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Abstract
This doctoral thesis reports the results carried out by the author during the three-
year research activities of the XXXVIII cycle of the Ph.D. course in Electrical and
Information Engineering at Politecnico di Bari.

The main goal of this work is the development and implementation of advanced
algorithms for optimal dispatch and network reconfiguration to ensure operational
security and reliability of electrical power systems within the context of the energy
transition. The research frames security and flexibility as a multi-layer coordination
problem that bridges generation dispatch, service markets, and topology control
across both transmission and distribution levels.

At the transmission level, the thesis first introduces a two-stage energy and
service market framework that integrates unit commitment and network-based
redispatch, enabling Transmission System Operators (TSOs) to handle load and
renewable energy sources (RES) forecast errors, and procure reserve services while
ensuring system adequacy and security. Moving beyond cost-intensive generation-
based solutions, the research investigates topology control as a source of hidden
flexibility in power system operation. Switching operations are integrated into
Optimal Reactive Power Flow (ORPF) and N-1 Security-Constrained optimization
tools to mitigate voltage violations and relieve congestion without incurring additional
costs. These methodologies are tested on both standard benchmark systems and
realistic transmission grid models, highlighting the practical challenges of their
application in real-world control rooms.

The concept of topological flexibility is finally extended to the distribution level, fo-
cusing on improving the quality of supply for operational planning purposes. Optimal
Network Reconfiguration (ONR) algorithms are specifically designed incorporating
the actual Fault Detection, Isolation, and Recovery (FDIR) practices adopted by
Italian Distribution System Operators (DSOs). The soundness and generality of the
proposed models enable the assessment of adverse weather events impacts, while also
supporting automated restoration and black-start procedures.
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Introduction

Background and Motivation

The ongoing transition toward low-carbon energy systems is significantly transforming
the operation of modern electric power networks. The increasing penetration of
renewable energy sources (RES) introduces unprecedented levels of variability and
uncertainty, challenging the conventional paradigms of system operation, market
coordination, and network control. Under these conditions, ensuring operational
security, flexibility, and economic efficiency has become a central concern for system
operators and policymakers alike.

Traditionally, operational security has been mainly ensured by managing the
generation side through market coordination, redispatching actions and reserve
management. However, such an approach is increasingly inadequate to guarantee
secure system operation in the presence of network bottlenecks, market-driven
dispatch constraints, and a decreasing share of controllable generation capacity.
Ensuring system security now requires a broader perspective, where flexibility is
regarded as a system-level attribute that must be coordinated across all network layers
— generation, transmission, and distribution — and between market mechanisms and
physical infrastructures. This coordinated approach is essential for both Transmission
System Operators (TSOs) and Distribution System Operators (DSOs) to maintain
reliable and secure operation under evolving grid conditions.

The research activity outlined in this thesis deals with the technological challenges
for power system operation, by analyzing two main areas of interest with reference
to the management of the grid components controllable by system operators: the
influence on the Ancillary Service Market and the analyses of static security. Conse-
quently, optimal grid assets for system’s operation can be defined thanks to the use
of advanced optimization tools.
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Within this context, besides the optimal dispatch of the energy resources, network
reconfiguration through topology control emerges as a powerful yet underexplored
flexibility resource. By modifying the grid topology through controlled switching
actions, system operators can effectively relieve congestion, reduce losses, and enhance
voltage stability — often relying solely on existing grid assets and without incurring
additional generation costs. Such strategies highlight the importance of treating
operational flexibility as a cross-voltage-level system property, requiring coordination
across transmission and distribution networks, as well as market and physical layers.

The research activity initially involved the analysis and identification of the main
network phenomena that impact on the management of the power system in the
context of the change underway. Based on the phenomena that should be countered,
it was necessary to model some strategies which allow to appropriately manage the
grid, also considering the economic aspects and security constraints.

Furthermore, the identified methodologies have been tested and validated through
simulations in static conditions, employing specialized software tools and implement-
ing optimization routines.

Contributions

This doctoral research aims to advance the theoretical foundations and practical
implementation of optimization-based and topology-driven flexibility mechanisms for
secure and efficient operation of modern power systems.

The main contributions can be summarized as follows:

1. Integrated view of operational security and flexibility – The thesis frames security
and flexibility as a multi-layer coordination problem involving generation
dispatch, energy and service markets sequential interaction, and topology
control, highlighting the interdependencies among these elements both in
electrical transmission and distribution activities.

2. Methodologies for mathematical modeling of electrical transmission and distri-
bution systems – Modeling techniques are proposed to accurately represent the
complexity of modern power systems. This involves the topological characteri-
zation of transmission and distribution systems, as well as the static modeling
of the electrical non-linear components and their integration into automatic
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calculation procedures.

3. Market models & Optimization of redispatch mechanisms – A mathematical
formulation is developed to represent the sequential relationship between the
day-ahead and Ancillary Services markets. The latter is modeled as a Unit
Commitment and Economic Redispatch problem, considering reserve allocation
and network constraints. Benefits and limitations of generation-only preventive
actions in renewable-dominated transmission systems are discussed.

4. Optimization algorithms for topology control – Innovative methods for optimal
network reconfiguration are introduced, addressing both transmission and dis-
tribution levels. These algorithms enhance system security through congestion
mitigation, voltage regulation, loss reduction and reliability improvement.

5. Static security analysis approaches - The work advances power system security
assessment by introducing screening techniques and simulation procedures.
These approaches allow for a more efficient identification of critical contingencies
and the evaluation of the system’s static security.

6. Applications to realistic grid models with the use of specialized software tools -
The theoretical methodologies are tested through simulations on large-scale,
realistic test systems. By leveraging advanced software platforms and opti-
mization solvers, the research bridges the gap between abstract optimization
models and actual grid operations, discussing possibilities and limits in terms
of scalability and practical applicability of the proposed solutions.

Outline of the Thesis

This doctoral thesis addresses the problem of operational security, flexibility, and
economic efficiency in both modern transmission and distribution systems, under the
increasing penetration of renewable generation and the consequent rise of uncertainty
and network issues.

The research develops a coherent framework in which operational, economic, and
topological control actions are jointly investigated across different voltage levels,
identifying the needs that both TSOs and DSOs have in dealing with issues related
to network security.
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At the transmission system level, the thesis first focuses on redispatch mechanisms.
This analysis naturally leads to the investigation of remunerative grid services, which
are required to economically coordinate redispatch actions and ensure incentive
compatibility among market participants.

Beyond generation-based solutions, the thesis explores cost-free control actions,
such as transmission line switching and network reconfiguration strategies (e.g.,
substation splitting, transformers’ tap settings adjustments) as effective sources of
hidden flexibility. These actions allow system operators to relieve congestion, improve
voltage profile and enhance security without additional generation costs, thereby
complementing traditional redispatch mechanisms.

The concept of topology-based flexibility is subsequently extended to the primary
distribution network level, where optimal network reconfiguration is formulated as a
means to improve system reliability and accommodate distributed energy resources
while respecting radiality and protection coordination constraints.

Chapter 1 - Secure Operation of the Electric Transmission Systems in

the Energy & Service Market Framework: discusses the theoretical and
regulatory background of secure system operation in liberalized electricity markets. It
analyzes the interplay between market-based dispatch and system security constraints,
emphasizing the need for coordinated redispatch mechanisms. The chapter concludes
with the modeling of the day-ahead/ancillary services market sequential interaction,
for the reserve services provision and the compensation of load and renewable forecast
errors, ensuring system adequacy and operational security.

Chapter 2 - Optimal Transmission Grid Assets Maneuvering for Improving

Voltage Profile: introduces a metaheuristic-based optimization algorithm for
coordinated control of transmission assets, including transformer tap changers, shunt
devices and switchable lines, to enhance voltage profile during high-RES operating
scenarios.

Chapter 3 - N-1 Security-Constrained Optimal Transmission Network

Reconfiguration Algorithms for Congestion Management: provides algo-
rithms for topology optimization under N-1 contingency criteria, enabling cost-free
congestion management and secure operation under stressed network conditions.
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Chapter 4 - Optimal Transmission Network Reconfiguration Algorithms

for the Secure Operation of the National Electric Transmission System:

thanks to the collaboration with the Italian transmission system operator Terna
SpA, this chapter collects case studies relating to the application of the developed
optimization methodologies on realistic national transmission grid models. Method-
ologies are provided to simulate detailed and complex network models according to
the actual needs of the system operator, discussing the challenges encountered in the
implementation for real world applications (e.g., scalability, time requirements, etc.).

Chapter 5 - Optimal Network Reconfiguration Algorithms for Optimizing

the Reliability and Quality of Supply in Primary Distribution Networks:

extends the reconfiguration framework to the distribution level, focusing on improving
reliability, loss minimization, and the integration of distributed energy resources
while maintaining radiality and protection coordination. An Optimal Network
Reconfiguration framework is proposed for optimizing the quality of supply in
medium voltage radial distribution systems, optimization tool that can be extended
to black-start and restoration procedures through intentional islanding procedures.

PhD Program Description

The doctoral research was primarily conducted at the Politecnico di Bari, within the
Department of Electrical and Information Engineering (DEI). The research activity
is focused on the complex issues related to the economic and secure operation of the
electrical power systems, analyzing how grid services provision can be affected by
various grid assets.

A six-month industrial research collaboration was carried out at Terna SpA
within the SSD-DSC-PIN (Optimal System Programming) unit. This activity
focused on the analysis of realistic network models and operating conditions of
the Italian National Transmission Grid, aiming at the practical implementation of
methodologies developed for Optimal Transmission Network Reconfiguration. This
collaboration provided valuable industrial insights and helped align the academic
research objectives with the operational needs of the Italian Transmission System
Operator.

Subsequently, a six-month research stay was undertaken at the Technische Univer-



Introduction 12

sität Dortmund (Germany), within the Institute of Energy Systems, Energy Efficiency
and Energy Economics (ie³), specifically the Power System Stability & Operation
(PSSO) group, under the supervision of Prof. Dr.-Ing. Christian Rehtanz. During
this period, regular presentations of research progress were held within institute
seminars, along with participation in meetings, workshops, and academic activities,
including involvement in the examination committee for the Smart Grids course
offered by the institute.

This combination of industrial and international experiences provided the can-
didate with a comprehensive perspective, bridging the gap between theoretical
optimization methods and their practical implementation in real transmission system
operation.

Parallel to the core research on transmission [1, 2, 10] and distribution [3–
5, 7, 8, 15] steady-state optimization, complementary topics regarding power system
dynamics and innovative power system simulation techniques. These activities
addressed stability challenges [13] in renewable-dominated grids (e.g., inertia preser-
vation [18], oscillation damping [12]) and the control of microgrids [14, 16] and
isolated systems [17]. The validation of these strategies through Real-Time and
Power Hardware-in-the-Loop (PHIL) simulations provided a comprehensive technical
perspective [9], broadening the scope beyond steady-state analysis.

The scientific contributions resulting from the main research line and these
complementary activities are detailed in the Author’s Publications section.



Chapter 1

Secure Operation of the Electric

Transmission Systems in the Energy

& Service Market Framework

The secure operation of electric transmission systems is the fundamental cornerstone
for ensuring the reliability, stability, and efficiency of modern power grids. Trans-
mission system operators (TSOs) must continuously balance supply and demand,
maintaining system frequency and voltage within operational limits, preventing
network congestion and cascading failures. In the current global energy transi-
tion context, the integration of variable renewable energy sources (RES) introduces
unprecedented complexity in the power system operation, challenging TSOs in main-
taining the grid in a normal state. To achieve these goals, several technical and
economic mechanisms can be implemented, ranging from market-based services that
incentivize flexible resources, to technical control strategies that enhance system
security without direct financial compensation.

This first chapter explores the multi-faceted approach required to ensure system
security, ranging from market-based mechanisms to technical control strategies. The
discussion is structured as follows:

• Paragraph 1.1 defines the various operating states of the electrical transmission
systems and the specific methods employed by TSOs to manage transitions
between them.

• Paragraph 1.2 details the technical requirements and services for secure opera-
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tion, distinguishing between remunerative services (market-based) and cost-free
strategies (topology or control-based).

• Paragraph 1.3 explores the economic aspect of operational security from the
TSO’s perspective, analyzing the redispatching and balancing mechanisms
currently active within the European and Italian electricity markets.

• Paragraph 1.4 introduces an energy and service market framework, proposing an
integrated approach involving Unit Commitment and network-based redispatch
to procure secondary reserve services in a RES-dominated bulk power system.

1.1 Operating states of the electrical transmission

system

The objective of system operational security is the prevention and minimization of the
consequences of service interruptions. The TSO pursues the security objective with
all available tools and means. Specifically, it fulfills several obligations, including:

• Managing the grid securely by applying the operational criteria and procedures
indicated in the Grid Code.

• Binding the operation of the grid to security requirements in all phases of trans-
mission and dispatching activities, including the coordination of unavailability
schedules and network development activities.

• Establishing protection criteria and calibration strategies for devices.

Figure 1.1: Scheme of the transmission system operating states.
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To maintain security, the TSO manages its own observable and controllable portion
of the grid across various operating states (Fig. 1.1), with the priority objective of
countering degradation toward more critical states and returning immediately to
the normal state. As can be observed, the flow of the system between states is a
balance between uncontrolled transitions (caused by contingencies or disturbances)
and controlled transitions (driven by the operator’s intervention). To this end,
following specific regulations, the TSO implements necessary control actions and
maneuvers designed to mitigate risks or recover from failures.

When the system moves from the Normal State to the Alert State, security margins
are eroded. While all loads are still supplied and no limits are violated, the system no
longer meets the N−1 security criterion. This means a single subsequent contingency
could lead to immediate violations. In these conditions, the preventive control is
the first line of defense to restore security margins. Common measures include
redispatching generation units, changing the grid topology (switching operations),
or adjusting voltage setpoints to ensure the system can once again withstand a
contingency without loss of load.

