the UK), this thesis developed different approaches in unlocking building
flexibility (BF). Firstly, a systematic literature review is performed to explore
the challenges and opportunities in enabling BF. Then, in order to improve
the robustness of existing control methods in face of uncertainty of input data
(e.g. weather forecast), a robust rolling horizon method is introduced. Finally,
novel building-to-building (B2B), and building-for-grid (B4G) strategies are
developed along with optimal energy management of dwellings to optimise BF
while considering energy bill and occupants’ comfort as the objective functions
simultaneously. This part also investigates the participation of electric vehi-
cles in B2B and building energy management and their role in activating BF.
The proposed controller was shown to decrease computational time by 76%
compared to the conventional methods, with occupants comfort having a con-
siderable effect on the robustness of controller (e.g. 1.3% decrease in occupants
comfort increased the robustness in face of uncertainty by 10%). The electric
vehicles participation in the energy management strategy decreased the energy
bill by 44%.

The second part of this thesis studies the flexibility in distribution networks
through network reconfiguration, conservation voltage reduction, and DER as
the means of flexibility in the network, load, and DERs respectively. A risk-
and security-constrained model predictive control is developed to improve the
security of islanded microgrid considering mentioned flexibility measures. The
computational efficiency of the proposed hierarchical control system in terms
of accuracy and processing time is guaranteed through a mixed integer conic
programming model. Then, the role of different flexibilities in the distribution
level is studied for coordination of distribution networks with the transmission
system. The use of conservation voltage reduction and network reconfiguration
as the flexibility options decreased the emergency load curtailment in case of
contingency by 3.8% and 19% respectively.
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General Introduction

The topic of this thesis is broken down into answering the following research

questions:

1. How to enable higher levels of building flexibility in the distribution
networks?
2. To what extent flexibility can improve the electricity distribution network

characteristics?

This chapter includes a general introduction to briefly cover the problem
statement, motivation, and focus of the main topic. The main contributions
of the thesis to knowledge is given in this chapter. Additionally, a short
description of each chapter’s content is included to provide a generic outlook

of the thesis for the reader.
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1.1 Motivation: Flexibility & Decarbonisation

The industrial revolution was a transition at which oil, gas, and coal were
used to power vehicles, warm our houses and energise the economy. However,
the catastrophic effects of climate change in recent decades is becoming a
serious threat to our planet which requires rapid shift from fossil fuels to
green energy resources. As for the energy grid, this means that we need to
shift from coal-fired plants to renewable energy sources (RESs) such as wind
power and hydrogen. Energy grids are also required to electricify their
demand which brings about the necessity of electricifying the transport and

heat sectors.

This transformation has been followed by the UK government in different world-
leading plans. Shifting the RESs and electricifying the transport and heat
sectors have been followed by grand-stand plans. The UK government plans
include increasing the wind power generation to 40GW by 2030 [1], banning
the sale of new petrol and diesel cars by 2030 [2], and increasing the number of
heat pumps installed each year to 600,000 by 2028 [3]. The whole government

plan is to achieve a Net-Zero economy by 2050.

These transitions, however, mean that an exponential amount of extra
generation and demand (from electricifying heat and transport sector) will be
added to the electricity system over the upcoming decades. The added
generation will be mainly from variable energy sources, and dependent of
different weather conditions. The variability of these energy resources is a
challenging issue for system operators and planners. On the demand side, the
Department for Business, Energy and Industrial Strategy (BEIS) white paper
[1] indicates that the demand will be doubled by 2050. Therefore, the
variability of RESs and the twofold increase in the demand together will be

even more challenging.

All of these challenges require a solid plan which ensures the integration of
new technologies into the system while making sure the supply and demand
are balanced. The BEIS and Office of Gas and Electricity Markets (OFGEM)

report on 2021 [4] introduced flexible energy networks as one of the main
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solutions to aforementioned challenges. As directly indicated from this report
[4]):  “a smart and flexible system is one which uses smart technologies to
provide flexibility to the system, to balance supply and demand and manage
constraints on the network”. The flexibility can be enabled by different

technologies of the network [4, 5]:

e Distributed energy resources (DER) flexibility: the DER flexibility can
be provided by using the storage technologies along with RESs to store

excess generation and discharged when needed.

e Demand flexibility: this type of flexibility is applied by shifting demand
between peak hours and off-peak hours. The demand flexibility has been
playing its part in the energy network as demand response (DR)[6] where

the demand consumption pattern is changed based on the price signals.

o Grid flexibility: this type of flexibility can be provided by benefiting from

topology of the network and the use of smart technologies.

The use of different flexibility methods in the energy grid can be a vital plan for
decarbonisation. For example, by utilising the storage technologies to capture
extra renewable generation, higher contribution from RESs can be added to the
energy grid. On the demand side, demand flexibility can be pivotal by shifting
the demand to the hours of high RES penetration. The mixed utilisation of
these methods can increase the share of green generating and decrease the

carbon footprint.

1.2 Objectives: Investigating Flexibility

Fig. 1.1 which is taken from Future Energy Scenarios [7] shows that around
60Gw of flexibility is provided by different sources in 2020. At the same time,
the BEIS analysis indicates that flexibility can provide £10bn cost saving per
year in 2050 [4]. These statistics altogether show the significance of flexibility
in achieving the Net-Zero goals. Therefore, this thesis investigates flexibility in

different technologies.
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FIGURE 1.1: Flexibility provided by different sources in 2020 [7].

Although Fig. 1.1 shows a higher amount of flexibility provided in 2020, the
share of demand response (or demand flexibility) is not considerable.
Therefore, enabling higher levels of flexibility in the demand can be a critical
step towards Net-Zero goals. To do so, this thesis disaggregates the demand
flexibility to its source: buildings. As the end-users of the energy networks,
buildings are responsible for 30% of the global energy consumption, excluding
the construction industry, which consumes 6% of total energy [8]. At the
same time, the proportion of carbon dioxide (CO3) emission caused by the
building sector is about 38% worldwide [8]. These statistics clearly indicate
potential flexibility that can be enabled by active participation of buildings in
the energy network. The flexibility in the buildings side can be enabled by

adding small-scale generation [9] and/or controlling their demand [10].

The first part of this thesis investigates the challenges and opportunities in
enabling flexibility in the buildings. Then, different approaches are developed
for enabling flexibility in active buildings (ABs). ABs are defined as the
dwelling units which benefit from renewable generation to supply their load,
store the excess generation to meet their own needs, and are cooperating with

the main grid intelligently by exchanging data and energy. This paradigm
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shift enables integrated co-operation of buildings and the energy grid, and has
multiple advantages [11]: 1) It can bring about lower energy bill for buildings,
2) the investment on the generation and transmission can be delayed, 3) grid
resources can be used more efficiently, 4) grid operators can develop plans for
the ancillary services that can be provided by buildings, and 5) in-site
small-scale generation (e.g. photovoltaic (PV)) and storage (e.g. battery
energy storage (BES)) units can be integrated into the grid more efficiently.
The other levels of flexibility in the ABs can be unlocked by developing the

energy transaction frameworks between dwellings.

The second part of this thesis investigates the flexibility in the DER and
network topology. Distribution-level DERs can play a vital role in providing
flexibility for the transmission network [12].  The DER flexibility is
investigated in this thesis by designing control methods for microgrids with
the DERs being the main sources of supply. These microgrids are supplied by
different BES and distributed generation (DG) units. Another form of
flexibiltiy is studied in this part by using the voltage regulators in the
distribution level, as the demands are voltage-dependent. This scheme is
widely known as conservation voltage reduction (CVR) [13]. The network
flexibility studied by investigating the role of network reconfiguration, which
has been used to improve different techno-economic characteristics of
distribution grid separately [14]. The collaborative effect of DER, demand
and network flexibility on improving the system security as an important

characteristics of smart energy networks is studied in this part of the thesis.

1.3 Main Contributions of the Thesis

The key contributions to knowledge from this research are as follows:

Contribution 1 (Chapter2)

A systematic literature review is conducted which studies the challenges and

opportunities for unlocking the building flexibility. This chapter introduces a
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graphical method to analyse the citation network of research related to
enabling flexibility in the ABs.

Results based on this contribution are published in the following paper:

e Nikkhah S, Allahham A, Bialek JW, Walker SL, Giaouris D,
Papadopoulow S. Active Participation of Buildings in the FEnergy
Networks: — Dynamic/Operational Models and Control Challenges.
Energies. 2021 Nov 2;14(21):7220.

Contribution 2 (Chapter3-I)

A multi-level mixed integer linear programming optimisation model is
proposed for residential microgrids, with consideration for occupant comfort
and appliance/task constraints. Compared to current mixed integer linear
programming models, the proposed solution allows greater asset/building
participation using a linear robust controller that does not require excessive
processing power (as opposed to the mixed integer non-linear programming
predecessors). It also pursues multiple goals in achieving an optimal energy

management.

Results based on this contribution are published in the following papers:

e Nikkhah S, Allahham A, Royapoor M, Bialek JW, Giaouris D. Optimising
Building-to-Building and Building-for-Grid Services Under Uncertainty:
A Robust Rolling Horizon Approach. IEEE Transactions on Smart Grid.
2021 Dec 15;13(2):1453-67.

e Nikkhah S, Allahham A, Royapoor M, Bialek JW, Giaouris D. A
Community-Based Building-to-Building Strategy for Multi-Objective
Energy Management of Residential Microgrids. In2021 12th
International Renewable Engineering Conference (IREC) 2021 Apr 1/
(pp. 1-6). IEFEE.

Contribution 3 (Chapter3-II)
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Introducing a robust rolling horizon controller to maximise the robustness of
real-time energy management systems against prediction uncertainties at a
lower computational time (compared to conventional controllers) while
accounting for partial knowledge of input parameters. The controller takes
into account the effect of multiple sources of uncertainty on the local energy
markets, while exploring the role of building occupants in improving

residential microgrid robustness.

Results based on this contribution are published in the following paper:

o Nikkhah S, Allahham A, Royapoor M, Bialek JW, Giaouris D. Optimising
Building-to-Building and Building-for-Grid Services Under Uncertainty:
A Robust Rolling Horizon Approach. IEEE Transactions on Smart Grid.
2021 Dec 15;13(2):1453-67.

Contribution 4 (Chapter3-IIT)

Proposing building-to-building and building-for-grid strategies to oversee the
peer-to-peer energy trading in residential microgrid level while valuing the
occupants comfort, and appliance settings under an uncertain environment.
The former strategy facilitates the power exchange between dwellings using
flexibility in in-site generation capacity, while the latter deconstructs the
demand-side response to its sources of sensitivity to alterations of comfort

level and timing- ON/OFF status — or load adjustment of home appliances.

Results based on this contribution are published in the following paper:

o Nikkhah S, Allahham A, Royapoor M, Bialek JW, Giaouris D. Optimising
Building-to-Building and Building-for-Grid Services Under Uncertainty:
A Robust Rolling Horizon Approach. IEEE Transactions on Smart Grid.
2021 Dec 15;13(2):1453-67.

Contribution 5 (Chapter 4)

The effect of electrification of transport on the building flexibility will be
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studied through adding corresponding electric vehicle model to the energy

balance model.

Results based on this contribution are published in the following paper:

o Nikkhah S, Allahham A, Giaouris D, Bialek JW, Walker S. Application
of Robust Receding Horizon controller for Real-Time Energy Management
of Reconfigurable Islanded Microgrids. In2021 IEEE Madrid PowerTech
2021 Jun 28 (pp. 1-6). IEEE.

o Nikkhah S, Allahham A, Royapoor M, Bialek JW, Giaouris D. A
Community-Based Building-to-Building Strategy for Multi-Objective
Energy Management of Residential Microgrids. In2021 12th
International Renewable Engineering Conference (IREC) 2021 Apr 14
(pp. 1-6). IEEE.

Contribution 6 (Chapter 5-1)

Distributed optimal conservation voltage reduction and network
reconfiguration are adopted as the flexibility measures preserving the security
of transmission and distribution systems’ coordination with minimum
physical load curtailment. In the upper level, the transmission system
operator ensures the minimum loading margin for the transmission network
considering the critical components of the power flow model. In the
lower-level distributed optimisation models, distribution system operators aim
at minimising the actual load curtailment, using the available flexibility
options. Each distribution system operator provides a different level of
flexibility in the proposed distributed framework. However, the total
flexibility provided comply with the requirements of the transmission system

operator.
Results based on this contribution are published in the following paper:
e Nikkhah S, Rabiee A, Soroudi A, Allahham A, Taylor PC, Giaouris D.

Distributed  Flexibility to  Maintain  Security — Margin  through
Decentralised TSO-DSO  Coordination. International Journal of
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Electrical Power € Energy Systems, Volume 146, March 2023, 108735

Contribution 7 (Chapter 5-1II)

A decentralised control framework is introduced for transmission and
distribution systems’ coordination with the least information exchange
between them. In this method, distribution system operators use their
available flexibility measures or/and load curtailment to comply with the
requirements of the transmission system operator. The proposed method
benefits from short computational time spans and achieves the required
convergence degree with a small number of iterations. The transmission
network’s loadability constraint is considered as the main security margin
influencing the transmission and distribution systems’ coordination. This
index can be utilised as a measure for evaluating the degree of security of

transmission and distribution systems’ coordination.

Results based on this contribution are published in the following paper:

e Nikkhah S, Rabiee A, Soroudi A, Allahham A, Taylor PC, Giaouris D.
Distributed  Flexibility to  Maintain  Security —Margin  through
Decentralised TSO-DSO  Coordination. International Journal of
Electrical Power & Energy Systems, Volume 146, March 2023, 108735

Contribution 8 (Chapter 6-I)

Proposing a multi-layer mixed integer conic programming model for
multi-objective energy scheduling of islanded microgrids. The introduced
model is computationally efficient and can provide an accurate representation
of the power flow model for inclusion in the risk and security constrained
model predictive controller. Also, developing a min-max-min risk and security
constrained model predictive controller framework which considers the
uncertainty of predicted data and the risk associated with them. The DER

and network flexibility are deployed in this controller to improve system
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security. The introduced control model allows the inclusion of uncertainties in
real-time energy scheduling of islanded microgrids while accounting for

structural changes in the network topology.

Results based on this contribution are published in the following papers:

e Nikkhah S, Sarantakos I, Zografou-Barredo NM, Rabice A, Allahham A,
Giaouris D. A Joint Risk and Security Constrained Control Framework
for Real-Time FEnergy Scheduling of Islanded Microgrids. IEEE
Transactions on Smart Grid. 2022 May 2.

o Nikkhah S, Allahham A, Giaouris D, Bialek JW, Walker S. Application
of Robust Receding Horizon controller for Real-Time Energy Management
of Reconfigurable Islanded Microgrids. In2021 IEEE Madrid PowerTech
2021 Jun 28 (pp. 1-6). IEEE.

Contribution 9 (Chapter 6-11)

Building time-varying security constraints based on a mixed integer conic
programming power flow model. The proposed framework takes into account
the real-time disruptions which change over the grid zones. This framework

allows the inclusion of more realistic contingency conditions.

Results based on this contribution are published in the following paper:

e Nikkhah S, Sarantakos I, Zografou-Barredo NM, Rabiee A, Allahham A,
Giaouris D. A Joint Risk and Security Constrained Control Framework
for Real-Time FEnergy Scheduling of Islanded Microgrids. IEEE
Transactions on Smart Grid. 2022 May 2.

Contribution 10 (Chapter 6-III)

Developing a corrective real-time network reconfiguration model as the
network flexibility option which improves system security, while guaranteeing
the network radiality over uncertainty scenarios (i.e. stochastic network

reconfiguration). This framework enables the system controller to change the
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system configuration so as to prevent load curtailment caused by real-time

contingency, while considering the uncertainty.

Results based on this contribution are published in the following papers:

e Nikkhah S, Sarantakos I, Zografou-Barredo NM, Rabice A, Allahham A,
Giaouris D. A Joint Risk and Security Constrained Control Framework
for Real-Time FEnergy Scheduling of Islanded Microgrids. IEEE
Transactions on Smart Grid. 2022 May 2.

o Nikkhah S, Allahham A, Giaouris D, Bialek JW, Walker S. Application
of Robust Receding Horizon controller for Real-Time Energy Management
of Reconfigurable Islanded Microgrids. In2021 IEEE Madrid PowerTech
2021 Jun 28 (pp. 1-6). IEEE.

1.4 Outline of the Thesis

Chapter 1

This chapter includes a general introduction to briefly cover the problem
statement, motivation, and focus of the main topic. The main objectives
defined at the beginning of the research as a roadmap are also listed.
Additionally, a short description of each chapter’s content is included to

provide a generic outlook of the thesis for the reader.
Chapter 2

The aim of this chapter is to investigate the role of building flexibility in the
energy networks. Accordingly, different research works have been explored to
analyse the current issues of disaggregating the demand flexibility to the
active buidlings, and the way that a single building or cluster of buildings
communicate effectively either together or with the grid(s), focusing on the
challenges that can be brought about by integration of such grids. A citation

network overview is provided by Gepghi software and analysed using
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“ForceAtlas2” and “Yifan Hu Proportional” algorithms so as to discuss and

explore the future challenges in the area.

Chapter 8

This chapter attempts to propose a multi-level real-time energy management
for a community of buildings, in order to investigate different flexibility
measures in the dwellings. A rolling horizon based method is adopted to
receive real-time weather and energy price data, while the robustness in each
consecutive dispatch time interval is increased using the notion of information
gap decision theory. The proposed residential microgrid controller exploits
flexibility in AB loads (through interruptible loads and building inertia) and
shared distributed energy resources to introduce building-to-building and
building-for-grid strategies. The mid-market rate approach is adopted in the
building community level to create a local pricing market. The proposed
model is multi-level and multi-objective. While the latter makes a trade-off
between energy bill and occupants comfort, the former can guarantee the
preference/benefits of active buildings in the local energy market. The
proposed architecture is an mixed integer linear programming model which
can be solved by commercial solvers. The performance of the proposed
controller is benchmarked against a conventional controller, and also tested
under atypical operational characteristics such as COVID-19 related
lock-down condition in 2020 which further highlighted the critical nature of

modern power systems planning.

Chapter 4

This chapter attempts to adopt a mathematical model for the electric vehicles
that is affected by the driving pattern. The effect of electrification of
transport on the building flexibility will be studied through adding
corresponding electric vehicle model to the energy balance model studied in
Chapter 3. Furthermore, the effect of electric vehicles on the occupant
comfort is studied. Finally, the model investigates the effect of electric
vehicles on the building-to-building. Therefore, this chapter is the

continuation of the previous chapter by adding the electric vehicles as a
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mobile storage that can be effected by occupants decisions.

Chapter 5

This chapter investigates the practical flexibility options at the distribution
level for preventing load curtailment in an emergency condition. A
decentralised control architecture is proposed for optimising the critical
components of the power flow model (i.e. active/reactive power, and voltage
magnitude) in the interface between transmission and distribution networks.
To ensure secure coordination, the proposed model considers the loading
margin as the security measure. This measure should be satisfied under
different circumstances. The transmission system operator optimises the
system operation while preserving the system security. The desired values of
power exchange and voltage level in the interface are sent to the distribution
system operators. To respond to the required set-point given by the
transmission system operator, the distributed distribution system operator
optimisers try to benefit from available network flexibility options while
respecting the integrity of their internal constraints. The first promising
flexibility option is the use of voltage regulators in the distribution level, as
the demands are voltage-dependent. The next network flexibility option is the
reconfiguration of the distribution network, which has been used to improve
different techno-economic characteristics of distribution grid separately. The
solutions of distribution system operator optimisers are sent to the interface
and compared with the requirement of transmission system operator. This
process is repeated by optimisers until a degree of convergence is achieved. If
the distribution system operators fail in satisfying the required boundary
points, they would apply the load curtailment to preserve the security of the
whole system. This paradigm highlights the role of distribution system
operators in providing flexibility measures for preserving the transmission and
distribution systems’ coordination. This framework can converge with a small
number of iterations and with a short computational time (only seconds),
which enables it as a suitable practical transmission and distribution systems’

coordination scheme for research and industry.

Chapter 6
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This chapter proposes a tri-layer min-max-min joint risk and security
constrained model predictive controller framework for real-time energy
scheduling of islanded microgrids and different flexibility options under the
influence of uncertainty and real-time time-varying contingency conditions.
The control philosophy starts from first layer cost optimisation, which applies
the preventive measures based on the predicted data. The preventive security
measures in this layer are adopted through optimal pre-scheduling of DERs,
and applying the demand flexibility program. The second layer aims at
identifying the worst-case contingency conditions by maximising the load
curtailment and the mismatch between the pre-scheduling energy
procurement cost (i.e. first layer) and that of real-time (i.e. second layer).
Convex time-varying security constraints are developed for the risk and
security constrained model predictive controller in the second layer, which
consider changeability in the location of disruptions over different zones of the
islanded microgrids. Finally, in the third layer, the controller develops a
convex real-time network reconfiguration as a corrective flexibility measure
against the contingency conditions, while re-scheduling the islanded
microgrids with a trade-off decision making (i.e. making compromise between
energy procurement cost and risk of uncertainty in the predicted data). Note
that solving the model without the first two layers results in an optimistic
decision making which neglects contingency condition or risk of uncertainty.
The proposed model benefits from a mixed integer conic programming which
is computationally efficient in terms of accuracy and processing time. These
developments allow the inclusion of risk and security measures in the
real-time energy management of microgrids that have to operate in islanded

mode.
Chapter 7
Lastly, this chapter covers the conclusions and summarises the achievements

of this PhD research followed by suggested opportunities for continuation of

this research as future work.



Background and Challenges

The following research question has been answered in this chapter:

What are the flexibility approaches in buildings for providing various grid

services? Furthermore, what are the main challenges?

New advances in small-scale generation and consumption technologies has
shifted conventional buildings’ functionality towards energy-efficient active
buildings (ABs). Such developments drew the attention of researchers all
around the world, resulting in a variety of publications, including several
review papers. However, a comprehensive literature survey, investigating the
flexibility of ABs in the energy networks through analytical control and
optimisation methods while addressing dynamic/operational modelling
challenges, is missing. This chapter conducts a systematic literature review so
as to analyse the concepts/factors enabling active participation of buildings
(i.e. buidling flexibility) in the energy networks. To do so, a relatively large
number of publications devoted to the subject are identified, introducing the
taxonomy of control and optimisation methods for the ABs. Then, a study
selection methodology is proposed to nominate potential literature that have

investigated the role of ABs in the energy networks.  The modelling

15
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approaches in enabling flexible ABs are identified, while the potential
challenges have been highlighted. Furthermore, the citation network of
included papers is illustrated by Gephi software and analysed using
“ForceAtlas2” and “Yifan Hu Proportional” algorithms so as to analyse the
insights and possibilities for future developments. The survey results provide
a clear answer to the research question around the potential flexibility that
can be offered by ABs to the energy grids, and highlights possible prospective

research plans, serving as a guide to research and industry.

Sections of this chapter have been published by the candidate as in the

following journal paper:

Nikkhah S, Allahham A, Bialek JW, Walker SL, Giaouris D, Papadopoulou S.
Active  Participation — of  Buildings in  the  Energy  Networks:
Dynamic/Operational Models and Control Challenges. FEnergies. 2021 Nov
2;14(21):7220.

Chapter roadmap: Section 2.1 gives a short description of the chapter.
Section 2.2 explains the research methodology. Section 2.3 presents the
results. The citation network overview is provided and analysed in Section
2.4. Discussion and future challenges are given in Section 2.5. Finally, Section

2.6 concludes the study.
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2.1 Introduction

The aim of this chapter is to investigate the role of AB flexibility in the
energy networks. Accordingly, different research works have been explored to
analyse the current issues of ABs, and the way that a single building or
cluster of buildings communicate effectively either together or with the
grid(s), focusing on the modelling challenges that can be brought about by
unlocking the flexibility in the dwellings. A citation network overview is
provided by Gepghi software and analysed using “ForceAtlas2” and “Yifan
Hu Proportional” algorithms so as to discuss and explore the future
challenges in the area. Generally, the main question that would be
investigated in this chapter is:

What are the flexibility approaches in buildings for providing various grid

services? Furthermore, what are the main challenges?

2.2 Review Methodology

In this chapter, a systematic review is carried out which mainly focuses on
activating flexibility through control and optimisation of single/multiple ABs.
Generally, a systematic literature review should aim at identifying, evaluating,
and interpreting specific issue in a particular field of study [15]. Thus, this
thesis focuses on controlling and optimising of the ABs operation and their

energy/information exchange with the grid.

2.2.1 Search Strategy

The key-terms, related to the subject area and review question are used for

searching available research in different databases. The following search terms

have been used: “smart/active building/home”, “flexibility”,“nanogrid”,
“energy service”, “application for the network”, “virtual power plant”,
“review”, “prosumer”, “sustainable/smart cities”, “electricity/heat/cooling

«

consumption”, emission”, “operation”, “optimisation and control”, and
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“energy management”. It is noteworthy that the mentioned keywords are

used in various combinations.

Furthermore, the methodology of [16], known as backward and forward search,
is used in some cases; to further identify the papers which were recognised as
high quality publications. Several related keywords are selected, and the search
has been conducted based on them; then, the key-terms that have not resulted

in more related materials are removed and search re-started with new terms.

2.2.2 Eligibility Criteria

Eligibility criteria are introduced in this thesis for selecting the final research
works for inclusion in the review. Based on such criteria, a framework is
suggested for study selection in the review, shown in Fig. 2.1. The first round
enquiry results in selecting all available publications based on the search
strategy. These studies are evaluated by three subsequent rounds, at which
some articles are extracted due to the designed filters for each round. The
extracting process starts from the second round, in which the general criteria
are applied to total publications. At first, the language of all manuscripts is
evaluated; then, in the next level, the extraction is continued by screening the
title of research works. The third round screens the title and abstract of the
papers, while in a more precise process, round four screens the whole text of
the papers that are included in this stage.  This process is followed
step-by-step, until the fifth round at which the total included papers have

been classified.

2.2.3 Classification and Research Analysis

For the classification process, different perspectives highlighted by the
available research works have been investigated. = Then, their concepts
presented in various categories, while the possible pathways for prospective
research have been indicated. Note that the classification criteria have been
reviewed several times, and the included studies analysed in different

categories. In-depth review is carried out to cover all required data, such as:
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Identification:

General search

¥

Title Screening:

LC: Language check

Y.
YL: Year limit

Y.
AB: Bias in the authors’ search

Y.
GI: Generally irrelevant to the main topic

Y.
GL: Grey literature (i.e. PhD thesis)

Y.
LQ: Low quality publication

¥

Title and Abstract Screening:

IC: Irrelevant context

Y.
BO: Building operation has not included

Y.

ET: Energy transaction has not mentioned

NI

Total research
works

Extracted
studies

Extracted
studies

¥

Full Text Screening:

RP: Repeated publication

A4
Th: Theoretical

Y.

Ex: Experimental

Y.
NV: From network viewpoint

0

\ A
i BD: Detail on building operation has not provided :

OI: optimization has

\r CI: Control methods
I have not included

not included

X
SH: Single off-grid home
Y

RQ: Cannot provide answer for research question ;

Extracted
studies

v

Classifying:

Classify the included studies

Total included
—>

FIGURE 2.1: The proposed search and classification flowchart.

studies

journal, year of publication, aims and objectives, model, test systems, solver,

results, and references.
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2.3 Results

The mentioned study selection criteria have been applied to all research works.
446 publications have been selected in the first enquiry, consisting of 325 journal

papers, 10 books, 101 conference papers, and 10 grey literature.

The titles of all publications have been screened in the second round,
resulting in the exclusion of 186 cases by different measures. The summary of
the first and second review process is given in Table 2.1. The main factor for
extracting such papers in the second level is the fourth criterion, in which the
publications that were generally irrelevant to the main topic of the survey
have been removed. It is worth mentioning that the main reason for applying
the year limit is the recognition that the key developments have taken place
in building technologies over the last decade. Consequently, the publications

before the year 2010 have been removed in this step.

A total of 208 papers have been progressed to the third round, of which 81
papers were removed by screening their title and abstract. During the
extraction process, 32 publications have been removed since they mainly
focused on other concepts in the AB; 35 research works have been deleted
since the operation of AB (either autonomous or grid-connected) was not
evident in their study description; the energy conservation/consumption
criterion is another filter for extraction of 14 publications. The summary of

this level is given in Table 2.2.

The fourth round of the evaluation process was more critical since all parts of

the papers have been analysed. To do so, the included papers in this level

TABLE 2.1: Summary of first and second rounds’ study selection.

Round 1 Round 2
Publication Selected Included * Excluded
LC YL AB GI GL LQ
Journal paper 325 173 6 10 34 44 - 13
Conference paper 101 39 4 6 8 11 - 33
Book 10 3 1 1 5 -
Grey literature 10 - 1 9

* Detail of each abbreviation can be found in Fig. 2.1.
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TABLE 2.2: Extracted papers in the third Round.

Publication Included Excluded

IC" BO ET
Journal paper 112 22 29 10
Conference paper 19 10 § 4
Book 3
* Detail of each abbreviation can be found in Fig. 2.1.

have been evaluated by various conceptual measures. In the first criterion,
the publications that were presented by the same authors and were similar in
methodology have been removed. Then, the papers that were mainly focused
on the theory of AB have been excluded, while the experimental papers have
been removed since they fail to comply with the research question, and their
authors mainly investigate the technical aspects. The research works that
considered flexibility from a grid viewpoint have not been considered for the
next level. Since the evaluation of building operation requires detailed
information, those papers that have not provided enough detail on this issue
have been removed. The control and optimisation criteria were another
important factor. The papers that have not focused on the operation of an
AB and its energy optimisation have been excluded in this level. In the final
level of study extraction, the papers that marginally covered the research

question have been removed.

Finally, in the fifth round, the included papers have been classified. 54 papers
are included in the final round and processed from different viewpoints, based
on the concept-based survey. The included papers are analysed in two
dependent phases. In the first phase, the selected papers are analysed by
various concepts, while the second phase of analysis presented a citation
network so as to organise various concept-based clusters of the first phase and
highlight the future investigation paths. In the following, a general overview
of the selected papers is given; then, the main concept of flexibility is
discussed based on the system structures and building assets enabling
flexibility.
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2.3.1 General Overview of Selected Articles

A wide range of terms have been utilised to distinguish the ABs from the
conventional passive ones. For example, in [17], the term “nanogrid” has been

4

used, while “smart building” and “smart home” are other popular terms that
have been widely used separately [18, 19], or interchangeably [20]. 72% of
selected papers either used “smart building” or “smart home”. In a different
terminology, Borou et al [21] introduced the term “domotic home”, meaning
“automation of the wvarious facilities of the house and the application of
automation techniques for the comfort and security of its dwellers”. The main
keyword in the majority of these papers is the term “smart” which has been
utilised with different building types such as “commercial” [22], and “office”

23].

Although the term “ smart” is a suitable keyword for identifying the new
buildings from the conventional ones, it cannot clearly show the role of buildings
and can misinterpret the application. Therefore, this thesis utilises the term
“Active Building (AB)” to highlight the role of buildings in the energy network,
which means that they can actively exchange energy and information with the

main grid.

2.3.2 System Structure and Flexibility Services

The overview of selected articles shows that two structures have been utilised
to integrate AB flexibility into the grid. These structures are shown in Fig.
2.2. The first group (Fig. 2.2-(a)) mainly focused on the operation and
energy management of the buildings. In this framework, different small-scale
generation assets (e.g. photovoltaic (PV) and combined heat and power
(CHP) units) are considered along with different controllable appliances (e.g.
washing machine, and dishwasher) for the ABs, while they are able to
send /receive energy and information to/from grid(s). The grid structure has
been neglected in this type of architecture and the main focus is on the energy
management of building(s). Also, the heating ventilating and air conditioning

(HVAC) loads are mainly concerned with heat demand (without consideration
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for temperature set points) in this group. This layout has been utilised by
81.5% (e.g. references [24-26]) of selected studies. This group will be referred
as “Building-Oriented Structure” in the rest of this chapter. The second
architecture (Fig. 2.2-(b)), which accounts for 18.5% of selected publications,
has mainly focused on a grid that aggregates the different types of loads
including AB loads. In the majority of articles in this category, an AB [27] or
a cluster of buildings (CoBs) [19] has been connected to the distribution
network. However, references [18] and [28] neglected the distribution network
and connected the CoBs to the transmission system. The on-site capacity of
ABs has been neglected, and the HVAC loads are the only controllable assets
in this category. This group will be referred to as “Grid-Tied Structure”.

@ ®

—> Receiving energy
<— Providing energy

Predicted load

Time (hour)

Building appliances

CHP generator

ﬁ = Rooftop PV generation

Electrical storage =

Utility grid

Upstream
Network

Wiy,
> ‘'

.
-
- Small-scale wind
- turbine

\\

HVAC load

FIGURE 2.2: Different architectures in integration of ABs into the grid: a)
building-oriented, and b) grid-tied structures.

In both structures, the main goal is to analyse different flexibility services that
could be enabled by the ABs. Fig. 2.3 shows various flexibility services that
could be provided for the grid by ABs based on the selected articles. As can
be seen in this figure, in addition to the economic benefits for the ABs, these
units can provide several services for the grid. The cost in this figure can be

energy bill reduction or even generation and transmission investment cost in
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Frequency regulation

Reactive power support
Voltage support
Load shaving

AB
Flexibility
Services

FIGURE 2.3: Various building flexibility services for the grid.

the grid side. This is the major point of flexibiltiy according to this figure,
which has been investigated in the operational [29] and investment costs of the
grid [11]. This major advantage of building flexibility is achieved by energy
exchange between the grid and ABs. The other services have mainly focused
on the technical characteristics of the grid such as frequency regulation and

other ancillary services.

The building flexibility services can be divided into two groups: a) slow
services, which are enabled through building thermal capacity and can affect
the operational cost of the grid as a slow demand response (DR), and b) fast

services, which can provide both technical and economical services for the

TABLE 2.3: Technologies in the AB.

Battery energy storage [17, 20, 23, 25, 27, 30-57]

Thermal energy storage [20, 21, 32, 36, 49, 54, 5759

Wind turbine [20, 25, 26, 33, 41, 51, 53-55, 58, 60]

PV [17, 20-23, 25-27, 30-51, 53-56, 58, 59, 61-64]
CHP 20, 21, 29, 32, 36, 40, 44, 54, 56-58, 65
Boiler [20, 21, 23, 32, 36, 40, 54, 57, 61, 62, 65]

Controllable loads [18—-21, 23-51, 53-59, 61-70]
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FIGURE 2.4: Worldwide EV investment [71].

grid. Enabling the flexibility in the latter group can be done through
controlling various AB assets. Table 2.3 summarises the main technologies
that have been utilised to actualise flexibility in the ABs. The internal AB
components are mainly supervised by a controller that optimises the energy
transaction based on the available data transfer. According to Table 2.3, the
means of flexibility based on the technology is mainly enabled through
controlling demand, especially those which have considered large-scale
integration of ABs into the grid. This table also shows the importance of
storage devices in enabling different types of flexibility. However, the
potential of on-site generation capacity of ABs cannot be neglected. They can
provide more flexibility and postpone the need for new generation

investments [11].

Similarly, electric vehicles (EVs) can be a proactive player in the control and
optimisation of buildings, as the consumer or even as the service provider for
the building or grid. According to the recent global EV outlook (see Fig. 2.4),
a significant increase in the number of EVs is observed over a year, passing
10 million in 2020, an increase of 41% from the previous year regardless of
the pandemic issues [71]. In 2018, total electricity consumption of EVs was

58 terawatt-hours, worldwide, which is similar to the total electricity demand
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of Switzerland in 2017 [72]. Furthermore, EVs can also provide energy for
the network, with their discharging properties, enabling them to be a service
provider in a small scale, say as a microgrid, consisting of smart home or
a community of buildings. This characteristics of the EVs along with other
available smart technologies, existing in ABs, enable the concept of flexibility
for the building energy management system (BEMS) [30]. This characteristics
will be highlighted in Section 4.1.

2.3.3 Dynamic Modelling Approaches for Flexible ABs

Based on their structure, the flexibility in ABs is investigated by two different
approaches. In the building-oriented structures (i.e. Fig. 2.2-(a)), the main
focus is on the controlling of different assets and tasks. The grid-tied
structures (i.e. Fig. 2.2-(b)), however, focused on AB behaviour in the grid.
According to [27], three modelling approaches can be utilised for investigating
the AB behaviour, namely, data-driven models, high fidelity physical
formulation, and thermodynamic models. While the first group provides good
operation data, they fail in giving accurate results outside the trained set.
Also, the size and complexity of physical models is a stumbling block,
regardless of their accuracy, especially in real-time methods, which require
reliable and frequent processing of the model in a short period of time.
Therefore, the thermodynamic models enjoy a considerable popularity among
the literature thanks to their simplified performance and accurate evaluation
of system states. This section discusses the system dynamics, operation
mode, and control variables which are three important concepts that define

the flexibility of ABs in the modelling approaches.

2.3.3.1 System Dynamics

In order to analyse the integration of ABs into the energy grids, it is of
utmost importance to build a dynamic model for both sides. The model
should cover vital perspectives of energy transactions, with consideration for
important constraints that limit such interactive energy scheduling. Such

mathematical models are mainly assembled around one or a set of objective



Chapter 2: Background and Challenges 27

functions. The outcome of this optimisation problem defines the decision
variables that control the system elements. As aforementioned, the modelling
approaches of flexible ABs can be discussed based on their structure. The
building-oriented models (i.e. Fig. 2.2-(a)) mainly focus on the operational
characteristics, while grid-tied models (i.e. Fig. 2.2-(b)) are concerning AB

and the grid dynamics simultaneously.

The building-oriented operational models mainly proposed an optimisation
problem that considered flexibility in the AB tasks (depending on the type of
building) and small-scale generation units such as roof-top PVs. In the
selected papers (e.g. [20, 31]), the AB demand and generation has been

modelled as follows:

A A A
Y OXEP =Y B (2.1)
t o
A A
S X PE = PP (2.2)
0 < Pfem < pime (2.3)

where constraint (2.1) is mainly used for controlling the AB tasks based on
their operation (i.e. cooking, washing, heating etc). By optimally controlling
the on/off status of each building appliance (i.e. letp) at time period t, the
controller can create flexibility in each AB’s load. The optimal load of each AB
(i.e. PAP) can be obtained in (2.2) based on the consumption power of each
building appliance (i.e. P{j‘tp ). Constraint (2.3) shows the capacity limits of
AB-installed generation units. As aforementioned, flexibility in the AB side is
defined by controlling the generation and load of each building. This flexibility
can be provided by introducing load balance in each building, defined by [57]:

PtAB _ PtGen + Ptimport _ PtEmport (24)
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where the variables P/ and Pf™°"" respectively show the imported and
exported power from/to the utility grid at time period t. The interaction
between different forms of energy, such as heating and electricity, can be applied
through consideration of technologies such as heat pumps that convert energy
from one form (electricity) to another (heat) [44]. Note that in the selected
papers, the electrical sector plays the main part in control and optimisation, as
electricity can be converted to other forms of energy for supplying demand and
creating flexibility in all energy sectors. Generally, the imported and exported
power are the main control variables that enable flexibility from the ABs. These
control actions are mainly applied through definition of a binary variable (e.g.
X&) as follows [54]:

szport < P]\G421;g X?rid (25)

P < P < (L= x§T) (2.6)

However, it has been shown in [19] that neglecting the energy grid constraints
in building-oriented operational models can create critical challenges for the
energy grids, such as affecting the voltage profile of distribution networks.
This problem has been addressed in the building-integrated dynamic models
by considering the grid constraints through optimal power flow method [29].

The grid dynamics are mainly modelled as follows:

Z nm,t Z(Pg;nt—’_an nmt):PtAB+PtL (27)

nm

Z Qnmt Z (erm,t + Xnm I, t) = PtAB\/ f12 ~1+Q (2.8)

nm

where Pf n,t and Q nt are active and reactive power flow at time period t

through the grid feeder connecting the n, and m buses. The energy system load
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consists of the building demand (i.e. PAP) and the feeder demand (i.e. PL).

These constraints are supported by other physical and operational limits of
the electricity grid such as voltage and feeder limits. Consideration of reactive
power in this form of optimisation is another positive aspect in relation to the
scope of work undertaken in the literature. The non-linear nature of these
equations, however, can create computational challenge. In this regards, the
majority of selected studies have scarified the accuracy by simplifying the model
[28, 29]. The important grid constraints, such as voltage profile of electricity

grid, has been neglected in some papers [18].

In the building-integrated dynamic models, PAP = PHVAC 4 Ptf “ represents
the active power consumption of ABs, consisting of the fixed load of each
building Ptf “ and the power consumed by HVAC units PfTVAC. The latter is
mainly obtained based on the thermodynamics of the ABs, which is basically

modelled by a resistance and capacitance network as follows [27, 28, 36]:

Ttﬁl — TtB + At (Ttout _ TtB) + At Hth (29)

Rth Dth Dth t

where, in (3.4), the thermal load can be modelled as H{" = COP x PHVAC,
in which COP is the coefficient of performance of HVAC systems. R (in
°C/kW) and D (in °C/kWh) respectively represent the thermal reactance
and capacitance of of ABs. These parameters are defined for each individual
building based on the thermal resistance and capacitance of rooms, walls,and

windows [18].

In order to summarise the important characteristics of mathematical models,
Table 2.4 is provided, which gives a taxonomy of selected articles based on
the properties of their mathematical models, including objective function,

constraints, model type, and solvers. The main observations are:

(i) It is a well-known fact that customers are concerned about their bills
and the economic perspectives of their controller. Accordingly, 100% of
the papers considered cost/profit-based objective functions for their

model. In the majority of research works, economic aspects of the
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(iii)

energy exchange, which includes the cost of energy imported from the
main grid and the income from selling energy back to grid, has been
taken into account as the main part of any cost minimisation function,
highlighting the key-role of optimised energy transaction with the grid,
and re-emphasising the concept of ABs as the active players of energy

optimisation.

Based on Table 2.4, whether considering or not considering the grid
constraints is an important denominator of the models. Meanwhile, the
similarity in both types of optimisation problems (i.e. those which
consider the gird constraints and those which do not account for grid
constraints) is the flexibility that can be activated in the ABs through
the optimal control of their assets. This flexibility has been reflected in
the variable that defines the exported power to the main grid. In
addition to the exported power to the main grid, however, new load
control mechanisms can be applied to the ABs. For instance, the
consumption pattern of AB appliances (i.e. Pftp in Eq. (2.1)) can be
considered as a variable rather than a parameter. Considering it as a
variable allows the controller to adjust the building load based on
desired control objectives. This can add more flexibility to the AB loads
in addition to the shifting mechanism that is controlled by on/off status
of each task. Meanwhile, interaction among the ABs needs more
investigation (See Section 3.1). This idea can be adopted based on the
concept of peer to peer energy markets [73]. However, the occupants’
preferences should not be neglected in such a paradigm. Thus, the
control models should be modified to make trade-off between cost and

occupants’ comfort (See Section 3.1).

Only a small proportion of the papers considered other objective
functions rather than the operational cost, such as occupants’ comfort
or/and environmental aspects (See Section 3.1). In [64], the authors
have integrated different goals in the formulation of one objective
function, and the problem has been solved as a single-objective
optimisation. In some cases [25], focusing on the comfort level, the
economic factors in the objective function are considered for the energy

transaction between building and grid, which limits the energy exchange
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(iv)

based on the comfort level. Despite the importance of the economic
targets, there is a need to consider other aspects in the objective
function(s) and solve the model as a multi-objective optimisation. Of
the selected papers, only 18.5% of them have solved the models as a
multi-objective; almost all have used the weighted sum method [74] for
handling the problem as a multi-objective. However, the weighted sum
method cannot sufficiently handle non-convex optimisation problems
[75].

The majority of articles focusing on the operation of ABs have proposed
a mixed integer linear programming (MILP) model, which is a common
practice for control and optimisation purposes in the building sector 76,
77]. This kind of optimisation model can be solved by commercial solvers,
like CPLEX. Meanwhile, 42.5% of the papers proposed mixed integer non-
linear programming (MINLP) models. It is generally a difficult task to
obtain a global optimal solution from such typically NP-hard problems.
The types of solvers that have been used for each optimisation problem
is given in Table 2.4, which have been applied using GAMS, MATLAB,
Python, Julia, and EnergyPlus software packages.
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2.3.3.2 Operation mode

As previously stated, the energy and data transaction with the main grid is the
most important feature of AB flexibility. Accordingly, their flexibility is mainly
defined based on their connection with the grid. The summary of operation
mode (off-grid, grid connected) and the involvement of multi-energy carriers
in the selected papers is given in Table 2.5. This table clearly shows that all
available works studied the operation mode as grid connected. Although the
off-grid characteristic could be a significant feature for buildings, it has not been
considered in the literature to any depth. This option can add more resilience
characteristics to the ABs. Being able to operate in off-grid mode is regarded
as an important characteristic of well-managed ABs [17]. It has been shown in
[26] that the building can benefit from the available installed wind and solar
capacity efficiently in both on- and off-grid modes, and it has been shown that
the majority of building load is supplied by RESs in both situations. In [46],
an economic analysis is performed to show the effect of electricity tariffs on
the decision of the home owner to stay connected with the grid or operate in

off-grid mode.

As shown in Table 2.5, another important characteristic of ABs is their
capability to deal with various energy carriers. Despite the importance of the
multi-carrier energy concept [78], in a wide range of papers, there is no
evidence of dealing with other forms of energy except for electricity. The
majority of those articles which have investigated different forms of energy,
belong to the first architecture of integration, which has been shown in Fig.
2.2-(a). However, those which have concerned the grid dynamics mainly
focused on the electric networks and neglected the potential of other energy
systems in enabling more flexibility. It has been shown in Reference [29] that
more flexibility can be provided by ABs through coupling the heating and

electricity systems.

2.3.3.3 Control Variables

In both types of building-oriented operational and grid-tied dynamic models,

providing the flexibility is actualised based on the decision variables that are
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TABLE 2.5: Operation modes and energy carrying in included papers.

Ref Operation mode  Energy carrying Ref Operation mode  Energy carrying
off-grid  on-grid multiple single off-grid  on-grid multiple single

[54] v v [43] v v
[30] v v [44] v v

[17] v v v [45] v v
[18] v v (46] v v v
[19] v v [47] v v
[20] v v (48] v v
[21] v v [49] v v

[22] v v [50] v v
[23] v v [51] v v

[24] v v [52] v v
[25] v v (53] v v
[26] v v v [55] v v
[27] v v [56] v v
[28] v v [57] v v

[29] v v (58] v v

[31] v v [59] v v
[32] v v [60] v v
[33] v v [61] v v

[34] v v (62] v v

[35] v v [63] v v
[36] v v [64] v v
[37] v v [65] v v

[38] v v [66] v v
[39] v v [67] v v

[40] v v [68] v v
[41] v v [69] v v
[42] v v [70] v v

sent by the controller to the ABs or CoBs. The share of various control variables
in enabling energy exchange with the main grid is shown in Fig. 2.5. This
figure clearly shows that controlling the energy interaction between the grid
and ABs accounts for 100% of the selected papers, putting emphasise on the
significance of the flow of energy between the main grid and buildings. Note
that the double-headed arrows demonstrate the energy exchange with the grid,
based on the control signals. It is evident from Fig. 2.5 that the main control
signal in enabling flexibility is general load control, accounting for 90.7% of
selected articles. With 74% of share, the second in this list is energy storage,
which can enable energy transaction with the grid through charge and discharge
mechanism. However, a lower percentage (e.g. 31%) of the articles focused on
enabling flexibility through home appliances. Besides, despite the importance
of on-site generation units in enabling flexibility, this group accounts for the

lowest proportions of interests among the selected studies, with 11.1%.
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Share of publications (%)

= Home appliances

= General load control

= Controllable generation units
m Energy storages charge/discharge
= Electric vehicle charge/discharge

m Energy exchange with the energy grid

FIGURE 2.5: Share of differnet control variables in enabling flexibility.

2.3.4 Flexibility Challenges

Energy systems have been enjoying a centralised control mechanism for a long
period of time. Enabling the flexibility in the ABs requires the decentralisation
of control architectures. Decentralising the control mechanisms and embedding
control systems in the conventionally passive buildings can not be an easy task
and brings about several challenges. Regardless of technical and operational
challenges, three important issues should be considered precisely. The first
challenge is how to integrate millions of buildings into the energy systems.
Designing a control mechanism that can handle the time-scale discrepancy
is the second issue, while the variability of input data which are under the

influence of external factors is the third in the list. This section discusses these
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three issues, and investigates the main approaches in the selected articles for

dealing with them.

2.3.4.1 Scalability of integration

Despite the importance of data-driven methods in predicting the building
load demand [79], it is of utmost importance to investigate the dynamics of
building integration to the grid through a precise analytical method rather
than a prediction method. To do so, a critical question arises here, which is
how to achieve an optimal control decision for a relatively large number of
ABs?

Table 2.6 shows the proportion of various number of ABs in the case study of
selected articles. As can be seen in this figure, the majority of articles focused
on a small number of ABs and tried to investigate the concept of flexibility.
Different types of load and generation control techniques are evident in these
papers [22, 23]. However, it has been shown in [80] that increasing the number
of ABs affects the quantified participation of buildings in the grid. In Table
2.6 the papers that have concerned the large-number integration models are
mainly grouped as the building-tied structures (i.e. Fig. 2.2-(b)). Some of the
articles benefited from data driven methods for their integration [41, 43, 46],
and focused on the exploring of different scenarios of flexibility that could be
provided by ABs. The other group [29] utilised the thermodynamic models
for large-scale integration. They have simplified their model in two ways so
as to achieve acceptable computational efficiency. Firstly, they have simplified
the dynamics of the grid, which brought about neglecting important measures
such as voltage profile of electricity grid [18, 28]. On the AB side, as shown
in Fig. 2.2-(b), they have only focused on the thermal loads and considered
other building loads as a constant parameter. The thermal loads are modelled
with thermodynamic load model given in Equation (3.4). Those which have
considered the other characteristics of ABs have mainly focused on a small

proportion of properties [19, 27].
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TABLE 2.6: The number of ABs in the integration models of selected
articles.

Number of ABs  Popularity (%)

1 50

1-9 22.3

10 - 99 16.7
100 — 999 4
> 1000 7

2.3.4.2 Time-scale discrepancy

The issue of time-scale discrepancy is another major challenge in activating
the building flexibility. In order to tackle this issue, the existing literature
suggested the utilisation of hierarchical control methodologies, and benefiting
from the real-time control algorithms. Through this method, the time-steps of
energy grid are resided in those of ABs through real-time energy management
techniques [28]. The popularity of real-time and day-ahead techniques among
the selected studies is illustrated in Fig. 2.6. Despite the importance of time-
scale discrepancy, this figure shows lower interest among the selected literature
for solving the integration problems as a real-time optimisation. Nonetheless,
this issue can clearly affect the results of energy management strategies, as
it has been demonstrated in [27], by solving the energy management strategy
with and without real-time simulation. Therefore, it is of utmost importance to
concern the time-scale discrepancy in the integration models and benefit from

a real-time control approach.

Fig. 2.6 also shows the share of different control algorithms is dealing with
the real-time optimisation problems. Among the selected studies which have
concerned the real-time controlling, the look-ahead algorithms, which mainly
operate based on the idea of the model predictive controller (MPC) [47, 60],
are enjoying considerable popularity. Another efficient approach to deal with
time-scale discrepancy is to proceed an online dynamic simulation, which has

been utilised in several articles [42, 62, 66], as shown in Fig. 2.6.

Regardless of the efficiency of the real-time control approaches, there are several

important issues that should be taken into account. Firstly, these approaches
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FIGURE 2.6: Popularity of different control mechanisms among the selected
studies.

should be able to deal with large-scale integration of ABs. The importance
of this issue has been explained in the preceding section. Secondly, increasing
the simulation resolution (i.e. decreasing the time-scale to seconds) increases
the computational time exponentially, especially for large-scale problems. This
can demand powerful processing and creates substantial challenge for control
designs (See Section 3.1). The data-driven methods can be utilised to tackle this
challenge. Finally, the input data is the last but not the least in the potential
challenges of the control systems. The real-time data transfer between different
parts requires the involvement of the concept of internet of things [81] in this
process. Besides, the uncertainty in the prediction of future data for processing
look-ahead control signals creates substantial challenges (See Section 3.1) . The

influence of uncertainty on the flexibility will be explained in the next section.

2.3.4.3 Uncertainty of input data

Similar to any other analytical methods, the control and optimisation
methods that are suggested for the AB flexibility require data handling.
Regardless of control mechanism (i.e. real-time or day-ahead), the acquisition
of data into the simulation is another challenge for enabling grid-aware

buildings. Although the data-driven methods, which mainly operate based on
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machine learning approaches [82], have been proven as an efficient approach,
the issue of uncertainty in the prediction cannot be ignored. In the selected
literature, different sources of uncertainty such as renewable energy resources
[17, 30], market price [20, 50], and system demand [23, 63] have been taken
into consideration. As shown in [22], however, there is some possibility of
violation between actual and real-time input data, even for real-time
methods. These algorithms are less capable of predicting sudden changes in
generator output, and therefore, can have possible prediction errors. The
issue of uncertainty can influence the flexibility of ABs, which is the main
target of this thesis. To show the significance of uncertainty in control and
optimisation of ABs, the main results obtained from uncertainty management
in the selected papers are summarised in Table 2.7. According to this table, it
is clear that a key factor that could be affected by uncertainty is optimal cost
of transaction with the main grid. Therefore, in the ABs, in which the
energy /information transaction with the main grid would happen, it is of
great importance to account for uncertainty and its effect on decision making
(See Section 3.1).

TABLE 2.7: Effect of uncertainty on the flexibility based on the selected
literature.

Ref Main results
No
[54 There is a need to raise operation cost to improve the system robustness.

(30 Expected operation cost is higher in stochastic environment.

[17 More investment cost for ESS planning is required in an uncertain environment.
[20 Energy bill of building increased so as to improve the robustness of system.

[22 Operation cost is affected by uncertainty.

[23 Expected energy cost is increased.

]

|

]

]

]

]

| Total operation cost needs to be increased.
[38] Demand uncertainty affects forecast errors.

]

]

]

]

]

]

]

[48 Cost saving is more usual in the winter season.

[49 Considerable difference between buying energy from grid with and without consideration for uncertainty.
[50 The scheduling pattern of home appliances’ usage is changed

[53 Operation cost would increase in uncertain environment.

(58 The CHP should increase its generation capacity

[60 Operation cost increased.

(63 Importing power from main grid is more likely to be affected compared with the exported power.
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2.4 Citation Network Overview

To further analyse the included papers and provide a visual overview, a
citation network is illustrated in this section. Such a visualisation tool, builds
a graph based on the layout and modularity algorithms, showing the existing
path between relevant references and demonstrating the possible community
structures that could be designed. The citation network is built based on the
included papers, and they have been considered as the core of citation
network, while their structure is developed based on the backward and
forward methods [16] in Scopus citation database. Accordingly, the papers
that cited the included papers as well as those which have been cited by the
core nodes are added to the network. Gephi software package [83] is used in
building the database, and the graph layout is analysed by “ForceAtlas2” [84]
and “Yifan Hu Proportional” [85] algorithms, which provide a spatial
mapping of the citation network. Fig. 2.7 represents the citation network

overview, which was actual for May 2021.

Different communities are observed in Fig. 2.7, which have been shown with
various colours. The connection nodes that drew a path between nodes of the
same concept-based community are larger in the graph, which demonstrate
how a specific concept is directed by other research works. Following each
community is more likely to result in a research direction. The graph is

explained in three layers as follows:

First layer: Regarded as the core layer of the graph, since the basic concepts
are mainly taken into account in this layer. It accounts for the publications
that mainly solved the model in day-ahead mode, with ABs connected to the
main grid. These two concepts, that are mainly observed in the core layer,
could be considered as the starting point of developing the optimisation and
control of the AB operation. Consequently, the articles in this layer, Ref. [62]
for instance, are connected to several nodes in the middle, and even outer
layers. In addition, there are considerable interconnections between nodes of
this layer. For instance, Reference [54], is connected to several of the nodes in
the core layer, meaning that backward and forward citations of this work are

mainly constructed based on the core concepts.
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FIGURE 2.7: Citation network overview of selected papers based on the
challenges and opportunities highlighted in this chapter.

Second layer: This layer, the middle layer, mainly consists of significant
works that have been developed from the core layer, and could be regarded as
the starting points of a wide variety of important subjects, such as occupants’
comfort, real-time simulation, and islanded operation of ABs. Note that the
majority of core nodes, separated by circular windows in the graph, are located
in this layer. Therefore, the middle layer could be considered as the starting

point of the developments that have taken place in the third layer.

Third layer: This layer, which is the outer part of the graph, shows the less

DWW
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developed subjects that could be worthy of further research. It is evident from
this graph that real-time models have been developed in recent years and could
be continued. Also, papers which considered the grid constraints are a key part
of the upper layer, demonstrating the significance of this concept in recent years.
Examining the operation of ABs in off-grid mode is another development which
has been investigated and could be extended through further research. Finally,
the concept of multi-carrier ABs has been developed in several directions in
the graph, mainly in the outer layer. Note that the interconnection between
nodes from different clusters in this layer demonstrates the idea of combining

various concepts for future investigations.

Based on the citation network graph overview, it is recommended that the
basic concepts be investigated in six windows as:

W1: This window, which is located in the core layer, continued the path of
those works which solved the model in day-ahead, by solving the model in
real-time. This idea has been explored in several articles, such as references
[47], [69], and [66] which are directed by connection nodes (i.e. large red
nodes) to the basic node.

W2: As aforementioned, decision making under uncertainty is a critical issue
in the operation and control of ABs. Accordingly, the node captured in this
window investigated this subject, which has been followed by other works in
this area (e.g. [24], and [63]), into the outer upper layer.

W3: It has been shown in the previous phase that carbon footprint reduction
has not been widely investigated in the literature. This window shows that
the work on this issue, presented in [65], has been continued by some new
articles recently, proving the importance of the issue for further work.

W/: Optimal scheduling of household appliances is a basic concept, which
has been captured in this window, that started from the first layer, and was
continued by [31] and in the middle and outer layers respectively. The
interconnection point in this window (i.e. large black node) is directed to
many nodes, with various subjects in the outer layer.

W5: The idea of occupant’s comfort is developed in this window, in [39],
which has been connected to significant works in the outer layer. In addition
to those works from the same cluster, this window includes other issues such

as operation in islanded mode [26] and adding the grid constraints to the
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model [25].

W6: The idea of this window is around grid-tied ABs. The core of this
window is Reference [19], which has been continued by other articles in [28].
These references show the importance of including grid constraints in the

model.

2.5 Discussion

The research works that have been reviewed in this thesis demonstrated that
ABs can play a decisive role in the energy network. The literature review
shows the potential value of this area of research. Nonetheless, the role of this
concept in research and industry can be more crucial in the future. This chapter
presents the challenges in enabling the role of ABs in the energy networks.
These challeges will be studied in this thesis.

2.5.1 Overview of Future AB-Integrated Architectures

Different forms of technologies and structures can be linked to the ABs. For
instance, adding EVs into the AB design can be a promising solution for
improving flexibility. The mobility is a complex challenge when considering
EVs for providing energy services for the grid. However, the challenges of
integrating the transport structure into available systems should be studied

and analysed.

2.5.2 Enabling More Flexible ABs

Changing the role of conventional passive building towards energy efficient ABs
can create a wide range of services that can be provided to associated energy
networks. Despite the significance of data-driven models [86] in exploring the
behaviour of ABs, analytical methods are essential in studying the flexibility of
ABs in the energy networks, especially when considering grid constraints. This

requires use of the state of the art analytical methods such as the optimal power



Chapter 2: Background and Challenges 44

flow. In an integrated grid and AB model, there will be several challenges that

need exploration.

Objective function: in an integrated AB and grid model, the grid operator and
AB objectives are more likely to affect each other inversely. Consequently, the
objective function(s) of such optimisation problem should be defined based on
grid and AB goals simultaneously. Also, in addition to economic models, there
are other important criteria for controlling the buildings’ operation, such as

environmental objectives of reduction in carbon dioxide emissions.

Load aggregation: in the majority of previous literature, the interaction between
ABs and the utility grid is studied with a small number of AB units. However,
the aggregation of a large number of ABs in a big city or concentrated across

a small area of energy network could be a challenging issue.

Occupants’ comfort: the operation of ABs is highly influenced by occupants,
and it is essential to consider occupant comfort either as a problem constraint
or an objective function. Available comfort models mostly consider three main
indices, which are visual, thermal, and air quality factors, while more lifestyle

related measures can also be added to this category (See Section 3.1).

Services: creating the flexibility in the ABs can enable a wide range of
services to be provided to the utility grids. Consideration for reactive power
flow in the grid side creates different challenges and opportunities for
activating reactive power support from the AB side. Also, enabling resilient
ABs can create the possibility of providing resilience/security /reliability

services in critical conditions.

Model type: the type of mathematical models applied in the research is an
important point in defining the practical application of ABs. For example,
for cost reasons, an AB controller should not demand an expensive powerful
processor. Therefore, the MILP mathematical models should be developed for
the AB controllers. Such models can be solved by commercial solvers and do

not demand expensive processors.