If a contingency occurs while the system is already in the Alert State, it triggers
an uncontrolled transition to the Emergency State. At this point, physical constraints
(such as thermal limits of lines or voltage stability limits) are actively violated. In
these cases, the corrective control can be implemented immediately after a disturbance
occurs in the Emergency State. The aim in this phase is to eliminate the active
constraint violations and stabilize the system, ideally returning it to the Alert State.

The last measure that can be adopted is the Emergency Control, acting as a
"last resort" when corrective actions are insufficient. When successful, it prevents
cascading failure and blackout events often involving under-frequency load shedding
actions or system intentional islanding. While these actions result in a loss of load,
they preserve the integrity of the remaining grid.

Finally, following a partial or total blackout, the restoration process is imple-
mented. The operators perform black-start procedures, re-energize transmission lines,
and gradually reconnect loads in a synchronized manner.
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1.1.1 Methods for managing the electrical system in the dif-

ferent operating states

The following subsections detail the management procedures for each operating state
and the transitions, as defined in [19].

1.1.1.1 Alert State procedures

In this state, the entire load is supplied, but the system is vulnerable to contingencies.
Preventive Control is used to transition back to the Normal State through the
following actions:

• Generation & Dispatching : dispatching orders are sent to the producers to
run generation units at maximum excitation, use of automatic or manual
remote tripping, and utilize available dispatching resources for balancing and
redispatching.

• Grid Topology Control : the network topology can be modified through switching
operations to restore security margins.

• Distribution & Exchange: the reference voltage set-point for primary substations
can vary. Moreover, coordinated increases or decreases in power exchanges
with foreign grid operators can be performed.

• Load Management : selective load shedding, shedding of pumping units or
storage systems, extraordinary slow modulation of injections/withdrawals.

1.1.1.2 Emergency State procedures

Violations of network constraints occur here. Corrective Control aims for a controlled
return to the Alert State, while Emergency Control triggers if the system degrades
toward a blackout:

• Defense Systems: automatic load or generation shedding actions can be exe-
cuted by the Defense System and the Automatic Load Balancer (EAC).

• Manual Interventions: manual shedding of loads and/or pumping plants via
the Peripheral Defense and Monitoring Unit (UPDM).
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• Regulatory & Technical Measures : implementation of agreed countermeasures
with neighboring TSOs, application of the Distributed Generation Reduc-
tion procedure (RIGEDI), and blocking automatic Under-Load Tap Changers
(VSC).

1.1.1.3 Blackout State procedures

This represents a system failure where part of the load is not supplied and security
constraints are violated. The focus shifts to:

• Locating the network fault and identifying the perimeter of the de-energized
area.

• Performing maneuvers to isolate the area affected by a permanent fault.

1.1.1.4 Restoration State procedures

A controlled transition process to return the system to the Normal State after a
failure:

• Initiation of restoration procedures.

• Progressive re-feeding of withdrawal points and auxiliary services.

• Gradual re-meshing (reconnecting) of the transmission grid.

1.2 Requirements and services for the secure opera-

tion of electric transmission systems

At the European level, the European Network of Transmission System Operators
for Electricity (ENTSO-E) ensures the security of the interconnected power system
primarily through the System Operation Guideline (SOGL), by defining strict rules
for the security of the European bulk power system, which serve as a basis and
reference framework for national grid codes such as that of the Italian TSO. This
regulation establishes harmonized rules for operational security, which mandates
specific limits for voltage, frequency, and short-circuit currents, as well as the
implementation of the (N-1) criterion to ensure system resilience against single
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contingencies. Furthermore, it details protocols for operational planning and load-
frequency control, requiring close coordination between European TSOs to manage
cross-border stability. Complementing this, the Emergency and Restoration network
code (NCER) sets out the procedures for managing large-scale incidents, ensuring a
coordinated defense and recovery strategy across the entire European grid.

The rules for the secure operation of the Italian National Electric Transmission
System are reported in the Italian Grid Code [20]. In particular, chapters 3, 4, and
10, collectively establish the operational framework for system security and reliability.
Chapter 3 deals with management, operation, and maintenance of the grid, whereas
Chapter 4 outlines the dispatching rules (i.e., the procedures for real-time balancing
of power supply and demand, power reserves provision). Finally, as seen in the
previous paragraph, Chapter 10 (Defense of Security) defines the various operating
states of the system—ranging from normal to emergency—and details the defense
plans and recovery procedures required to mitigate major disturbances and protect
the integrity of the national grid.

To manage the daily operational challenges, TSOs ensure the quality of the
dispatching service provided by coordinating two primary categories of operational
requirements: remunerative services and cost-free strategies. The first can be
procured through the Ancillary Service Market (ASM), whereas the others consist of
non-market services.

Table 1.1 outlines the auxiliary resources currently required by the Italian TSO to
ensure the secure balancing of the system, even during significant events, classifying
them into ancillary services that can be traded on the ASM and non-market services.

Table 1.1: Market-based and non-market-based Ancillary Services
Market-Based

(Procured via ASM/Auctions)

Non-Market-Based

(Mandatory/Emergency)

• Primary Reserve (FCR) — Newly remunerated via auctions • Primary voltage regulation

• Secondary Reserve (aFRR) • Secondary voltage regulation

• Fast Tertiary Reserve (mFRR) • Tertiary voltage regulation

• Spinning & Replacement Reserve (RR) • Load Shedding — Emergency system defense (Involuntary)

• Congestion Management • Black Start — Regulated service / Long-term contracts

• Real-time Balancing • Emergency Frequency Control — Automatic defense plans

• Load Shedding — Capacity auctions • Topology Control — Corrective remedial actions
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1.2.1 Market-based remunerative services

Remunerative services utilize market-based mechanisms to provide economic incen-
tives for resources that contribute to grid stability and security. They involve the
participation of various energy generation companies which, together with a multi-
tude of end-users, contribute to the formation of the electricity price in a competitive
environment based on market mechanisms. However, as a result of the electricity
market, the TSO is required to verify the feasibility of production plans in relation
to the operational management of the transmission grid. In order to deal with
situations that are unsustainable for the system – linked to the presence of congestion
or overloads, forecast errors, and outages – the TSO must implement regulatory
actions which, in many cases, involve varying the active power of producers and
users, who are then called upon by the TSO through a competitive mechanism to
provide adequate levels of ancillary services for the power dispatch.

Recently, the Italian electricity landscape has undergone a massive transformation
with the implementation of the Integrated Text on Electricity Dispatching ("Testo
Integrato del Dispacciamento Elettrico", TIDE) [21], which reached its full consolida-
tion phase on February 1, 2026. The most recent change concerns the remuneration
mechanisms for primary reserve services (Frequency Containment Reserve, FCR),
previously listed as mandatory non-market services. In fact, with the displacement of
traditional synchronous generators by asynchronous inverter-based resources, system
inertia is now managed through market designs like auctions or tenders to maintain
frequency stability. In order to comply with the European Electricity Balancing
Guideline (EBGL) and to allow new technologies like Battery Energy Storage Sys-
tems (BESS) to compete, Italy has transitioned to a competitive, market-based
procurement for the FCR. It is now remunerated via pay-as-bid auctions, turning it
into a revenue stream for participants.

Beyond the FCR, the Italian ASM serves as the primary arena for procuring
automatic Frequency Restoration Reserve (aFRR), manual Frequency Restoration
Reserve (mFRR) and Replacement Reserve (RR). These pay-as-bid services are
central to the TSO’s ability to restore frequency and replacement reserves. Under the
TIDE framework, the participation has been broadened to include Virtual Authorized
Units (UVAs), allowing distributed energy resources and BESS to provide fast-acting
reserves.

Congestion Management (CM) and Real-time Balancing services constitute the
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two-stage logic of the ASM. In the ex-ante market sessions (operational planning),
the TSO fulfills physical network constraints by modifying the injection or withdrawal
schedules of power plants. In the real-time Balancing stage, the TSO intervenes to
compensate for residual imbalances between supply and demand. Both processes rely
on re-dispatching, where the TSO pays for the deviation from the energy market’s
outcomes.

Concerning Load Shedding, it can be considered as a market-based service if the
TSO pays large industrial consumers (through auctions) to be ready to have their
power cut when the grid is particularly stressed. In this case, they are compensated
for this flexibility. During emergency conditions, instead, the Defense Plan provides
for automatic load shedding as an unpaid emergency measure.

1.2.2 Cost-free strategies

While the aforementioned services involve a financial exchange to incentivize flexibility,
the TSO also relies on non-market-based corrective actions to ensure grid security
without incurring procurement costs. These strategies will be further explored in the
subsequent chapters of this thesis. They typically involve automatic or operational
measures that do not directly result in monetary compensation for participants.
Examples include the activation of voltage control through shunt compensation
devices and on-load tap changers, the use of network reconfiguration to manage
congestion, and the coordination of protection systems to prevent cascading outages.
Such measures are essential for maintaining system stability and ensuring a rapid
and coordinated response to disturbances, particularly under stressed operating
conditions.

Regarding voltage control, while some European countries are experimenting with
reactive power markets [22], in Italy, voltage regulation is a mandatory technical
requirement. Unlike frequency reserves, it is not currently traded on a daily/hourly
market like the ASM. In particular, voltage regulation is characterized by a three-level
hierarchical control structure, where the primary control is a mandatory service for
all major production units. It consists in a local and automatic action performed
by the Automatic Voltage Regulators (AVRs) of the synchronous generators. It
reacts within milliseconds to maintain the generator’s terminal voltage set-point. For
power electronics interfaced generators, the same task is performed by the converter’s
voltage control loop. Secondary voltage regulation (SVR), instead, is a regional
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control that coordinates groups of generators within specific electric zones defined as
pilot nodes [23]. The SVR automatically adjusts the reactive power output of all
participating generators in a zone keeping the voltage stable. Finally, the tertiary
voltage regulation is centrally managed by the TSO involving the optimization of
voltage profile across the entire system. The goal is to define the optimal set-points
for the pilot nodes to minimize grid losses and ensure sufficient security margins
against voltage collapse.

Other strategies involve topology control, that unlike re-dispatching flexible
resources (which costs money through the ASM), it is a cost-free remedial action
that may solve network operational issues without financial compensation to third
parties. Topology control allows the TSO to manage congestion and optimize power
flows by modifying the grid’s physical configuration (e.g., opening/closing circuit
breakers, splitting substations, switching-off transmission lines, etc.). However, as
will be discussed in the following chapters, such strategies require advanced control
architectures and optimization tools in order to determine and implement in real-time
the necessary topological changes in response to a given operating event.

1.3 Redispatching and Balancing Mechanisms in the

European and Italian Electricity Markets

Network security issues related to renewable energy sources (RES) and load forecast
errors are faced by transmission system operators (TSOs) by means of redispatching
and balancing services. Balancing resources are exploited to restore system frequency
in real-time (RT) operation, whereas redispatch mechanism can be used when energy
market outcomes do not fulfil power flow bounds [24], showcasing a high potential
for cost optimization to remedy network congestions and to compensate for power
fluctuations. Redispatch mechanism is managed by different procurement and
remuneration models, depending on national grid rules [25].

In the last years, coupled energy markets were created in order to increase
the utilization of generation sources among European market operator members
(Nominated Electricity Market Operators, NEMOs), resulting in Single Day-ahead
Coupling (SDAC) and Single Intraday Coupling (SIDC) markets [26, 27]. The aim
of these markets is to create single pan-European cross zonal energy market to
increase the overall trading efficiency among NEMOs. In particular, SDAC couples
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wholesale electricity markets from different regions for maximizing social welfare
while taking into account price limits of bids and regions cross-border flow constraints.
In SIDC, market participants are able to work together across Europe to continuously
trade the needed energy through the day, since it has become more challenging for
market participants to be in balance (i.e., supplying the correct amount of renewable
intermittent production) after the closing of the day-ahead market. Furthermore, the
participants can update their bids until one hour before delivery time, reducing the
need for reserves and associated costs while allowing enough time for carrying out
system operation processes for ensuring system security. This new joint governance
structure aims at achieving a better co-operation between NEMOs and TSOs. In
fact, the inputs of these markets are the network capacities and constraints provided
by the TSOs and the bids and offers provided by the NEMOs. In this structure, the
ancillary service provision/delivery is managed in a successive market platform, where
a harmonized market among European regions is still in a preliminary stage with
some pilot projects, due to the different market frameworks [28]. Further insights on
European market context and pilot projects are provided in [29].

Among European countries, Italian TSO has developed a comprehensive expertise
in handling generating units and network constraints in market sessions downstream
merit-order energy markets, as highlighted in Fig. 1.2 [30]. In particular, the energy
markets are the Day-ahead (DAM) and the Intraday (IM) markets, managed by
Italian Market Operator, aiming at maximizing the social welfare through a merit-
order zonal clearing price mechanism. In this session, the main energy amount is
traded defining the preliminary generation and load schedules considering step-wise
bids and interzonal power flow constraints. Downstream, the Ancillary Service
Market (ASM) sessions take place, managed by the TSO, to provide the required
services according to a pay-as-bid auction market. Specifically, the TSO, based on
energy market schedules, could redispatch units to procure a certain upward and
downward power margin [31], depending on the needed reserve, while complying with
branch power flows and unit commitment (UC) constraints along with the RES and
load forecasts updates. Finally, Balancing Market (BM) is carried out throughout
the whole day, activating the amounts reserved in ASM to mitigate any contingency,
such as load and RES mismatches, generation outage, etc., and remunerating only
the activated energy.
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Figure 1.2: Italian market framework and main features.