Operation mode and energy vectors: integrating and communicating with

different energy networks should be enabled in future ABs efficiently. Also,
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the ABs should have the ability to co-operate with each other in
grid-connected and autonomous modes. The latter mode can be crucial in
contingency conditions when the distribution grid is disconnected from the

upstream network.
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2.6 Summary and Conclusion

Buildings as the end-users of energy networks are responsible for a sizeable
amount of energy consumption and environmental pollution. Therefore, it is
crucial to revise their role in the energy networks. A large number of
publications have been delivered in the past decade, investigating the
alternative tools in enabling flexibility in the buildings. This has engaged the
various researchers and industries from different fields of engineering and
science so as to find alternative control, optimisation, management,
communication, and construction approaches for activating grid-aware
buildings. This chapter presents work undertaken to identify and analyse
relevant literature in the area of control and optimisation of ABs, through a
systematic review. Firstly, all available research materials are obtained.
Then, a sequential study selection criteria is introduced to identify potential
literature which can comply with the research question. The included papers
are evaluated based on a conceptual process so as to specify the current
knowledge in the area and suggest future challenges for research and industry.
Finally, a citation network is illustrated based on the included papers and
backward/forward methods so as to show the interconnection between various

papers and highlight the possible research pathways.

To conclude, mathematical models that will be developed for AB flexibility
should be computationally efficient, while considering the occupants’ comfort
as an indispensable criteria in the integration of ABs into the energy
networks. The control variables that are defined for technologies and devices
within the building could be subject to the type of buildings (i.e. residential,
commercial, or industrial), with consideration for the main lifestyle criteria,
weather-related changes, and seasonal patterns. Available control models,
explored in this chapter, can be adopted by real-life experiences and
data-driven approaches. Therefore, the adaptation of data-driven models in
defining this real-life information can help in developing the analytical

models.

Based on this systematic literature review, Chapter 3 of this thesis fills the

following gaps:
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e The possibility of energy exchange between buildings while also managing
occupants’ thermo-visual comfort and his/her expressed preferences for

domestic tasks (in the form of a schedule).

e Deconstructing the demand flexibility to its sources of sensitivity to
alterations of comfort level and timing- ON/OFF status — or load

adjustment of home appliances.

e Considering the effect of uncertainty on the model predictive control
based rolling horizon methods, as suggested in [87], while improving the
robustness of this method against uncertainty. The uncertainty can
influence the energy exchange between buildings and overall comfort
level. Furthermore, role of building occupants in improving robustness

in face of uncertainty needs more exploration.
Also, Chapter 4 of this thesis fills the following gaps:

e Electrification of transport sector can influence the energy network and
consequently local energy trading.  Therefore, it is necessary to
investigate the effect of multiple-energy vector optimisation on the local

energy trading.

e Although the role of EVs on the economic perspectives has been studied,
occupants comfort can have its influence on the decision making process.

The EVs’ participation can be affected by the users’ preference.

e The papers that have considered EV in energy management strategies
have not taken into account EV’s driving patterns. This is a simplistic
modelling of EV behaviour since the power that is consumed in driving
mode of these units is an important factor in definition of their state of

charge.

It is worth mentioning that the gaps observed in chapters 5 and 6 will be

presented in their associated chapters.

This chapter reviewed the challenges and opportunities in activating building
flexibility. The next chapter investigates the building flexibility based on the

challenges discussed in this chapter.



Multi-Objective Energy
Management of Building
Flexibility

The following research question has been answered in this chapter:

How to optimise energy transaction between buildings as well as with the main
grid so as to unlock their flexibility while accounting for wuncertainty of

weather forecast and market price?

Energy systems are undergoing radical changes that have resulted in buildings
being regarded as proactive players with the potential to contribute positively
to energy networks by enabling higher levels of flexibility. Achieving such a
goal, however, requires a paradigm shift in the optimal management of
building assets (i.e. building appliances and generation/storage capacity),
occupants comfort and local energy exchange. As discussed in Chapter 2,
achieving higher levels of flexibility in the buildings is subject to satisfaction
of occupants. In order to deal with this challenge, a control framework is

required which supervises buildings and their communally-shared portfolio of

48
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assets, while exploiting the possibility of energy exchange between buildings
and/or with the utility grid. This chapter proposes a multi-objective energy
management strategy for a group of ABs that form a residential microgrid
(RMG), making a trade-off between energy bill and comfort level of
occupants. Such multi-objective control method could be compared against
conventionally thermostat controlled buildings. Furthermore, different forms
of AB flexibility is investigated by introducing a building-to-building (B2B)
strategy for energy exchange between residential units, as well as a
building-for-grid (B4G) model by exploiting the demand flexibility of RMG.
These advanced flexibility measures could enable different opportunities for
local grids. The mid-market rate mechanism is adopted to produce local
market price signals at RMG level. Finally, due to the influence of various
sources of uncertainty on the building energy management, a robust rolling
horizon controller is developed for real-time energy management of the RMG.
This control philosophy can improve the robustness of the RMG in face of
uncertainty in the weather and energy price prediction errors. The
repercussions of COVID-19 induced power consumption resulting from
changing lifestyle and building occupancy profile is analysed by the proposed
method as a case study. The efficiency of the proposed method is validated by
simulation results. The simulation results demonstrate the significance of the
proposed B2B and B4G strategies in enabling higher levels of flexibility.
Besides, the results show a much improved efficiency of the proposed control
strategy compared to existing conventional methods. The role of building

users in unlocking the higher levels of flexibility is evident in the results.

Sections of this chapter have been published by the candidate as in the following

journal paper:

Nikkhah S, Allahham A, Royapoor M, Bialek JW, Giaouris D. Optimising
Building-to-Building and Building-for-Grid Services Under Uncertainty: A
Robust Rolling Horizon Approach. IEEE Transactions on Smart Grid. 2021
Dec 15;153(2):1453-67.

Sections of this chapter have been published by the candidate as in the following

conference paper:
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Nikkhah S, Allahham A, Royapoor M, Bialek JW, Giaouris D. A Community-
Based Building-to-Building Strategy for Multi-Objective Energy Management
of Residential Microgrids. In2021 12th International Renewable Engineering
Conference (IREC) 2021 Apr 14 (pp. 1-6). IEEE.

Sections of this chapter is under review in the following journal paper:

Nikkhah S, Allahham A, Patsios H, Taylor PC, Walker SL, Giaouris D.
Building-to-Building Energy Trading under the Influence of Occupant
Comfort. International Journal of Electrical Power & Energy Systems. 2023

Chapter roadmap: Section 3.1 describes the motivation and the research
gap covered by this chapter. Section 3.2 illustrates the concept of RMG.
Section 3.3 outlines formulation of problem. Section 3.4 explains different
stages of the proposed multi-level control scheme. The framework description
and simulation setup are introduced in Section 3.5. Simulation results are

discussed in Section 3.6 and Section 3.7 concludes the chapter.
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3.1 Introduction

Building’s relationship to energy systems are evolving due to onsite
generation, smart appliances and demand-side response. 36% of global energy
consumption is attributed to building’s embodied and operational energy use
[88]. One way to reduce building’s environmental impact is optimal
scheduling and control of building loads that can enable them to become
active agents within the wider energy system. Such ABs can also exchange
energy and information locally to form a RMG [89]. This plan can enable
them to unlock higher levels of flexibility. These dynamic characteristics have
become crystallised in the concept of smart local energy systems that include
a broad range of soft (i.e. digital and cyber) and hard (i.e. distributed
generation) infrastructure components, and additionally underline the
concept of peer-to-peer energy trading [73] within a cluster of ABs. As well as
cost and carbon saving, AB flexibility models should seek to facilitate greater
user choice, enable the possibility of energy transaction between ABs and

maximising the use of distributed energy resources (DERs).

This requires a paradigm shift in the management of occupant comfort,
maximising self-consumption and autonomy (in RMG), and maintaining
virtual inertia and integrity (in the whole system). These requirements
present two distinct opportunities for AB flexibility controller that supervises
a community of ABs and their incorporated assets; first optimising the use of
its communally-shared portfolio of energy resources, and second exploiting
the possibility of energy exchange between buildings and/or with the utility
grid. Following these goals can create a coordinated paradigm between ABs
and energy networks, while facilitating the creation of community markets.
These strategies supported by advanced telecommunication to enable
real-time energy scheduling could be an efficient replacement for conventional
load shedding [90]. To realise this, a RMG controller needs to overcome
several challenges, namely real-time data processing of advanced metering
infrastructure, catering for occupant preferences, and satisfying a set of

techno-economic  constraints. RMG controllers should also be
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computationally (i.e. processing power/speed) and economically viable for a

residential application.

As stated in Chapter 2, the current literature provided valuable evidence on
effectiveness of BMES when activating AB flexibility. However, enabling
energy exchange between buildings, while considering the occupants
preferences requires more investigation. Also, the effect of uncertainty on the
real-time BMES is another critical aspect which should be studies in more
depth. In summary, this chapter examines the following research gaps that

has been observed in existing literature:

(i) The possibility of energy exchange between buildings while also managing
occupants’ thermo-visual comfort and his/her expressed preferences for
domestic tasks (in the form of a schedule) (Ass highlighted in 2.3.3.1).

(ii) Deconstructing the demand-side response to its sources of sensitivity to
alterations of comfort level and timing- ON/OFF status — or load
adjustment of home appliances (Ass highlighted in Sections 2.3.3.1 and
Sections 2.5.2).

(iii) Considering the effect of uncertainty on the model predictive control
based rolling horizon methods, as suggested in [87], while improving the
robustness of this method against uncertainty. The uncertainty can
influence the energy exchange between buildings and overall comfort
level. Furthermore, role of building occupants in improving robustness
in face of uncertainty needs more exploration (Ass highlighted in
Sections 2.3.4.3).

(iv) Achieving [i]-[iii] through a computationally efficient control method that
could be utilised in a residential sector and does not require investment

for an expensive processor (Ass highlighted in Sections 2.3.4.2).

Hence, this chapter attempts to address this gap by proposing a multi-level

1

real-time energy management for a community of buildings - which can

actively co-operate to unlock flexibility. A rolling horizon based method is

L In this chapter, building refers to a generic UK type family house
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adopted to receive real-time weather and energy price data, while the
robustness in each consecutive dispatch time interval is increased (referred to
as RRH hereafter) using the notion of information gap decision theory. The
proposed RMG controller exploits flexibility in AB loads (through
interruptible loads and building inertia) and shared distributed energy
resources to introduce B2B and B4G strategies as advanced methods of
flexibility. The mid-market rate approach is adopted in the AB community
level to create a local pricing market. The proposed model is multi-level and
multi-objective. While the latter makes a trade-off between energy bill and
occupants comfort, the former can guarantee the preference/benefits of ABs
in the local energy market. The proposed architecture is an mixed integer
linear programming (MILP) model which can be solved by commercial
solvers. The performance of the proposed controller is benchmarked against a
conventional controller, and also tested under atypical operational
characteristics such as COVID-19 related lock-down condition in 2020 which
further highlighted the critical nature of modern power systems planning.

The main contributions of this chapter are:

e A multi-level MILP optimisation model is proposed for AB flexibility,
with consideration for occupant comfort and appliance/task constraints.
Compared to current MILP models, the proposed solution allows greater
asset/building participation using a linear robust controller that does not
require excessive processing power (as opposed to the mixed integer non-
linear programming (MINLP)) predecessors). It also pursues multiple

goals in achieving an optimal energy management.

e Introducing an RRH controller to maximise the robustness of real-time
energy management systems against prediction uncertainties at a lower
computational time (compared to conventional controllers) while

accounting for partial knowledge of input parameters.

e Proposing B2B and B4G strategies to oversee the peer-to-peer energy
trading in RMG level while valuing the occupants comfort, and
appliance settings under an uncertain environment. The former strategy
facilitates the power exchange between dwellings using flexibility in

in-site generation capacity, while the latter deconstructs the DR
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response to its sources of sensitivity to alterations of comfort level and

timing- ON/OFF status — or load adjustment of home appliances.

e Taking into account the effect of multiple sources of uncertainty on the
local energy markets, while exploring the role of building occupants in

improving AB flexibility robustness.

3.2 Overview of  Residential Microgrid

Controller

3.2.1 The Residential Microgrid (RMG) Structure

A bidirectional transaction framework is required for successful data and energy
exchange in an RMG. This concept is summarised in Fig. 3.1. Each AB is
equipped with an individual photovoltaic unit and a heat pump, while energy
storage units are shared between the entire community given their high capital
cost. The controller communicates internally with all ABs, the shared energy
storage and externally with a weather forecast platform (e.g. website queries)
and the grid. The controller is assumed to access occupant preferences through
digital media (i.e. mobile phone apps) to receive [I] day-ahead scheduled time
for home tasks, [II] the preferred zone comfort thresholds, and [III] occupancy

profile. This is augmented by real-time energy prices and weather-related data.

Based on this data platform, the controller performs a multi-level real-time
optimisation of scheduled tasks within the RMG, and communicates subsequent
control signals to each building, while the amount of energy that is required
from the upstream network or the flexibility provided is sent to the distribution
grid controller. The optimal starting time of each task, cost and comfort level,
the output of building level (photovoltaic unit and heat pump) and community
level (energy storage) assets, and the value of B2B/B4G transactive tasks is
then communicated by the controller. Cloud computing is assumed to enable
real-time communication and control signal processing, while observing privacy

issues. Therefore:
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FIGURE 3.1: The conceptual illustration of RMG.

Real-time communication is assumed and a delay has not been considered.

e The RMG controller is in charge of the entire RMG asset-base and all
AB asset data.

e RMG is connected to the main grid at point of integration.

e The energy sources within each building (e.g. photovoltaic unit) are
controlled by RMG controller.

3.2.2 Robust Rolling Horizon (RRH) Controller

The rolling horizon approach, which is based on the concept of model
predictive control, can be used for real-time energy management of RMGs.
This method uses real-time data for each discrete time interval to solve the
optimisation over a nominal control horizon while also accounting for future

time-slots. Therefore at time period ¢, the input data for upcoming intervals
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(i.e. tg...t,) are forecasted, so the optimised results are defined based on a
predicted path. Forecast data uncertainty (especially for parameters prone to
wide fluctuation) results in a simulation error (i.e. the difference between
predicted and actual value). To reduce error, the conventional methods use
smaller time intervals (i.e. reducing optimisation interval from 30min to
5min). However, this requires high computational time and power which may
present difficulties when performing real-time controls. Additionally, smaller
time intervals cannot solve the issue of future uncertainty. To address these
issues, an information gap decision theory based technique has been proposed
in this paper to increase the robustness of rolling horizon method. This
method does not require excessive information on input parameters, and
needs lower computational time compared to stochastic methods [91], making
it suitable for dealing with input data with unknown behavioural patterns

such as weather forecast. This method has been explained in Section 3.4.3.

Figure 3.2 attempts to illustrate this approach. In the conventional method
(Fig. 3.2-a) [19] and at time instance t1, the forecast error for a future instance
of time (e.g. t,,) propagates into a simulation error. The proposed RRH

method (Fig. 3.2-b) introduces a robustness degree for those input data that

»
-

—
©

N
>

~->Simulation error

<l -

Objective function
\
Predicted data

A

cted data

Objective function
Predi

Operation horizon

FIGURE 3.2: Comparison of a) conventional rolling horizon, and b) the
proposed RRH controllers.
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are more likely to change over operational horizon. As it can be seen in this
figure, in the conventional methods, solving the model at time period ¢; is more
likely to have an unrealistic result if the forecasted data change in the following
intervals, especially those which occur in a longer period of time (i.e. t11m).
This means based on Fig. 3.2-a, the prediction error (shown with broken blue
line) can result in a simulation error (i.e. a pessimistic result) as shown by
green broken line in Fig. 3.2-a. By maximising the degree of robustness, the
erroneous effect of the changeable forecasts on the control action is reduced. It
should be noted that the optimal value of robustness is related to its tolerable
value. The tolerable value of robustness is a parameter defined by the decision
maker and increases the value of the objective function. This increase in cost
is called cost of robustness. The bigger the tolerable value of robustness, the
greater the system robustness. Therefore, in Fig. 3.2-b, the optimal value of
dotted green line is related to the amount of increase in the objective function

(i.e. from the solid green line to the dotted green line in Fig. 3.2-b).

3.3 Problem Formulation

The proposed mathematical model describes optimal operation of multiple
ABs, and shared energy sources, which form an RMG, while they can
communicate with the utility grid, and locally together. The flexibility in
these ABs is activated by increasing the value of local energy exchange or the
power exchange with the main grid. It is worth mentioning that the power
exchange with the main grid can be affected by local grid, yet is considered as
a form of flexibility since ABs dependency on the main grid is improved. In
the following, the technical and operational constraints of RMG are

introduced. Then, the AB flexibility strategies are discussed.

3.3.1 Objective Functions

In the proposed optimisation, the controller follows two conflicting objective

functions, namely energy bill and occupants comfort index, defined as:
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min ((=At > Y AT PG -AFEPGE (3.1)
tePe jEY;

':_l i \% IVco'nL T ITco'nL 3.2

max “—BZ > oe \Wiadid™™ T Wil (3.2)

tevys jew;

where, Eq. (3.1) represents the energy bill, in which the first and second
terms are cost and income of importing/exporting power from/to the main
grid, respectively. As discussed in Chapter 2, energy bill is one of the critical
objective functions in investigating the flexibility, which shows itself in a
higher level in terms of cost. The objective function given in (3.2) represents
the comfort index of all ABs in the community (i.e.B) over the occupied
period (i.e.T7¢) of each dwelling unit, which is obtained by multiplying the
weighting factors wy, and w}:t by virtual (i.e. IX;OM) and thermal (i.e. If;“’m)
comfort indices respectively. While in predominant thermal comfort codes
(i.e. BS EN ISO 7730, ASHRAE or Bedford) normally a 7 point approach is
used to represent a ‘too cold’ to ‘too hot’ thermal spectrum, here for equation
development this bidirectional band is translated into a single index of 0 to 1.
Thermal neutrality (i.e. highest degree of comfort) is represented by 1 and
degrees of departure from it (i.e. the space being too hot or too cold) moves

the comfort index towards 0.

3.3.2 Operation of Different Tasks in Unlocking
Flexibility

Optimal BMES strategies aim at controlling the operation of AB assets so
as to enable flexibility. Operational characteristics of AB appliances can be

categorised into different groups, as outlined below.
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Comfort-Providing Tasks: the consumption of these tasks is defined based on
the preferred comfort level. Visual and thermal comfort-providing tasks are

categorised into this group. Power consumption of these tasks is defined as:

an_It 5 U pm
VE = Dlindminr f\j’h i (3.3)
Tfyis = Tfh+ it (T = Tf) + S5 ) (3.4

where, in (3.3), P + is the amount of power consumed by lighting devices to
provide visual comfort (i.e. VJBt) Eq.(3.4) is widely referred to as building
resistance and capacitance thermodynamic model [36], in which HJ”; denotes

the amount of power that is consumed for providing thermal comfort.

Fized Power Consumption Tasks (i.e. ¥F ): set of tasks which operate in a
specific period (i.e. w;‘) ’; ) with a fixed power consumption rate (e.g. cooker
hob). Based on the preferred time window of these tasks, which is defined
between their starting time (i.e‘wif ) and ending time (i.e. éid ), their

operation is described as:

_d)top
XiPo=1 ,Viepf (3.5)

cnd

t= wtst

Variable Power Consumption Tasks (i.e. 1) ): these tasks operate with a
variable consumption rate, such as washing machine and dishwasher.
Constraints (3.5) should be modified so as to describe the operation of these

tasks, as follows:
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Ap
tend
Ap pAp __ Ap . v
> XinPiie= > P, Vi€, (3.6)
=P o=y?

According to constraint (3.6), the ON/OFF status of each task (i.e. Xﬁzt)
controls the required power at each period (i.e. Pfﬁ ) SO as to satisfy the

. . . . . A
variable power consumption at each operational period (i.e. ij )

3.3.3 Comfort Constraints

The comfort indices are related to comfort related tasks as explained in
(3.3)-(3.4). In addition to internal comfort providing technologies, outdoor
illumination and temperature are considered as external factors which can
affect the occupants comfort. These indices and their corresponding

constraints are:

I =1- (Vv_v>2 &7

VE=Vhi+ VY (38)

{ :2;51;? V€ e (3.9)
. 1B _pset 2

[Tom =1 - (Ts) (3.10)

T T < TP (311

where, (3.7) is the visual comfort index, while (3.8) shows the total illuminance
level within each building, which is equal to the sum of natural illumination and

that of lighting devices. Equation (3.9) limits the illuminance level. Besides,
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(3.10) represents the thermal comfort index, while (3.11) limits the buildings’

indoor temperature. The quadratic term in (3.7) is linearised as follows:

Qﬁr + Qﬁ = ia‘{t,n (3.12a)
0<0,, <0;" (3.12b)

VE -V =9 - (3.12¢)
0} = VJBNVJBZ (3.12d)
Vi = (20— 1)6} (3.12¢)

vV gV
gp Vjin¥5tm
IVeem =1— | = (3.12f)
7,t e 2
(Vi)

where, N is the number of linearisation intervals. The value of 6, . is limited by
constraint (3.12b), and controlled by positive variables Q;Btr and Q}:; which take
their value from Equation (3.12¢). The upper value of each linearised interval
is obtained by (3.12d), while the linear function of each segment is defined by
(3.12¢). Finally, summing the multiplication of the length of each piece and
linearised function of each segment is obtained in (3.12f), which is identical to
the non-linear arc. The same strategy could be applied for linearising I, ;*" in
Equation (3.10). Based on the piecewise linearisation technique, the parabolic

curve (VJ:’; — Vﬁ“f is approximated by variable Gxtm.
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3.3.4 Energy Balance Constraints

In the designed RMG, heating and electricity energy demand of ABs is
supplied by internal (e.g. heat pump and photovoltaic units) and external
(e.g.  electricity grid). The following energy balance constraints are

introduced for the model.

Ap Ap I ESS. G
% (Xj,zyt—opm,o) TP+ P B
1EYP;
:PJ%I +PJ%P+PJ€5V+PJ€SSFI +PJ€52B

(3.13)

Hih = HEP (3.14)

where, (3.13) is the electric power balance, consisting of the consumption of
different tasks and generation of various sources, while (3.14) represents the
heating balance. The terms given in these equations are limited by their
technical and operational constraints. The heat pump is the linking asset

between heating and electricity.

3.3.5 RMG Asset Constraints

The central and individual energy providers of the RMG which are integrated
to supply ABs load demand are limited by the following constraints.

HP < PliPCcoOP (3.15)
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EFSS—EF%S=N< DI [P, D (3.16)
JEY; JEY

EFPSS < BFSS < pBSS (3.17)

0 < PAP% <\ FPSapEssa (3.18)

0 < PfS% < xS ppsse (3.19)

XX < (3.20)

tezm Pﬁssd < tezwt Pffs“ (3.21)

0<pPfY <pl\r (3.22)

Constraint (3.15) limits the output power of heat pump based on coefficient
of performance (COP). The proposed model for heat pump is based on an
operational formulation, which has been introduced for the proposed energy
management scheme and does not require physical description of this
technology. Equations (3.16)-(3.21) describe the energy storage model, in
which (3.16) denotes the total state of charge of energy storage, while it is
limited by (3.17). In order to prevent net accumulation, the state of charge of
battery at the end of the period (i.e. t.nq) should be equal to its initial value
at the beginning of the period (i.e. ts). The charge and discharge of each
building from the central storage is limited by (3.18) and (3.19) respectively.
Note that the Pf 55/4 i3 also the maximum allowable charge/discharge of all

ABs. Constraint (3.20) is a limiting logic based on the binary variables Y55

g5t
and Xff S which prevent simultaneous charge and discharge. Constraint
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(3.21) represents that the amount of discharged power for each AB is limited
by the value of charged power. This means that AB j can utilise the power
from energy storage if it has contributed to its charging before. Finally,
constraint (3.22) represents the output power of rooftop photovoltaic units

based on the predicted output.

3.3.6 Utility Grid

The RMG can receive and send electrical power from/to the utility grid.
Enabling flexibility in the ABs through the BMES affects the power exchange
with the main grid and consequently flexibility. These limits are represented

in the following constraints:

Per < PS x XS, (3.23)

POF < PE x (1-1%) (3.24)

where, binary variable xft prevents the simultaneous import and export

from/to the main grid.

3.3.7 Advanced Active Building Flexibility Strategies

Active building strategies advance the role of dwellings in the energy network by
introducing flexibility measures, while taking into account critical denominators
such as users’ comfort. These strategies can be divided to those which serve
the AB community and those which provide services for the grid. The former
is referred to as B2B strategy while the latter deconstructs the idea of demand

flexibility into its source and is called B4G strategy.

Building-to-Building Strategy: this strategy is developed based on the idea
of peer-to-peer energy trading [73]. According to this framework, buildings can

participate in a local market based on their available generation capacity and
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demand flexibility. However, participating in peer-to-peer energy trading for
an AB is subject to maintaining the techno-economic constraints and satisfying
the occupant comfort. Furthermore, enrolling in B2B should bring about profit
for each individual AB. This profit can be reflected in the energy bills. Finally,
such a framework should not create security problems for the utility grid. The

following equations represent the B2B strategy based on these criteria.

e e (3.25a)
0< Pl < PAPr — piPe (3.25b)
0< Pyt < piPe — piPe (3.25¢)
0< P <(1—X"%) x M (3.25d)

0< Pyt <P x M (3.25¢)

Y PP =0 (3.25¢)
JEY;

The value of B2B for each AB and its role (i.e. buyer or seller) in the local
market is defined by (3.25a). Each AB can specify its role as buyer (i.e. when
P52 takes its value from Pfft‘y) or seller (i.e. when P/?P takes its value
from Pfi”) in the B2B framework by managing its generation capacity (i.e.
PftB ¢) and demand (i.e. P]fj‘tB P) as indicated by constraints (3.25b) and
(3.25¢) respectively. Constraints (3.25b) and (3.25¢) also ensure that the
energy exchange would happen based on the RMG internal capacities. Note
that, the generation and demand of each individual AB are obtained in the

energy balance equations. Based on constraints (3.25d) and (3.25e) each
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building can be a buyer or a seller in each time period. The variable P]%QB is

also added to the power balance equations in (3.13).

Building-for-Grid Strategy: for the B4G strategy, a positive variable is
defined (i.e. Lflff ) to tolerate the power consumption of the adjustable power
consumption tasks, through multiplying it by the building appliances’ power

usage (i.e. L;lff X Xﬁfytio X Pj‘f‘fo). However, this will change the model to a
non-linear one. Thus, the term Xﬁz tfonf . in (3.13) is replaced by L;il;f Pff,’ .
while the following linear model is defined for B4G.
A le le A
Xofimo X LT S LIET < X0hims (3.26)
B4G Al A lex
PRI = P, % (Xj,zp.,t—o - Liff) (3.27)

i€y

where, constraint (3.26) introduces the upper and lower limits on the variable

Lflea:

j.i¢ based on the binary variable Xﬁi +_, which has been defined in (3.5) for

ON/OFF status of appliances. If a building appliance is on (i.e. Xﬁf,t—o =1),
the upper value of Ljflff will be one, while the minimum value is defined by
parameter L. Constraint (3.27) represents the value of B4G which is non-
zero if the flexibility variable would take a value less than one. The willingness
of an AB to participate in this program depends on the market prices. Based
on this strategy, ABs can respond to the price signal by turning appliances
ON/OFF (i.e. Xﬁf, .) or indeed where applicable adjust the value of flexibility
(i.e. Lﬁef ) to assist B4G services. To clarify, reducing the value of flexibility
to an amount lower than one means the load of an appliance (or collection of
appliances) can be adjusted. This means that the market price signal guides
the controller to switch on appliances and adjust their consumption to bring

about lower cost for ABs.
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3.3.8 Pricing Mechanism

Participating in the peer-to-peer energy exchange can bring about several
advantages for the prosumers, such as energy bill reduction, and improvement
in energy system reliability [92]. It should be noted that the pricing
mechanism is based on the local supply-demand imbalance, and does not
model bidding strategies. In order to establish a local market and encourage
ABs to participate in the B2B and B4G strategies, a suitable pricing
mechanism is required. In this study, the mid-market rate method [93], a
commonly used pricing mechanism, is adopted for establishing the energy
prices within the RMG. The illustrative concept of this method is shown in
Fig. 3.3. Based on this mechanism, the RMG local prices are defined as the
average of import and export prices with the main grid (ie.
X,ﬁ?ff = (A7 + )9%)/2). However, due to the fact that the RMG local
generation (e.g. GFMY) and demand (e.g. DFME) vary at each time-slot,

three different scenarios are devised, as outlined below [93]:
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I. RMG generation equals demand (GFMSE = DEMG ' qs in Fig. 3.3-(a)): In

ie. A\MG

buy.¢ ) and sell (ie. j\lje]l‘l”?) prices are equal to

this scenario, local buy (
S\g%f . Local energy trading under this scenario happens with the average of
grid import and export price. Therefore, buildings participating in the local
market under this scenario can benefit from better buy and sell prices compared

to those of the main grid.

II. RMG generation is higher than demand (DFME < GEMG 45 in Fig. 3.3-
(b)): In this case, the local sell price is lower than average B2B price, while
the excess generation can be sold to the main grid with the grid export price
(i.e. AY%). Local buy price is equal to 5\521)7/{5; while local sell price is obtained
by Eq. (3.28). Note that buildings with excess generation can sell their energy
to the buyer buildings, whereas the amount of energy that could be sold to the
main grid is proportionally allocated between all producers. This enables the

fair distribution of price between all buildings in the community.

MG — (DRMENBIO 1 (GRVME _ pRiG)IEr) [GRNG  (3a8)

III. RMG generation is lower than demand (GFMSE < DEMG | qs in Fig. 3.5-
(c)): The energy deficit is imported from the main grid with the grid price,
while local sell price is equal to 5\52],‘){5 and local buy price is obtained by Eq.
(3.29). The energy imported from the main grid is proportionally allocated to

all consumers in the community.

ATMG — (GRMOAEMS 4 (DRMC _ GRVG)A0F) [DFME  (3.29)
Under this pricing framework, ABs can trade energy locally, while exchanging
energy with the main grid based on the grid pricing contracts. As illustrated
in Fig. 3.3, the local prices are defined between grid import and export prices.
Therefore, participating in the local market brings profit to both buyers and
sellers. Those who buy energy can benefit from lower price compared to that
of grid import, while sellers can sell their excess generation with a price better
than that of grid export price. In addition to the B2B strategy, the B4G



Chapter 3: Multi-Objective Energy Management of Building Flexibility 70

method allows ABs to reduce their prices by utilising their demand flexibility.
Accordingly, the energy bill of each AB is written as:

1Gr pGr \Ge pGE
AP = AR

(= AtY  —AFEppAG (3.30)
t t A 1G pbus 3 G U
oo | MRl - MR

3.4 Proposed Multi-Level Flexibility Control

Scheme

In order to accommodate the proposed mid-market rate pricing mechanism,
B2B and B4G service provision models, the RMG controller has to consider
three important factors. Firstly, it has to dispatch an ABs participation in
B2B and B4G services only if that control action can provide added benefits
(i.e. reduced energy bills). Secondly, participation in any local market for a
building should honour occupant comfort constraints. Finally, the RMG
controller should consider input parameter prediction errors when processing
control signals for the community. To address these challenges, this study
introduces a multi-level control framework as outlined in the following

subsections.

3.4.1 Base-Case Flexibility Control (First Level)

An AB-specified market should present cost saving to the participants. In
other words, energy bill of ABs after participating in the B2B and B4G should
be lower than that without these strategies. Accordingly, the base-case level
of the RMG control strategy minimises the energy bill in Eq. (3.1) without

consideration for B2B and B4G constraints, as follows:
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min (¢ = ¢) (3.31a)

s.t:

(3.3) — (3.24) (3.31b)

The value obtained for (‘' is considered as a constraint for other levels of
optimisation. Therefore the simulation will be carried out simultaneously for
both objective functions. The value obtained for total RMG generation and
load is also utilised to define the mid-market rate local prices. This allows the
definition of local prices without consideration for an individual AB’s benefit,

bringing about a fair distribution of benefit among all dwellings.

3.4.2 Multi-Objective Optimisation (Second Level)

This level exploits B2B and B4G strategies to obtain the greatest energy bill
saving. The willingness to minimise the cost, however, brings it into a conflict
with the occupants comfort. In this regard, it is required to solve this level
as a multi-objective optimisation. In this thesis, the € — constrained method
is adopted to solve the optimisation problem. This method does not require
manual definition of weights and can deal with convex and non-convex methods
as opposed to other approaches such as weighted sum technique [74]. These are
important factors that should be considered, especially in automated control
methods. In this method, one of the objective functions is transferred into
the model constraints, while the other is optimised. The objective function
that is considered as a constraint takes its limits from e, which is derived
from the maximum and minimum values of the objective function that is being

considered as a constraint.

Noting that either objective function could be optimised, the energy bill is
minimised in (3.32a) while the comfort level is defined as the model
constraint in (3.32b). This process turns the model into a single-objective

cost optimisation while the comfort level is constrained by e. The value of € is
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defined between maximum and minimum possible comfort level. The interval
between the maximum and minimum value is divided into equal steps and the

optimisation is solved for each value.

As aforementioned, energy bill with AB flexibility mechanisms should be lower;
therefore, constraint (3.32c) is introduced in this level. The other constraints of
this optimisation are (3.3)-(3.27). This will enable the generation of all Pareto

optimal solutions for a multi-objective problem.

OF = min pRe (3.32a)
JEY;
s.t:
E>e (3.32b)
G <t (3.32¢)
(3.3) — (3.27) (3.32d)

In (3.32), the energy bill is minimised while the value of € is decreased from the
maximum value of occupants comfort (obtained when = is maximised solely)
to its minimum value (obtained when ¢ is minimised solely). Solving this
optimisation problem draws a Pareto optimal set for both objective functions.
Considering the fact that all Pareto optimal solution are acceptable, there is a
need to select the best compromise solution. To do so, a fuzzy-based min-max
method is adopted, in which the minimum value of each membership function
is obtained, and the maximum value of the selected membership functions
is chosen as the best compromise solution [74]. Note that constraint (3.32c)
ensures that participating in the local market does not increase each individual

AB’s energy bills.
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3.4.3 RRH Controller (Third Level)

The schematic illustration in Fig. 3.2 demonstrated that the deviation from
predicted data can affect the simulation results. Since the proposed mid-market
rate pricing mechanism is developed based on the generation capacity and AB
demand, as well as the price signals, it is necessary to consider the effect of

uncertainty on the B2B and B4G strategies.

The proposed method is a robust real-time energy management technique
which is different from the stochastic optimisation. For more elaboration on
this method, consider Fig. 3.4 [94]. As shown in this figure, stochastic
methods require precise information on the uncertain input data. This
information requires accurate knowledge about the probability density
function of each uncertain parameter, which is a strenuous task in cases of
input data with unknown behavioural patterns. Furthermore, as illustrated in
this figure, stochastic methods produce a large number of scenarios for each
uncertain parameter, resulting in a dramatic increase in the computational
time. On the other hand, the proposed method which is based on information
gap decision theory technique, only requires an uncertainty set which does
not need to be known. This method increases the immunity (i.e. robustness)

of objective function in face of uncertainty in the input data. This means that

Uncertainty scenarios

e
< Uncertainty radius

FIGURE 3.4: The conceptual difference of a) stochastic optimisation, and
b) information gap decision theory [94].
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the optimal value of objective function will remain immune if the input data

vary within an unknown threshold.

This thesis utilises the envelope-bounded model of information gap decision
theory to improve the robustness of RMG controller in face of uncertainty.

This model is mathematically described as follows [95]:

w%@:{wP@fD@HSaP@

L a>0 (3.33)

where v(t) is the value of uncertain variable which deviates around the predicted
value (i.e. v(t)). The size of gap between v(t) and v(t) is defined by « which
is called uncertainty variable. Based on this model, the fractional deviation of
predicted parameter from the uncertain value is limited by «. The bigger the

value of «, the larger the horizon of deviation.

In the proposed model, the predicted values of outside temperature (i.e. Tt"“t),
natural illuminance level (i.e. V;"), and photovoltaic unit output (i.e. PFV7)
are considered as the weather-related uncertain data. While these parameters
are weather-related, the first two data impose demand uncertainty while the
third one reflects the generation uncertainty. The import/export electricity
prices (i.e. 5\{/ E) are also considered as the market related components of
uncertainty. It is worth mentioning that these sources of uncertainty can even

affect the local market prices.

Since these parameters are more likely to experience variation over the
control horizon, the proposed RRH controller improves the system robustness
in face of market price deviation (i.e. a?) and weather-related forecasted data
uncertainty (i.e. «") over the control horizon by scheduling AB assets and
benefiting from the participation of occupants. Note that these deviations
will be obtained based on the control mechanism. To achieve this control

philosophy, the RRH controller solves the following optimisation:
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e ot (9700020 ] 53
max (E) x (1-08) <=

s.t:
adl=wxa”+(1—-w)xaf (3.35)
PrY <(1-a")Pf'r (3.36)
VN <(1—av) VY (3.37)
Tt < (1 — )T (3.38)
AE < (14 a”)AF (3.39)
G <t (3.40)
(3.3) — (3.27) (3.41)

In (3.34), the weighted sum method is utilised to obtain the maximum degree
of robustness. The tolerable value of robustness degree which affects both
objective functions is specified by parameter 3, which is defined in the interval
[0,1]. Assuming that the weather-related data affect photovoltaic unit output,
natural illuminance level, and outside temperature, the robustness degree is
multiplied by these input parameters in (3.36)-(3.38) respectively. Also, the
effects of market price robustness degree is obtained in (3.39). Robustness

degrees are defined in the interval [0,1].
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Knowing that the previous studies which have investigated a robust market
price framework [20] introduced a non-linear model such as constraint (3.39)
, this equation has been linearised in this study through replacing the term

1 2
A P{1 by the variables Pff and Pﬁf as follows:

G2 G2\ 2
AN PG = (Pj;) - (PNL> (3.42a)
b
= (A{ + Pf;) (3.42b)
a2 1
i =5 (M- P) (3.42¢)

where the non-linear terms in (3.42a) are linearised using the method described

in (3.12). The same approach is adopted to linearising A\F Pﬁf and A\ PPAC.

3.4.4 Decision Variables

The decision variables of proposed RRH control method consist of
temperature and illuminance level in each building, radius of uncertainties,
imported/exported power from/to the main grid, output value of distributed
energy resources, value of B2B and B4G, and ON/OFF status of appliances.
Note that the other variables such as local prices, consumption power for
delivering comfort, comfort indices, and demand level of each building are
dependent variables which are obtained through solving the proposed problem
along with optimising the values of decision variables. The set of decision
variables (i.e. DV in equations (3.34) and (3.32)) are defined as below:
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T, Vj €t €y
Vi Vj €t €y
Xity Vi€t € di €
pe Vi € vyt € by
pv ={ phr/enr Vj €t €y (3.43)
Py Vi €1t € 1y
p2b Vi € t €Yy
pPBC Vj €yt €y
Oét

3.5 Framework Description and Simulation

Setup

3.5.1 Framework Description

Fig. 6.4 illustrates the framework of the proposed RMG controller. The input
data is transferred to the data receiver. Then, for the time period ¢, the model is
solved in three levels, starting from the first level where energy bill is minimised
without B2B and B4G strategies. The local prices are determined in this level,
while the value of energy bill is considered as a constraint for outer levels. The
second level takes into account two conflicting objective functions, while the
process ends up with the RRH which improves the robustness of the model in
the same time window. The linking variables between second and third levels
are energy bill and occupants comfort. At the end of each time period, the
controller sends the control signals to the ABs and different assets while re-
compiles the process for the next time-slot. This process is continued until the

end of operation horizon, when the results for the whole period is analysed.
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RMG controller
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Input data
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»>The main grid control signals (P}),

_Output data at ¢
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5Occupancy profile (TOL) ; the base values |5 [2Robustness bands @',0¥.0")
>AB Appliances’ data (P 0 | I
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FI1GURE 3.5: The process of solving the proposed multi-level optimisation
by the RMG controller.

3.5.2 Simulation Setup and Case Studies

The proposed problem is an MILP model which has been simulated in general
algebraic modelling system (GAMS) [96] using CPLEX solver. The
simulation is performed for 24 hours, using 30-minute time windows, starting
from 8:00AM. 10 ABs are considered in the RMG. Buildings are categorised
into three types as a function of their occupancy profile. Fig. 3.6 illustrates
the occupancy profile and comfort weighting factor index for each AB under
normal operating condition and then during a winter day. Buildings are
categorised into three types as a function of their occupancy profile. The
bold, white and pale colours represents occupied, unoccupied and sleeping
periods respectively. The information on buildings and included tasks in each
one is given in Table 3.1. The electricity price, consumption pattern of each
task, starting and ending time, as well as duration of each task is taken from
[57]. The outside temperature, illumination, and PV output is taken from
[97). The characteristics of different technologies and various simulation
parameters are given in Table 3.2. The supporting data are available online at
[98].

The effectiveness of the proposed model is evaluated by the following case

studies:
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Case I: The proposed model without B2B and B4G strategies. This case study
solves the second and third levels of the optimisation without AB flexibility

measures.

Case II: The proposed model with B2B and B4G strategies. This case study

is solved for different scenarios.

Case III: The proposed model in an abnormal condition. Case II is solved under
different occupancy profile where ABs are always occupied. This case attempts
to represent an abnormal scenario such as COVID-19 pandemic lockdown which

changed the occupancy profile of residential buildings.

TABLE 3.1: Building and task description.

building No. Type Included tasks No. | Task No. Description
jl 3 il — i10 il Dishwasher
J2 2 11 — 16,110 19 Washing machine
73 2 i7 — 110 i3 Spin dryer
j4 1 il - ’i4, i6 - i7, ilO i4 Cooker hob
75 1 14 — 110 15 Cooker oven
j6 3 il — ilO i6 Microwave
Jt 1 11 — 14,78 — 110 i7 Laptop
jg 1 il — i4, i6 — ilO ig Desktop
7o 3 11 — 110 ig Vacuum cleaner
J1o 2 15 — i7,%9 — 110 110 Fridge

TABLE 3.2: Simulation parameters.

Parameter Value (unit) Parameter  Value(unit) Parameter Value(unit)
EpRS 4/0.4(kWh) Lite 0.7 COP 2.5
proSesa 1/1(kW) B 10 N 20
Dt 0.525 (°C/kWh) Rtk 18 (°C/kW) K 20
ny 0.8 ' 0.8 1 5000
ned 95/95(%) A; 150 (m?) 8 0.15

PHP 3(kW) pryer 0.4 2 2.7(p/kWh)

Jru
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FIGURE 3.6: Occupancy profile and comfort weights of different buildings
types.

3.6 Results and Discussion

The results obtained for the proposed model are analysed and discussed in this
section through comparison of various case studies. The computation efficiency

of the model is also tested.

3.6.1 Pareto Optimal Solutions

In order to investigate the impact of different strategies over the operation
horizon, the Pareto optimal fronts for cases I, II, and III reflecting different
strategies are depicted in Fig. 6.7. In these solutions, the value of € (i.e.
comfort level) is decreased from its maximum value to its minimum value while
the energy bill is minimised. For example, in Case I (shown in blue in Fig. 6.7),
the value of comfort index is decreased from 0.992 to 0.965 in different levels
while the energy bill is minimised for each level. Different solutions and case
studies are highlighted and compared in this figure. The main observations

are:

1. The Pareto optimal solutions: the cost-optimal solution decreased the
comfort index to its minimum allowable level, while comfort-optimal
solution seeks temperature and illuminance values that are closest to
the set points, resulting in more expenditure for the community. This
solution is compatible to the thermostats that are used in the majority
of buildings. The compromise solution makes a trade-off between

comfort and cost. This solution provides 16.46% lower energy bill
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FI1GURE 3.7: Pareto optimal front for multiple optimisation solutions.

compared to thermostat-controlled solution while keeping the comfort
level close to set points (i.e. only 0.5% decrease compared to
comfort-optimal solution). Therefore, this control framework could be a

suitable alternative for the current thermostats in each building.

Advanced flexibility strategies: it is evident from comparing the
solutions for cases I and II that participating in the B2B and B4G
strategies brought about better solutions (from both viewpoints of cost
and comfort) for ABs. The compromise and robust solutions in Case II
are about 18.45% and 18.46% lower than those of Case I. From the
comfort index point of view, the robust solution in Case II is 1.1%
higher than that of Case I, demonstrating the effect of the proposed AB
flexibility strategies in improving occupants comfort with lower cost.
This results imply that the flexibility measures can improve the
socio-economic aspects of buildings, while demonstrating the
importance of local energy markets. It is crucial to consider the fact
that the problem is solved from the RMG’s perspective, while the
advantages for the main grid, no need for expansion planning for

instance, are important factors that should be taken into account.

Robust solution: the robust solution imposed more cost, while the
occupants’ expectation is slightly decreased. For instance, in Case II,

for a 10% robustness improvement (i.e. S = 0.10) the energy bill
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increases by 63 pence while the occupant comfort decreases 1.3%. This
results demonstrates the role of building occupants in boosting the

robustness of the proposed control strategy with a negligible cost.

4. Cases Il and III: Case III represents constantly occupied ABs and
therefore has to deliver greater comfort at a higher cost. Note that
increasing comfort levels in Case III also increases the overall energy
system loads. Therefore, it is crucial to consider the fact that the
pandemics (e.g. COVID-19) can change the consumption pattern of
dwellings, which should be taken into account during operation and

planning of energy systems.
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3.6.2 Advanced Building Flexibility Values

Figure 4.4 demonstrates Case II scenarios with the left picture outlining the
power exchange between ABs in the B2B strategy and the right picture
outlining the flexibility service provided by B4G strategy. As an illustration,
consumption patterns of buildings j; (type three building), and j19 (type two
building) are separately illustrated on the outer edges of the figure. In the
B2B strategy, type three buildings (i.e. occupied the whole day) mostly
played the role of the receiver, as opposed to type two buildings (i.e.
unoccupied during office hours) which can provide other ABs with their
available capacity. Another decisive factor in B2B strategy is the starting
time and operation window of buildings appliances, such that the buildings
that need to start their tasks at hours with high rates of market price
received more energy, compared to other buildings in the same category. For
instance, building j; received more energy than js. In B4G strategy, type
three buildings (e.g. j1) are more active as they are equipped with more
adjustable power consuming appliances. On the other hand, type two
buildings (e.g. j10) did not participate actively since they do not offer a full
range of adjustable appliances. The lower the number of tasks, the less an AB
can contribute proactively to the grid in B4G strategy. Therefore, it can be
concluded that B2B strategy creates flexibility based on generation capacity
and occupancy behaviour, while B4G strategy can be efficient for ABs with a
higher operational profile.

3.6.3 Energy Exchange with the Main Grid

The energy exchange between RMG and the main grid in cases I and II is
shown in Fig. 6.11. This figure shows that utilising the B2B and B4G strategies
affected the power exchange with the main grid. The energy export to the main
grid is zero in Case II (both scenarios). This demonstrates that ABs with excess
generation have sold their power to other buildings, while those with energy
needs purchased energy locally rather than importing from the main grid (see
Fig. 4.4). Also, as shown in Fig. 4.4, ABs traded their flexibility in forms
of B4G rather than selling it to the retailers with lower price. This strategy
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can be an effective alternative for profit-seeking retailers who try to achieve
a high retail profit from prosumers by offering high sell prices and low buy
prices. In the grid level, it can delay the need for generation investment. On
the other hand, comparing robust and compromise solutions of Case II shows
how more grid power import occurs in former compared to latter. For example,
at 17:00, the imported power from the main grid in robust solution is almost
twice as much as that of compromise solution. This means that the decision
made by RRH controller is robust against higher price deviation. In other
words, in order to improve the robustness against the higher price deviation,
the imported power is decreased or at least not changed, especially during high

market price periods (i.e. from 19:30 to 23:00).

3.6.4 Role of Occupants

The effect of occupants comfort on the B2B interaction is illustrated in Fig.
3.10, where the power exchange of building j; over the control horizon is
depicted for different levels of occupants comfort. As can be seen in this
figure, building exchanged more power in the local market at lower values of
occupants comfort index (i.e. 0.96). However, increasing the value of
occupants comfort index resulted in a considerable decrease in participation

of building in the local market. Therefore, occupant-related factors (i.e.

19.5
® Casel ®  Case I (compromise solution) B Case IT (robust solution) ® Case I-EX
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FIGURE 3.9: Energy exchange with the main grid in different cases.
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occupant behaviour) can have a considerable influence on the energy

interaction in the local markets.

The participation of occupants in improving the system robustness should not
be neglected. Fig. 4.3 highlights the contribution of occupants in improving
system robustness, by giving an example of the indoor temperature in robust
and compromise scenarios of Case II for building j;. In the compromise
solution, the main goal of controller is to keep the temperature around the
preferred set point given by the AB while considering the economic factors.
Robust solution, however, experiences more fluctuation and lower
temperatures, particularly under high market price periods (i.e. from 19:30 to
23:00). This demonstrates that AB occupants can have a considerable role in
improving the RMG robustness by alternating their preferred comfort zones.
These variations in the temperature of building has affected the comfort
index, as shown in Fig. 4.3. It is evident from this figure that the comfort
index of the AB fluctuated over the price variations, with slightly lower values
in the robust solution. The result obtained for robust solution also shows how
ABs can allow the controller to oversee a flexible indoor temperature in
response to market price. In doing so, the building thermal inertia is utilised
as an energy storage mechanism and indoor temperature is increased to above
the set point in morning hours with lower market price and thereafter allowed
to fall gradually. The intrinsically slow thermal response of most buildings is
a major advantage to exploit as a virtual thermal storage resource. Thermal
neutrality (or the ability of an AB to stay within comfort bands) is even more

pronounced in well-insulated buildings.

WO RS DD OSSP P S PSS S S §
AL AL AL A DS DS S SIS
N N O S A

Power (KW)

FiGURE 3.10: Variation of B2B value over different levels of occupants
comfort.
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FIGURE 3.11: Variation of temperature and comfort index of building j;
over the operation horizon for different cases.

3.6.5 Robustness Analysis

In the proposed RRH model, the tolerable value of robustness (i.e. ) and
the robustness degrees’ weighting factor (i.e. w ) are instrumental in how the
robustness degree component performs. This is demonstrated by a sensitivity
analysis in Fig. 3.12 that examines variation of af over the weighting factor w
for various levels of 8. This figure shows that increasing w raises the value of
a'. This can be interpreted with Equation (3.34) in mind, that increasing w
raises the weight of weather-related robustness, resulting in a dramatic increase
in the value of a’. In another words, it is easier to increase the weather-related
robustness as opposed to that of the market price. Besides, increasing the value

of [ raises the robustness degree.

3.6.6 Computational Efficiency

In order to evaluate the computational and economic merits of the proposed
model, it is benchmarked against the conventional rolling horizon method
within three different scenarios: [I] S; which portrays an optimistic future
horizon in which predicted data and the subsequent reality for those forecasts
are the same; [II] Sy with across a 3 hour future horizon assumes the real

weather to be 30% different to the initial forecast and the market price to be
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FIGURE 3.12: Variation of robustness over w for different value of S.

15% different to the initial value and finally [III] S3 which solves the same
optimisation problem as S; using 5-min intervals (instead of 30 min). The
results for these scenarios are outlined against the proposed RRH in Table
5.3. Scenario S1 solves the model in 34.21s at each time step, while the
proposed RRH model takes 42.15s. Comparing scenarios S; and S shows
that deviations between initial forecast and subsequent reality results in more
operational cost. To overcome this problem, S35 solved the model at finer time
intervals that yields 8.6% cost reduction (compared to Ss), but at a penalty of
much higher computational time (i.e. 175.25 seconds each iteration). Against
these results, the proposed RRH demonstrated superior performance in both
computational (e.g. 76% lower compared to S3) and economic aspects (e.g.
6.3% lower cost as opposed to S3). The improved accuracy in scenario Ss
imposes considerably higher processing and computational costs which may
be viewed as excessive in a residential context. These factors highlights the

potential of the proposed RRH as an effective option for controlling RMGs.

TABLE 3.3: Computation efficiency of different techniques.

Scenario Computation time (Sec.) Operational Comfort
(time step) Per interval Total cost (£) index
S1 (30 min.) 34.21 1,648.08 6.35 0.986
S2 (30 min.) 34.21 1,648.08 7.13 0.985
S3 (5 min.) 175.25 50,472.00 6.51 0.976

RRH (30 min.) 41.15 2,023.20 6.68 0.973
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Finally, the computational time and accuracy of the proposed RRH
controller, derived from the proposed MILP model is compared with those of
MINLP model in Table IV, using different solvers. As shown in this table, the
relative gap of zero is considered for the model, demonstrating the optimality
of the solution obtained from the MILP model. This index shows the
difference between the best integer and the best estimate solutions. As
described in [99], zero or small relative gap is the indicator of measure of
optimality and accuracy of the optimisation model. Furthermore, comparing
the MILP and MINLP model demonstrates that the main issue for the later
is its computational time. The BARON solver demanded 54.05 minutes for
each time interval (i.e. 30 minutes), while DICOPT solved the model in 9.67
minutes. High computational time could be a barrier for MINLP models in a
real-time application; since as per our finding, the computational time of
BARON solver is twice the duration of the simulation time interval. The
MILP solvers achieved a considerably lower computation time while also
delivering the same comfort index (Table 3.4). A marginal difference is
observed in the operational cost of MINLP and MILP models, which does not
question the accuracy of Equation (3.42), and the whole formulation.
Considering the residential skill of the proposed framework, it is important to
achieve acceptable results without demanding an expensive processor.
Besides, such control framework should be fast enough when considering the
dynamics of the grid [19]. To summarise, these results show that the solutions
of MILP model reflect those of original model, while achieving a significantly

lower computational time.

TABLE 3.4: Comparison of MILP and MINLP models.

Model type MINLP MILP
Solver BARON DICOPT CPLEX MOSEK
Computation time (min. per interval) 54.05 9.67 0.70 1.92
Operational cost(£) 6.70 6.70 6.68 6.68
Comfort index 0.973 0.973 0.973 0.973

Relative gap (%) 0 0 0 0
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3.7 Conclusions

In this chapter, a multi-objective multi-level optimisation model is proposed
for control and scheduling of building flexibility in the RMGs, consisting of a
community of buildings and several small-scale distributed energy resources.
An RRH controller is introduced which boosts the robustness of the system
operation in the face of constant and uncertain changes over a short-term
horizon. With an MILP model, the proposed controller benefits from
considerably lower computation time when benchmarked against conventional
methods. The role of ABs in providing flexibility for the energy networks is
highlighted by introducing B2B and B4G strategies. The importance of social
factors in the energy exchange between buildings is investigated through
analysing the effect of occupants comfort on the building flexibility measures.
Also, the role of building occupants in improving the system robustness in
face of uncertain input data is analysed. The simulation results indicate
human comfort and energy cost savings of these strategies and the efficiency
of the RRH controller. Notable findings of this study are:

e The B2B and B4G strategies are viable flexibility approaches which
exploit differences in timing and extent of occupant thermo-visual
comfort to deliver an optimal comfort solution at community level while

providing techno-economic advantages for the main grid.

e Utilising the B2B and B4G strategies in a local market level can create
potential energy transaction between dwellings, which can bring about
cost saving for the community. This can also delay the generation

investment in a higher level.

e The RMG controller can be an efficient solution for the conventional
thermostats. This controller can achieve desirable comfort zones while

decreasing the energy bill.

e If the controller has the autonomy to decrease comfort expectation of
AB occupants by 1.3%, the control robustness is improved by 10%. This
shows the considerable role of building occupants in improving system

robustness in face of uncertainty.
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e Building occupants can play a critical role in energy exchange between
dwellings. Increasing the occupants expectation in terms of comfort level
can have a direct influence on the building participation in the local

market.

e The RRH approach reduced the total computation time by approximately
76% when compared with the conventional controllers that for similar
comfort and cost optimisation need to shorten simulation intervals from

30min to 5min leading to high computational penalties.

This chapter investigated the flexibility of AB and the advanced methods in
unlocking flexibility. The next chapter investigates the role of EVs in boosting
the AB flexibility.



Role of Electric Vehicles in
Enabling Building
Flexibility

The following research question has been answered in this chapter:

How can electric vehicles enable more flexibility in the buildings?

Energy systems have been experiencing fundamental changes because of the
urgent needs for decarbonisation of these structures. Complying with the
requirements of decarbonisation requires a major contribution from the
transport sector. Therefore, electrifying the transport sector is considered as
a valid plan. Although, linking the transport sector to the electricity network
can have a major impact on the demand for electricity, it can present a
substantial opportunity for increasing the flexibility. Optimal energy
management of Electric vehicles (EVs) can bring about multiple advantages
such as delaying transmission and generation investment, and increasing the
penetration level of renewable energy sources (RESs) for the whole energy

grid. In the building level, EVs can also provide varied advantages through
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exploitation of flexibility. Optimal energy management of building assets
along with EVs can be considered as a substantial plan in increasing the
active building (AB) flexibility while considering the requirements of building
users. EVs can even contribute to the advanced AB flexibility methods
discussed in Chapter 3 (i.e. building to building (B2B) and building for grid
(B4G)). This chapter investigates the role of EVs in enabling higher levels of
flexibility in the ABs and the advantages they can bring about for the
building owners. A multi-objective mixed integer linear programming (MILP)
method is introduced for optimal energy management of EV-integrated
buildings with consideration for the driving needs of EV wusers. The
simulation results show that building users can decrease their energy bills
through optimal management of EV charge/discharge patterns while utilising
them for their transport needs. The results also demonstrate the effect of EVs
on boosting the B2B energy exchange, highlighting the role of these

technologies in improving the building flexibility.

Sections of this chapter have been published by the candidate as in the following

conference paper:

Nikkhah S, Allahham A, Giaouris D, Bialek JW, Walker S. Application of
Robust Receding Horizon controller for Real-Time FEnergy Management of
Reconfigurable Islanded Microgrids. In2021 IEEE Madrid PowerTech 2021
Jun 28 (pp. 1-6). IEEE.

Sections of this chapter is under review in the following journal paper:

Nikkhah S, Allahham A, Patsios H, Taylor PC, Walker SL, Giaouris D.
Building-to-Building Energy Trading under the Influence of Occupant
Comfort. International Journal of Electrical Power & Energy Systems. 2023

Chapter roadmap: Section 4.1 demonstrates the motivation and research
gap supported by this Chapter. The mathematical model of EV that has
been developed for the control model of Chapter 3 is given in Section 4.2.
The simulation setup and results are given in Section 4.3, while Section 4.4

concludes the Chapter.
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4.1 Introduction

EVs can be a proactive player in the control and optimisation of building
flexibility, as the consumer or even as the service provider for the building or
grid. According to the recent global EV outlook, a significant increase in the
number of EVs is observed over a year, passing 16 million in 2022, an increase
of approximately 50% from the previous year [100]. The worldwide EV stock is
shown in Fig. 4.1. Furthermore, EVs can also provide energy for the network,
with their discharging properties, enabling them to be a service provider in a
small scale, say as a nanogrid, consisting of smart home or a community of
buildings. This characteristics of the EVs along with other available smart
technologies, existing in smart homes, enable the concept of flexibility for the

energy management strategies.

In the energy scheduling of active buildings (ABs), EVs are commonly
regarded as a normal load [57]. However, these units are a complicated
component of the network which can bring about several challenges for the
grid [101]. These units proved to be an efficient storage device for ABs that
can decrease the operational cost and co-operate with RESs in response to
the price signal changes over the scheduling horizon [102]. This co-operation
resulted in 77% decease in the operational cost in [103], which proposed a

vehicle-to-building architecture for an residential microgrid (RMG) consisting
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F1GURE 4.1: Worldwide EV stock [100].
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of several distributed energy resources. Meanwhile, the driving pattern of
EVs is a critical parameter that can effect their role in the energy
management strategies [104]. Consequently, a real-time energy management
strategy is introduced in [22] considering the driving pattern of EVs as an
uncertain parameter, and their effect on the cost of the AB. However, the
control strategy has not considered the occupants comfort in the decision
making process, where cost related decisions and even EV participation can
be affected by the building users preference. The importance of this concept
was highlighted in Section 2.3.2.

Although the role of EVs in the smart grids has been widely investigated in
the literature, there are some important factors that need more investigation,

as outlined below:

(i) Electrification of transport vectors can influence the energy network and
consequently building to buildig (B2B) energy trading. Therefore, it is
necessary to investigate the effect of multiple-energy vector optimisation
on the AB flexibility.

(ii) Although the role of EVs on the economic perspectives has been studied,
occupants comfort can have its influence on the decision making process.
The EVSs’ participation in providing flexibility can be affected by the

users’ preference.

(iii) The papers that have considered EV in energy management strategies
have not taken into account EV’s driving patterns. This is a simplistic
modelling of EV behaviour since the power that is consumed in driving
mode of these units is an important factor in definition of their state of

charge.

Hence, this chapter attempts to address this gap by adopting a mathematical
model for the EVs that is affected by the driving pattern. The effect of
electrification of transport on the building flexibility will be studies through
adding corresponding EV model to the energy balance model studied in
Chapter 3. Furthermore, the effect of EVs on the occupant comfort is
studied. Finally, the model investigates the effect of EVs on the B2B.
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Therefore, this chapter is the continuation of the previous chapter by adding

the EVs as a mobile storage that can be effected by occupants decisions.

4.2 Mathematical Model of EV

The operational model of the EV battery is similar to that of battery energy
storage (BES). However, considering the power consumed by transport vector
and its effect on the availability of EVs in providing services for the ABs, the
operational model of these units should be adopted. Also, participation of an
AB in the B2B market is similar to the BES. The mathematical model of EVs

is given in the following.