1.4 A Two-Stage Energy and Service Market Frame-

work Involving Unit Commitment and Network-

based Redispatch

The provision of power and grid services requires the co-ordination between Day-
Ahead Market (DAM) and Ancillary Service Market (ASM) to attain reserve services
and technical feasible operating conditions for market players and for the network.
In this context, this work proposes a multi-stage approach to evaluate the dispatched
power to balance the forecast updates of renewable energy sources and load from
DAM to ASM, taking into account network and Unit Commitment (UC) constraints,
according to European approach. The DAM is solved considering a zonal market
framework and neglecting the UC constraints. Then, a mechanism to adjust the
ASM bids is developed, defining time-varying costs for each regulation. Finally, the
ASM is modelled as a network-constrained UC and economic redispatch (NCUCER)
optimization problem, aiming at minimizing the overall cost, in order to procure
secondary reserve requirement and to adjust the DAM schedules, taking into account
network and UC constraints and balancing forecast updates. DC load flow sensitivity
factors are exploited to evaluate the influence of redispatch actions and forecast
updates on the observed power flow. This procedure is applied to NREL 118-Bus
Test System assessing its performances throughout a yearly time horizon.
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1.4.1 Literature review

From a methodological point of view, security-constrained unit commitment (SCUC)
and economic dispatch (ED) have been largely investigated [32–34], whereas only
few works deal with market-based power redispatch to update the production level
of generating units depending on power system operating conditions. The amount
of redispatched power derives from an optimization problem aiming at solving
congestions [35–38], balancing RES and/or load due to uncertainties [36, 37, 39, 40]
or outage [41], or procuring reserve requirements [42, 43]. In the most employed
formulations, units are allowed to be started-up or shut-down to provide redispatch,
adopting integer variables, resulting in a mixed-integer linear programming (MILP)
problem. Other formulations are seldom used, such as linear programming [36, 37, 40],
mixed-integer non-linear programming [35], non-linear programming [44], or robust
optimization [42]. The optimization problem have an economic purpose, mainly
aiming at minimizing active power redispatch and start-up costs, and further costs can
be due to shut-down [39, 41], reserve provision or deployment [39, 40, 42], RES and/or
load curtailment [36, 39–42]. On the other hand, technical objective functions involve
congestions mitigation [35, 36] or the minimization of the overload probability risk
[37]. Besides power balance and power flow limits, modeled by means of sensitivity
factors [35–37] or DC load flow (DCLF) equations [39, 41, 42], constraints could
involve generator technical limits [38–41, 44], RES and/or load curtailment limits
[40, 41], along with reserve provision, deployment or allocation limits [39, 42]. On
the other hand, the work developed in [43] defines three optimization problems to
model consecutive markets connecting intraday and reserve markets, in order to find
feasible power profiles, provide secondary reserve (SR), and deploy the energy and
SR, respectively, defining unit-state constraints for the already committed units.

In literature, the co-ordination between consecutive market sessions has been
investigated, especially for energy and real-time (RT) markets in the American
framework. In [45], the authors deal with a two-stage day-ahead (DA) clearing
model for the energy and RT markets in the presence of high RES penetration
considering fast-start generator behaviors as non-spinning reserve providers. In
particular, the energy market optimization problem embeds the required amount
of energy and reserves. The work proposed in [46] deals with a stochastic model
predictive control scheme used to handle the uncertainty related to generation and
load profiles combining Chance-Constrained and Machine Learning techniques. This
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approach can be applied to participate simultaneously in different energy markets.
The authors of [47] analyze the impact of wind farm (WF) power forecast on the
co-ordination between energy and RT markets, and particularly focusing on cost
implication between DA and RT due to WF uncertainties, handled by the system
operator through anticipated RT adjustment bids, aiming to minimize the costs
associated with conventional thermal generators and WF generators. In [48] a day-
ahead reserve determination method based on two-stage stochastic programming
approach is proposed. In the first stage the commitment of thermal units is carried
out, whereas in the second stage the operation of the system with and without the
failure of key thermal units is evaluated. Further methods, aims, and perspectives
on market sessions co-ordination are available in the review paper [49].

Regarding the European framework, the work proposed in [29] presents three
models to represent DAM, ASM, and the RT market in a renewable-dominated
power system. In particular, they compare the market configuration committing the
reserves in DAM, ASM, or in a joined co-optimized market. The problem considers
units and network constraints along with reserve provision considering RES and load
uncertainties.

1.4.2 Contributions

From the analysis illustrated so far, the need for a clearing procedure accounting
for the DAM/ASM interaction along with the technical feasibility of the cleared
offers for network and generating units arises. To this purpose, in this chapter,
a multi-stage procedure for modeling the electricity market sessions up to ASM
schedules is presented [10]. This method is threefold and includes: the merit-order
zonal DAM clearance, that provides an initial generation profile coping with forecast
load demand and RES generation based on marginal cost bids; the adjustment
of ASM bids depending on DAM outcomes and technical operational limits of
the dispatchable generators; the nodal ASM solution by redispatching generator
schedules through a MILP optimization problem, including UC constraints. The
proposed ASM model aims at minimizing redispatching costs, fulfilling power flow
and UC constraints, procuring SR and balancing RES and load forecast updates.
To this purpose, a Network-Constrainted UC and economic redispatch (NCUCER)
optimization problem is proposed.

Particularly, the redispatching actions are referred to the start-up (SU) and
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shut-down (SD) constraints of dispatchable thermal (DT) units which could arise
downstream of the energy market, along with different technical constraints for DT
and dispatchable hydroelectric (DH) units.

The main contributions of this work can be summarized:

• Modeling the sequential interaction between zonal DAM and nodal ASM
through a deterministic two-stage optimization framework.

• The formulation of a unified technical-economic optimization problem (NCUCER)
to model ASM, entailing the determination of the status and the active power
production of DT units in accordance with UC constraints, RES and load
forecast variations, branch power flow limits, and secondary reserve requirement
(SRR) provision.

• The formulation of novel constraints to handle the service provision, taking
into account DT unit operating points derived from DAM clearing process and
UC constraints.

• The inclusion of inter-temporal dependencies in terms of availability, minimum
up time (MUT) and minimum down time (MDT) of unit clearing process in
ASM.

• Application of the methodology to a highly RES-dominated transmission system
model featuring hundreds of generation units.

Numerical results demonstrate the practical applicability of the methodology,
yielding a complete set of hourly feasible dispatch solutions for an entire year of
operation.
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1.4.3 Nomenclature

The nomenclature in Table 1.2 refers to the formulation of the zonal DAM and nodal
ASM optimization problems described in this chapter.

Table 1.2: Nomenclature for DAM and ASM formulations.
Sets and Indices

ΩB Set of NB transmission branches (b)
ΩD Set of ND days (d)
ΩDT Set of NDT dispatchable thermal units (i)
ΩDU Set of NDU dispatchable units (i)
ΩG Set of NG generators (i)
ΩH Set of NH dispatchable hydro units (i)
ΩL Set of NL interzonal transmission lines (l)
ΩN Set of NN nodes (n)
ΩND Set of NND non-dispatchable thermal units (i)
ΩR Set of NR non-dispatchable RES units (i)
ΩS

i Set of NS
i generators’ step-wise bids (s)

ΩT Set of NT time steps within day d (t)
ΩTH Set of NTH thermal units (i)
ΩZ Set of NZ market zones (z)

Zonal DAM Parameters
ai,t Hourly availability of DT unit
ci,s Marginal cost for each unit step [$/MWh]
Dda

z,t Day-ahead zonal load demand forecast [MW]
ei,t Hourly monthly escalator of DT unit
Fub
l , F lb

l Interzonal lines power flow bounds [MW]
kH Bid parameter for DH units
Pmax
i Maximum active power [MW]

PH,max
i,t Hourly maximum available hydropower [MW]

∆Pmax
i,s Maximum bid step width [MW]

αG
i,z Generators-zones incidence matrix

αF
z,l Zones-lines incidence matrix

Nodal ASM Parameters
Crc Penalty cost for RES curtailment [$/MWh]
Csu

i Fixed start-up cost of DT unit [$]
Cvoll Value of lost load cost [$/MWh]
c↓i,s,t, c

↑
i,s,t Downward/Upward marginal cost for DT unit step [$/MWh]

csdi,t, c
su
i,t Variable shut-down/start-up costs [$/MWh]

csr↑i,t , c
sr↓
i,t Secondary Reserve marginal cost [$/MWh]

Drt
n,t Real-time load demand [MW]

Eav
i,t Available energy of hydro unit [MWh]

Eub
i , Elb

i Energy bounds of hydro unit [MWh]
FD
b,t Active power flow from DCLF [MW]

Fub
b , F lb

b Power flow bounds [MW]
MUi,MDi Minimum Up/Down Time values [h]

Continued on next page
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Table 1.2 – continued from previous page
PD
i,t Cleared active power in DAM [MW]

Pmax
i , Pmin

i Maximum/Minimum active power [MW]
P rt
i,t Real-time power output of RES units [MW]

P sd
i,t , P

su
i,t Shut-down/Start-up bids [MW]

P sh
i Secondary Reserve half-bandwidth [MW]

Sn,b Power Transfer Distribution Factor
SRRt Secondary Reserve Requirement [MW]
tmu
i,t , t

md
i,t Minimum Up/Down Time durations [h]

zDA
i,t ON/OFF status of DT unit downstream DAM
∆DL

n,t Change in load absorption [MW]
∆PR

i,t Change in RES generation [MW]
βi,n Generator-node incidence matrix
∆P

↓
i,s,t, ∆P

↑
i,s,t Max downward/upward energy per step [MW]

Zonal DAM Real Variables
Fl,t Active power flow on interzonal lines [MW]
Pi,s,t Cleared step active power [MW]
PD
i,t Cleared active power [MW]

Nodal ASM Real Variables
Dls

n,t Curtailed load shedding at node n [MW]
Ens

i,t Non-stored energy of hydro unit [MWh]
P rc
i,t RES curtailment [MW]

P sr↓
i,t , P sr↑

i,t Secondary Reserve accepted [MW]
∆Fb,t Change in active power flow on a branch [MW]
∆PA

i,t Redispatched power of dispatchable unit [MW]
∆P ↓

i,s,t,∆P ↑
i,s,t Downward/Upward redispatched power per step [MW]

Nodal ASM Binary Variables
zi,t ON/OFF status of DT unit in the ASM
zmu
i,t , zmd

i,t Minimum Up/Down Time status
znsi,t Hydro unit basin inlet valve status
zsdi,t, z

su
i,t Shut-down/Start-up status of DT unit

zsr↓i,t , zsr↑i,t Secondary Reserve status of DT unit
z↓i,t, z

↑
i,t Downward/Upward movement of unit

1.4.4 Methodology

In market-based power systems the ancillary services for the network security can be
procured together with energy in a single market session or in a dedicated market
downstream the energy procurement [50]. The market process proposed in this
work bases its management on the European mechanism involving a multi-stage
framework to handle UC and network constraints in the ASM. Particularly, the
proposed procedure is composed of four-stages, solved ∀ d ∈ ΩD, as depicted in
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Fig. 1.3, each one synthesized in the following:

• DAM model : an economic-based merit-order zonal market optimization problem
is carried out to define preliminary generation schedules;

• Unit bids adjustment for ASM : a bid adjustment mechanism is carried out to
participate to the ASM, based on DAM results, unit technologies and technical
limits;

• DCLF and sensitivity factors: a network feasibility analysis of the DAM
outcomes is assessed, and the power transfer distribution factors (PTDFs) for
the redispatch actions are determined;

• ASM optimization problem: a redispatch procedure that minimizes system costs,
with a pay-as-bid mechanism, in the presence of UC and network constraints
is employed.

Figure 1.3: Workflow of the proposed procedure to model DAM/ASM sequential
interaction.

In the following subsections the formulation and a more detailed description of
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the four stages are provided. The notation used for the mathematical formulation of
optimization problems is listed in the nomenclature in Table 1.2.

The first stage consists in solving the zonal DAM for each time step t of day d

knowing the units’ technical limits, availability and DAM bids. All the units are
dispatched according to the economic merit-order, taking into account DA RES and
load forecasts, as well as the exchange limits between market zones. This yields a
preliminary generation schedule and the Market Clearing Price (MCP). The resulting
active power flows are then computed through successive DCLF analyses based on
the DAM outcomes, while the cleared bids are adjusted starting from the operating
condition defined in the DAM, compatibly with the services that will be offered in
the ASM. Once the RES and load forecasts are updated, this latter can be solved for
day d.

1.4.4.1 DAM Model

The proposed DAM is based on [51] aiming at minimizing step-wise generators
bid costs and subject to zonal power flow limits, zonal active power balance, unit
maximum bid steps, and generator maximum power in the absence of UC relations.
With respect to [51], the thermal unit time-varying maximum power and availability
are here considered, along with the DH unit strategy to bid in the DAM. The
thermal generator maximum power is determined by means of monthly escalators
that consider weather influence on thermal unit rated power and availability due
to maintenance, as in (1.1). The DH unit strategy consists in bidding a certain
power amount, lower than maximum available level, in the DAM, with a bidding
cost equal to 0 $/MWh, and holding the remaining power amount for the ASM bids,
as described in the next section.

Pmax
i,t = Pmax

i · ei,t · ai,t (1.1)

Assuming that load demand is inelastic with respect to price, the DAM is
formulated as a linear programming (LP) optimization problem representative of a
zonal market. The goal is minimizing the stepwise generation costs at a single time
step t ∈ ΩT over a time window composed of NT time steps, each with duration τ .
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The resulting DAM formulation is stated below:

min
Pi,s,t

τ ·
∑

i∈ΩDT

∑
s∈ΩS

i

ci,sPi,s,t (1.2)

subject to:
PD
i,t =

∑
s∈ΩS

i

Pi,s,t,∀i ∈ ΩDT (1.3)

0 ≤ Pi,s,t ≤ ∆Pmax
i,s,t ,∀i ∈ ΩDT , ∀s ∈ ΩS

i (1.4)

0 ≤ PD
i,t ≤ Pmax

i,t ,∀i ∈ ΩDT (1.5)

0 ≤ PD
i,t ≤ P da

i,t , ∀i ∈ ΩR (1.6)

0 ≤ PD
i,t ≤ kHPH,max

i,t ,∀i ∈ ΩH (1.7)∑
i∈ΩG

PD
i,t −

∑
z∈ΩZ

Dda
z,t = 0 (1.8)

∑
i∈ΩG

αG
i,zP

D
i,t −

∑
l∈ΩL

αF
z,lFl,t = 0,∀z ∈ ΩZ (1.9)

F lb
l ≤ Fl,t ≤ F ub

l ,∀l ∈ ΩL (1.10)

The equality constraint (1.3) defines the dispatched power of each thermal generator
equal to the sum of the cleared bid steps. Inequality (1.4) limits the power of each bid
step within its maximum width. Constraints (1.5) and (1.6) are required to ensure
that the thermal units never exceed the maximum power and RES never exceed their
hourly forecasted power, respectively. For DH units, (1.7) specifies the maximum
power available for each hour according to the dispatch strategy. The total and zonal
active power balances of the system are presented in (1.8) and (1.9), respectively,
whereas (1.10) expresses the active power exchange boundaries on each interzonal
connection. In particular, ∆Pmax

i,s,t is the maximum bid step width, obtained as below:

∆Pmax
i,s,t = ∆Pmax

i,s · ei,t (1.11)

1.4.4.2 Unit bids adjustment and DCLF sensitivity factors

In the framework of distinct energy and service market sessions, the market par-
ticipants could be called to submit ASM bids prior to the determination of energy
market schedules [52]. Therefore, the TSO is called to adjust the submitted bids
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in order to fit the technical features of the units depending on the closest energy
market session results.

On these bases, the proposed bid adjustment process from TSO perspective is
aimed at providing different services depending on DAM schedules and generator
technical features, and the economic value of each service is weighed by time-varying
factors applied to the DAM bid prices. In particular, the DT units are assumed to
provide SU, SD, upward redispatch (UR), downward redispatch (DR), and upward
(USR) and downward (DSR) SR services, whereas DH units, equipped with a basin,
can only bid UR and DR services, thanks to their higher flexibility and the absence
of technical minimum, for each time step t. The bid adjustment process for DT units
is described by means of the graphical representation shown in Fig. 1.4, where the
numbers represent the clearing order of bids.

Figure 1.4: Bids’ clearance order: not cleared unit (a), unit cleared below the technical
minimum (b), unit cleared at the technical minimum (c), unit cleared between the

technical limits (d), unit cleared at the rated power (e).

In particular, case (a) represents a DT unit not cleared in DAM, and the first
bid that could be cleared in ASM is the SU, followed by the first UR step and the
USR bids, whereas the DSR bid can be cleared only if the DT unit is above the
technical minimum, and the other UR bid steps can be cleared only after using up
the previous bid step. Case (b) is similar to case (a); however, the DT unit is cleared
below the technical minimum, and the SU bid, up to the technical minimum, or
the SD bid, down to zero, must be cleared to comply with the unit constraint. The
SU and SD bids are not numbered because the acceptance of one of the two bids is
mandatory. Instead, case (c) shows the condition of a DT unit cleared at technical
minimum, pointing out the possibility to be shut down, by clearing the SD bid, or to



1. Secure Operation of the Electric Transmission Systems in the Energy & Service
Market Framework 33

provide upward services, as first action. In case (d) the DT unit is dispatched within
its minimum and maximum power levels allowing the unit to clear UR or DR bid
along with both SR bids. Finally, in case (e) the unit is cleared at its rated power,
hence the first bids that can be cleared are the first DR step and DSR, while the
following DR step bids can be cleared only after using up the previous one.

In order to evaluate the power flows (FD
b,t) deriving from DAM schedules at each

time step t of the considered time horizon, the DCLF procedure is carried out [53].
Moreover, PTDFs (Sn,b) are calculated to quantify how an incremental change in the
nodal active power ∆Pn affects the branch power flows [54], and to keep generality,
PTDFs are calculated by a distributed slack bus DCLF [55], considering all generation
nodes as slack buses.

1.4.4.3 ASM optimization problem

In the nodal ASM optimization problem, assuming TSO viewpoint, the ASM bidding
units are redispatched taking into account UC and network constraints to be compliant
with SRR procurement and load and RES forecast update. The problem is solved
each day (∀ t ∈ ΩT ) over a yearly horizon, composed of ND days. To this purpose,
the objective function fd aims at minimizing the bid service costs, along with possible
load shedding (LS) and RES curtailment (RC) penalties over all time intervals of
the day, as follows:

fd = τ ·
NT∑
t=1

(CR
t + CUD

t + CSR
t + CLS

t + CRC
t ) (1.12)

where each term of the objective function is defined as:

CR
t =

∑
i∈ΩD

 NS
i∑

s=1

c↑i,s,t∆P ↑
i,s,t −

NS
i∑

s=1

c↓i,s,t∆P ↓
i,s,t

 (1.13)

CUD
t =

∑
i∈ΩDT

(
Csu

i zDi,tz
mu
i,t + csui,tP

su
i,t z

su
i,t − csdi,tP

sd
i,t z

sd
i,t

)
(1.14)

CSR
t =

∑
i∈ΩDT

(csr↑i,t P
sr↑
i,t − csr↓i,t P

sr↓
i,t ) (1.15)

CLS
t =

∑
n∈ΩN

CvollDls
n,t (1.16)
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CRC
t =

∑
i∈ΩR

CrcP rc
i,t (1.17)

in which CR
t is the redispatching cost, CUD

t is the difference between SU and SD
costs, CSR

t is the SR provision cost with asymmetric bids. In addition, Csu
i is the

fixed SU cost, accounted only at first SU time-step through the minimum up time
(MUT) binary variable. In particular, P su

i,t is the minimum positive value between
Pmin
i,t and Pmin

i,t − PD
i,t , whereas P sd

i,t is the minimum positive value between Pmin
i,t and

PD
i,t , obtaining Pmin

i,t as in (1.1) for Pmax
i,t .

It has to be noted that from TSO perspective, accepted bids for generation
decrease (SD, DR, and SR downward) represent an income for the TSO and are
assumed negative in the respective equations, whereas accepted bids for generation
increase (SU, UR, and SR upward) are expenses for the TSO, along with LS and RC.

For each i ∈ ΩDU the DR and UR constraints limit the accepted quantities up to
the relevant ASM power bid amount in each step, as in (1.18) and (1.19), respectively,
whereas (1.20) allows either UR or DR action:

∆P ↓
i,s,t −∆P

↓
i,s,tz

↓
i,t ≤ 0, s = 1, . . . , NS

i (1.18)

∆P ↑
i,s,t −∆P

↑
i,s,tz

↑
i,t ≤ 0, s = 1, . . . , NS

i (1.19)

z↑i,t + z↓i,t ≤ 1 (1.20)

For each i ∈ ΩDT , the DT unit ASM power redispatch is defined as the algebraic
sum of the accepted quantities, except for the SR:

∆PA
i,t =

NS
i∑

s=1

∆P ↑
i,s,t −

NS
i∑

s=1

∆P ↓
i,s,t + P su

i,t z
su
i,t − P sd

i,t z
sd
i,t

(1.21)

Since the bid types and their size and order for the ASM depend on the DAM
output, the following DT unit-state constraints are defined taking into account the
unit-state due to ASM clearing ∀ t ∈ ΩT :

zi,t ≤ ai,t (1.22)

P sr↓
i,t −∆PA

i,t ≤ PD
i,t − Pmin

i,t zi,t (1.23)

P sr↑
i,t +∆PA

i,t ≤ Pmax
i,t zi,t − PD

i,t (1.24)
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zsr↓i,t ≤ zi,t ∧ zsr↑i,t ≤ zi,t (1.25)

P sr↓
i,t − P sh

i zsr↓i,t ≤ 0 ∧ P sr↑
i,t − P sh

i zsr↑i,t ≤ 0 (1.26)

zsui,t ≤ zi,t ∧ zi,t + zsdi,t ≤ 1 (1.27)

t+tmu
i,t −1∑
t′=t

zi,t′ ≥ tmu
i,t z

mu
i,t (1.28)

t+tmd
i,t −1∑
t′=t

(1− zi,t′ ) ≥ tmd
i,t z

md
i,t (1.29)

z↑i,t ≤ zsui,t if PD
i,t < Pmin

i,t (1.30)

zsui,t + zsdi,t = 1 if 0 < PD
i,t < Pmin

i,t (1.31)

zsui,t = 0 if PD
i,t ≥ Pmin

i,t (1.32)

zsdi,t = 0 if PD
i,t = 0 (1.33)

NS
i∑

s=1

∆P
↓
i,s,tz

sd
i,t ≤

NS
i∑

s=1

∆P ↓
i,s,t if PD

i,t > Pmin
i,t (1.34)

where, in (1.22) the unit state is bound by its availability ai,t, considered in DAM
as well. The minimum and maximum power constraints are defined in (1.23) and
(1.24), respectively where the units can provide the SR only if they have suitable
upward or downward margins. With (1.25), upward and downward SR can be bid
only by active DT, respectively, whereas (1.26) limit the downward and upward
SR provision up to the unit SRH. In (1.27) the unit state is consequent to SU and
SD cleared bids, respectively, i.e. if the DT unit is started up in ASM it has to be
zi,t = 1, whereas if the DT unit is shut down it yields zi,t = 0. DT units are subject
by MUT and minimum down time (MDT) constraints, which limit how frequently
units can be started up or shut down over time. These constraints are respectively
modelled in (1.28) and (1.29), where tmu

i,t (tmd
i,t ) is the minimum between the unit

MUT (MDT) and the remaining time steps of the day as defined below:

tmu
i,t = min{MUi, N

T − t} ; tmd
i,t = min{MDi, N

T − t} (1.35)

The activation of constraints (1.30)–(1.33) depend on the DAM schedule PD
i,t , this is

explained by exploiting the cases depicted in Fig. 1.4 as well. If it is below Pmin
i,t ,
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the unit is forced in (1.30) to firstly clear the SU bid before the UR ones, as in the
conditions (a) and (b), moreover if it is not null the unit must clear either SU bid or
SD bid in (1.31), this condition is depicted in (b) where the SU and SD bids are not
numbered because the acceptance of one of the two bids is mandatory. If the DAM
schedule is greater than Pmin

i,t , in (1.32) the SU bid cannot be cleared - as in the
conditions (c)–(e) - whereas if the DAM schedule is null, in (1.33) the SD bid cannot
be cleared, as in (a). Instead, in (1.34) the SD bid can be accepted only if all the
DR bids are cleared, reaching the minimum power, as in the conditions (d) and (e).

Although the optimization problem is solved on a daily horizon, MUT and MDT
constraints introduce inter-temporal dependencies on i-th DT unit. Specifically, if a
unit is turned on (off) during the ending hours of day d− 1, it could still be under
MUT (MDT) constraint at the beginning of day d.

To enforce constraint continuity between days, two auxiliary parameters are
introduced downstream the ASM solution of the day d− 1, named toni,d−1 and toffi,d−1,
representing the number of consecutive time steps with zi,t = 1 and zi,t = 0,
respectively, from the last time-step of the day d − 1. The conditional constraint
provided in Algorithm 1 is defined based on d and t, linking toni,d−1 with MUi and
toffi,d−1 with MDi.

Algorithm 1 MUT & MDT Continuity Algorithm
1: Set d← ΩD

2: for i = 1, ..., NDT do
3: Set toni,d−1, t

off
i,d−1,MUi,MDi ← ΩDT

4: for t = 1, ..., NT do
5: if toni,d−1 = 0 then
6: if toffi,d−1 < MDi ∧ t < MDi − toffi,d−1 then
7: zi,t = zmu

i,t = zmd
i,t = 0

8: else
9: zmu

i,t − zmd
i,t = zi,t − zi,t−1

10: end if
11: else if toffi,d−1 = 0 then
12: if toni,d−1 < MUi ∧ t < MUi − toni,d−1 then
13: zi,t = 1 ∧ zmu

i,t = zmd
i,t = 0

14: else
15: zmu

i,t − zmd
i,t = zi,t − zi,t−1

16: end if
17: end if
18: end for
19: end for
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Algorithm 2 MUT & Availability Continuity Algorithm
1: Set d← ΩD

2: for i = 1, ..., NDT do
3: Set arei,d+1,MUi ← ΩDT

4: if arei,d+1 < MUi then
5: for t = 24, ..., 24− (MUi − arei,d+1 + 1) do
6: zmu

i,t = 0
7: end for
8: end if
9: end for

This ensures that zmu
i,t , zmd

i,t , and zi,t are either fixed to specific values or related
through an additional constraint. For the sake of clarity, consider a unit with
MUi = 4 and toni,d−1 = 2, hence the unit is operating since the last two hours of the
day d− 1 and it must operate for 2 more hours at d. Therefore, at t = 1 and t =

2, zi,t = 1 and zmu
i,t = zmd

i,t = 0, whereas for the rest of the day the unit can keep
operating or can be shut down.

An additional inter-temporal dependency involves the programmed availability of
the i-th DT unit at day d+ 1 and its MUT constraints at ending hours of the day d.

To ensure constraint consistency between MUT at d and availability at d+ 1 a
further auxiliary parameter is introduced upstream the ASM solution named arei,d+1

which counts the ai,t = 1 at d + 1 from the beginning of the day up to the first
ai,t = 0. The implemented rule, provided in Algorithm 2, relates arei,d+1 and MUi to
fix zmu

i,t = 0. For example, if the i-th DT unit has a programmed maintenance at
arei,d+1 = 2 and MUi = 4, the unit can be started up to t = 23 of d to make MUT
compliant with its availability at d+ 1.