EPY = EFY | + AtPS xS, — AtPDer / nb — AtPTe (4.1)
EFVain < BPY < EPVMar (4.2)

0< PG < BS x P{e (4.3)

0< PP < BPw x PP (4.4)

BPs + B <1 (4.5)

B, = Bl =0 (4.6)

where Equation (4.1) denotes the state of charge of EV, which is defined based
on the value of energy in the previous time period, charging/discharging power,
and the power consumed for the transportation. Note that this model is only
applicable for those buildings which have EVs. Constraint (4.2) limits the
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state of charge of EV, while constraints (4.3) and (4.4) limit the charging and
discharging power of EV. Constraint (4.5) prevents simultaneous charge and
discharge while (4.6) indicates that no charging and discharging happens in the
time periods that the EV is on the road (i.e. tg).

Therefore, the energy balance in Equations (3.13) is changed as below:

A A I ESS. G Cev
% (xj,f,t-on,ﬁo) P+ Py + P+ Py
1EYP;

(4.7)
G ESS Dey
=P + PRSP+ B+ PR 4 P

Also, the following equation is added to the energy balance to show the effect

of transport on the control model.

Ple = ADFPY x ot (4.8)

4.3 Results

Thanks to the linearisations that have been done in Chapter 3, an MILP
model is created which has been processed in GAMS using CPLEX solver.
The building data is given in Table 3.1. Assuming the 8:00AM as the starting
point of operation, the simulation is performed for 24 hours. The parameters
of EVs is given in Table 4.1 [105]. The driving distance of EVs is given in
[104].

In order to evaluate the effectiveness of the proposed model, the following case

systems are studied.

TABLE 4.1: Technical parameters of EVs [105].

Parameter  value (unit) Parameter value (unit)
EEVMas 15 (kWh) EFViin 5 (kWh)
P 6 (kW) pPe” 6 (kW)
Mo 93(%) Tew 93(%)

i

New (1/6) (kW /km)
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Case I: the best compromise solution of the proposed multi-objective model
with EVs.

Case II: the proposed model with EVs from the viewpoint of comfort

maximisation. This case study is solved as a single-objective optimisation.

Case III: the proposed model with EVs from the viewpoint of cost

minimisation. This case study is solved as a single-objective optimisation.
Case 1V the proposed multi-objective model without EVs.

Figure 4.2 depicts the Pareto optimal front for the proposed multi-objective
model, while the solutions obtained in cases I, II, and III are also marked in
this picture. As can be seen in this figure, when the operational cost is
minimised solely, the comfort index is at its lowest value, meaning that the
illuminance level and temperature are set at their lowest points. On the
contrary, maximising the comfort index raised its value exponentially,
whereas the value of operational cost is increased as well. Meanwhile, the
values obtained for the best compromise solution are a trade-off between

these objective functions.

In order to evaluate the indoor temperature in the in the aforementioned
cases, Fig. 4.3 is depicted, illustrating the temperature inside building j; for

the operation horizon. It is evident in this figure that Case II fixes the

20
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— 16
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= 15
<
o}
2 14 . .
o Compromise soluion
13 Case 111
n| 1
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11
94 95 96 97 98 99

Comfort index (%)

FIGURE 4.2: Pareto optimal front of the proposed multi-objective
optimisation.
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FIGURE 4.3: Variation of the indoor temperature in different cases.

temperature at the set point (i.e. 22.5 °C), while it fluctuates for the other
cases, especially Case I which tries to optimise results from both perspectives
of cost and comfort. The temperature in Case III is around the minimum
point. An important fact that could be observed in this figure is increasing
temperature above the set point in cases I and III, and decreasing afterwards.
This pattern is similar to the application of energy storage which charge in
low electricity price hours and discharge in peak hours. Therefore, the ABs
can act like a virtual thermal storage with proper scheduling of their

incorporated elements.

The participation of ABs in the B2B program is depicted in Fig. 4.4. This
figure is only depicted for the hours that the dwelling units participate in
the program, while the right hand side of the picture zooms the figure for the
buildings j; and j3, which have been categorised into type three and two houses
respectively. This picture demonstrates the active participation of ABs in the
B2B program. Comparison of the results for the buildings j; and j3 shows that
the former participated mainly as the consumer, since this AB is assumed to
be occupied during the whole operation horizon, while the latter’s role in the
B2B is mainly as the provider, because it is unoccupied from 9:00 to 18:00 and

equipped with lower number of tasks.

The Pareto optimal solutions of the proposed multi-objective problem is shown
in Fig. 4.5, so as to demonstrate the role of EVs in the RMG. This figure
proves the significance of these units in decreasing the energy bill. The value of
entire community’s energy bill over the scheduling horizon for the compromise

solution in this case is £23.19, compared to that of Case I which was £12.95 (i.e.
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44% decrease). Therefore, integration of EVs into the AB flexibility can affect

the economic goals of the community while keeping the occupants comfort in

an acceptable range.

The optimal energy scheduling of the proposed model for Case I and the best

compromise solution of Case IV is illustrated in Fig. 6.11. This figure clearly

shows the importance of EVs in activating the energy exchange between ABs

and the main grid, such that the power exported to the main grid increased

24
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FIGURE 4.5: The Pareto optimal solutions without EVs.
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considerably. This means the EVs can increase the value of flexibility for the
Bs. On the other hand, in the Case IV, the RMG mainly supplies its load
through the energy imported from the main grid.

Finally, the computation efficiency of the proposed MILP model is verified
against the MINLP (i.e. Egs. (3.7) and (3.10) are non-linear) in Table 5.3. The
results show that the MINLP model exponentially increased the computation
time while it failed to obtain a global optimal solution, as opposed to the MILP

model.

4.4 Conclusion

This study proposed a multi-objective energy management system for a

community of ABs that form an RMG, consisting of different assets such as
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FIGURE 4.6: Optimal energy scheduling in cases I and IV.

TABLE 4.2: Computation efficiency of the different models.

Model  Computation time (Sec.) Operational cost(£) Comfort index (%)
MINLP 4049.92 13.46 98.4
MILP 21.96 12.95 98
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BES, PV, and heat pump. In addition, a EV is considered for each AB which
can contribute to the energy management of the community by charging in
off-peak hours and discharging in the peak hours, whereas it should comply
with the transport needs of occupants. In addition, a B2B strategy is
introduced for each dwelling unit to show the importance of energy exchange
between ABs. Generally, the main conclusions of this study are summarised

as follows.

e Energy management of ABs requires consideration of multiple goals which
often pivots around a compromise arrived at by solving techno-economic

constraints assuming that social willingness of occupant is secured..

e The B2B strategy is an efficient approach for activating the energy

exchange between ABs.

e EVs can decrease the operational cost of RMGs by 44% while they can
increase the energy exchange between ABs’ community and and

consequently the value of flexibility.

e An AB can be considered as a virtual thermal storage, by optimal energy

scheduling of HPs and other similar primary energy conversation assets.

The previous chapters investigated the AB flexibility and the advanced methods
in activating higher levels of flexibility in the dwellings. Next chapter will
investigate flexibility in a higher level by studying the application of integrated
demand, DER, and network flexibility in preserving system stability.



Distributed Flexibilities for
Preserving System Stability

The following research question has been answered in this chapter:

To what extent can distributed flexibilities be wused to preserve system
stability?

Coordination between transmission and distribution network is a major
challenge for secure and stable operation of the whole power system. The lack
of an efficient coordination framework can have major economic and
operation loses for the system operators. This challenge is even more crucial
in an event of contingency, where a sudden change in the system can bring
about significant load curtailment. Due to the importance of flexibility in the
in energy network (as discussed in Chapter 1), it can be deployed by system
operators to preserve system security and prevent major load curtailment.
This chapter investigates the effect of flexibility on the secure coordination of
transmission and distribution networks. The aim is to show how flexibility in
distributed energy resource (DER), demand, and network topology can be
deployed to preserve the whole system voltage stability margin requirements.

Therefore, a coordination scheme is proposed for the transmission and

103



Chapter 5: Distributed Flexibilities for Preserving System Stability 104

distribution network while focusing on the role of flexibility in preserving
voltage stability. A decentralised control framework is proposed for
coordination of transmission and distribution networks while maintaining the
voltage security of the whole integrated system using different flexibility
methods. At the transmission level, the transmission network operator (TSO)
solves a centralised optimisation problem to minimise the system load
curtailment while maintaining the system security margin from voltage
stability point of view. The TSO communicates the required set-points in the
interface with distribution grids to the distribution system operators (DSOs.)
At the distribution level, the DSOs utilise their available distributed
flexibilities, such as conservation voltage reduction (CVR) as the demand
flexibility, DER scheduling as the DER flexibility, and feeder reconfiguration
as the network flexibility to provide the required set-points and preserve the
whole system security margin, with minimum load curtailment.  This
decentralised optimisation scheme preserves the system security with
minimum information exchange between operators, as well as minimum
physical load curtailment. The distributed flexibilities of all DSOs are utilised
to meet the required security margin of the whole system. The results show
that the distributed flexibilities are capable of reducing the system demand to
preserve the desired security margin, without any need for imposing direct

load curtailment.
Sections of this chapter is published in the following journal paper:

Nikkhah S, Rabiee A, Soroudi A, Allahham A, Taylor PC, Giaouris D.
Distributed Flexibility to Maintain Security Margin through Decentralised
TSO-DSO Coordination. International Journal of Electrical Power € Energy
Systems. Volume 146, March 2023, 108735

Chapter roadmap: Section 5.1 provides an introduction on the
coordination of TSO and DSO and provides a brief literature review on the
applications of flexibility; the research gap covered by this section is discussed
and the methods to fill the gap is explained. Section 5.2 explains the
framework of the proposed TSO-DSO coordination. Mathematical

formulation is introduced in Section 5.3. Section 5.4 explains the solving
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process of the decentralised optimisation approach. The simulation results are

given in Section 5.5. Finally Section 5.6 concludes the paper.
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5.1 Introduction

Restructuring within the electricity power industry has created opportunities
for small businesses, enabling more competition and possibly ending
electricity market monopolies. It has also enabled the engagement of DSOs in
the energy markets. Despite substantial opportunities created by this new
paradigm, the lack of sufficient coordination between TSO and DSOs can
create critical challenges, especially during an emergency condition (e.g.
sudden changes in the system load or generation failure) in the network. The
UK power outage in 2019 can be an example of lack of TSO-DSO
coordination, where millions of customers at the distribution level were

disconnected from the main grid by under-frequency load shedding [90].

This event highlights the necessity of cooperation between TSO and DSOs.
The cooperation between operators can enable a coordinated control
architecture in the whole network [106]. Although a coordinated scheme
allows the DSOs to have a direct role in the market, in practice, TSOs are still
responsible for the secure operation of the whole system [107]. Consequently,
under emergency conditions, TSOs can disconnect the distribution feeders
and all of their connected loads to preserve system security. This, however,
can bring about significant techno-economic losses to the system managers.
Therefore, system security is a challenge that questions the effectiveness of
available TSO-DSO coordination models [108]. A practical coordinated
framework should enable flexibility in the DSOs to preserve system security.
This raises an important question (recently considered in the Global Power
System Transformation Consortium’s Research Agenda Group) [109]: “How

can grid topology be flexibly adapted to various operating conditions?”

In the literature, network flexibility is mainly achieved through optimal
management of different types of DERs at the distribution system level. In
[110], a reserve provision capability method is utilised for estimating the
reserve requirement of TSOs and the capability of DSOs in complying with
the upper-level needs. This proposed model is solved for a planning stage,
however, it has not considered the sudden changes in the operation of the

coordinated system. The capability of distribution networks in providing
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reactive power support for the transmission system is studied in [111], where
intermittency of renewable distributed generation units is considered, with
the authors proposing a capability chart for investigating the effect of
uncertainty on the service provision. In [112], the influence of local markets
on the TSO-DSO coordination is investigated with a bi-level optimisation
problem considering the conflicting objectives. The results show that both
TSOs and DSOs should consider a budget to be robust in face of renewable
power generation uncertainty. Reference [113] proposed a real-time energy
management strategy for distribution systems, analysing various flexibility
services that could be provided for the transmission level in the interface of

these networks.

The cooperation between transmission and distribution systems is subjected
to several technical and operational challenges, which have been summarised
in [107]. These aspects can also affect the policies of cooperation. Each entity
has its own objectives. For example, TSOs might aim to minimise their costs.
DSOs focus on addressing the reliability of load supply. These different
objectives create a substantial challenge in terms of information exchange
privacy [114]. A decentralised control approach could address this
coordination challenge.A decentralised coordination scheme for distributed
generation units is proposed in [12] to meet the reactive power set-points of
the TSO-DSO interface, with the aim of minimising the power losses while
satisfying the distribution grid constraints. The authors also proposed a
control scheme for on-load tap changer so as to unlock higher level of reactive
power flexibility. A market clearing framework is proposed in [115] for trading
the flexibility provided by the distributed generation in the distribution level.
The results show that the flexibility in the distribution level can affect the
locational marginal prices in the transmission level. A decentralised control
model is introduced in [116], where the DSO and TSO solve their own
optimisation and balance the reactive power in their interface. This iterative
approach in coordination is also utilised in [117]. Yuan et al. [118] proposed a
hierarchical coordination approach based on the economic dispatch, where
DSOs solve their optimisation at an upper level and report the solution to the
TSOs. The final solution is achieved in an iterated manner. Considering the

high rate of (R/X) in the distribution systems, however, a simple economic
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dispatch or a DC-OPF cannot reflect the operational and dynamic
characteristics of the network [119]. In [120], a diagonal quadratic
approximation method is utilised for coordinating the OPF problems of the
TSOs and DSOs. The security of the coordination with the least information

exchange remains a challenge in available methodologies.

Preserving the integrated system security is a challenging issue of the
coordination [121]. An important indicator for evaluating system security is
the voltage stability margin [122, 123]. Therefore, voltage stability assessment
has been followed by researchers to evaluate the security of TSO-DSO
coordination. A joint static voltage stability analysis is introduced in [124] for
evaluating the security of integrated distribution and transmission systems.
In [125], voltage stability requirement is translated into the need for reactive
power and a methodology is proposed to defer investment in reactive power
compensation equipment while satisfying the required margin through
optimal control of synchronous and non-synchronous generation units. The
impact of DER technologies installed in the distribution level is shown by the
authors. Tang et al. [126] compared the accuracy of data-driven methods
with the OPF-based models in the coordination of TSO and DSOs. The
positive role of flexibility services, provided by the distribution networks, on
the heavily loaded buses of the transmission network is shown in [127]. The
dynamics of the distribution system are neglected and the evaluation of
transmission contingency analysis is performed based on the forecasted load
and generation. In [5], the role of distribution network in providing the
voltage support for the transmission level is studied in a real-time centralised
optimisation method. A model-free framework is introduced in [128] for
exploiting the flexibility provided by the low-voltage level DERs in order to
provided voltage support both in normal and emergence condition for the
transmission network. Reference [129] proposed a security constrained unit
commitment for TSO-DSO coordination with the aim of reducing the
computational time. In an emergency condition, however, the objective
functions of system operators would focus on secure operation of the system
rather than a cost-optimal unit commitment. The main challenge that
remains, however, is how to introduce security measures as critical

components of TSO-DSO coordination.
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TABLE 5.1: Taxonomy of control models in TSO-DSO coordination

literature.
| Flexibility measure | Control method | Power flow constraints
Ref. No DER Reconfiguration CVR load Centralised Decentralised Transmission network Distribution network Voltage stability
(110, 111, 113, 125] v x x x v x x v x
[112. 116, 118, 12(]] v X X X v v v x
[12, 117] v x x x x v x v x
[115] v x x v x v v v x
[124] v x x x x v v v x
[126] v x x x v x v v x
5, 127] v X x v v x x v X
This chapter v v v X X v v v v

The taxonomy of TSO-DSO coordination mathematical models is shown in
Table 5.1. Although the coordination between TSOs and DSOs has been
studied before, the amount of data exchange, distribution system flexibility,
and system security are three important considerations that need more

investigation.

1. With increasing numbers of distribution systems connected to a
transmission network, it is important to reduce the volume of data
exchange. This can help in optimising TSO problems with short
computational time. Therefore, an efficient method that solves the
optimisation on both sides with the least information exchange and

while preserving the system security needs to be developed.

2. The study of distribution system flexibility focuses mainly on the
potential of distributed generation to provide services for the upper
network in a normal situation. Nevertheless, there are other practical
methods that should be studied for evaluating the distribution level
flexibility under different circumstances including an emergency
condition (e.g. conservation voltage reduction and network

reconfiguration).

3. Although voltage stability analysis has been studied to evaluate the
security of TSO-DSO coordination, it is not considered a critical
constraint in designing decentralised optimisation models. This security
measure should be added to the OPF model of decentralised
optimisations of TSO and DSO. Such a scheme should highlight the
importance of DSOs in preserving the security of TSO-DSO

coordination.
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This chapter aims at addressing these challenges by introducing a
decentralised security-constrained TSO-DSO coordination framework. The
proposed method investigates the practical flexibility options at the
distribution level for preventing load curtailment in an emergency condition.
A decentralised control architecture is proposed for optimising the critical
components of the power flow model (i.e. active/reactive power, and voltage
magnitude) in the interface between transmission and distribution networks.
Rather than considering models of coordination, this method is designed to
achieve optimal values in the boundary points connecting the transmission
and distribution networks. To ensure secure coordination, the proposed model
considers the loading margin as the security measure. This measure should be
satisfied under different circumstances. The TSO optimises the system
operation while preserving the system security. The desired values of power
exchange and voltage level in the interface are sent to the DSOs. To respond
to the required set-point given by the TSO, the distributed DSO optimisers
try to benefit from available network flexibility options while respecting the
integrity of their internal constraints. The first promising flexibility option is
the use of voltage regulators in the distribution level, as the demands are
voltage-dependent. This scheme is widely known as conservation voltage
reduction (CVR) [13]. The next network flexibility option is the
reconfiguration of the distribution network, which has been used to improve
different techno-economic characteristics of distribution grid separately [14].
The solutions of DSO optimisers are sent to the interface and compared with
the requirement of T'SO. This process is repeated by optimisers until a degree
of convergence is achieved. If the DSOs fail in satisfying the required
boundary points, they would apply the load curtailment to preserve the
security of the whole system. This paradigm highlights the role of DSOs in
providing flexibility measures for preserving the TSO-DSO coordination. This
framework can converge with a small number of iterations and with a short
computational time (only seconds), which enables it as a suitable practical
TSO-DSO coordination scheme for research and industry. The main

contributions of this chapter are:

o A decentralised control framework 1is introduced for TSO-DSO

coordination with the least information exchange between them. In this
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method, DSOs use their available flexibility measures or/and load
curtailment to comply with the requirements of the TSO. This proposed
method benefits from short computational time spans and achieves the

required convergence degree with a small number of iterations.

e Distributed optimal DER scheduling, conservation voltage reduction
and network reconfiguration are adopted as the flexibility measures
preserving the security of TSO-DSO coordination with minimum
physical load curtailment. In the upper level, the TSO ensures the
minimum loading margin for the transmission network considering the
critical components of the power flow model. In the lower-level
distributed optimisation models, DSOs aim at minimising the actual
load curtailment, using the available flexibility options. Each DSO
provides a different level of flexibility in the proposed distributed
framework. However, the total flexibility provided comply with the
requirements of the TSO.

e The transmission network’s loadability constraint is considered as the
main security margin influencing the TSO-DSO coordination. This index
can be utilised as a measure for evaluating the degree of security of TSO-

DSO coordination.

5.2 Framework Description

A visualisation of the proposed TSO-DSO coordination framework is
presented in Fig. 5.1. This framework is suggested for a known number of
parallel distribution feeders that are connected to a transmission network in
the interface of these networks. Based on this architecture, an optimisation
problem is first solved by the TSO. Since voltage stability is an important
security criterion in the cooperation between TSO and DSO [124], it can be
considered as the main influence on the coordination between networks.
Accordingly, the optimisation in the transmission level always considers a
degree of loading margin (i.e. security margin) as an important constraint of
the model. This is shown in the upper left-hand side of Fig. 5.1. In this
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regard, a sudden change in the system load (e.g. increasing above the
generation capacity) can create security issues for the TSO if the aim is to

keep the loading margin in the preferred range.

In a conventional TSO-DSO coordination scheme, the T'SO optimiser is more
likely to apply load curtailment to some heavily loaded buses which are
connected to the lower-level distribution grids. However, TSOs can benefit
from the flexibility measures in the distribution networks. The methodology
designed in this chapter highlight the role of the flexibility measures in the
distribution networks for preserving the system security. Therefore, the
outcomes of the TSO optimiser in the point of connection with the
distribution grids are sent to the distributed DSO optimisers. These values
are shown with U{®9 in Fig. 5.1. Each DSO compiles its distributed
optimisation based on the received data. To prevent load curtailment, DSOs
try to utilise the available flexibility options in the distribution level to
comply with the requirements of the TSO. To do so, they utilise the CVR to
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adjust voltage within the permissible range which can result in load
reduction. Simultaneously with this strategy, the DSOs adopt the network
reconfiguration to decrease the power loss and improve the voltage profile.
After applying these strategies to the distribution network via an optimisation
model, the DSOs compare the preferred values (i.e. U{P59) with those
received from the TSO. If the values are lower than that of the TSO, they are
sent to the TSO optimiser for another round of optimisation. This process is
repeated until the DSO values are equal or bigger than those of the TSO. The
DSOs would apply load curtailment if they cannot decrease their load level to
preserve the security of coordination. The proposed method converges in a
small number of iterations and respects data privacy by considering only

critical components of the power flow model in the interface of the networks.

It is worth mentioning that this framework investigates the role of distributed
flexibilities in TSO-DSO coordination while complying with the security
margin. Therefore, it does not address the sizing of distribution networks.
The number of distribution networks is assumed as a known parameter. In
the meantime, sensitivity analysis has been performed to show the variation

of the results over the changes in the number of distribution networks.

5.3 Formulation of the Proposed TSO-DSO

Coordination Framework

The proposed formulation for the decentralised control method is illustrated
in Fig. 5.1. At the transmission level, the optimisation is solved with the aim
of minimising the load curtailment under a peak loading condition while
satisfying the required loading margin (i.e. security margin). The desired
solutions of the optimisation in the connection point with the distribution
networks are reported to the DSOs. The distributed DSO optimisers then
utilise their available flexibility options to minimise the value of load
curtailment and the difference between their required decision variables in the
point of connection with the upper network. The following subsections

express the mathematical model of the optimisation at each level.
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5.3.1 TSO Centralised Optimiser
At the transmission network level, the TSO optimiser aims at minimising load
curtailment and the difference between set-points in the interface with the

distribution networks under a peak loading condition (i.e.  emergency

condition) while satisfying the operational and security constraints.

5.3.1.1 Objective function

The objective function of the TSO is given below:

OFT59 = min {w; x offf° + (1 —w1) x 0 ot (5.1)
ofi’ =Y B (5:2)
beQy

C Ib’()
tso __ ’(PbD_PbL )_pbd
o dz;f—Z

D LC Tiso (5.3)
beQ, "“(Qb — Wy )_qb i

+ “/b _ ,U;dso

Equation (5.2) represents the load curtailment in the transmission system, while
Eq. (5.3) is the difference between the set-points in the interface with the

distribution networks.

5.3.1.2 Power flow and network constraints

Concerning the security of the system, it is necessary to consider the current
operation power flow constraints in the transmission level simultaneously with
those of the security limit point (SLP). This level also contains physical and
operational  constraints of the transmission grid (e.g.,  voltage
magnitude/angle). The power flow and network constraints at the current

operation point (COP) of the network are presented as below (Vb,j € {):
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PE + P —pP =, Z Vi Ypm cos(0y — O — Pm) (5.4)
JEQ

QF + Q% = QP =Vi Y ViYi sin(0 — O — fom) (5.5)
JEQ

prmm < PbG < Pmeaz (5.6)

Qi <QF <@y (5:7)

0 < PLC < pfOmer (5.8)

0< QY <@ m™ (5.9)

Ve <V < Ve (5.10)

— S < Spm <+ (5.11)

Constraints (6.8) and (6.9) are active and reactive power flow at the COP
respectively; constraints (6.10) and (6.11) limit the upper and lower capacity
of generation units respectively; constraints (6.34)-(6.17) show the limits on
the load curtailments. Constraint (5.10) represents the limits on the voltage
magnitude of system buses; constraint (6.35) shows the the transmission line

capacity.

5.3.1.3 Security constraints

Due to the importance of security measures in the TSO-DSO coordination,
they are considered as the critical component of the optimal power flow (OPF)
model in the TSO optimisation. To do so, as shown in the top left corner of
Fig. 6.4, the loading margin is considered as the security measure of TSO-
DSO coordination. This security margin is defined by generation capacity
requirements to supply rises in the system demand prior to the violation of
SLP [130]. In the P-V curve shown in Fig. 6.4, the distance from point A
(i.e. COP) to point B (i.e. SLP) is the loading margin (i.e. security margin).
This margin is defined by the system load. For example, increasing the system
demand from Pp, (i.e. point A) to P (i.e. point B) leads to a violation of

the operational constraints of the network. Consequently, the system loading



Chapter 5: Distributed Flexibilities for Preserving System Stability 116

margin should be more than/equl to the preset level to keep the entire network
in a secure operational state. In order to address this concept, the power flow
equations in COP (i.e. (6.8)-(6.17)) should be simultaneously considered along
with those of SLP, which are represented as below (Vb, m € ):

I:’bG — pr =V, Z Vo Yo cos(éb —0,, — Dom,) (5.12)
mey,
QF QP =V Y ViYomsin(0y — b — dpm) (5.13)
mey
PGmin < PG < pGmax (5.14)
Qi < QF < Q= (5.15)
ypmin < Py < ppmax (5.16)
— S < Sy <+ S (5.17)
PP =1 +AP x ) (PP - PLO) (5.18)
QF =1+ A7 x\) (QF - Q) (5.19)
P = min (PEm, (14 AF x N PE) (5.20)
Vi = Vp+ b — o (5.21)
(QFm — Q%) x vt <0 (5.22)
(QF — QFm) x v} <0 (5.23)
v vt >0 (5.24)
A > Ages >0 (5.25)

where constraints (5.12) and (5.13) represent the active and reactive power flow
at SLP respectively; limit on active and reactive power, voltage magnitude,
and transmission line capacity at SLP are shown by constraints (5.14)-(5.17)
respectively. The amount of increase in the active and reactive system demand
from COP to the SLP is shown by (5.18) and (5.19) respectively. This increase
in the system demand should be supplied by generation units, as represented
by Equation (5.20). Constraints (5.21)-(5.24) describe the dynamics of load
increase from COP to the SLP and the way it would affect the voltage at the
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system buses. Finally, the desired loading margin of the system can be defined
by Constraint (5.25).

By solving the above optimisation model for the TSO, the required load
curtailment and voltage level at the interface of TSO-DSO are obtained. The

following parameters will be determined:

PbItso PbD _ prC
Qi | =] QP —Qk° (5.26)
V'blf,so Vi

The active and reactive power shares (i.e., 71'5’ 4 and @} ;) of d-th downstream
feeder in the DSO’s overall demand at the boundary point with the T'SO (i.e.

at bus b) is a known parameter for the DSO, which can be expressed as follows:
Pyl =mh g x By (5.27)

Ny
oAb, =1 (5.28)
d

Gl =l x Qe (5.29)

Ny
S oml,=1 (5.30)
d

5.3.2 Distributed DSO optimisers

After receiving the set-points required by the TSO at the TSO-DSO interface,
a set of distributed optimisation models are solved in the distribution level to
comply with the TSO’s set-points, with minimum actual load curtailment, as

the demands are mainly connected to the distribution level. In the
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distribution level optimisation model, the DSOs aim at minimising the
physical load curtailment required by the TSO, via optimal coordination of
distribution-level flexibilities. In this chapter, network reconfiguration and
CVR are considered as the DSO flexibility options. By optimising the
distribution network topology via feeder reconfiguration, power losses and
voltage profile of the network can be modified to achieve the DSO goals.
Moreover, since the demand connected to the distribution feeder is mainly
voltage-dependent, CVR can be considered as an effective flexibility option
for DSOs. To implement CVR, coordinated operation of voltage regulators
(i.e. boosting transformers) along the feeders can be utilised. The system
demand can be modified through the coordinated operation of voltage
regulator transformers. In the following, the distributed optimisation model
for DSOs is presented, taking into account the network reconfiguration and

voltage regulators’ flexibilities.

5.3.2.1 Objective function

In the distribution level, each grid’s optimiser tries to minimise the load
curtailment and the difference between its set-points in the TSO-DSO
connection point with those obtained by the TSO’s centralised optimiser, as

below:

OFP%% = min {wa x 0 50 L (1 —wy) X 0 gf;’ (5.31)

offt = ity (5.32)
beBy

offf="> (’pf,d — e +‘Q£d — gk |+ ’vb,d _ yjlueo ) (5.33)

beB,

where wsy is a weight coefficient defining the importance of each objective in

the distribution level optimisers.
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5.3.2.2 Power Flow and Network Constraints

In this chapter, the power flow constraints in the distribution level are
adopted by adding two important flexibility measures: network
reconfiguration and CVR. The former adds a binary variable to the branch
flow model and the voltage-dependent loads are considered for the latter. The
power flow constraints in the distribution level are represented as below
(Vb,m € By):

Pha T PhG —Pha= Y Xbma X Pom.d (5.34)
meBy
Goa +Gg — Ga= Y Xoma X dom.d (5.35)
meBy
— 2 2
Pom,d = +gbmadTbm,dvb,d (5 36)
—Tbm,dVb,dVm.d (Gom,dC08(Obm.a) + Obm, a1 (Obm,a))
_ 2 2
Qom.d = —bbm,dTpm, qV,a (5.37)
_Tbm7dvb7dvm,d(gbm7d5in(9bm,d) - bbm,dCOS(ebm7d)>
aw
D R v [ Vbd) V¢
Pv.d = Pb,a Z kpb_’d - (5.38)
Up,d
P
D D v [ Ubd Pia
ab,d = 9b,d Z kay 4 <A : ) (5.39)
Ub,d
P
Smin Smax
Do = P??,d <pya™, Vb€ Bs (5.40)
Smin Smax
G < gya < gy, Vb€ Bs (5.41)
LC,
0<pid <pyg™™ (5.42)
0<qr§ < g g™ (5.43)
v < Vb < Vi (5.44)
(0b,a X ibm,a)? = Dim.a + Gom.a (5.45)
0 < ibmd < Xpm.a X iy (5.46)
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where constraints (5.34) and (5.35) represent the active and reactive power
balance in the distribution network respectively. Constraints (5.36) and (5.37)
show the active and reactive power flow in the distribution network
respectively, where 7, 4 indicates the tap level of the voltage regulator on
the line between buses b and m in the d-th parallel distribution feeder.
Binary variable Xém,d indicates the status of line connecting the distribution
buses b and m. Due to the fact that the majority of loads in the distribution
level are voltage-dependent, the exponential load model for active and
reactive loads are considered in equations (5.38) and (5.39) respectively. In
these equations, it is assumed that the load in each distribution bus b,
comprises of residential, commercial and industrial components. Constraints
(5.40) and (5.41) respectively limit the active and reactive power imported
from the transmission network to the distribution network from the
substation bus. Constraints (5.42) and (5.43) limit the active and reactive
load curtailment in the distribution network respectively. The voltage
magnitude of system buses is limited by Constraint (5.44). Finally, the power
flow through the distribution system lines is represented by (5.45) and limited
by constraint (5.47).