For the DH units, the constraints (1.18)–(1.21) are still valid, whereas (1.21) is
modified eliminating SU and SD terms. Specific DH unit constraints are, ∀ i ∈ ΩH

and ∀ t ∈ ΩT :
Elb

i ≤ Eav
i,t − τ∆PA

i,t ≤ Eub
i (1.36)

−PD
i,t ≤ ∆PA

i,t ≤ min{Pmax
i − PD

i,t , (E
ub
i − Eav

i,t )/τ} (1.37)

znsi,tE
ub
i /τ ≤

NS
i∑

s=1

∆P d
i,s,t + Eav

i,t−1/τ (1.38)

in which τ represents the duration, in hours, of each time step. The energy balance
is limited in (1.36) within the upper and the lower boundaries of the DH basin, (1.37)
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defines the limits of the total DH redispatched power where the maximum power
is the minimum between the available energy over the time interval and the upper
power margin, whereas the minimum power is the opposite of the DAM schedule.
DH units do not have a technical minimum and do not provide a secondary reserve,
therefore their ASM contribution involves only UR and DR bids. The DH unit stops
storing energy when the sum of the available energy and the DR power reaches the
upper bound as in (1.38). At each time step t, Eav

i,t is updated according to the
initial available energy (Eav

i,0), the inlet energy (EM
i,t ) and the DAM schedules up to

the actual time step t, and the ASM cleared bids until the time step t− 1 as follows:

Eav
i,t = Eav

i,0 +
t∑

t̂=1

(EM
i,t̂ − τPD

i,t̂)−
t−1∑
t̂=1

τ∆PA
i,t̂ (1.39)

The RC and LS are limited to an upper bound defined as:

0 ≤ P rc
i,t ≤ P rt

i,t, ∀i ∈ ΩR (1.40)

0 ≤ Dls
n,t ≤ Drt

n,t, ∀n ∈ ΩN (1.41)

Finally, network constraints are:

∑
i∈ΩD

[PD
i,t+∆PA

i,t]+
∑

i∈ΩND

PD
i,t+

∑
i∈ΩR

[P rt
i,t−P rc

i,t ] =
∑
n∈ΩN

[Drt
n,t−Dls

n,t], ∀n ∈ ΩN (1.42)

F lb
b ≤ FD

b,t +∆Fb,t ≤ F ub
b , ∀b ∈ ΩB (1.43)

∆Fb,t =
∑
n∈ΩN

Sn,b

(∑
i∈ΩD

βi,n∆PA
i,t +

∑
i∈ΩR

βi,n∆PR
i,t−

−∆DL
n,t +Dls

n,t −
∑
i∈ΩR

βi,nP
rc
i,t

)
, ∀b ∈ ΩB

(1.44)

∑
i∈ΩDT

P sr↓
i,t = SRRt ∧

∑
i∈ΩDT

P sr↑
i,t = SRRt (1.45)

where (1.42) represents the power balance of the system, (1.43) limits the branches
power flow up to the upper or lower bound, (1.44) defines the power flow variation
according to the PTDF, the redispatched quantities, the curtailed resources, and
the forecast update of load demand and of RES productions, whereas (1.45) defines
the UR and DR SR amounts to be procured. Particularly, since the DR SR is
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an income for the TSO, the equality constraint is required for the SR to avoid an
over-reservation.

1.4.5 Test system features

The proposed methodology is applied to the NREL-118 Bus System which includes
datasets of load demand and WF and PV production for a leap year with hourly
resolution (NT = 8784), along with costs, availability and escalators of the generation
mix, and monthly energy availability of the DH units [56–58]. The generation set
consists of 327 units for a total installed capacity of 40.5 GW, composed of 11.0 GW
combined cycle (CC), 3.6 GW combustion turbine (CT), 2.5 GW steam turbine (ST),
10.2 GW non dispatchable hydroelectric, 8.5 GW DH, 1.0 GW WF, and 3.4 GW
of PV, and the remaining is distributed among internal combustion engine (ICE),
biomass (Bio) and geothermal (Geo) technologies.

The rated power of DT and DH units is supposed equal to or greater than 10
MW. Therefore, 89 DT are involved in the ASM, as reported in Table 1.3, where
per each technology and fuel–natural gas (NG) and oil–the total number, the Pmin

i ,
the Pmax

i along with the steps costs ci,s and the specific SU fixed cost Csu
i /Pmax

i are
reported, and the P sh

i is supposed the 6% of Pmax
i .

Table 1.3: DT unit parameters

Tech. n. Pmin
i

[MW]
Pmax

i

[MW]
ci,s

[$/MW]
Csu

i /Pmax
i

[$/MW]
MUT
[h]

MDT
[h]

CC NG 28 [4.1, 503.9] [13.5, 943.5] [24.5, 61.3] [83.6, 83.7] [2, 6] [2, 8]
CT NG 47 [4.5, 81.0] [15.0, 180.0] [27.9, 65.7] [33.9, 109.2] [1, 8] [1, 8]
CT Oil 5 [21.4, 22.4] [71.2, 74.5] [192.3, 242.3] 31.8 2 2

Geo 1 11.0 22.0 2.7 0 6 6
ST NG 8 [8.5, 57.0] [106.3, 712.0] [43.1, 60.0] 79.5 8 12

Moreover, 15 DH units are individuated, and in Table 1.4, Pmax
i , the features of

DH basin (Eub
i and Elb

i ) and the inlet energy are described.
For DH units, the 90% of the daily inlet energy is bid to the DAM, where the

hourly quantity of the submitted bids follow five different load behaviours as shown
in Fig. 1.5, based on [59], the remaining 10% is held for the ASM. For the elaboration
of UR and DR bid prices in Section II, an equivalent DAM price bid is supposed to
equal the daily median value of the DAM zonal price of the pertaining market zone.

The time-varying factors of the bid adjustment process are shown in Fig. 1.6a and
Fig. 1.6b for the selling and buying bids, respectively. They have been obtained by
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Table 1.4: DH unit parameters
DH basin features DH inlet energy

DH Pmax
i

[MW]
Elb

i

[MWh]
Eub

i

[GWh]
daily

min [h/d]
daily

max [h/d]
yearly
[h/y]

1-2 75.0 300 12.60 1.44 Nov 7.13 May 1701.1
3-4 77.0 308 12.94 2.53 Nov 10.14 May 2517.2
5 82.0 328 13.78 0.30 Feb 7.09 Jun 842.1

6-10 1225.3 4901 205.85 2.13 Mar 15.08 Jul 2797.2
11-12 810.8 3243 136.21 0.59 Jan 8.84 May 1476.2

13 46.7 187 7.85 2.14 Sep 3.75 May 1139.9
14 110.0 440 18.48 1.51 Nov 12.56 May 2314.3
15 140.0 560 23.52 1.92 Nov 15.98 May 2945.5

Figure 1.5: DH daily power bid profiles.

processing the hourly Italian market bids, thanks to the similarity of system features
in terms of RES impact and the analogous multi-stage market structure by averaging
the hourly ratio between the ASM bid prices of each service and the DAM step prices
submitted by each market participant. It has to be noticed that, as expectable in
a pay-as-bid framework, the selling ASM prices are greater than the selling DAM
ones (i.e., time-varying factors for UR, SU and positive SR are greater than 1), in
order to make ASM power increase more profitable, whereas the buying ASM prices
are mainly lower than the selling DAM ones (i.e., time-varying factors for DR, SD
and negative SR are lower than 1), since the buying bids represent an expense for
the market participants that should be lower than the marginal production price
to ensure a revenue. These average hourly values are therefore assigned to each
dispatchable unit considering a gaussian variation with 99.7% confidence interval set
at 10% of the value.

In order to allow the activation of RC and LS actions as last resources, the values
of Crc and Cvoll are high enough to represent the most expensive services representing
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Figure 1.6: Selling (a) and buying (b) bid time-varying factors boxplots.

a cost in the objective function, as follows:

Crc = max
(
c↑i,s,t

)
+ 10 (1.46)

Cvoll = max

(
Csu

i

Pmin
i

)
+ 10 (1.47)

The load forecast error between DAM and ASM is taken from zonal load [57] and
split among nodes through participation factors, whereas RES errors are treated
separately for each of the 75 PV units and of the 17 WFs. The maximum, minimum,
and average errors of each resource are reported in Table 1.5, noting that load error
reaches roughly 10% of peak load, whereas error on PV and WF can reach roughly
40% of installed power. In Table 1.5, the values of the net forecast error (NFE),
defined as the difference between total load error and total RES errors, are reported
as well.

Table 1.5: Maximum, minimum, and average forecast error values [MW]
Load PV WF NFE

Max 2987.90 500.82 411.95 3312.48
Min -3654.28 -1223.80 -391.00 -3667.76
Avg 55.33 -70.01 -15.88 141.21

1.4.6 Result Analyses

The whole framework is implemented in Python-based environment where the
DAM and ASM optimizations are developed by means of Pyomo library [60] using
Gurobi solver [61] and DIgSILENT PowerFactory is employed for the DCLF and
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sensitivity analysis, exploiting the Python API (Application Programming Interface)
to automatize the simulation process. Simulations are performed on a computer with
32 GB RAM, 12th Gen Intel® Core™ i9-12900F CPU @ 2.40 GHz, 16 physical cores
and 24 logical processors, using up to 24 threads. The daily process is averagely solved
within 4 minutes, where the ASM solution represents the highest computational
burden with an average elapsed time by roughly 2.5 minutes, in line with the time
requirements of SCADA/EMS systems.

1.4.6.1 Elaboration of ASM inputs

The generation schedules yielded by DAM solution, normalized for each technology
installed capacity, are reported in Fig. 1.7. It has to be noted that, due to higher
availability and lower production costs, CC NG technology is most frequently called
to produce, providing 51.48 TWh during the year, followed by DH and CT NG
supplying 16.98 TWh and 12.20 TWh, respectively. The total RES contribution
amounts to 31.2%, i.e., 30.00 TWh. ST NG and ICE NG turn out to cover the
demand peaks, due to higher DAM bid prices. The CT Oil is the most expensive
technology, and its bids are not cleared in the DAM. For the remaining technologies,
having constant escalators, low price and installed capacity, quite constant power
levels are observed. The DAM zonal prices over the year are reported in Table 1.6.
Negligible differences among market zones are observed, due to sporadic interzonal
congestions (56 occurrences on Zone 1-Zone 2).

Figure 1.7: DAM dispatched power duration curve.
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Table 1.6: DAM zonal prices in $/MWh

Value
Zone Zone 1 Zone 2 Zone 3

Maximum 54.72 54.72 54.72
Average 34.75 34.74 34.74

Minimum 27.02 27.02 27.02

The DCLF outcomes show that 11 branches experience DAM overloads, as
reported in Fig. 1.8. These are most frequent in branches 31 and 32 since they are
close to the most convenient units. Further overloads are detected on contiguous
lines 96, 97, and 104.

The SRR values are determined as in [62], and range from 94.4 MW to 302.5 MW
according to load demand. The upward (downward) SR margin, USM (DSM), is the
sum of the minimum value between the SRH and the upward (downward) margin of
each cleared DT unit after DAM solution. During the year, the DSM is sufficient to
cover the SRR, whereas for 741 time steps the USM is lower than the SRR, which,
in turn, requires SU or DR bid clearances in ASM to fulfil the constraint (1.45).

Figure 1.8: Branches overloads after DAM.

1.4.6.2 Yearly ASM results

The NCUCER yearly costs and the redispatched amounts per each service are shown
in Fig. 1.9. The yearly TSO disbursement (obtained by summing the objective
function (1.12) over the year) is equal to 170.2 M$ due to the higher costs for upward
actions with respect to revenues for downward ones. Since the dispatchable units are
able to provide the services required by the network, without curtailing any RES
production or shedding any load consumption, the system adequacy is proved. It
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has to be noted that the most cleared amounts are DR and SU bids, since the former
is a revenue for the TSO, whereas the latter is cheaper than UR bids. In fact, UR
represents the most expensive term, although the cleared amount is lower than SU.

Figure 1.9: Yearly costs and redispatched energy.

Figure 1.10: Services provided for each technology.

The contributions of each generation technology to service provision are depicted
in Fig. 1.10. It can be stated that, CC NG technology is the most exploited thanks
to its economic viability, followed by the DH for the UR and DR services. On the
other hand, CT NG technology is marginally cleared, mainly providing SRU service
due to its higher cost and greater upward and downward availability. Finally, ST
NG are mostly cleared for SU and SD due to higher costs.

Regarding the SRR fulfillment, Fig. 1.11a shows the difference between SRR
and USM after DAM and ASM, and analogously in Fig. 1.11b for the difference
between SRR and DSM. It can be observed that DSM is enough to cover SRR and
very slight variation from DAM to ASM is registered. On the contrary, USM in ASM
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is increased due to SU and DR clearance, to create a suitable margin to be compliant
with SRR constraint–i.e., the illustrated difference is always non-negative.

Figure 1.11: SRR and USM difference between DAM and ASM (a) and SRR and DSM
difference between DAM and ASM (b).

The number of cleared SU and SD bids in the whole year, for each technology,
are reported in Table 1.7.

Table 1.7: Yearly SU, SD occurrences

Tech. Total
SU #

Total
SD #

Total activation
of (1.31) #

of which
SU #

of which
SD #

CC NG 28206 1718 1820 1412 408
CT NG 6176 1200 339 99 240
ST NG 1448 962 64 5 59

It can be noted that the occurrences in which (1.31) is activated represent a
quarter of the yearly horizon, and in the majority of cases it is stated for CC NG.
This occurs since CC NG represents the most recurrent marginal technology in DAM
over year thanks to for its economic viability. As a result, its SU bid is cleared for
three quarter of (1.31) activation occurrences. When comparing this condition with
the other technologies, the higher SU costs of CT NG and ST NG units imply a
greater occurrence of SD with respect to SU.

After ASM, the overloads experienced on the 11 branches are all solved within
the maximum loading, as reported in Fig. 1.12. When comparing with Fig. 1.8,
the maximum loading after ASM is experienced for less hours with respect to DAM
overloads, for all branches, except for F31 and F129 due to the clearance of cheapest
units with a concordant PTDF with the branch flows.
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Figure 1.12: Loading after ASM of branches overloaded in DAM

The heat maps depicted in Fig. (1.13a) and Fig. (1.13b) provide the yearly profile
of the total upward and downward redispatched energy, respectively, highlighting
the hours of the days with highest and lowest movements.

(a) Yearly heatmap of UR + SU cleared
amounts.

(b) Yearly heatmap of DR + SD cleared
amounts.

Figure 1.13: Yearly heatmaps of upward and downward cleared amounts.

In particular, from Fig. 1.13a can be inferred that in weeks 9 (days 57-63) and 2
(days 8-14) the highest and lowest upward cleared amount are stated, accounting to
98.5 GWh and 55.1 GWh, respectively. Instead, from Fig. 1.13b can be observed that
in weeks 43 (days 295-301) and 15 (days 99-105) the highest and lowest downward
cleared amount occur, amounting for 98.5 GWh and 55.1 GWh, respectively.

1.4.6.3 Weekly ASM results with the most redispatched energy

In addition to the yearly analysis, the results depicted in Fig. 1.14 show the details
of the week 9 with the highest redispatched energy among all services, accounting
to 210.2 GWh. In particular, Fig. 1.14a depicts the hourly NFE along with the
total cleared amounts of UR, DR, SU, and SD, observing some intervals with total
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redispatched amount equal to or greater than the NFE due to the need for mitigation
of network or units constraints. Particularly, in Fig. 1.14b and 1.14c the UR and
DR and the SU and SD cleared amounts are provided, respectively per technology,
remarking the economic driver of the ASM, since the most expensive units, i.e. ST
NG followed by CT NG, are mainly redispatched to reduce their production or to be
shut down for the higher remuneration. ST NG units are mainly shut down due to
the greater MUT and MDT values, CT NG SU bids are cleared only with positive
NFE along with the clearance in DAM, whereas CC NG are shut down only with
negative NFE lasting for a time window comparable with the MDT value. However,
some SU and SD cleared bids depend on the activation of (1.31), as highlighted in
1.14d, observing that only for the CC NG the SU bid is cleared even for negative
NFE. This technological feature is mirrored in SRR provision as well, observing
in 1.14e, that ST NG provides the downward SR only in the hours with a cleared
amount in DAM, while fulfilling the MUT. Finally, Fig. 1.14f and Fig. 1.14g depict
the DAM overloaded line number and power, respectively, stating that the hours
with the greatest redispatched power require overloads mitigation, whereas the hours
with a redispatch slightly higher than the NFE are present to comply with MUT
and MDT constraints.
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Figure 1.14: Weekly optimal results with greatest redispatched energy.
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1.4.7 Remarks and future developments

In this chapter, a NCUCER optimization problem has been employed to efficiently
redispatch power from zonal DAM to nodal ASM to meet load and RES forecast
updates complying with UC and network constraints, according to European approach.
The sequential interaction of the two markets has been managed with a bid adjustment
process for ASM, to fit the units’ technical limits with respect to the DAM schedules.
The proposed procedure has proved to successfully handle RES variability, unit state
constraints, and network requirements (e.g., SRR or overloads) with a reasonable
computational burden. The developed approach provides a useful tool for evaluating
the services needed by the TSOs to comply with the security requirements of the
system. The tool could be a promising solution for all ASM participants: the TSO
could derive indications about network criticalities and total occurred costs, whereas
the generating units could evaluate bidding strategies able to satisfy both network
service requirements and operating points. Possible future work could deal with
the provision of tertiary reserve services into NCUCER optimization, as well as
security-constrained approach. Furthermore, the framework could be extended by
adopting stochastic or robust optimization techniques to better hedge against load
and RES uncertainties. Finally, the integration of emerging flexibility resources,
such as Battery Energy Storage Systems and demand-side management, represents
a key step to further enhance the economic efficiency and security of the proposed
methodology.



Chapter 2

Optimal Transmission Grid Assets

Maneuvering for Improving Voltage

Profile

The deep penetration of renewable energy sources (RES) in power systems is in-
creasingly influencing electricity markets and the physical operations of transmission
networks. Besides the environmental and climate benefits, RES volatility and aleatory
behaviour, combined with the consequent difficulties in control, might lead to voltage
issues, which could be particularly critical when the grid lacks reactive power support.
In this context, transmission system operators (TSOs) are called upon to make deci-
sions about the use of available grid assets, such as compensating shunt devices and
tap-changing transformers. In addition, transmission line switching can be adopted
to provide further reactive power control resource. However, it is often difficult
to determine which network assets should be enabled within the operation time
requirements. Therefore, in this chapter, an Optimal Reactive Power Flow (ORPF)
tool for operators is formulated and proposed, including both shunt devices and
transmission line switching, as well as the adjustment of transformers’ tap settings.
The optimization problem is solved by resorting to a genetic algorithm to account
for network model nonlinearities. In order to improve inclusiveness and replicability,
the whole tool was developed exploiting open-source libraries only. Numerical tests
are carried out on a modified IEEE 118-Bus Test System.

50
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2.1 Background

Regulating voltage in electrical transmission systems is essential for the quality of
supply and the correct functioning of the loads and all other devices connected to the
network, as well as for operational security and system stability. In fact, grid operators
are well aware that excessively high voltages values could damage the insulation of the
equipment, and encourage the tripping of the generation units. Conversely, too low
voltages cause stalling and overheating, voltage instability phenomena and consequent
blackouts. Therefore, inadequate reactive power support results in voltage drops and
in the worst cases voltage collapse, since generation units would tend to trip due
to the protections intervention. For these reasons, transmission system operators
(TSOs) provide adequate voltage regulation and reactive power flow management
services. In particular, the latter must be correctly dispatched since it involves
additional losses respect to the transported active power.

In the past, voltage regulation was mainly provided by conventional power plants
(CPPs) because the technology of renewable energy sources (RES) was not well
enough established in terms of regulation capability. In recent years, however,
as planning activities and connection requests from renewable plant owners have
increased, there have been continuous updates in grid codes about the necessary
requirements and how RES should provide voltage and reactive power regulation
services [63–66]. For instance, modern photovoltaic (PV) plants are equipped with
smart inverters enabled with communication capabilities that allow the coordinated
operation to offer services such as controlling voltage by appropriately setting the
reactive power production [67]. However, the TSO provides a voltage schedule for
generators which are expected to adjust reactive power output to keep the voltage
close to the setpoint level. Therefore, in a liberalized market context, TSOs do not
access such resources to control voltage and reactive power, which are entrusted to
the producers, only being able to use their own grid assets performing maneuvers
that do not impact operating costs.

Among the TSO-owned network assets to support voltage control, there are
mainly synchronous compensators, capacitor banks and shunt inductive reactors, and
other Flexible AC Transmission Systems (FACTS) devices. On-Load Tap Changer
(OLTC) transformers are also used to regulate the voltage at one side, usually on
the higher voltage winding, because for the same transferred power, the currents are
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lower reducing wear and the risk of arcing during tap changer commutation.
In addition, TSOs may implement operating maneuvers such as transmission

line switching (TLS) as further reactive power control resource. Although this is
not a very common practice for stability reasons, removing the capacitive effect of
unloaded overhead transmission lines by TLS results in benefits especially under
low load conditions (e.g., at night), when the more meshed portions of the network
experience voltage rise [68]. This problem becomes particularly critical especially
when there is a surplus of RES production and demand is low. During daytime peak
hours, instead, the lines are more loaded, longitudinal inductive effects and voltage
drops prevail.

Since it is not always easy to effectively control such grid assets within the
operation time requirements, TSOs can make use of software tools such as Optimal
Reactive Power Flow (ORPF) as support in making decisions. Numerous formu-
lations of the ORPF problem exist in the literature, well known for its difficult
resolution due to Mixed-Integer Non Linear Programming (MINLP). The state-of-
the-art comprises analytical formulations [69–72] and others based on genetic and
metaheuristic algorithms [73–76]. Nevertheless, TLS is not included in any of these
formulations and is usually addressed separately as an extension of Optimal Power
Flow (OPF) [? ], or modeled according to DC approximations within the Unit
Commitment proving useful in reducing costs [77].

In this work, TLS is incorporated into the formulation of the proposed ORPF
problem, which also includes both shunt devices and OLTC transformers as VAR
control resources. In a framework in which the European Union intends to reach the
2030 emission reduction targets [78], scenarios with different RES penetration rates
were purposely created on a modified IEEE 118-Bus Test System. The optimization
routine is solved by resorting to a suitably customized genetic algorithm (GA) to
account for network model nonlinearities and address the difficulties derived from the
high combinatoriality. The whole methodology was developed exploiting open-source
software tools only with the intent of fostering inclusiveness and replicability.



2. Optimal Transmission Grid Assets Maneuvering for Improving Voltage Profile
53

2.2 Integration of Line Switching Actions into an

Optimal Reactive Power Flow Formulation

Let us consider the single-phase, balanced equivalent network circuit of a transmission
network consisting of the following sets of grid elements: N denotes the set of the
buses, B the set of branch elements distinguished into transmission lines (L) and
transformers (T ). The sets G, D, and S encompass generators, loads and shunt
devices, respectively.

The general MINLP formulation for the ORPF problem is stated below:

min
x,u

f(x,u) (2.1)

subject to:
h(x,u,p) = 0 (2.2)

g(x,u,p) ≤ 0 (2.3)

where the objective function (2.1) is a mathematical expression that may include
the dependent variables x and/or the control variables u (both continuous and
discrete), while (2.2) and (2.3) represent the equality and inequality constraints
respectively, typically nonlinear functions of the optimization variables and problem’s
parameters p.

In the proposed model, u includes only integer variables, such as the shunt devices’
connection status σs ∈ {0, 1} and their tap position τs ∈ N for voltage regulation,
the transformers’ OLTC positions τt ∈ Z, and the transmission lines’ connection
status σl ∈ {0, 1}. The real variables x are the bus voltage magnitude vi, the reactive
power produced by CPPs Qg, the current flowing through the in service lines Il and
the transformers It.

In classical ORPF models, generators’ voltage setpoints are considered as addi-
tional real control variables, as well as their active power output [69–75]. However,
TSOs do not own the generation facilities except for those resources purchased in
the balancing market to ensure system stability in critical situations [79]. Hence,
these quantities are usually known downstream the operation planning phase, and
the operators tend to maneuver proprietary grid equipments without impacting the
operating costs. For this reason, in addition to the active and reactive load demand
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and RES power production, known parameters p of the proposed formulation include
also the generators’ active power production and their voltage setpoints with respect
to their previously scheduled availability γg ∈ {0, 1}.

The objective function aims to minimize the bus voltage constraint violations,
thus it is modeled as the following penalty function:

min
σl,σs,τs,τt

f(vi) =
∑
i∈N

(vi − v̄i)
2 (2.4)

where:

v̄i =


vmax
i if vi > vmax

i

vmin
i if vi < vmin

i

vi if vmin
i ≤ vi ≤ vmax

i

subject to:

Pi = Giiv
2
i +

∑
j∈i,j ̸=i

vivj(Gij cos θij +Bij sin θij), ∀i ∈ N (2.5)

Qi = −Biiv
2
i +

∑
j∈i,j ̸=i

vivj(Gij sin θij −Bij cos θij), ∀i ∈ N (2.6)

σs ≤ τs ≤ τmax
s σs, ∀s ∈ S (2.7)

τmin
t ≤ τt ≤ τmax

t , ∀t ∈ T (2.8)

Qmin
g γg ≤ Qg ≤ Qmax

g γg, ∀g ∈ G (2.9)

Il ≤ Imax
l σl, ∀l ∈ L (2.10)

It ≤ Imax
t , ∀t ∈ T (2.11)∑

l∈L

σl + |N ∗|+ |T | − |N |+ 1 ≥ 0 (2.12)

The quadratic function (2.4) allows compliance with operational limits for voltage
magnitude to be treated as a hard constraint. In fact, if all the voltages are within
their own boundaries (vmin

i , vmax
i ), it converges to its minimum value which is zero.

At the same time, infinitesimal values of (2.4) imply negligible constraint violations,
therefore the corresponding solutions can be equally considered acceptable.

The equality constraints (2.5) and (2.6) represent the AC Load Flow (ACLF)
power balance nonlinear equations, where Pi and Qi are the net active and reactive
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power injections at bus i, Gij and Bij the real and imaginary parts of (i, j)th element
of the nodal admittance matrix (dependent on control variables), θij = θi − θj the
voltage angles difference between two adjacent buses (i, j).

The constraint (2.7) limits the tap position of each shunt device to the maximum
allowed value when it is called to be in service (σs = 1). Note that a shunt device
does not provide contribution when τs = 0, so the use of the binary variable σs could
be avoided. Furthermore, (2.8) limits the tap position of each OLTC transformer,
(2.9) ensures the respect of the generators’ reactive power limits. Constraints (2.10)
and (2.11) are considered so that there are no overloads on the branch elements,
especially if some TLS maneuvers become necessary.

Finally, since the transmission network is operated with a meshed topology
and TLS can lead to unsupplied buses or islanding, (2.12) ensures that the network
topology is at the worst radial [80], and consequently the number of open transmission
lines is constrained to the number of cycle basis that can be graphed in the network
barring any isolated nodes (N ∗). Only connected solutions will be considered valid,
with the exception of disconnected ones characterized by only unsupplied buses with
no generation or load installed.

2.3 Genetic Algorithm Implementation

This section shows the implementation procedure of the GA used to solve the ORPF
problem. As depicted in Fig. 2.1, once the initial topology and network scenario
are known, any bus voltage violations (VVs) are detected by means of an ACLF
that could emulate a state estimator (SE) in a control center. In case this occurs,
the ORPF problem is executed to optimally determine which TSO’s VAR control
resources should be enabled in order to keep the voltage within the allowed limits
for secure operation. To address the combinatoriality of the problem, the solution
search space is first reduced to select candidate VAR control resources based on
which nodes experience VVs. This is reasonable considering that voltage issues are
handled locally and each control center is responsible for operating a defined portion
of the network.