5.3.2.3 DER flexibility

Distribution-level DERs can play a vital role in providing flexibility for the
transmission network [12]. In order to unlock higher levels of flexibility, the
network reconfiguration and CVR can be used along with DER. To do so, active
and reactive power output of DERs are added to the power balance equations
in constraints (5.34) and (5.35), as below:

s d LC D !
Phd + Pyl + Pola — Prg = Z Xbj,d X Dbj,d (5.47)
JEBy
s d LC D !
T+ G+ God — Do = Z Xbj,d X dbj,d (5.48)

JEBY
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d d
0 < Pha < Mg (5.49)
d d d
_tg(@lead) x Pb,g < szi < tg(@lag) x Pb,g (550)

where constraints (5.47) and (5.48) represent the active and reactive power
balance equations with consideration for active and reactive power output of
DG units respectively. Constraint (5.49) represents the active power output of
DG units based on their available capacity. Finally, Constraint (5.50) limits

the reactive power output of DGs.

5.3.2.4 Distribution network’s flexibility

Network reconfiguration is considered as one of the more efficient methods
in improving system characteristics [131]. This method has been utilised to
improve different aspects of the network including voltage profile. Therefore,
it can be adopted to improve the distribution system voltage profile when the
substation voltage level is reduced to save energy. In this chapter, the network
reconfiguration is modelled based on the graph theory. Accordingly, to have
a radial configuration, the number of distribution lines should be equal to the
number of nodes minus one. This concept can be mathematically modelled as
below [132] (Vb,m € By):

8b,d — dpa = Z Jom,d — Z Jmb,d (5.51)

(bm)e, (Jb)E
Jom,d + fmb,a =0
| fom,al < Xém,dfmﬁ
0<spa< sg'}jx, Vb € Bg

Z Xém,d =2 X (card(By) — 1)
(bm)€By,

5.52
5.53
5.54

~ o~ o~ o~
N N N N

5.55

Xém,d = leb,d (5.56)
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where Xém,d is a binary variable indicating the status of lines. It is equal
to one if the circuit is closed and 0, otherwise. Combining (5.51) and (5.55)
ensures that there is a path to every node and the graph connectivity is ensured.
Therefore, in the proposed model for the distribution system, in addition to
constraints (5.55) and (5.56), there is a need to have a path from the substation
to all system loads, which has been reflected in equations (5.34) and (5.35).

By solving this, the model will determine the distributed DSO optimisers, the
realised load absorbed by the downstream distribution networks, as well as the
optimal voltage at the interface point of TSO-DSO. Usually, several distribution
feeders are supplied on the downstream side of a given interface point of the
TSO-DSO. Therefore, the DSO aggregates the obtained load of all parallel

feeders as follows:

I4s N,
" >t Pzid
so _ N,
g | = Tt (5.57)
N,
vy N Dode Vbd

5.4 TSO-DSO Coordination Procedure

At the connection bus between transmission and the downstream distribution
networks, the boundary variables including voltage magnitude, active and
reactive power are obtained via the above optimisation models. The vector of
these boundary variables should converge to the same values for both the

TSO and DSO optimisations. Hence, the convergence condition is as follows:

& [Py = pyt| &
o | = | 1@k —alel | < | e (5.5%)
€0 “/})Itso _ /Ul{dso‘ Gges

The process of solving the proposed coordination scheme is shown in Fig. 5.2.

Based on this flowchart, the process starts with initialising the model
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Initialize the model
and set

.| Solve the TSO optimization
Egs. (1)-(25)

Desired decision variables
at the point of connection

Iiso Iiso Liso
(P)b ) ‘/b )

’ b

Solve the distributed DSO
optimizations
Egs. (31)-(51)
¥
Desired decision variables

at the point of connection
laso daso ,ldso
Py 4" ")

des
ep < €p

des
gq < €q

£y < €50

) 4

Is it necessary to
curtail load?

A

Ae(p/q/v)" = Ep/qv) (iteration) — €, q/v) (iteration — 1)

Ficure 5.2: Flowchart of the proposed framework for TSO-DSO
coordination.

parameters and defining the preferable degree of security (i.e. Ages). Then,

the TSO performs the following optimisation:
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min {OFT59(X2Y)} (5.59)
Subject to :

H™ (X)) <0 (5.60)

Gto(xPVy=0 (5.61)

where (5.59) is the TSO optimiser’s objective function (i.e. (5.1)), and the
constraints (5.60) and (5.61) represent all equality and inequality constraints
of the transmission network (i.e. the constraints (5.4)-(5.25)). X2V
represents the decision variables of the transmission network optimiser
including those of the boundary points. The optimal solution of the boundary
variables is reported to the DSO’s distributed optimisers via (5.27)-(5.30).
For any given transmission bus, the corresponding downstream distribution

feeders are optimised based on (5.62)-(5.64) in a distributed manner.

min {OFP5C (X))} (5.62)

dso

Subject to :

H®(XP2V) <0 5.63)
G¥#o(XPVy=0 (5.64)

where (5.62) is the objective function of the distribution network d and
equations (5.63) and (5.64) are the equality and inequality constraints of each
distribution network (i.e. constraints (5.34)-(5.56) ). X2V is the set of
decision variables for each distribution network. At the distribution level,
each DSO applies its available flexibility measures in all feeders in a
distributed manner to comply with the requirements of the TSO. While each

DSO can provide a different degree of flexibility based on their capabilities,
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secure coordination is achieved if the convergence condition (i.e. (5.58)) is

met.

If the convergence criterion is not met in the current iteration, the boundary set-
points obtained by the DSO’s distributed optimisers, are aggregated via (5.26)
and sent back to the centralised TSO optimiser to set up the next iteration.
The TSO then solves the optimisation in equations (5.59)-(5.61). From the
second iteration, the TSO has the autonomy to check the desired values of
set points in the point of connection. If the values of the boundary set-points
obtained from the TSO are equal to those received from the previous iteration
of the DSOs, it is not possible to apply further changes using the flexibility
measures at the distribution level. At this point, the TSO sends the order to
the DSOs to check for the load curtailment. The necessary load curtailment is
then applied by the DSOs. In the first iteration and for the TSO’s centralised
optimiser, it is worth noting that , the DSOs’ distributed optimisation models

have not been solved yet, Eq. (5.3).

Conversely, if there is a difference between the set-points, the TSO allows the
DSOs to perform their own distributed optimisations and utilise their flexibility
measures to decrease load curtailment. This process is repeated by the TSO
and distributed DSO optimisers until the convergence criterion is met or it is

not possible to apply more adjustment to the set-points indicated by TSO.

5.5 Case study

The optimisation models in the TSO and DSO levels are non-linear
programming and mixed-integer non-linear programming, respectively. Both
models are implemented in general GAMS software [96]. The IEEE 118-bus
system, here, is considered the test transmission network. The data of this
system is available in [133]. The 83-bus practical distribution network of
Taiwan Power Company [134] and the IEEE 33-bus distribution feeder [135]

are considered as the sample downstream distribution networks.
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It is assumed that 8 parallel IEEE 33-bus distribution feeders and 5 parallel
83-bus Taiwan Power Company distribution networks are connected to Bus 59
of the IEEE 118-bus transmission system. This bus has the largest amount of
load in the transmission network and is more likely to experience load shedding
in case of an emergency condition (e.g. sudden load increase). The rest of the
load in this bus, and other buses of the transmission network, are assumed
as aggregated load in transmission level. The one-line diagram of IEEE 118-
bus transmission network and connected distribution networks including the
location of voltage regulators and potentially switchable lines in each feeder
is shown in Fig. 5.3. The location of distributed generation (DG) units in

distribution level is shown in this figure. The data of DGs is taken from [115].

The active and reactive power share of each distribution network (i.e., 7r£ d
and 7 ; in (5.27) and (5.29)) is defined based on their total load. Therefore,
the values of 7y ; and 7 ; are 0.178 and 0.156 for IEEE 33-bus distribution
feeders respectively, and they are respectively 0.822 and 0.844 for 83-bus

Taiwan Power Company distribution networks. Moreover, e(p/q/v)deS

are
assumed to be 0.004 p.u in (5.58). Furthermore, w; and wy are both assumed
to be 0.5 in (5.1) and (5.31), respectively. The share of various demand
models, including the residential (R), commercial (C) and industrial (I) loads

in exponential (EXP) load model is summarised in Table 5.2.

To analyse the effectiveness of the proposed TSO-DSO coordination scheme
under an emergency condition, it is assumed that the transmission system’s
load is increased by 10% (evenly in all buses). The desired security margin of
the TSO-DSO coordination (i.e. Ages) is taken to be 10%.

TABLE 5.2: Various demands share in EXP load model.

Load model | ¢ | of, B;fd kpyb  kgyp
R | 120 290 | 033 0.33
EXP C 1099 350| 0.33 0.33
I ]0.18 6.00| 034 0.34

R: Residential, C: Commercial, I: Industrial and EXP:
Exponential load model
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TABLE 5.3: Computational size of the proposed TSO-DSO coordination

model.
Parameter TSO DSO (33-bus) DSO (83-bus)
# of model variables 8,398 808 2,022
# of model constraints 6,256 708 2,048
Total execution time [s] 36.19 1.28 2.25

0.07 | woeere€y ===€q ——€p

7 _

0.05
0.04 -
0.03
0.02

Convergence degree (p.u)

0.01

0

Iteration

FIGURE 5.4: The convergence characteristics of the TSO-DSO coordination
model for Ny = 13 and Ages = 10%.

5.5.1 Flexibility with Network reconfiguration and CVR

The computational data of the proposed model is summarised in Table 5.3.
The simulations are performed on an Intel(R) Core(TM) i5-6600 CPU
3.30GHz with 16 GB of RAM. Table 5.3 demonstrates that the proposed
method achieved a particularly short computational time, in order of seconds.
The distributed DSO optimisation models can be solved in a distributed
manner via parallel computing. The convergence characteristics of the
proposed TSO-DSO coordination model are shown in Fig. 5.4 for 8 parallel
IEEE 33-bus distribution feeders and 5 parallel 83-bus Taiwan Power
Company distribution networks connected to Bus 59 and the security margin
of 10%. It can be seen that the proposed decentralised TSO-DSO

coordination model converges in a few iteration (e.g. four iterations for
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FIGURE 5.5: Load curtailment for different values of Ny and Ages: (a)-(c)
TSO and DSO optimisers’ results for Ages = 10% and different values of Ny,
(d)-(f) TSO and DSO optimisers’ results for N, = 13 and different security
margins.
Ades = 10%). Moreover, voltage at the interface point is converged even

faster, such that e, < €% after three iterations. Having the voltage
regulators in distribution feeders enables more flexibility in both active and
reactive power demands to enhance the convergence degree of the proposed

framework.

It is worth mentioning that this study performed the simulation for the
similar distribution networks (i.e. the simulation has been solved for two
different distribution networks and has been scaled to 8 parallel IEEE 33-bus
distribution feeders and 5 parallel 83-bus Taiwan Power Company
distribution networks).  However, increasing the number of distribution
network can add higher level of complexity and increase the simulation time.

Also, since this study investigated network reconfiguration as a network
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flexibility option, radiality has been considered as a constraint. However
solving the model for meshed distribution networks (i.e. without
consideration for network flexibility) can decrease the degree of complexity
since the binary variable showing the status of lines (i.e. X%}m, 4 in Eq. (5.53))
is not considered by optimisation model. This can decrease the degree of

flexibility while reducing the computational complexity.

Figure 5.5 shows the changes in the optimal value of load curtailment for
different number of distribution networks connected to the Bus 59, and
different levels of the security margin. The main observations based on this

figure are:

1. Number of parallel distribution networks (i.e. Np): it can be seen from
Figs. 5.5-(a)-(c) that increasing the number of connected distribution
networks can reduce the number of iterations. Increasing the number of
distribution networks raises the degree of flexibility and contribution in
the load reduction. The optimisation achieved the desired convergence
degree in two iteration for N, = 13. Also, this factor can influence the
load curtailment. For example, in Fig. 5.5-(b), the total amount of load
curtailment for the distributed DSO optimisers is zero for N3us = 15
and N33us = 13, while it is 0.14 MW for N3%%s = 7. The value of actual
load curtailment is 1.32 MW in 83-bus distribution network for N30us =
4. This means that the actual value of load curtailment increases for the

larger distribution networks.

2. The role of distributed flexibility measures: these techniques play a
crucial role in decreasing the load curtailment in the distribution
networks. For instance, for N, = 11 in Fig 5.5-(a), although the TSO
requested 8.6 MW load curtailment in the TSO-DSO interface, the
distribution network optimisers only curtailed 0.14 MW and 1.32 MW
in Figs. 5.5-(b) and 5.5-(c) respectively. This means that
8.6 — (1.32 + 0.14) = 7.0 MW (i.e. 81%) of the requested load
curtailment by the TSSO is handled via the available flexibility measures,
namely feeder reconfiguration and conservation voltage reduction. It is
worth mentioning that no physical load curtailment is realized by the
DSO optimisers for N, = 13 and N, = 15.
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3. Security margin (i.e. Ages): this transmission-level parameter has a
significant impact on the load curtailment. Increasing the security
margin from 10% to 12.5% in Fig. 5.5-(d) doubles the amount of
required load curtailment by the TSO optimiser in the boundary point
(i.e. Bus 59). Additionally, one can observe from Figs. 5.5-(e) and
5.5-(f) the higher the Ajes the more the actual load curtailment by
DSO. Moreover, this measure also influences the number of iterations

for achieving desired convergence degree.

4. Secure coordination: in Figs. 5.5-(e) and 5.5-(f), since the TSO optimiser
has not observed any changes in the interface set-points from iteration
3 to 4 for Ages = 12.5%, the DSO optimisers observed load curtailment
in iteration 3 for maintaining the desired security margin over the whole

system.

Active and reactive power of an IEEE 33-bus distribution network connected

to Bus 59 before and after applying the flexibility measures is shown in Fig.
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FIGURE 5.6: Nodal demand values in IEEE 33-bus distribution feeder
before and after applying the flexibility measures (for N, = 13 and
Ades = 10%): (a) active power, (b) reactive power.
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5.6. It is observed that the flexibility measures reduce the active and reactive
loads, especially for high demanded buses. The total active and reactive
power of each distribution feeder before applying the flexibility measures are
3.72 MW and 2.30 MV Ar respectively, while after applying the CVR and
feeder reconfiguration the net active and reactive demands of each feeder
decrease to 3.57 MW and 1.86 MV Ar, respectively. This means that each
distribution network is capable of reducing its active and reactive demands by
0.14 MW (i.e. 3.8% of total active power demand) and 0.43 MV Ar (i.e. 19%
of total reactive power demand), respectively, without any need for actual
load curtailment (as also shown in Fig. 5.5-(b) for N3%* = 8 and
Ades = 10%). For the 83-bus Taiwan Power Company distribution network,
2.6% and 14.2% of active and reactive power is compensated by the
distribution flexibilities without the need for physical load curtailment (as
also shown in Fig. 5.5-(c) for Nf?’bus =5 and Ages = 10%).

Figure 5.7 investigates the voltage profile obtained by the distributed DSO

optimisers for a specific feeder connected to bus 59 in the following three cases:

e Case I: With CVR and without feeder reconfiguration;
e Case II: Without CVR and with feeder reconfiguration;

e Case III: With both CVR and feeder reconfiguration.
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FIGURE 5.7: Optimal value of voltage magnitude in the IEEE 33-bus
distribution network for different case studies (for N, = 13 and Ages = 10%).
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FIGURE 5.8: The optimal setting of voltage regulators installed in the IEEE
33-bus distribution network for different values of security margin and N, =
13.

This figure shows that solely using CVR (i.e. Case I) decreases the voltage
level in the end buses to the corresponding lower limit. In Case II, however, just

feeder reconfiguration has resulted in better values of voltage level across the
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feeder.In Case III, where both CVR and feeder reconfiguration are considered
as the flexibility measures, the voltage level is reduced in a coordinated manner
to satisfy the demand reduction forced by the TSO. The active and reactive

demands, in this case, have already been shown in Fig. 5.6.

Moreover, for N, = 13 and Ag.; = 10%, the overall active power curtailment
in all distribution networks in cases I, II and II is 3.6 MW, 2.4 MW, and
0.0 MW, respectively. Although each of the CVR and feeder reconfiguration
flexibilities can individually decrease the actual load curtailment, their
coordinated utilisation is a better practice for reducing the load curtailment

in the TSO-DSO coordination process.

Finally, the effect of security margin on the voltage regulators’ settings as well
as the optimal configuration of each sample distribution feeder are shown in
Figs. 5.8 and 5.9, respectively. Figure 5.8 demonstrates how the tap setting is
changed for voltage regulators to cope with the TSO’s requirements in terms
of the desired security margin. For example, the voltage regulator installed on
the line between buses 1 and 2 (i.e., VR1) changes its tap by 5% in order to
cope with a 2.5% rise in the security margin. These results can also be seen in
Fig. 5.9, where the distribution feeder’s configuration is changed for different
values of A\4es. Note that the radial configuration is preserved for all security

margins.

5.5.2 Value of DER flexibility

This section evaluates the effectiveness of DERs in providing flexibility services
for the TSO-DSO coordination. As shown in Fig. 5.3, a number of DGs are
installed in the distribution network and their effect on decreasing the needs

for load curtailment in the emergency condition is analysed.

The simulation result shows that the coordination with the IEEE 33-bus
distribution network converges in one iteration and the value of load shedding
is zero with the DGs in the system; the 83-bus Taiwan Power Company
distribution networks converges after two iteration, also with zero load

shedding. These results show the importance of DERs in decreasing the needs
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FIGURE 5.9:  Variation of the IEEE 33-bus distribution network
configuration for different values of security margin and N, = 13.

for extra communication between DSO and TSO, while achieving zero load
shedding. Therefore, optimal coordination of DERs is an efficient method in

achieving the secure TSO-DSO coordination.

In order to evaluate the effect of DERs on voltage profile, the case studies
described in Fig. 5.7 are compared against a case study with DERs, network

reconfiguration and CVR (called Case IV). The result of this comparison is
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given in Fig. 5.10. It can be seen from this figure that the combination of
distributed flexibility methods with DERs provides better threshold for the

voltage profile, without the need for load curtailment.

Also, the optimal setting of voltage regulators in Case III and Case IV are
compared in Fig. 5.11. This figure shows that adding the DERs decreased the
need for higher level of tap changing in the voltage regulators. This means the
local generation decreases the need for higher contribution from the loads in

complying with the security measures of the TSO-DSO coordination.

5.6 Conclusion

The transformation of power systems towards integrated networks of different
entities in which distribution and transmission system operators cooperate
together towards a coordinated TSO-DSO scheme is a promising
development. This scheme enables traditionally passive distribution networks
to be active entities of such coordination. However, the challenge of voltage
security and distributed flexibilities provided by DSOs for keeping the whole
system in the desired loading margin needs further investigations. This
chapter highlights the distributed flexibility measures for preserving the

voltage security margin of the TSO-DSO coordination approach via a
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FIGURE 5.11: The optimal setting of voltage regulators installed in the
IEEE 33-bus distribution network for cases III and IV (for N, = 13 and
Ades = 10%).

decentralised optimisation framework. At the transmission level, the

centralised TSO optimiser aims at minimising the load curtailment in the
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heavily loaded transmission network buses to preserve the required security
margin under a contingency condition (i.e. sudden increase in the system
load). The optimal set-points of transmission buses in terms of active/reactive
power and voltage level, are determined by this optimisation model and sent
to the downstream distribution networks at the point of connection between
these grids. At the distribution level, the distributed optimisers of DSOs aim
at minimising the difference between their set-points and the corresponding
values sent by the TSO in the TSO-DSO boundary points as well as physical
load curtailment, simultaneously. To achieve these goals with minimum
unavoidable load curtailment, DSOs utilise their distributed flexibilities such
as DER, CVR, and feeder reconfiguration. The efficiency of these flexibility
methods is evident in the results. These distributed flexibility measures
compensated 81% of load curtailment requested by the TSO. This result
shows the importance of benefiting from flexibility measures in the
distribution networks, highlighting their role as an active player in the
TSO-DSO coordination. The results show that the number of distribution
feeders available in the DSO distributed optimisers can reduce both the
actual load curtailment and the number of iterations for the TSO-DSO
coordination. This means that the proposed framework can achieve short
computational time, in order of seconds, when the number of distribution

networks is increased. According to the results, it can be concluded that:

e The coordinated utilisation of CVR and feeder reconfiguration is a
promising option for the reduction of physical load curtailment in the
TSO-DSO coordination process. Joint utilisation of CVR and feeder
reconfiguration reduced the need for curtailing the active and reactive
load in each individual distribution network by 3.8% and 19%
respectively. These methods can be utilised along with DER flexibility

options in the future studies to guarantee system security.

e Increasing the security margin raises the required load curtailment by
the TSO and consequently the actual load curtailment by DSOs.
Increasing the security margin by 2.5% resulted in a twofold increase in
the required load curtailment by the TSO. This criteria is important in

the coordination schemes that require a higher level of security. Under
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such paradigm, the system operators need to curtail load to preserve

higher security margins.

e A 2.5% increase in the security margin requires 5% change in the tap
settings of voltage regulators installed in the distribution networks.
This shows the effect of security margin in the transmission level on the
flexibility measures taken by DSOs. It also highlights the active role of

distributed flexibilities in preserving the whole system security.

This chapter investigated the application of different flexibility methods in
preserving the system stability and avoiding load curtailment or disconnection
of distribution networks from the main grid. The next chapter investigates
a case where the distribution network is separated from the main grid and it

should utilise its flexibility methods to preserve its security.



Application of Flexibility in
Providing System Security

The following research question has been answered in this chapter:

To what extent can flexibility methods preserve security of an islanded

microgrid?

The developments that have taken place in microgrid design accelerated the
possibility of working in both islanded and grid-connected modes. High
penetration of intermittent renewable energy sources (RESs) and unexpected
disruptions (e.g., natural disasters) are fundamental challenges which can
threaten the secure operation of microgrids, especially during the islanded
condition, with no support from the upstream grid. Under such
circumstances, efficient utilisation of different flexibility methods (e.g.
demand, distributed energy resources (DER), and network flexibility) can be
a valid solution to deal with islanded microgrid’s operational challenges. The
optimal management of demand and DER flexibility could be a valid solution
to deal with uncertainty of RESs, while network reconfiguration could be a
post-contingency flexibility method in dealing with security challenges

causing the load curtailment. This chapter introduces a hierarchical tri-layer

140
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min-max-min joint risk- and security-constrained model predictive control
(RSC-MPC) framework for real-time energy scheduling of flexible islanded
microgrids (FIMGs) under the influence of uncertainty and real-time
time-varying contingency conditions. The proposed method benefits from
demand, DER, and network flexibilities to supply FIMG demand under
different conditions. Different forms of preventive and corrective flexibilities
are used in this model. Different layers of such an optimisation problem are
defined for different proposes. While the first layer process a pre-scheduling
day-ahead optimisation, the second layer detects the worst-case contingency
conditions by maximising the load curtailment and the mismatch between
pre-scheduling (i.e., first layer) and real-time operation. The third layer
implements the corrective flexibility measures to minimise the negative effect
of contingency conditions while accounting to the cost associated with the
risk of uncertainty in the forecasted inputs. The third layer also explores the
economic effects of the RES’ uncertainty on the proposed RSC-MPC,
considering the risk and energy procurement cost as conflicting objectives.
The computational efficiency of the proposed hierarchical control system in
terms of accuracy and processing time is guaranteed through a mixed integer
conic programming model. The proposed RSC-MPC is tested in different case
studies and its efficiency is validated by numerical results. The results show
the efficiency of the proposed preventive and corrective flexibility methods in

preserving system security while dealing with risk of uncertainty.

Sections of this chapter is published in the following journal paper:

Nikkhah S, Sarantakos I, Zografou-Barredo NM, Rabiee A, Allahham A,
Giaouris D. A Joint Risk and Security Constrained Control Framework for
Real-Time Energy Scheduling of Islanded Microgrids. IEEE Transactions on
Smart Grid. 2022 May 2.

Chapter roadmap: Section 6.1 provides and introduction on the microgrid
energy scheduling and defines the research gap based on the literature.
Overview of the proposed RSC-MPC is given in Section 6.2. The description
of different layers and the problem formulation is presented in Section 6.3.

Section 6.4 introduces the framework description and case study. Simulation
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results are given in Section 6.5, while conclusions are summarised in Section
6.6.
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6.1 Introduction

Security issues have been increasing in power systems in recent years due to
the extreme weather events leading to breakdown of infrastructure networks
as a result of climate change. On the one hand, more frequent natural
disasters have highlighted the necessity of accounting for security measures.
On the other hand, increased penetration of volatile renewable generation (to
decrease environmental pollution) has created more opportunities, but also
challenges for system operators. Therefore, greater share of RES as well as
increased frequency of natural disasters in systems without suitable
decentralised control frameworks have provoked substantial challenges to the
electricity networks. For instance, the UK power grid outage on August 2019
was the result of high penetration of RES and the lack of suitable control
strategies in the local networks which were disconnected from the main grid
by the under-frequency load shedding [90]. Such an event triggered the
necessity of designing the flexible microgrids that are capable of operating in
islanded mode, while accounting for security issues caused by low-probability
high-impact contingencies utilising their available flxibilities. This operation
strategy can prevent, or at least decrease the load shedding of local networks

that are disconnected from the main grid.

The islanded operation requires an efficient control mechanism that ensures
different operational and physical constraints. Efficient controlling of FIMGs
can enhance the grid reliability and resilience, while improving the RES
penetration [136]. Optimal control and energy scheduling of FIMGs, however,
can be challenged by a wide variety of technical/operational problems.
Firstly, due to the inclusion of different inverter-based technologies in the
network, the FIMG controller should be able to deal with the time-scale
discrepancy between the responses of different technologies on a real-time
basis. On the other hand, due to the high probability of RES uncertainty,
even in a minute-to-minute real-time tracking [137], the risk associated with
uncertainty should not be neglected. Therefore, the FIMG controller needs to
take into account forecasted parameter uncertainty (e.g., in renewable

generation) and the potential response delays of different assets in real-time
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control. Secondly, such a real-time FIMG controller should be able to tolerate
possible contingency conditions (e.g., a sudden disruption caused by a natural
disaster) that can affect grid elements such as distribution system’s lines.
This problem raises the necessity of accounting for security measures in the
FIMG’s real-time controls. Finally, such control framework should be
computationally efficient, while considering important physical and

operational constraints of the network.

Several approaches have been proposed in the literature to deal with the

aforementioned challenges.

6.1.1 Real-time control

model predictive control (MPC) has been regarded as an efficient approach
that is capable of considering system constraints at each time step, enabling
real-time control of complex systems. The utilisation of MPC approach in
[87] has brought higher RES penetration as well as improvement in the
microgrid efficiency. In [138] the MPC is adopted to predict future voltage
deviations in the microgrid and adjust the reactive power generation to
prevent voltage instability.  Regardless of the efficiency of MPC-based
methods, the main issue in the application of these approaches is the
possibility of changes in the predicted data of future time slots. As it has
been shown in [22], there is a considerable difference between the actual and
predicted photovoltaic generation output, which is caused by the inherent
uncertainty of solar irradiance. The effect of RES uncertainty on the voltage
stability of microgrid and optimal capacity of electric vehicle parking lots is
analysed in [122]. This factor also has been considered as an important
challenge which can affect the system operation [139], load curtailment [140],
and system reliability [141]. However, the conventional MPC approaches fail
to capture the critical uncertainties (e.g., those associated with RES) and
consequently to handle their associated technical and economic risks.
Although it has been considered as the future research work in [87], there is
not any research which has investigated the performance of the MPC-based
control approaches under an uncertain environment. It should be noted that

the effect of uncertainty on the energy management of microgrids has been
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analysed in recent literature [142; 143], where robust optimisation has been
utilised to improve the system robustness in face of uncertainty in the
renewable generation. Furthermore, the risk associated with uncertainty of

predicted data in the MPC requires more investigation.

6.1.2 System security

The occurrence of several natural disasters in recent years [144] obliged
system operators to contemplate the contingency conditions as a challenging
issue which can affect the power grid [145]. The importance of such
constraints in energy management of microgrids has been clearly shown in the
previous researches [146-150], and different preventive and corrective
measures have been taken into account to improve the system security.
Reference [146] introduced a conservative energy scheduling framework which
minimised the dependency on susceptible lines, while concerning the voltage
and reactive power constraints as important criteria of secure grid operation.
Sun et al. [147] proposed a self-healing strategy for microgrids to prevent
security problems when the grid is facing a contingency condition. The steady
state voltage stability of islanded AC-DC microgrids with limited reactive
power support in the off-grid mode and under the influence of contingencies is
studied by [148]. In [149], the security constraints have been integrated into
the optimal power flow model in energy management of multi-microgrids in a
stochastic environment. Contingency conditions have been considered as the
main means of defining different security measures [145]. In [150] the role of
reserve constraints in providing security margin for isolated microgrids
against forecast errors and intra-dispatch fluctuations is analysed by
introducing a capacity allocation method. The reserve requirements can be
provided by dispatchable units, or optimal management of controllable loads.
In [151] optimal management of thermostatically controllable loads is
considered as flexibility option for primary frequency regulation. In reality,
however, the contingency situations are mainly uncertain phenomena (e.g.,
natural disasters) that change over a geographical area in a specific period of

time. These two factors (i.e., uncertainty in the occurrence of disruptions,
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and changeability over the system structure) have not been considered in the

definition of security.

Network reconfiguration has been regarded as a viable solution to enhance
the system security, while keeping a radial structure for the system to
facilitate the protection measures. The results obtained in [152] show that the
network reconfiguration can change the maximum active droop coefficient
through tolerating the impedance. A worst line contingency detection method
for the microgrids is proposed in [153], while the mobile RES and network
reconfiguration are considered as preventive actions to minimise the load
curtailment. Application of this method in improving system security is even
evident when it has been subjected to different limitations, such as
loss-of-load and line capacity constraints [154], or dynamic line rating
limitations [155]. A new network reconfiguration in the presence of RES has
been introduced in [156] for post failure system restoration. This method
helped in decreasing the costs of restoration program. In [157], the joint
optimisation of network reconfiguration and distributed generation is
considered as a solution for decreasing the time and cost of system restoration
after major faults in the distribution network. The network reconfiguration,
however, has been mainly studied as a preventive rather than a corrective
measure. Also, the majority of post/pre-reconfiguration problems has been
designed based on the known location of faults. However, considering the
highly uncertain nature of contingency conditions, changing the system
configuration prior to the occurrence of any contingency condition may not

influence the elements that will be affected by the event of disruptions.