As in all GAs, the ORPF routine begins with an initial population sampling of
Npop individuals, where each individual (Fig. 2.2) is a vector containing the control
variables u and represents a possible solution of the problem.
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Then, an ACLF calculation is performed for each individual so that the objec-
tive function (2.4) can be computed and compliance with constraints verified. In
subsequent stages, the population is updated according to the genetic operators’ of
selection, crossover, and mutation generating new offsprings of individuals in which
the best replaces the worst until a stop criterion is met.

Figure 2.1: ORPF GA solution method [1].
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Figure 2.2: Representation of a generic individual from the initial population [1].

2.3.1 Search space reduction (SSR)

Once any VVs are detected by the SE, the involved nodes are included in the set
ΩV . From the graph related to the initial topology of the network, the matrix M

of topological distances between buses can be obtained [81, 82], whose elements are
natural numbers indicating the shortest distance between a source bus and all other
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buses connected to it. The result is a |N | × |N | symmetrical diagonal matrix whose
elements on the main diagonal are null. Having fixed a maximum topological distance
dmax, a submatrix MV ⊂M is considered, where the rows correspond to the nodes
of ΩV . Then, ∀i ∈ ΩV , nodes j ∈ Ωdmax with topological distance 0 ≤ dij ≤ dmax are
identified. Lastly, candidate VAR control resources are grouped into three distinct
sets: candidate shunt devices are those installed on the buses affected by voltage
violation and neighboring nodes within dmax, while candidate transmission lines and
OLTC transformers are sought among the graph’s edges connecting i and j.

2.3.2 Initial population sampling

Usually the initialization of a population of individuals is based on random sampling
mechanisms, however, this can lead to solutions that are far from the desired optimum
requiring a large number of iterations to reach convergence. For this reason, a simple
method is proposed to quickly discard solutions that are worse than the initial
operating condition during the GA execution.

Among the Npop individuals, the former corresponds to the values of u relative
to the very first ACLF/SE calculation. The remaining (Npop − 1) individuals are
generated based on these simple criteria:

1. Concerning TLS maneuvers, only one new opening maneuver is randomly
allowed in each individual with respect to any lines already disconnected in
the initial topology, only one reclosing maneuver, or no action.

2. Regarding shunt devices, reactors are activated upon violation of vmax
i and

capacitors upon violation of vmin
i . Compensation elements installed on non-

violated buses are not activated at this stage.

3. OLTC transformers are adjusted by randomly varying the tap position τt by
at most one step up or down from the neutral tap position τ t with respect to
(2.8).

2.3.3 ACLF, objective function and constraints evaluation

Having obtained the initial population and known the scenario parameters p (gener-
ated active power, generators’ voltage setpoints, load demand, active and reactive
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RES production), an ACLF routine is run, (2.4) can be calculated for each individual,
and compliance with (2.7)-(2.12) is checked.

According to the priority order of control adjustments in [83], the generators
reactive power adjustments takes precedence. Therefore, compliance with constraint
(8) is facilitated by allowing the downgrading of CPPs from p-v to p-q in the ACLF
routine. In this way, the generator voltage setpoints can vary from the reference
value only if reactive power limits cannot be met, without the need to include them
explicitly as decision variables.

It is worth noting that an ACLF calculation may not converge, therefore, combi-
nations among the control variables that prevent convergence are strongly penalized
by setting the objective function and constraint relations equal to wnc · k, where
wnc ∈ N is a high weight factor and k ∈ N denotes the current offspring in the GA.

Since TLS could result in unsupplied buses or islanding, a network connectivity
check is performed downstream the ACLF. Even in such cases, unconnected solutions
are still penalized with a weight factor w∗ < wnc. Only solutions that make unsupplied
buses with no generation or load installed can be accepted and not penalized,
taking into account that no voltage is applied on an isolated bus and therefore
vmin
i = 0,∀i ∈ N ∗.

2.3.4 Selection and survival criteria

In a simple GA, the individuals are often sorted by their fitness function, and survival
of the fittest is applied. However, in the transition from one offspring to the next,
individuals need to be properly selected to participate in mating. In order to improve
the convergence, the binary tournament selection method [84] is implemented: given
a subset of individuals in the population, individuals are compared two by two
randomly. Based on their fitness, the best individual is selected as the winner of the
tournament in order to be counted in the next phase of crossover.

2.3.5 Crossover and mutation

When the parents are selected, the crossover stage can start. This operator combines
the genetic information of two parents to create one or more new individuals that could
have better fitness than their parents. Among the existing techniques, Simulated
Binary Crossover (SBX) [85] was chosen because it is capable of handling discrete
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decision variables.
The phase of mutation helps to increase the diversity in the population and it is

performed after that new individuals are created through the crossover. In particular,
Polynomial Mutation (PM) was adopted as it works well together with the SBX.

Crossover and mutation are operators that work with probability distribution
functions pc and pm, respectively. These are typically kept constant during the
GA such that pm < pc, i.e. fewer individuals are subject to mutation than to
crossover. This is because crossover promotes exploitation of the best current
solutions, combining them to generate potentially better offspring, while mutation is
useful to avoid getting stuck in local optimum introducing random variations.

In this work, an adaptive annealing strategy was tested varying pc and pm

dynamically depending on the minimum objective function value fmin achieved in
each population:

pc(f
min) = (pmax

c − po) · e−αfmin

+ po (2.13)

pm(f
min) = po − (po − pmin

m ) · e−αfmin

(2.14)

As long as (2.4) does not decrease, pc and pm are equal to the initial probability po.
Having a high decay factor α, when (2.4) starts to decrease, pc grows exponentially
to a maximum value pmax

c , while pm decreases to a minimum value pmin
m preventing

the best offspring from being affected by counterproductive mutations.

2.3.6 Stop criterion

The proposed GA can be solved by setting a maximum number of times for the
generation of a new population. In this work, a stop criterion was implemented based
on tolerance in the space of the fitness, constraints and parameters for which the
algorithm stops after a certain number of occurrences of an acceptable solution [86].

2.4 Case study

Simulations in different scenarios are carried on a modified IEEE 118-Bus Test
System (Fig. 2.3), making some topological arrangements. Compared with the
original test case [87], the modified network model still encompasses 118 buses, 99
loads, and 53 synchronous generators. Nevertheless, 39 are CPPs, 8 PVs, and 6 wind
farms. The location of RES generators is drawn from [88].
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In the base case scenario, the maximum installed generation capacity is 9161

MW, where up to 2756 MW (≈ 30.08%) can be produced from RES. In addition, 3
reactors (bus 9, 26, 87) and 2 additional shunt capacitors (bus 52, 118) were installed
for a total of 19 on/off shunt devices (5 reactors and 14 capacitors with τmax

s = 1).
The number of transformers remained unchanged at 13, all equipped with OLTC

installed on the highest voltage winding with τ t = 0 as rated tap position. The
OLTC position can vary between τmin

t = −8 and τmax
t = +8 in order to provide a

total of 17 tap positions. Finally, 9 new transmission lines were considered for a
total of 179.
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Figure 2.3: Modified IEEE 118-Bus Test System with RES in the base case scenario (the
dashed transmission lines are the 9 new links added in the test case) [1].

2.4.1 Data gathering for scenarios creation with voltage vio-

lations

In order to simulate the network in different operating conditions, known the bus
load participation factors, hourly load profiles for a leap year were obtained assuming
that all loads are ohmic-inductive with a power factor of 0.95. Therefore, load shape
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curves have been retrieved from the profiles of the test case described in [56] and
available in [57]. The same method was used to model the hourly profiles of PV
and wind active power generation considering the respective generation participation
factors calculated with respect to the maximum capacity.

For each time step, the active power produced by generators is firstly scheduled
by means of consecutive OPF routines, as well as the CPPs’ voltage setpoints. While
RES are dispatched at zero cost, CPPs are required to produce energy according to
the quadratic cost curves obtainable by considering the cost coefficients in [87]. The
reactive power limits of RES are determined by considering a constant power factor
of 0.95 having set the active power.

Therefore, 8784 OPF routines were performed considering that the bus voltage
amplitude may vary between ±15% with respect to nominal voltage so that any VVs
could be resolved with the proposed ORPF. The rating of all branch elements is
derived from [89].

2.4.2 Critical scenarios identification

From the OPF operating conditions, 4 possible development scenarios were created by
increasing RES penetration from the base case (a) according to the energy transition
goals proposed by the Italian Energy and Climate Plan (PNIEC). In fact, expansions
and connection requests of new RES plants are expected in next years, reaching a
RES penetration rate of 47.4% in 2025, and up to 63.4% in 2030 [78]. Therefore, in
the absence of real data, a development scenario (b) with 40.01% installed RES is
achieved by increasing the size of RES plants already installed by 55%. Other two
scenarios (c) and (d) are created by further expanding the capacity of these plants
and converting some CPPs to renewables.

The following 3 operating conditions are determined for each development scenario
considering the load demand unchanged, since they are representative of system
operation and challenging for the solution method:

1. Yearly peak load demand;

2. Yearly minimum load demand;

3. Maximum RES production.
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This results in 12 different operating conditions to solve listed in Table 2.1, which
reports for each case, the demand coverage from RES, the number of buses affected
by VVs, the objective function in the initial condition f(vi)

o, the maximum and
minimum voltage detected.

Table 2.1: Analyzed Operating Conditions and Initial OPF Solution

# Load
[MW]

RES
[%] # VVs f(vi)

o

[p.u.]
max(vi)
[p.u.]

min(vi)
[p.u.]

1a 6276.90 25.65 8 3.35 · 10−2 1.1500 0.9468
2a 2608.05 13.82 10 3.98 · 10−2 1.1443 0.9666
3a 4342.88 58.46 8 3.36 · 10−2 1.1503 0.9570
1b 6276.90 38.97 8 1.76 · 10−2 1.1500 0.9475
2b 2608.05 20.84 10 4.70 · 10−2 1.1500 0.9634
3b 4342.88 81.85 2 3.39 · 10−3 1.1182 0.9434
1c 6276.90 46.67 15 1.87 · 10−2 1.1500 0.8991
2c 2608.05 32.88 10 5.27 · 10−2 1.1500 0.9680
3c 4342.88 99.33 7 2.53 · 10−2 1.1500 0.8703
1d 6276.90 58.85 25 4.26 · 10−2 1.1500 0.9098
2d 2608.05 70.09 10 5.27 · 10−2 1.1500 0.9601
3d 4342.88 102.74 3 1.33 · 10−3 1.0962 0.9505

The most common VVs are those for which vi > vmax
i , particularly pronounced

under low load conditions. On the other hand, voltage instability phenomena could
occur in cases where the load requirement is met by a high RES rate and more
transmission lines are congested at maximum transport capacity (cases 1c and 3c).

In fact, without considering transmission infrastructure expansion plans, a high
RES penetration implies greater difficulty in distributing power flows in the grid
despite the reduction in operating costs. This is confirmed by the costs obtained
from each OPF, shown in Fig. 2.4.

Figure 2.4: Generation costs and RES installed capacity [1].
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As can be seen, the scenarios created have gradually decreasing costs as RES
production increases, up to the case 3d, in which ideally the entire load is supplied
exclusively by RES.

2.4.3 Software tools employed

All numerical simulations were performed on a computer with 16 GB RAM, 11th
Gen Intel® Core™ i7-11800H CPU @ 2.30 GHz, 8 physical cores and 16 logical
processors.

The ORPF routine is built within Pymoo [86], an open-source Python library
that offers state-of-the-art global optimization algorithms. Both ACLF and OPF
calculations were performed with the appropriate Pandapower routines [90] using
default settings. Topological search functions, such as M matrix calculation, are
also implemented with Pandapower, which easily provides access to functions for
operations on graphs of the Python library NetworkX [91].

In all simulations, the population size is Npop = 16, the GA stop criterion
tolerances are set at 10−9, while the number of occurrences of a potentially optimal
solution can vary from 25 to 50 times.

2.5 Test Results

The proposed ORPF problem was successfully solved in each of the 12 examined
operating conditions, considering that the bus voltage amplitude may vary between
±6% with respect to nominal voltage according to [87]. Specifically, in order to
evaluate the effectiveness of TLS as a valid remedy against VVs, 3 types of numerical
simulations were performed:

• ORPF without TLS;

• ORPF + TLS without SSR and (2.13)-(2.14);

• ORPF + TLS with SSR and (2.13)-(2.14).

While the OLTC transformers regulation is carried out under all the analyzed
conditions, the optimal use of shunt devices is summarized in Fig. 2.5 for each kind of
simulation. In most cases, shunt reactors are activated to resolve overvoltages. Shunt
capacitors, instead, are less used except in cases related to development scenario
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(c), which are characterized by higher power flows and lower voltages. Overall,
the reactive power reserves provided by these devices proved sufficient in all cases,
although their full utilization still results in few residual VVs in cases 1c and 1d.

In addition, TLS maneuvers do not particularly reduce the shunts control effort.
These are shown in Table 2.2, in terms of the activation of the binary variable σl.

Figure 2.5: Optimal shunt devices utilization (The numbers near the columns indicate the
number of shunts in service) [1].