6.1.3 Computational efficiency

Including the security measures in a real-time control mechanism, requires a
computationally efficient mathematical model. The existing literature on the
real-time energy scheduling of microgrid have mainly adapted MINLP [158] or
MILP [159] models. Also, those studies which have considered network
reconfiguration as a flexibility option for improving the system security have
mainly utilised MINLP [153] or MILP [147] models. The main classification

criterion for these mathematical methods is the power flow algorithm.
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Considering a full AC power flow model results in an MINLP problem, and is
often solved employing heuristic optimisation methods [160]. However, the
MINLP models fail to ensure global optimality (or quantify the optimality
gap), while imposing a significant computational burden. The MILP models
use some simplifications and approximations in order to linearise the
non-convex constraints, which introduce a layer of inaccuracy to model

outputs.

The taxonomy of relevant literature on the energy scheduling of microgrid is
given in Table 6.1. The studied literature clearly highlighted the importance
of including security measures in microgrid operation, as well as the need for
using different flexibility methods in the control mechanism. However, there
are several important points in the literature that have not been considered,
including: a) importance of security in real-time energy scheduling, b)
influence of uncertainty on the real-time flexibility of system, c) economic
factors associated with risk of uncertainty in the real-time energy scheduling,
d) real-time flexibility measures created by the energy grid, and e)
computational efficiency of a framework that concerns points in (a)-(d).
These factors have been highlighted as important research program questions
in the Global Power System Transformation (G-PST) Consortium’s Research
Agenda Group [109]. The relevant questions mentioned in this agenda are
[109]:

1. How can operators identify critical stability situations in real-time and

optimise system security?

2. How can system operators get relevant real-time visibility and situational
awareness of the state of the power system with increasing penetrations
of RES and DER?

3. How do control rooms address uncertainties in weather conditions that
impact loads and renewable energy output and rate of change (ramps)?
How can probabilistic forecasting techniques be better incorporated into

real-time operations?

4. How can grid topology be flexibly adapted at various operating

conditions?
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In view of the above requirements, this chapter proposes a tri-layer min-max-
min joint RSC-MPC framework for real-time energy scheduling of FIMGs under
the influence of uncertainty and real-time time-varying contingency conditions.
The control philosophy starts from first layer cost optimisation, which applies
the preventive measures based on the predicted data. The preventive flexibility
measures in this layer are adopted through optimal pre-scheduling of DERs, and
applying the demand flexibility program. The second layer aims at identifying
the worst-case contingency conditions by maximising the load curtailment and
the mismatch between the pre-scheduling energy procurement cost (i.e. first
layer) and that of real-time (i.e. second layer). Convex time-varying security
constraints are developed for the RSC-MPC controller in the second layer,
which consider changeability in the location of disruptions over different zones
of the FIMG. Finally, in the third layer, the controller develops a convex real-
time network reconfiguration as a corrective flexibility measure against the
contingency conditions, while re-scheduling the FIMG with a trade-off decision
making (i.e. making compromise between energy procurement cost and risk
of uncertainty in the predicted data). Note that solving the model without
the first two layers results in an optimistic decision making which neglects
contingency condition or risk of uncertainty. The proposed model benefits from
a MICP which is computationally efficient in terms of accuracy and processing
time. These developments allow the inclusion of risk and security measures in
the real-time energy management of flexible microgrids that have to operate in

islanded mode. To summarise, the main contributions of this chapter are:

e Proposing a multi-layer MICP model for multi-objective energy
scheduling of FIMGs. The introduced model is computationally efficient
and can provide an accurate representation of the flexibility in the

power flow model for inclusion in the RSC-MPC.

e Developing a min-max-min RSC-MPC framework which considers the
uncertainty of predicted data and the risk associated with them. The
introduced control model allows the inclusion of uncertainties in real-
time energy scheduling of FIMGs while accounting for structural changes

in the network topology.
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e Building time-varying security constraints based on a MICP power flow
model. The proposed framework takes into account the real-time
disruptions which change over the grid zones. This framework allows

the inclusion of more realistic contingency conditions.

e Developing a corrective real-time network reconfiguration model which
improves system security, while guaranteeing the network radiality over
uncertainty scenarios (i.e. stochastic network reconfiguration). This
framework enables the system controller to change the system
configuration so as to prevent load curtailment caused by real-time

contingency, while considering the uncertainty.

6.2 Risk- and Security-Constrained MPC

Using an optimisation-based approach and incorporating the system
constraints while also accounting for future timeslots in predicting the state
variables are unique advantages of MPC approach, enabling it as a
widely-used control mechanism for real-time energy scheduling of microgrids.
This controller compiles the optimal control decisions through optimising an
objective function for a finite time horizon while only considering the results
for the current time interval. For the next timeslot, the controller
re-dispatches the system while considering the grid dynamics, past and
present control signals. Although such a control framework is efficient in
optimising the state variables according to the objective function, it cannot
fully address the real-time structural changes in the system topology and the
uncertainty of RES. These challenges reinforce the needs for boosting the

efficiency of this control scheme.

The conceptual illustration of the conventional and the proposed MPCs is
shown in Fig. 6.1. In the conventional MPC, the controller dispatches the
system for each time interval while considering the whole control horizon.
This controller, however, does not account for the uncertainty of RES, and
the risk associated with stochastic generation of these energy sources. For

example, when compiling the model at time period (), the predicted RES
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FIGURE 6.1: Comparison of conventional and the proposed MPCs.

output between time periods ¢(14,) and #(;4x) are uncertain and more likely
to have different generation scenario from the predicted values. Besides, the
occurrence of contingency in the future time intervals cannot be predicted by
the conventional control systems. For instance, any disruption between the
line connecting the RES to other parts of the network results in a contingency
situation that requires a real-time security measure. Concerning these
challenges, this chapter introduces a RSC-MPC, which is conceptually
illustrated in Fig. 6.1. This controller accounts for the uncertainty of
prediction data, while considering the risk associated with each scenario.
Such a risk is defined based on the difference between the expected amount of
objective function and its value in different uncertainty scenarios. The
proposed RSC-MPC also accounts for real-time contingency condition, and
re-dispatches the available sources and upgrades the FIMG structure to

guarantee the system security.

Note that the proposed method investigates the energy management of a FIMG.

Therefore, there is no need to optimise the power exchange with the main grid,
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which requires a tertiary control level [161]. This chapter performs a MPC-
based energy management strategy which is part of secondary control level.
It considers the economic aspects of the FIMG operation and manages the

optimal power flow.

6.3 Problem formulation

Figure 6.2 illustrates the proposed RSC-MPC framework for FIMG energy
scheduling, comprising dispatchable units (DUs), and wind turbines (WTs) as
the available generation capacity, as well as battery energy storage (BES) and
demand flexibility as the FIMG flexibility sources. The proposed architecture
is a hierarchical tri-layer min-max-min optimisation. The problem is solved
hierarchically with consideration for here-and-now and wait-to-see decision
variables. The first layer of the model is a day-ahead scheduling which does
not consider MPC and uncertainty scenarios. The second and third layers are
MPC-based stochastic optimisation, taking into account contingencies and
uncertainty scenarios. The second and third layers are performed on a

real-time basis over the control horizon.

) Forecasted inputs ]
{® Weather forecast e Load profile @Wind power profile;
[

Day-ahead) One hourn—( Real-time }»5 Tin",:

‘e Operational cost
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FIGURE 6.2: The process of solving the proposed hierarchical RSC-MPC
architecture.

The timeline of the each layer is shown in Fig. 6.3. Considering the availability
of weather forecast data on an hourly basis, the second level is solved for one-

hour time intervals over the control horizon. Meanwhile, in order to increase
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First level: 24-hour, day-ahead

One-hour look-ahead period Second level: 24-hour, real-time, one-hour time-step
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Third level: 24-hour, real-time, 5-min time-step
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FIGURE 6.3: The proposed RSC-MPC time steps.

the performance and adaptability of the proposed control method to real-time

condition [162], the third layer is solved for 5-min time periods.

In the first layer, a pre-scheduling day-ahead cost optimisation is solved so as
to determine the preventive measures, consisting of the DER flexibility and
the load flow variables (i.e. voltage magnitude/angle of system buses and
active/reactive power flow through system branches). These decision
variables are obtained for the normal operation of the system and are
considered as a reference point for the constraints in second and third layers.
They are used for evaluating the risk of uncertainty and the contingency
condition in the real-time operation of the network. The outputs of the first

layer are scenario independent (i.e. X!}

1 ;
ihs X;;), and considered as

here-and-now control actions.

The second layer tries to identify the worst real-time contingency scenarios
that can affect the pre-scheduling preventive measures (i.e. the system state
in the first layer) under the influence of wind power output uncertainty. The
contingency conditions determine the worst line outage scenarios that can
affect the normal operation of the system. The optimisation in this layer
maximises the mismatch between preventive and real-time actions along with
the system load shedding as the objective function, while the location of
line-outage scenarios is defined at each time interval on a real-time basis. The
decision variables of the second layer (i.e. Xf?t,s

contingency scenarios at time period ¢ and the uncertainty scenario s. This

) identify the worst
information is transferred to the third layer which tries to re-schedule the
IMG based on the wort-case scenarios.

The third layer receives the real-time data from the forecast platform and

that of previous layers, and re-solves the model to proceed the corrective
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flexibility actions. The corrective decision variables (i.e. X3

i1.s) are preformed

by re-dispatching DERs while using the network reconfiguration as a
flexibility measure. DER re-dispatching and topology reconfiguration
flexibility strategies are taken by the third layer at time interval ¢ in face of
real-time contingency conditions and the risk associated with uncertainty of
wind power prediction at the same time interval. Since the control signals in
this layer are proceeded according to the current state of the system in
different scenarios, they are identified as the wait-to-see variables (i.e.
scenario dependent). At the end of operation horizon, the controller analyses
the costs associated with the risk of uncertainty and the security measures. In
this section, the mathematical formulation of the proposed MICP stochastic

optimisation is presented.

6.3.1 Objective function

The mathematical model of the proposed RSC-MPC is built upon an
objective function comprised of expected energy procurement cost of FIMG,
and expected cost of load curtailment, represented by Equation (6.1).
Considering the energy price inside the FIMG as a known input [158], the
former includes cost of purchasing power from DUs and WTs, the cost of
energy arbitrage with the BES, and the cost of incentivising the responsive
loads for participating in the flexibility program, while the latter represents

the load shedding cost based on the value of lost load, as follows:

of = > m¥ x (CFP +Cf) (6.1)

SEQ,

Z bts Z bMZCZ;

beQ, bEQ,

DCh Ch
CEP ZAtX’yt +b€2§:26 (Pbts Pbt8> (6.2)
teQy

D Do
+ > (Pb,t,s - Pb,t,s)
beQf
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cd=>" > Atx(LfPS,) (6.3)

teQ, beQp

where (6.2) is the energy procurement cost of the FIMG in each scenario, in
which the first and second terms are respectively costs of purchasing power
from DUs and WTs; the third and fourth terms represent the cost/income of
discharging and charging power from/to the BES respectively; the last term is
cost of flexibility in the responsive loads. Note that the energy price is
determined by the upstream network and the microgrid operator tries to
minimise the energy procurement cost based on available resources. Equation

(6.3) represents the load curtailment cost at each scenario.

6.3.2 Including Risk Constraints in the Objective

Function

The first layer of the proposed optimisation is a cost minimisation for here-
and-now decision variables. Therefore, the objective function given in (6.1) is
minimised (i.e. min {©" = of}) in this layer. The second layer, however, tries
to identify the worst contingency scenarios by maximising the expected load
curtailment cost, while maximising the mismatch between the real-time and
preventive energy scheduling. This allows the third layer flexibility measures
to deal with real-time contingency conditions, and re-dispatch the FIMG at
each time interval to prevent the security problems that could be the result
of energy scheduling mismatch and/or unexpected disruptions. The objective

function of the second layer is written as:

max {912 =Yl x ((CFP= — PPy 4 CS)} (6.4)

s€N,

The solution obtained in (6.1), however, is subject to the risk of uncertainty,
meaning that it is more likely to observe a considerable difference between
expected value of objective function and its individual value in some

scenarios. To deal with this risk, several methods have been introduced such
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as variance, shortfall probability, expected shortfall, value at risk, and
conditional value at risk (CVaR). In this chapter, CVaR is adopted for
handling the risk measures due to its advantages, numerical efficiency and
stability of calculation for instance, over other techniques [163]. Based on the
objective function, the process of including risk measure in the objective

function of the proposed RSC-MPC is expressed as:

1 w
R=0— T, Z PsT, (6.5)
SENS
(CEP+CP) —0 < g, Vs €Q, (6.6)

where, (6.5) gives the optimal value of the CVaR (i.e. R), with (1 — p)100% of
total cost in each scenario worse than value of VaR (i.e. ¢ ). The difference
between expected value and total cost in each scenario is shown by (6.6), where
s > 0.

To consider the risk constraints in the third layer, the expected cost should be
increased, based on the value of p. In other words, minimising the degree of
risk increases the value of energy procurement cost. Under such
circumstances, a proper solution can make a trade-off between expense of risk
measures and energy procurement cost. To do so, the third layer of the
optimisation is solved as multi-objective problem using weighted sum method.
Note that the general model is convex and could be solved by different
multi-objective handling techniques. Based on this explanation, the general
min-max-min objective function of the proposed RSC-MPC is defined as

follows:

. B xof [max (912 min@ll)}
{ +(1 —5) x R [max (@l2 min@ll)] } (6.7)
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6.3.3 Power Balance Constraints

The proposed power balance in this chapter takes into consideration the power
output of DUs, WTs, as well as the charge and discharge power of BES, the
participation of responsive loads, and the branch power flow, as follows (Vb, m €
Qp, Vt € Q, Vs € Qy):

Pbts+Pbta+Pbt’€+Pb[:fC:sh Pbts

(6.8)
_Pb )8 Pbcths Z bm t,s

bts+ths+ths

6.9
4+ tan (%}Dd:) ><Pbc7t,S ZQbmts (6.9)

Pbém,t,s = Gl{mv;zz,t,s - %,t,svm,t,S(Glém €08 Opm,t,s + Blgm sinOpm,t,s)  (6.10)

¢ ¢ Bim \ 12 TR
bm,t,s (Bbm + 2m) ‘/b,t,s - %7t»svm7t7S(G’ s Hbm t,s

bm by (611)
—Bgm €08 Bpm t,s5)

where, constraints (6.8) and (6.9) represent the real and reactive power
injections at each bus, respectively. Constraints (6.10) and (6.11) are the real
and reactive power flow from bus b to bus m at time step ¢ and scenario s.
These constraints, however, are non-convex nonlinear and are more likely to
result in a local optimal solution, with a dramatic computation time. On the
other hand, linearising the non-linear equations decreases the accuracy of the
model. Generally speaking, as mentioned in [164], “the large boundary is not

between linearity and non-linearity, but between converity and non-convexity”.

Convex relaxation of the original problem can be a valid solution to deal with
this challenge. To do so, the continuous variables of the original problem are

reformulated as a convex second-order cone program. Therefore, the continuous
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variables are redefined as follows [165] (Vb, m € Qp,Vt € Q, Vs € Q,):

Upytys = — (6.12a)

Rim,t,s = %,t,svm,t,s COs ebm,t,s (612b)
Tlfm,t,s = %,t,svm,t,s sin ebm,t,s (612(3)

Therefore, the power flow equations in (6.10) and (6.11) are reformulated as

follows:
Pbem,t,s = \/iGll;mUb,tS - Gnggm,t,s - Bngbem,t,s (613)
£ 4 BSh 4 4 14 14
Qbm,t,szi\/5 (Bbm+;m> Ub»t7S+Bmebm,t,si Gmebm,t,s (614)

Based on (6.12) sum of the square of R,‘;mmS, Tlfm,t,s’ can provide a constraint

for the system lines, as mathematically described below:

(%,t,svm,t,s Ccos ebm,t,s)z + (%,t,svm,t,s sin Hbm,t,s)2

— (%7t7s)2(Vm,t7s)2 (cos 9bm’t,32 + sin Hbmi,sz) (6.15)
= (‘/b,t,s)2(vm,t,s)2 = 2Ub,t,sUm,t,s

Therefore, variables Rﬁm . and T, Ifm + s are new variables that are defined for
each line and can be constrained as follows:

Wyt s Unmts = (Rims) + (Thnas)’ (6.16)
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This non-convex equation can be relaxed by inclusion rotated quadratic cones,

as below:

2 Ub7t75 Um;t75 Z (Rgm,ms)Q + (Tlfm,t,s)2 (617)

Constraint (6.17) represents the relaxed conic quadratic constraint for branch
bm, with free variable Tfmi,s and positive variable R£m7t)s. When the
optimisation problem is solved, the values of Rﬁm,t,s is increased until the
inequality constraint in (6.17) is activated, which causes the relaxed
inequality constraint in (6.17) to be binding at optimality [165]. This is
achieved by minimising the energy procurement cost in (6.1), leading to the
minimisation of net active power injections, which results in an increase of
Ry, . (since Gf >0 in (6.13)). It is worth mentioning that due to the fact
that the solution of the load flow for a radial distribution network is unique

[166], the solution of the optimisation problem converges to a true solution.

In this Chapter, the proposed conic programming optimisation is solved using
MOSEK which benefits from well-approved theoretical algorithms [167]. Such
commercial solver benefits from high-powered software tools and can provide
accurate results, even for ill-conditioned radial networks [168]. This solver
scales the problem efficiently resulting in the definition of a suitable search
direction. Another advantage of this method is that it gives reliable certificate
of infeasibility if the load flow problem does not has a solution, compared
to the load flow algorithms proposed in [169] and [170] which diverge and
terminate if the number of iterations exceed the maximum allowed number.
Finally, the computational efficiency of the proposed MICP model is compared
against other approaches in Reference [165], which has been the main reference
in developing the proposed method in this chapter. As shown in [165], the
proposed MICP model enjoys accurate solution with a rapid processing time
when the relative optimiality gap is 5%, compared to MILP models. However,
the computational time is increased when the relative gap is reduced to 0.01%.

It is worth mentioning that the explanation of relative gap is provided in [74].
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6.3.4 Distributed Energy Resources

The following constraints represent the capacity and technical limits of different
DERs within the FIMG, including BES, WTs, and DUs (Vt € Q;, Vs € ):

SOCPES = SOCPES | + At (Pbcths pPCh /nDCh) he Q. (6.18)
SOCEES < SOCPES < SOCEES  wbe Q. (6.19)

0< POl < NS PSE Vb e Q. (6.20)

0< PRSI < NPPPPRSH Wb e Q. (6.21)

AT+ A <1 WheQ, (6.22)

0<PYE <y TPYT Wbeq, (6.23)

— tan(reaa) Py s < Qb < tan(giag) Poy s Wb € Qy (6.24)

P inXe < PEh o < PE by Wb € Q (6.25)

Qf min Xt < QF s < QF max Xb 1, 7b € Qg (6.26)

Po L —Po 1 < R VbeqQ, (6.27)

G G
Pbt—l s 7Pb,t,s

) 29

IN

RP \VbeQ, (6.28)
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> (X PG — Pis) = Res, (6.29)
VbeQ,
0< PG <SPS, Wbhe (6.30)

Constraints (6.18)-(6.22) represent the BES model: (6.18) shows the state of
charge of BES which is defined based on its value of energy in the previous
time period and current state of charge and discharge; (6.19) limits the upper
and lower limit of storage energy; (6.20) and (6.21) respectively limit the
charge and discharge power; (6.22) is a logic preventing the simultaneous
charge and discharge.Note that BES can also provide reactive power in Eq.
(6.9). However, it is assumed that the BESs are operating in unit power
factor and only exchange active power with the network, while the reactive
power of WTs and DUs is enough to support system demand. The WT active
and reactive power is limited by (6.23) and (6.24) respectively. Note that the
parameter wgf/sT represents the available power of WT in Scenario s. Finally,
constraints (6.25)-(6.28) define the DUs capacity limit, where constraints
(6.25) and (6.26) show the upper and lower limit of active and reactive power
respectively; the ramp up and ramp down limits are applied through (6.27)
and (6.28) respectively. Constraint (6.29) shows the reserve requirements at
each time interval which is provided by DUs. Consideration of this constraint
along with (6.25) guarantees the provision of reserve requirements. The
parameter Res; is defined by the decision maker which is assumed to be 10%
in this chapter [171]. Finally, Constraint (6.30) limits the maximum amount

of active load that could be curtailed.

6.3.5 Demand Flexibility

A certain degree of flexibility is considered for some responsive loads in the
system to adjust their consumption based on the electricity price. The load
curtailment is also included in the model so as to prevent unrecoverable

damages to the FIMG in the emergency condition, which helps to keep
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important security factors (e.g. voltage and frequency) within acceptable

range. The demand flexibility programs are introduced as (V¢ € €, Vs € Qy):

(1= BE)Ps < Py < (L4 B) B, Wb € Q) (6.31)
Y Ph.=Y B, e (6.32)
teQ, teQ,

D
D _ Qb,as D . f
Qb7t7$ = tan PDO X Pb,t,s 7VZ € Qb (633)
b,t,s

where, (6.31) denotes the maximum and minimum amount of flexibility in the
active power demand of responsive loads, while (6.32) ensures that the total
changes in the responsive loads would be equal to the base load by the end
of operation period. Constraints (6.33) represents the changes in the reactive

power of responsive loads.

6.3.6 Microgrid Constraints

The branch current, and voltage limits are critical grid constraints which should
be satisfied in all layers as follows (Vb,m € Q,Vt € Qy, Vs € Qs):

(1) = v2((G5,0° + (B5,)°)

(6.34)
X (Unis + Unts = V2R, ) < (Ta)”

min) 2
(V;) ) <Ubt5§

e SUnee < (6.35)
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where constraint (6.34) shows the squared current of branch ij as a linear

equation. Also, voltage magnitude is limited by (6.35).

6.3.7 Time-varying Security Constraints

Unexpected disruptions can change the structure of the microgrids
dramatically, and cause serious security issues, especially during the islanded
operation. According to [172], most of the failures in the electrical network
are related to weather events, while the majority of these events affect the
distribution networks. Given a wide variety of weather events, this chapter
concerns high winds and their impact on the security of microgrids. The
contingency scenario is referred to as a high intensity wind which can cause
damage to the overhead lines, such as storm Malik and storm Corrie in the
UK [173]. The overhead lines are considered to be the most susceptible
elements of the network. Considering the fact that these storms affected parts
of Europe and UK from hours to days, the control horizon of 24 hours is
assumed as the duration of the weather event. Considering a synoptic wind
which is a large moving pressure with a horizontal effect over hundreds of
kilometres [174], a set of time-varying security constraints are introduced in
the proposed RSC-MPC model, which change over the FIMG zones and are
influenced by the uncertainty of wind power generation. The term
‘time-varying’ refers to the real-time changeability of disruption over the
operation horizon at each time interval. As opposed to the previous studies
which have considered known locations for the damaged elements of the
system, the proposed method defines the location of fault at each time

interval on a real-time basis.

While a non-linear model multiplies a binary variable into the active and
reactive power flow constraints [153], this chapter introduces variables Ufm’t_’s
and Ufwb’t’s for identifying the status of branches, as follows
(Vb,m € Qp, Vt € Qy, Vs € Qy):

(V;)max

2
0 S Ulfm,t,s S \/é) 19{;1_11,25,5 (636)
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(Vmax)
0< UZ mb,t,s = Tﬁbmt s (637)
; (meax)2
0< Ub7t,8 - Uij,t7s < T( 19bm t, s) (638)
0 < Unis— U <M( —95 ) (6.39)
— ¥m,t,s mb,t,s — \/5 bm,t,s
£— l—
19bm t,s = ﬁmb t,s (640)
(1 - ll;;n,t,s)
. DL (6.41)
bmeQf
t" -
Z (At X ﬁbm .t 9)
! <1 (6.42)

RT

where constraints (6.36)-(6.39) represent the branch connection status, based
on variables U}, 1.5 and Umb ts
Uj.+ s, if the branch is closed (i.e. ﬂmb ts
= 0). Therefore, 9°,

identifying the location of disruption in the FIMG. Constraint (6.41) indicates

These variables take the values of U;+ s or
= 1), and are set to zero, if the branch

is open (i.e. 9 is suggested in this chapter for

mb,t,s mb,t,s

the occurrence of a specific number of disruptions in each zone (i.e. ) over
the period of time at which the zone is experiencing contingency condition
(i.e. ©f), based on the set of buses located in each zone (i.e. QF ). Finally,
constraint (6.42) ensures that the damaged line is out-of-service for time periods
t € [t,t+t"], where t" = (é) x RT. The proposed constraints in (6.36)-
(6.42) are adaptable with the proposed MICP power flow model, and are a
novel characteristic of the introduced convex security-constrained optimisation
model. By introducing variables Ulfm,t, , and Uf;bb’t, , there is a need to modify

equations (6.13), (6.14), and (6.17), as below:
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Pbem,us = \/iUlfm,t,sGim - Gl{ngm,t,s - Bngbem,t,s (6433’)
Y4 14 Bl?nhz 4 J4 ¢ 4 4
Cglﬁm,us:_\/é Bbm+T me7t,s+Bmebm,t,s_Gmebm,t,s (643b)
2 2
Ulfm,t,s Uﬁzb,t,s 2 (Rgm,t,s) + (Tlfm,t,s) (6436)

(o) = V2((G5,0 + (B4,)°)

, (6.43d)
X (Ulfm,t,s + Uf;’bb,t,s - ﬂRim,t,s) < (Irl;lax)

The variables Ufm,t,s and Uf;lb’t,s which identify the status of branch bm,
equal to Uy s and Uy, . s, respectively, in normal situation (before occurrence
of any disruption). These constraints are defined based on the status of lines
connecting buses. Therefore, they are solved for each time step over the

operation horizon on a real-time basis.

6.3.8 Corrective flexibility Measures

Several methods have been introduced in the literature to respond to the
contingency conditions. Among those methods, network reconfiguration has
been regarded as an effective solution in improving the system security [152].
This method can prevent load curtailment in a contingency condition while
ensuring the radiality of the network. In the previous literature [146, 155],
however, the network radiality constraints are adopted based on the graph
theory (i.e. number of lines=number of buses-1). Although this constraint is
a necessary condition for the reconfiguration, it cannot guarantee radiality.
Besides, this method has been considered as a preventive measure, rather
than a real-time action that can deal with unexpected real-time contingency
conditions, while taking the uncertainty into account. To deal with these

issues, a new convex model is introduced in this chapter to guarantee secure
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load supply within the FIMG after occurrence of disruptions (i.e. equations
(6.36)-(6.41)), while keeping the radial configuration of the system in an
uncertain environment. A binary variable (i.e. 79{;;”,5) is introduced to
correct the possible damage caused by the contingency binary variable (i.e.

19(

bm,t,s

). Also, network radiality for an FIMG is achieved by ensuring that the
characteristic of spanning trees holds true, meaning that every node has
exactly one parent. Therefore, the proposed method in this chapter is a
stochastic network reconfiguration which operates as a corrective real-time
measure in the FIMG. Note that the high-frequency reconfiguration is
considered as a practical measure since only some specific switches actively
participate in the process [175]. Based on this explanation, the branch
connection constraints are reformulated as follows
(Vb,m € Qp,Vt € Qy, Vs € Qy)):

(Vmax)2

0 < Ulfm,t,s < T(ﬂbm t,s + ﬂbm t, s) (644)
£ (Vnrznax)2 ot
0< U mb,t,s = 7(ﬂbm,ts+ﬁbmts) (645)

V2

(V;)max

2
0< Ub,t,s - Ufm,t,s < \/i ) ( (ﬂbm Jt,s + ﬁbm t 9)) (646)

(Var™)?
\/§

0< UT’LtS Uebts = ( (ﬂbmts +Q9bmts)> (647)

ﬂbmts +19bmts = 1 (648)
+ +
ﬂgm,t,s = ﬂfnb,t,s (649)
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¢ ¢ ot -
abm,t,s + amb,t,s = (7‘9bm,t,s + ﬁbm,t,s) (650)

Z al[gm,t,s =1 (651)

meQy

Upnsts + O =0 Vb€ (6.52)

Constraints (6.44)-(6.47) represent the branch connection status based on the
.
bm,t,s

). Since it is not practically

binary variable indicating the disruption (i.e. ¢
Vas
bm,t,s

) and the binary variable
that corrects the system configuration (i.e. ¥
possible to repair the damaged line at time period ¢ in a real-time paradigm,
constraint (6.48) is introduced to arrange the new system configuration at
time period ¢ with consideration for the disruption on a real-time basis. In
addition, constraints (6.50)-(6.52) ensure the network radiality after applying
the corrective actions. Constraint (6.50) shows that the branch bm is in the
spanning tree, if one node is the parent of the other. Constraint (6.51) indicates
that each bus must have exactly one parent. For an FIMG, the status of the
line connecting the grid to the upstream network is open. Therefore, the slack
bus is not parent node to any buses and vice versa. This has been modelled by
Constraints (6.52).

Note that this chapter investigates a case of contingency in a grid-connected
MG. Therefore, the right-hand side of constraint (6.52) is equal to zero,
indicating the islanded operation of MG. The storage units and load shedding
capability can be utilised in an FIMG for preventing the voltage and
frequency excursion. This formulation is different for an isolated microgrid.
In this type of grid, there is no point of common coupling between MG and
the upstream grid, and it operates permanently in stand alone mode [161].
Therefore, the variables indicating the power exchange with the main grid in
constraints (6.8) and (6.9) (i.e. Pg{t{\; and Qiji\; )are neglected. Also, there is
no need to define constraint (6.52) in an isolated microgrid. The voltage and

frequency control in an isolated microgrid is a more strenuous task.
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6.4 Framework Description and Case Studies

This section summarises the solution framework for the proposed RSC-MPC,
and provides information on the test system and data utilised for validating
the model.

6.4.1 Framework Description

The framework of implementing the mathematical model (given in Section
5.3) on the proposed RSC-MPC architecture is sketched in Fig. 6.4. At the
core of this framework (blue box), the predicted data is received. Then, the
first layer optimisation is processed, where the energy procurement cost is
minimised to produce here-and-now decision variables. The microgrid is in its
normal condition and there is no change in the configuration of the system,
i.e.,, without consideration for constraints (6.36)-(6.52). Note that it is
assumed the microgrid is self-sustainable, with adequate DER. capacity to
supply the demand in the normal condition; therefore, load curtailment is not

expected in the first layer.

The information obtained from this layer is utilised to evaluate the security
measures and the consequences of mismatch between the predicted and
real-time data along with the risk associated with uncertainty of renewable
power generation. Therefore, as a multi-layer optimisation, other layers are
optimised with regard to the information processed in the first layer,
including the energy procurement cost.  Although different sources of
uncertainty (e.g.  energy price, system load) and various assets (e.g.
photovoltaic, micro-hydro) can be considered in the definition of the problem,
the main focus of this chapter is on the effect of uncertainty on the
MPC-based real-time energy management methods. Therefore, no
uncertainty has been considered in the forecast of other input data and wind
power generation is taken into account as the only uncertain input. The
second layer (green box in 6.4) tries to detect the worst real-time line
contingency scenarios in the system, and maximise the mismatch between

real-time FIMG dispatch and that of pre-scheduling. The output of this layer
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FIGURE 6.4: The framework of solving the proposed model from the inner
layer (shown with blue box) to the third layer (shown with pink box).

is considered as a security constraint for the inner layer, to be corrected at
each time interval of operation horizon.  Therefore, the third layer’s
optimisation (pink box in 6.4) is processed subject to the unavailability of
critical lines and the mismatch between real-time and pre-scheduled data.
Also, constraint (6.52) is considered in this layer, meaning that the microgrid
experience an islanded mode after a contingency condition. Since the third
layer tries to minimise the cost associated with risk of uncertainty, the energy
procurement cost is more likely to rise. Therefore, the third layer
optimisation tries to make a trade-off between energy procurement cost and
the expense of dealing with the risk of exceeding the expected cost. Without
the first two layers, the model would be solved in an optimistic manner and
can not tolerate any contingency condition or risk of uncertainty. It is
assumed that cloud computing enables the real-time communication, while

observing privacy and reliability of communication.
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FIGURE 6.5: Day-ahead energy price signals.

6.4.2 Case Studies

The proposed MICP model is executed in GAMS using MOSEK solver. The
IEEE 33-bus test system is adapted as the test microgrid, with 5 tie switches
that are considered at the third layer as the means of corrective measures. The
data of the system under study is taken from [176]. The day-ahead energy
price profile is given in Fig. 6.5. Therefore, the proposed multi-period optimal
power flow model in this chapter is solved following a unit commitment which
defined the ON/OFF status of DUs. Since the chapter investigates the real-
time security issues in an emergency condition, it has only focused on the the
proposed three-layer framework through the proposed AC optimal power flow
model. Therefore, the commitment status of DUs is considered as an input
parameter in Fig. 6.2. The islanded operation of the system is guaranteed
based on (6.46). The one-line diagram of the test system, with the location of
DERs, curtailable and responsive load buses, along with the operation horizon
of the control system are illustrated in Fig. 6.6. It is assumed that distribution
lines are located in three different zones, shown with different colours in Fig.
6.6. The lines located in each zone are assumed to be in a close geographical
location in the FIMG. An operation horizon of 24 hours with respectively one-
hour and 5-min time steps for the second and third layers is considered for
the controller. Note that the majority of weather forecast or natural disaster
tracking platforms are working on an hourly basis. Since the second layer of the
simulation captures the effects of contingency (caused by natural disaster) on

the operation of the microgrid, one-hour time intervals are considered for this
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layer. Meanwhile, to increase the performance and adaptability of the system

to real-time conditions the third layer is solved for 5-min time steps.

Considering a 9.85 MV A conductor with R = 0.259 Q/km, it can be derived
that the total length of the IEEE 33-bus network is approximately 80 km.

Considering a synoptic wind which passes with a horizontal effect over hundreds

of kilometers, it is assumed the weather event moves translational speed over

a 24 hours period. Therefore, the duration of the high wind at each zone of

the system is assumed to be 8 hours. It is assumed that the overhead lines
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FIGURE 6.6: Schematic diagram of the test FIMG, and the operation

horizon.

TABLE 6.2: Wind power output uncertainty scenarios.

Scenario number T [%] 7V
S1 0.0 0.069
S2 12.9 0.204
S3 49.4 0.404
S4 86.8 0.199
S5 100 0.123

Time period of contingency at zone 1 Time period of contingency at zone 2 Time period of contingency at zonelz 3
I » »! »

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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are the most susceptible elements of the FIMG. Two hours of repair time is
considered for each branch [177], while assuming that additional manpower and
resources are prepared for the event of storm. Also, the network reconfiguration

is considered on hourly basis.

The rated capacity of WTs is considered to be 1000 kW, while the minimum
and maximum output of DUs is assumed to be 500 kW and 1500 kW
respectively. The storage capacity, and charge/discharge power is 1000 kW h,
and 200 KW respectively, with the battery efficiency of 90%. The maximum
flexibility of responsive loads is assumed to be 15%, and the value of loss load
is assumed to be 10 $/kWh. The power output of the WTs is considered as
the source of uncertainty in the system. Five uncertainty scenarios are
generated for the wind power uncertainty, using historical data and
scenario-based method. Uncertainty scenarios are generated according to

[122]. The wind power output scenarios are summarised in Table 6.2.
Various aspects of the model are examined through the following case studies:

Case I: The model is solved without consideration for risk of uncertainty,
and security constraints (i.e. neglecting constraints (6.36)-(6.52)). This case is

equivalent to conventional MPC models.

Case II: The model is solved with consideration for security measures, while
neglecting the risk of uncertainty (i.e. § =1 in (6.7)). The case is also called
risk neutral (RN).

Case III: Risk and security are the main concern of the controller in this case
and the decisions are made without considering the economic consequences (i.e.
8 =01n (6.7)). The solution of this case is called risk averse (RA).

Case IV: The controller makes a trade-off between cost associated with risk

of uncertainty, security measures and the energy procurement cost.
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6.5 Simulation results

In the following, the important aspects of the model are evaluated based on
different case studies, while the performance of the model is further

demonstrated by sensitivity analyses and computational statistics.

When the system is operating in a normal condition, any intentional or
unintentional disruptions can affect its performance, requiring the FIMG
operator to take corrective measures. Rescheduling the system under such
circumstances, however, is more likely to impose additional costs to the
FIMG operator. Figure 6.7 illustrates the Pareto optimal front of the CVaR
and the energy procurement cost in different case studies. This figure
provides the economic figures for different case studies of the proposed
RSC-MPC. The solutions of the Pareto set vary from a RN (i.e. Case II) to a
RA ( i.e. Case III). The difference between the cost of these cases is
considered as the expense of accounting for the risk associated with
uncertainty. Also, the difference between cases I and II is the security cost.
Accordingly, with a cumulative cost of $62.12, the microgrid operator paid
$32.50, and $29.62 for dealing with risk and security respectively. These costs
should be considered in the energy management of the microgrids that are

more prone to contingency and are under the penetration of RES. To make a
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FIGURE 6.7: Value of cost and CVaR in different case studies.
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trade-off between RN and RA solutions, the best compromise solution is

obtained in Case IV, as shown in Fig. 6.7.

In order to analyse the performance of CVaR measure in handling the risk of
uncertainty scenarios in the real-time energy scheduling, the energy
procurement cost of each scenario in Case II, and Case III along with that of
Case IV is depicted and compared with the expected cost of each strategy in
Fig. 6.8. The red bars show the scenarios in which the energy procurement
cost exceeded the expected cost (i.e. blue bar), while the green bars stand for
the scenarios with lower/equal energy procurement cost than/to the expected
value. These figures show how risk of uncertainty can influence the real-time
energy scheduling over different scenarios. For the RN solution (i.e. Case IT),

it is shown that the energy procurement cost in all scenarios is higher than
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FIGURE 6.8: Application of CVaR in decreasing the energy procurement
cost in different case studies.
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the expected cost. However, the CVaR measure decreased such a gap between
solutions of different scenarios in the RA strategy (i.e. Case III).
Consequently, the expected cost is increased by $32.50.  Finally, the
compromise solution (i.e. Case IV), made a trade-off between these two
cases, as shown in Fig. 6.8. The security constraints and risk measures are

compensated by the energy procurement cost of $62.12 compared to Case I

Figure 6.9 shows the result of worst-case line contingency conditions based on
the proposed method in equations (6.36)-(6.42), for each zone of the microgrid
in different uncertainty scenarios. The repair time is considered to be two
hours. Therefore, a failed line at time-period ¢ remained out-of-service until
time period ¢+2. The vulnerable lines are mainly recognised around the DERs;
especially WTs as their output power change in each scenario. The changes

in the uncertainty scenarios affected the classification of worst-case scenarios.
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FIGURE 6.9: Variation of real-time contingency conditions in different
uncertainty scenarios.
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Considering the fact that high winds can increase the WT’s generation, the
worst-case line outages in Scenario s; (i.e. high wind power generation) should

be considered as the most critical lines for the MG.

However, the corrective flexibility measures taken in the third layer prevented
load curtailment by employing topology reconfiguration on a real-time basis.
Variation in the hourly status of the line between buses 8 and 9 in different
real-time uncertainty scenarios over system zones is depicted in Fig. 6.10.
Knowing that this line is one of the longest lines in the network (i.e. with a
high resistance), in the RN strategy (i.e. Case II), it is mostly open while
it has been changed to closed status in the RA strategy Case III. Opening
this line decreases the power loss, and consequently the energy procurement
cost. However, in the latter case, this line is a strategic connection between
two buses that direct the flow of power to different parts of the network and
can comply with the deviation of WT power output (Fig. 6.6 ). Similar to
the energy procurement cost, the compromise solution in Case IV considered
a trade-off between RN and RA strategies. Generally, if the economic issues
are important to the FIMG operators, the compromise solution can be a case

with a lower cost and some degree of risk aversion.

The decisions made by the microgrid operator regarding the inclusion of risk
and security measures can affect the optimal scheduling of energy resources,
as shown in Fig. 6.11. The optimal scheduling of available energy resources

in scenarios with no wind power generation (i.e. s1) and high wind power
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FIGURE 6.10: The corrective configuration of line between buses 8 and 9
in different case studies.
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generation (i.e. s5) is depicted in this figure. It can be seen that the injected
power of WT in RN strategy is more than that of RA. This means that the
decision maker needs to decrease the WT output power to deal with the risk
of uncertainty. On the other hand, to deal with such a risk, there is a need
to use more reliable units such as DUs. Therefore, the power output of DUs

in scenario s5 for the RA strategy is more than that of the RN. Besides, in
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the scenarios with no wind (i.e. s1), the participation of DUs in load supply
is more obvious, which shows the importance of these units in boosting the
system security. To deal with variation of load, the BES played its part by
charging in off-peak periods and discharging during peak hours. Finally, the
responsive loads consumption pattern is adjusted accordingly to deal with load

variation and electricity price signals.

In order to show the effect of higher layer decisions on the final solutions of
the inner layer optimisation, a freedom level (e.g. AX Zd”) is introduced to the
decision variables transferred from each layer to another. AX Zd” indicates the
level of freedom between the linking decision variables transferred between
the layers. For example AX® = 15% means that the linking decision
variables have 15% degree of freedom, i.e.
(1-0.15) x AX™" < AX" < (140.15) x AX{"; where AX" stands
for decision variables of higher layers (i.e. layer one) and Ade”L shows the
inner layer decision variables (i.e. second layer). Figure 6.12 demonstrates the
variation of CVaR and expected cost in RA strategy over risk aversion degree
(i.e. p) for different values of freedom in the linking decision variables. It is
shown that increasing the risk aversion degree raises the cost of dealing with
the risk of uncertainty. Besides, it can be seen that the optimal values of
CVaR and expected cost have not experienced a dramatic change when the
degree of freedom is increased. For example, introducing 15% degree of
freedom for p = 0.5 resulted in 0.01% and 0.05% changes in the values of
expected cost and CVaR respectively, while it brought about 0.22% and
0.14% for p = 0.7 in latter and former respectively.

Finally, the computational performance of the proposed RSC-MPC in each
time interval for Case IV is summarised in Table 6.3. This table shows the
efficiency of the proposed method in terms of processing time. Besides, the
considerably small value of relative gap shows the optimality and accuracy of
the model.
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TABLE 6.3: Computational data of the proposed MICP model.

Parameter Value
Number of single variables 1,404,506
Number of iterations 22,239
Execution time [s] 1,893.6
Relative gap 0.002

6.6 Conclusions

This chapter proposed a hierarchical tri-layer min-max-min MPC framework
for real-time energy scheduling of FIMGs under the influence of uncertainty
and real-time time-varying contingency conditions. A mathematical model is
developed for inclusion of convex security constraints, allowing the real-time
tracking of contingency conditions based on the geographical structure of
microgrid. The risk associated with the uncertainty of predicted data is also
added to the proposed RSC-MPC through adapting the CVaR method in the
control mechanism. The proposed method benefits from DER, demand, and
network flexibilities to supply FIMG demand under different conditions.
Different forms of preventive and corrective flexibilities are used in this
model. A convex network reconfiguration is adopted as a corrective flexibility
measure to deal with critical line outages and risk of uncertainty on a
real-time basis. The optimisation problem investigates the role of risk and
time-varying security constraints in the optimal operation of FIMGs. The
multi-objective economic analysis of the model shows the necessity of
additional budget to be considered for dealing with risk and security
measures. The results show the variation of contingency condition over
different zones and for various scenarios of RES uncertainty, demonstrating
the necessity of a real-time approach that accounts for these measures.
Furthermore, the efficiency of the proposed corrective network reconfiguration
is evident in the results, such that the configuration of the system has been
changed to satisfy different economic and security goals. Sensitivity analysis
of risk measures and economic targets shows a considerable rise in the energy

procurement cost to achieve a higher layer of risk aversion degree. Finally, the



Chapter 6: Application of Flexibility in Providing System Security 180

computational efficiency of the model is demonstrated by a considerably small

value of relative gap.



Conclusions and Future
Work

This thesis investigated the methods for enabling flexibility in the energy
networks. The main objective of the thesis was to enable higher levels of
flexibility in the demand-side through disaggregating the demand response to
its sources. Another primary goal of the thesis was to investigate the
application of flexibility in providing system security and stability. The
outcomes of this thesis can be useful in achieving the net-zero targets. More
sophisticated, grid-aware control of flexibility can delay generation investment
for the system managers and can increase the penetration level of renewable
energy sources. This thesis is in line with decarbonisation goals and its

outcome can be a guideline for researchers and industry stakeholders.

This chapter covers the conclusions and summarises the achievements of this
PhD research followed by suggested opportunities for continuation of this

research as future work.

181
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7.1 Conclusions and Key-findings

The main conclusions of this research based on chapters 3-6 are summarised

here.

7.1.1 Activating building flexibility

Based on the literature review, the gaps in the literature were identified as

below:

Enabling energy exchange between buildings to unlock higher levels of flexibility,
while considering the occupants preferences. Also, the effect of uncertainty on
the real-time building energy management system (BEMS) is another critical

aspect which should be studied in more depth.

These gaps were covered in Chapter 3 by proposing a multi-level real-time
energy management for a community of buildings which can actively co-operate
to unlock flexibility. A rolling horizon based method is adopted to receive real-
time weather and energy price data, while the robustness in each consecutive
dispatch time interval is increased using the notion of information gap decision
theory. The proposed controller exploits flexibility in active building (AB)
loads (through interruptible loads and building inertia) and shared distributed
energy resources to introduce building to building (B2B) and building for grid
(B4G) strategies as advanced methods of flexibility.

The key-findings based on the highlighted gaps are:

e The B2B and B4G strategies are viable flexibility approaches which
exploit differences in timing and extent of occupant thermo-visual
comfort to deliver an optimal comfort solution at community level while

providing techno-economic advantages for the main grid.

e Utilising the B2B and B4G strategies in a local market level can create
potential energy transaction between dwellings, which can bring about
cost saving for the community. This can also delay the generation

investment in a higher level.



Chapter 7: Conclusions and Future Work 183

e The residential microgrid (RMG) controller can be an efficient solution
for the conventional thermostats. This controller can achieve desirable

comfort zones while decreasing the energy bill.

e If the controller has the autonomy to decrease comfort expectation of
AB occupants by 1.3%, the control robustness is improved by 10%. This
shows the considerable role of building occupants in improving system

robustness in face of uncertainty.

e Building occupants can play a critical role in energy exchange between
dwellings. Increasing the occupants expectation in terms of comfort level
can have a direct influence on the building participation in the local

market.

e The robust rolling horizon (RRH) approach reduced the total
computation time by approximately 76% when compared with the
conventional controllers that for similar comfort and cost optimisation
need to shorten simulation intervals from 30min to 5Smin leading to high

computational penalties.

These results demonstrate that B2B and B4G are practical building flexibility
measures that concern building characteristics and unlock higher levels of

flexibility in the dwellings.

7.1.2 Effects of EVs on building flexibility

Based on the literature, the following gaps were identified.

FElectrification of transport sector can influence the energy network and
consequently flexibility. Therefore, it is necessary to investigate the effect of

multiple-energy vector optimisation on the AB flexibility.

These gaps were covered by Chapter 4 by adding corresponding electric vehicle
(EV) model to the energy balance model studied in Chapter 3.

The key-findings based on the highlighted gaps are:.
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e Energy management of ABs requires consideration of multiple goals which
often pivots around a compromise arrived at by solving techno-economic

constraints assuming that social willingness of occupant is secured..

e EVs can decrease the operational cost of RMGs by 44% while they can
increase the energy exchange between ABs’ community and and

consequently the value of flexibility.

e An AB can be considered as a virtual thermal storage, by optimal energy
scheduling of heat pumps and other similar primary energy conversation

assets.

These results show that considering the EVs as a part of BEMS can bring
about higher levels of flexibility to the demand side.

7.1.3 Role of flexibility in preserving the system stability

The gap observed in the literature were:

The study of distribution system flexibility focuses mainly on the potential of
distributed gemeration to provide services for the upper network in a normal
situation.  Nevertheless, there are other practical methods that should be
studied for evaluating the distribution level flexibility wunder different
circumstances including an emergency condition. Such circumstances can
threaten the stability of the network. Therefore, the role of different practical
flexibility methods in preserving the system stability is lacking in the

literature.

These gaps were covered in Chapter 5 by introducing a decentralised
security-constrained TSO-DSO coordination framework. The proposed
method investigates the practical flexibility options at the distribution level
for preventing load curtailment in an emergency condition. A decentralised
control architecture is proposed for optimising the critical components of the
power flow model (i.e. active/reactive power, and voltage magnitude) in the
interface between transmission and distribution networks. Rather than

consider models of coordination, this method is designed to achieve optimal



Chapter 7: Conclusions and Future Work 185

values in the boundary points connecting the transmission and distribution
networks. To ensure secure coordination, the proposed model considers the
loading margin as the security measure. This measure should be satisfied

under different circumstances.

The key-findings of this chapter are:

e The coordinated utilisation of conservation voltage reduction (CVR)
and feeder reconfiguration is a promising option for the reduction of
physical load curtailment in the TSO-DSO coordination process. Joint
utilisation of CVR and feeder reconfiguration reduced the need for
curtailing the active and reactive load in each individual distribution
network by 3.8% and 19% respectively. These methods can be utilised
along with distributed energy resources (DER) flexibility options in the

future studies to guarantee system security.

e Increasing the security margin raises the required load curtailment by
the TSO and consequently the actual load curtailment by DSOs.
Increasing the security margin by 2.5% resulted in a twofold increase in
the required load curtailment by the TSO. This criteria is important in
the coordination schemes that require a higher level of security. Under
such paradigm, the system operators need to curtail load to preserve

higher security margins.

e A 2.5% increase in the security margin requires 5% change in the tap
settings of voltage regulators installed in the distribution networks.
This shows the effect of security margin in the transmission level on the
flexibility measures taken by DSOs. It also highlights the active role of

distributed flexibilities in preserving the whole system security.

These results indicated that the practical flexibility measures can provide
specific levels of security for the whole system coordination while preserving

the system stability.



Chapter 7: Conclusions and Future Work 186

7.1.4 Application of flexibility in preserving system

security

The following gaps were identified.

Importance of security in real-time energy scheduling and influence of
uncertainty on the real-time flexibility of system. Also, economic factors
associated with risk of uncertainty and real-time flexibility measures created by

the energy grid.

These gaps were covered in Chapter 6 by a proposing tri-layer min-max-min
joint risk and security constrained model predictive control (RSC-MPC)
framework for real-time energy scheduling of flexible microgrids under the
influence of uncertainty and real-time time-varying contingency conditions.
The control philosophy starts from first layer cost optimisation, which applies
the preventive measures based on the predicted data. The preventive
flexibility measures in this layer are adopted through optimal pre-scheduling
of DERs, and applying the demand flexibility program. The second layer
aims at identifying the worst-case contingency conditions by maximising the
load curtailment and the mismatch between the pre-scheduling energy
procurement cost (i.e. first layer) and that of real-time (i.e. second layer).
Finally, in the third layer, the controller develops a convex real-time network
reconfiguration as a corrective flexibility measure against the contingency
conditions, while re-scheduling the flexible islanded microgrid (FIMG) with a
trade-off decision making (i.e. making compromise between energy

procurement cost and risk of uncertainty in the predicted data).

The following key-findings are obtained in this chapter.

e The multi-objective economic analysis of the model shows the necessity
of additional budget to be considered for dealing with risk and security

measures.

e The results show the variation of contingency condition over different
zones and for various scenarios of RES uncertainty, demonstrating the

necessity of a real-time approach that accounts for these measures.
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e The network reconfiguration is a practical corrective flexibility measure,
such that the configuration of the system can be changed to satisfy

different economic and security goals.

These results show that different flexibility measures can be adopted as

preventive and/or corrective actions to preserve system security.

7.2 Fulfilment of the Main Research Questions

All five main chapters of this thesis shed a different light on the topic of
flexibility in the energy networks. While chapter 2 investigated the challenges
and opportunities in enabling flexibility in the buildings, Chapters 3 and 4
highlighted the importance of buildings flexibility through developing new
methods for unlocking flexibility. Chapter 5 showed how the combination of
DER, demand and network flexibility can be utilised to prevent disconnection
of distribution grids from the main network. Finally, Chapter 6 demonstrated
the role of flexibility measures as preventive and corrective actions for

preserving system security.

The main research questions arising from the main topic of the thesis were
fulfilled as below:

1. How to enable higher levels of building flexibility in the distribution

networks?

This research question has been addressed in the first part of the thesis,
where Section 2 introduced challenges and opportunities in enabling building
flexibility while chapters 3 and 4 introduced new approaches for enabling
higher levels of building flexibility. The main challenges in enabling AB
flexibility were identified as possibility of energy exchange between buildings,
consideration for occupants comfort, uncertainty of input data and the role of
EVs in improving flexibility of the ABs. The challenges arising from this
research question have been answered by proposing a robust multi-level MILP

optimisation model for AB flexibility, with consideration for occupant comfort
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and appliance/task constraints. These control method implies that in order to
have a higher level of AB flexibility:

1. The operation of building appliances should be controlled optimally to
shift the demand consumption of shiftable appliances such as washing
machine while exploiting the use of building-scale generating and storage

capacities.

2. The possibility of energy exchange between buildings can provide a higher
level of building flexibility.

3. Optimal control of EVs’ charge and discharge in the buildings can have a
considerable effect on the energy bill of ABs while improving flexibility.

4. Tt is important to consider occupants comfort while achieving 1)-3)
since building users play a crucial role in optimal operation of dwellings
and slight changes in the expectation of building occupants can have a

considerable effect on the flexibility of ABs.

2. To what extent flexibility can improve the electricity distribution network

characteristics?

This research question has been addressed in the second part of the thesis,
where Chapter 5 investigated the application of demand, DER, and network
flexibility in preserving voltage stability of TSO-DSO coordination while
Chapter 6 investigated the application of such flexibility in preserving system
security after line outage disruption. Chapter 5 answered this research
question by investigating the application of flexibility in the distribution
network through a decentralised control framework for TSO-DSO
coordination. In this method, DSOs use their available flexibility measures
or/and load curtailment to comply with the requirements of the TSO.
Distributed optimal DER scheduling, conservation voltage reduction and
network reconfiguration were adopted as the flexibility measures preserving
the security of TSO-DSO coordination with minimum physical load
curtailment. Chapter 6 answered this research question by investigating the
role of flexibility in islanded microgrids. A hierarchical joint risk- and

security-constrained model predictive control framework is proposed for
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real-time energy scheduling of flexible islanded microgrids. This chapter
introduced DER scheduling and demand flexibility as precautionary flexibility
measures and network reconfiguration as the corrective flexibility methods.
Both chapters clearly highlighted the importance of different flexibility
methods in achieving important security and stability challenges in

distribution networks.

7.2.1 Fulfilment of sub-research questions

The sub-research question arising from the main topic of the thesis were fulfilled

as below:

1. Chapter 3: How to optimise energy transaction between buildings together
as well as with the main grid so as to unlock their flexibility in a real-time

multi-objective problem while accounting for uncertainty?

This research question has been answered in Chapter 3 by proposing a real-
time multi-objective optimisation problem for enabling B2B and B4G as the
advanced building flexibility techniques. The uncertainty in the market price
and weather forecast were taken into account and a robust control technique
was proposed to deal with uncertainty in enabling building flexibility. The

main contributions of this Chapter based on the research question were:

e A multi-level MILP optimisation model was proposed for AB flexibility,
with consideration for occupant comfort and appliance/task constraints.
Compared to current MILP models, the proposed solution allowed
greater asset/building participation using a linear robust controller that
did not require excessive processing power (as opposed to the MINLP)
predecessors). It also pursued multiple goals in achieving an optimal

energy management.

e Introducing an RRH controller to maximise the robustness of real-time
energy management systems against prediction uncertainties at a lower
computational time (compared to conventional controllers) while

accounting for partial knowledge of input parameters.
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e Proposing B2B and B4G strategies to oversee the peer-to-peer energy
trading in RMG level while valuing the occupants comfort, and
appliance settings under an uncertain environment. The former strategy
facilitates the power exchange between dwellings using flexibility in
in-site generation capacity, while the latter deconstructs the DR
response to its sources of sensitivity to alterations of comfort level and

timing- ON/OFF status — or load adjustment of home appliances.

e Taking into account the effect of multiple sources of uncertainty on the
local energy markets, while exploring the role of building occupants in

improving AB flexibility robustness.

2. Chapter 4: How can electric vehicles enable more flexibility in the buildings?

This research question has been answered in Chapter 4 by proposing a model
for EVs which takes into account their driving pattern, while adding their
charge/discharge model to the power balance equation of the BMES controller.
This chapter tried to show the role of home-charging EVs in increasing the
value of building flexibility. Generally, the main contributions of this chapter

based on the research question were:

e The effect of electrification of transport on the building flexibility was
studied through adding corresponding EV model to the energy balance
model studied in Chapter 3. Furthermore, the effect of EVs on the

occupant comfort was studied.

e The model investigated the effect of EVs on the B2B. Therefore, this
chapter was the continuation of the previous chapter by adding the EVs

as a mobile storage that can be effected by occupants decisions.

3. Chapter 5: To what extent can distributed flexibilities be used to preserve
system stability?

This research question has been fulfilled in Chapter 5 by proposing a
coordination scheme for the transmission and distribution network while

focusing on the role of flexibility in preserving voltage stability. At the
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distribution level, the DSOs utilise their available distributed flexibilities,
such as DER, CVR, and feeder reconfiguration, to provide the required
set-points received from TSO and preserve the system stability margin.

Generally, the main contributions of this chapter were:

e A decentralised control framework was introduced for TSO-DSO
coordination with the least information exchange between them. In this
method, DSOs use their available flexibility measures or/and load
curtailment to comply with the requirements of the TSO. This proposed
method benefited from short computational time spans and achieves the

required convergence degree with a small number of iterations.

e Distributed optimal DER scheduling, conservation voltage reduction
and network reconfiguration were adopted as the flexibility measures
preserving the security of TSO-DSO coordination with minimum
physical load curtailment. In the upper level, the TSO ensured the
minimum loading margin for the transmission network considering the
critical components of the power flow model. In the lower-level
distributed optimisation models, DSOs aimed at minimising the actual
load curtailment, using the available flexibility options. Each DSO
provided a different level of flexibility in the proposed distributed
framework. However, the total flexibility provided complied with the

requirements of the TSO.

e The transmission network’s loadability constraint was considered as the
main security margin influencing the TSO-DSO coordination. This index
can be utilised as a measure for evaluating the degree of security of TSO-
DSO coordination.

4. Chapter 6: To what extent can flexibility methods preserve security of an

islanded microgrid?

Chapter 6 aimed at answering this question by introducing a hierarchical tri-
layer min-max-min joint risk- and security-constrained model predictive control
framework for real-time energy scheduling of FIMGs under the influence of

uncertainty and real-time time-varying contingency conditions. The proposed
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method benefited from DER, demand, and network flexibilities to supply FIMG
demand under different conditions. Different forms of preventive and corrective
flexibilities were used in this model. Generally the main contributions of this

chapter were:

e Proposing a multi-layer MICP model for multi-objective energy
scheduling of FIMGs. The introduced model was computationally
efficient and can provide an accurate representation of the flexibility in
the power flow model for inclusion in the RSC-MPC.

e Developing a min-max-min RSC-MPC framework which considered the
uncertainty of predicted data and the risk associated with them. The
introduced control model allowed the inclusion of uncertainties in real-
time energy scheduling of FIMGs while accounting for structural changes

in the network topology.

e Building time-varying security constraints based on a MICP power flow
model.  The proposed framework took into account the real-time
disruptions which change over the grid zones. This framework allowed

the inclusion of more realistic contingency conditions.

e Developing a corrective real-time network reconfiguration model which
improved system security, while guaranteeing the network radiality over
uncertainty scenarios (i.e. stochastic network reconfiguration). This
framework enabled the system controller to change the system
configuration so as to prevent load curtailment caused by real-time

contingency, while considering the uncertainty.

Altogether this work provided a framework for enabling flexibility in the energy
networks and benefiting from them in securing the energy systems. The scalable
methods considered in this work are an important step toward decarbonisation
of the energy grids. Energy system flexibility is a critical step for utilising
higher share of renewable energy sources while concerning the stability and the

security if the system.
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7.3 Future Work

Based on the research work carried out in this thesis, five research directions

are suggested as the final section.

7.3.1 Flexible building communities

Future research studies can examine the role of flexibility in the building
communities. The interconnection between different communities could bring
about more flexibility for the network and users. This interconnection can be
challenged by different security measures. For example, the idea of stable

islands can be investigated for the the building communities.

7.3.2 Environmental objectives in the control models

This thesis has shown the importance of flexibility in improving the system
characteristics. In the meantime, the use of different RESs and storage
devices can bring about the reduction in the carbon emission. As a future
research direction, the environmental objectives can be considered as an
objective function or a constraint in the control mechanisms. The application

of flexibility in improving such environmental indicators can be investigated.

7.3.3 Public health measures

The integration of issues arising from public health measures in the operation
of flexibility can be another research direction which can study the effect of
pandemic issues on the application of flexibility and the way they can contribute

in emergency conditions.
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7.3.4 Flexibility in the market

This thesis demonstrated the importance of flexibility. Increasing the levels of
flexibility requires designing the practical markets that consider the viewpoint
of different stakeholders. For example, a fair flexibility market for the demand
flexibility is essential so as to encourage buildings as the end-users to the

network to participate in the grid operation.

7.3.5 Other applications of flexibility

This thesis investigated the effect of flexibility on the security and stability of
the network as a whole considered economic goals as the objective function.
Different applications of flexibility in improving system characteristics (e.g.

reliability, voltage support, etc.) can be investigated in the future works.
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