Table 2.2: Optimal Transmission Line Switching Maneuvers
ORPF + TLS

without SSR and (2.13)-(2.14)
ORPF + TLS

with SSR and (2.13)-(2.14)
# σl

1/0
# σl

0/1
# σl

1/1
# σl

0/0
# σl

1/0
# σl

0/1
# σl

1/1
# σl

0/0
1a 0 1 173 8 4 2 169 7
2a 2 0 171 9 4 0 169 9
3a 2 0 171 9 2 1 171 8
1b 4 0 169 9 1 1 172 8
2b 0 0 173 9 6 0 167 9
3b 2 0 171 9 1 0 172 9
1c 15 5 158 4 12 2 161 7
2c 0 1 173 8 2 0 171 9
3c 22 2 151 7 18 2 155 7
1d 9 1 164 8 6 0 167 9
2d 6 1 167 8 4 0 169 9
3d 1 0 172 9 0 0 173 9

As expected, because TLS maneuvers could weaken the grid, few lines can be
disconnected to mitigate VVs except for the development scenario (c), where voltage
rises due to the wind generator on the bus 87 are not fully resolved even with the
combined action of the shunt reactor and OLTC transformer. In fact, more lines
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could be disconnected in an attempt to better redirect the wind power to the loads.
However, this makes the number of fully loaded branches increase, and the identified
maneuvers may not satisfy the N-1 security criteria, even in cases where the SSR is
such that it allows fewer disconnections.

2.5.1 Computational performances

The computational performances comparison of the proposed optimization problem
are reported in Table 2.3, where the effects of the SSR when TLS is considered, the
crossover and mutation parameters tuning are assessed. The table shows the number
of control variables u, the optimal values of the objective function (2.4), the number
of population generations Ngen, and the CPU time for all simulated scenarios and
algorithm type performed. The measured CPU times vary depending on the severity
of the scenario to be solved and the tuning of the genetic operator parameters. In
simulations in which SSR and (2.13), (2.14) are implemented, reductions in CPU
time are observed with adherence to the SCADA/EMS systems’ time requirements.
In addition, the solutions found are of better quality in terms of objective. The
presented results, were obtained by setting po = 0.8, pmax

c = 1, pmin
m = 0.5, and

α = max(1/fmin, 128). The SSR is performed with dmax = 2 in all cases except for
3b and 1c, equal to 5 and 7 respectively. Since case 3b is affected by only 2 VVs, too
narrow search space leads to worse solutions (as in case 1c).

Table 2.3: Computational Performances Comparison
ORPF without TLS ORPF + TLS without SSR and (2.13)-(2.14) ORPF + TLS with SSR and (2.13)-(2.14)

#u f(vi) Ngen CPU time [s] #u f(vi) Ngen CPU time [s] #u f(vi) Ngen CPU time [s]
1a 32 0 32 13.80 214 0 39 29.15 108 0 64 37.21
2a 32 3.51 · 10−5 37 17.79 214 0 56 43.25 134 0 64 41.08
3a 32 5.03 · 10−5 29 12.97 214 4.14 · 10−4 81 64.78 108 0 87 49.12
1b 32 0 78 33.07 214 0 80 60.95 108 0 52 31.60
2b 32 4.39 · 10−5 31 14.23 214 0 39 29.20 134 0 54 32.29
3b 32 0 60 26.83 214 6.63 · 10−8 46 34.81 121 0 43 28.20
1c 32 1.29 · 10−3 137 58.61 214 1.33 · 10−4 495 380.59 211 1.32 · 10−3 248 195.08
2c 32 4.10 · 10−5 31 14.03 214 0 56 44.75 134 0 52 33.11
3c 32 1.36 · 10−4 127 61.58 214 3.08 · 10−7 359 300.69 122 1.70 · 10−6 145 89.21
1d 32 1.86 · 10−2 34 15.34 214 1.60 · 10−2 195 148.41 174 1.60 · 10−2 174 119.27
2d 32 8.64 · 10−4 65 28.32 214 7.39 · 10−4 119 91.30 144 7.93 · 10−4 55 34.67
3d 32 0 26 12.35 214 0 231 195.97 73 0 26 13.35
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2.6 Remarks & future research directions

In this chapter, the integration of transmission line switching (TLS) maneuvers into an
ORPF MINLP problem formulation for voltage violations mitigation on transmission
systems was investigated. By implementing a customized GA, a methodology to
determine the optimal network topology involving the disconnection of certain
transmission lines is successfully developed. Through comprehensive tests on a
medium size test network, the effectiveness of this approach in terms of problem
tractability is demonstrated. The obtained results show that the adopted methodology
not only can identify the TSO’s grid assets optimal activation but is also able to
satisfy the operation constraints, ensuring that the network remains connected
and within acceptable voltage limits. However, the computational performances
in terms of scalability should be addressed. Future developments will include the
identification of optimal grid configurations valid for N-1 security assessment, in order
to select the final operating maneuvers. These endeavors will continue to advance
the understanding of TSOs’ strategies for managing the grid, ultimately contributing
to the ongoing improvement of transmission grid security and resilience.



Chapter 3

N-1 Security-Constrained Optimal

Transmission Network

Reconfiguration Algorithms for

Congestion Management

The growing complexity of power system operation, driven by increasing load de-
mand and renewable generation variability, challenges Transmission System Operators
(TSOs) in maintaining grid security. In case of contingency, TSOs may resort to
redispatching generation units, which entails additional operating costs. However,
since they typically do not own generation facilities, to comply with network con-
straints, TSOs tend to leverage their own grid assets relying on cost-free topological
reconfiguration actions. These strategies—such as transmission line switching and
substation splitting— prove particularly effective, and can therefore be exploited to
relieve congestion. Nevertheless, since an inadequate decision could reduce network
meshing putting at risk the operational security, identifying the appropriate switch-
ing action to resolve a network issue may represent a challenging task for system
operators, who will have to implement control measures without compromising the
grid stability, N and N-1 security.

In this context, a deterministic preventive N-1 Security-Constrained Optimal
Transmission Network Reconfiguration (SCOTNR) problem is formulated and pro-
posed as a congestion management support tool for system operators, so that it can
be used to derive N and N-1 secure operative conditions following any single line

67
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contingency. The optimization framework is solved through Mixed-Integer Linear
Programming (MILP) techniques, exploring the use of decomposition techniques
within algorithms to ensure applicability to larger test cases. Practical implemen-
tation approaches are provided, with applications on modified IEEE 14-, 39- and
118-Bus test systems. Additional tests are conducted on an updated version of the
Extra-High Voltage (EHV) SimBench grid model, representative of the German
transmission network.

3.1 Literature Review

Optimal Transmission Network Reconfiguration (OTNR) is a complex combinatorial
Mixed-Integer Nonlinear Programming (MINLP) problem typically used to determine
the optimal switching actions for improving grid operation. Most OTNR models
in the literature extend the well-known Optimal Power Flow (OPF) [92] and Unit
Commitment (UC) problems [77], demonstrating how controlling the grid topology
while dispatching generation can positively reduce system costs, still ensuring a
secure operation.

The majority of studies only consider transmission line switching [77, 92–95] and
model the grid neglecting the substation details, where the electrical components
are connected to the busbars by means of circuit breakers (CBs) and disconnectors.
Substation reconfiguration (SR) is less addressed, often tackled employing Mixed-
Integer Linear Programming (MILP) techniques when implemented for congestion
management (CM) [96–98]. These methods formulate deterministic OTNR problem
using DC load flow (DCLF) assumptions. Although there are well-established solution
methods to integrate N-1 security constraints [96–100], this still poses computational
challenges in terms of scalability even under DC approximations, requiring the
adoption of decomposition techniques to make the problem treatable. This explains
why only a few studies provide analytical AC formulations [101–103]. These works
do not model SR strategies and mainly focus on ensuring solution feasibility and
on methodologies for dealing with the nonlinearities and non-convexity introduced
by the power flow equations. Moreover, the impact of switching operations on N-1
security is not considered. Conversely, [104] and [105] consider SR, but N-1 security
is at most verified or addressed through heuristics.

In particular, [97] highlights the importance of formulating a preventive security-
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constrained OTNR (SCOTNR) model that derives an optimal grid topology which
ensures (N-1) secure operation for any possible contingencies without the need for
corrective actions. However, due to its complexity, the preventive SCOTNR problem
may yield insecure solutions in small systems or result in an excessive number of
switching operations in larger networks, even when both cost-free (switching) and
costly (generation dispatch) resources are considered.

To the best of the author’s knowledge, no SCOTNR models with only cost-free
control actions and SR have been reported in the literature. In addition, most
approaches are tested on systems of limited size. Furthermore, other transmission
assets such as phase shifting transformers (PSTs) can be controlled by system
operators for CM purposes. These have never been included in the formulation of a
SCOTNR problem together with N-1 security constraints.

In this work, a deterministic MILP preventive N-1 SCOTNR problem is formulated
in a comprehensive framework where cost-free control actions (i.e., line switching,
SR, and PSTs operation) are coordinated with non cost-free ones (i.e., generation
dispatch and load shedding) taking into account N and N-1 security constraints. The
optimization problem considers transmission lines connection status, busbar couplers,
and disconnectors in substations, as well as PST tap settings as cost-free integer
control variables that can be jointly optimized with remunerative control actions.
A Column-and-Constraint Generation (C&CG) iterative solution algorithm is also
introduced to address the computational challenges related to the problem size and
combinatoriality. The methodology is tested on IEEE 14-, 39- and 118-Bus test cases,
modified to include double-bus single breaker substations. The overall problem is
tackled through a Python-DIgSILENT PowerFactory co-simulation approach, which
is proved to reduce substantially the computational effort.

An other approach based on a multi-cuts Benders decomposition scheme is adopted
and tested on a publicly available EHV benchmark grid model [106] for scalability
purposes. The algorithm is developed within a Python-DIgSILENT PowerFactory
co-simulation framework, demonstrating its feasibility and highlighting its potential
to enhance system security without additional operational costs.
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3.2 Preventive N-1 SCOTNR Formulation

This paragraph describes the mathematical developments necessary to formalize the
preventive SCOTNR problem, which is formulated considering DCLF assumptions.
The main challenges to be addressed rely in the modeling of double-bus substations
and the inclusion of N-1 security constraints.

The deterministic preventive N-1 SCOTNR problem can be compactly formulated
in the following general form:

min
x0,...,xc,u0

f0(x0,u0)

subject to: gc(xc,u0) = 0, ∀c ≥ 0

hc(xc,u0) ≤ 0, ∀c ≥ 0

(3.1)

where f0(x0,u0) is the objective function, gc (resp. hc) are the equality (resp.
inequality) constraints for the c-th contingency state (with c = 0 corresponds to
the base case), x and u represent the dependent variables and control variables,
respectively. The first (xc) are referred to each contingency condition, whereas
u0 must be the same ∀c ≥ 0, such that the grid is secure under both N and N-1
conditions and no corrective actions will be needed in the post-contingency states.

In order to represent typical configurations of transmission busbars, considering
that the electrical components in a bulk power system are interconnected by means
of switch protection devices (i.e., CBs and disconnectors), a general double-bus single
breaker substation model was adopted. The scheme, shown in Fig. 3.1, permits to
represent the topological relationships within the optimization framework.
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Figure 3.1: General Double-Bus Single Breaker substation model: connection modes of
transmission branches, generators and loads [2].
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Assuming that each substation s ∈ S consists of two busbars ns ∈ {1, 2} connected
by a coupler k ∈ K, each single-terminal element is connected via a CB and two
disconnectors, whereas each two-terminal component has a CB and two disconnectors
on each side. This representation avoids the need to define a binary variable
to represent the open/closed state of a single switch, which is usually modeled
as a zero-impedance line (ZIL). Furthermore, it is equivalent to other standard
substation arrangements [105], making it easier to formalize power flow models and
the topological relationships between components.

In general, the objective function f0 aims to minimize system costs, the topological
operations (TOs), such as number of switched off lines, splitted substations, and
PSTs tap positions from the initial operating condition, and load shedding (LS):

min
u0

∑
g∈G

2∑
n=1

cg · Pg,n + Cvoll ·
∑
d∈D

2∑
n=1

PLS
d,n +

∑
l∈L

wl

2
· (1− σl)

2+

+
∑
k∈K

wk

2
· (1− σk)

2 +
∑
t∈T

wt

2
· (τt)2 (3.2)

where cg are the generation costs, whereas Cvoll the penalty cost for Value of Lost
Load. This latter is specifically introduced to prioritize TOs and generation dispatch
over LS actions. A high penalty value is assigned to Cvoll in order to limit as much
as possible the amount of power not supplied. TOs, instead, are cost-free control
actions, so the last three terms in (3.2) were introduced to prevent unnecessary
switching operations. The weights coefficients w are chosen sufficiently small so that
the control effort due to switching and PSTs operations is always negligible with
respect to generation rescheduling or LS.

The following decision variables u0 can be defined:

u0 = [Pg,n,P
LS
d,n ,σl,σk,σb,s,σg,s,σd,s, τt]

⊤ (3.3)

where Pg,n is the active power produced by generator g on bus n, PLS
d,n is the load

shedding active power. The other are integer variables, with σ related to switching
binary decisions and τt ∈ Z the PST tap step. In particular, σl and σk represent the
line l and busbar coupler k connection states, respectively, taking the value 1 when
in-service (0 otherwise), whereas the other variables represent the connection of an
element to busbar 1 or busbar 2 in a substation s. In fact, for a branch b ∈ B (line
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l or transformer t) connected between two substations i and j, σb,s takes 0 if b is
connected to busbar 1 in the substation s ∈ {i, j}, 1 if connected to busbar 2. The
variables σg,s and σd,s are introduced as for σb,s but refer to generators (g ∈ G) and
loads (d ∈ D), respectively.

Even if the SR may involve different components and the switching of more than
one disconnector, it is considered a single control action by counting only the number
of busbar couplers to be opened. The importance of minimizing the control actions
is not only related to security reasons, as reducing the meshing of the grid may
compromise its stability and increase its vulnerability, but also to the SCADA/EMS
time requirements for performing the switching operations.

The aim of the proposed preventive SCOTNR problem is to reconfigure the grid
topology while respecting N and N-1 security constraints.

3.2.1 Connection of transmission branches between substa-

tions

The following constraints are formulated for each branch ∀b ∈ B and for each
contingency case ∀c ≥ 0, where c = 0 denotes the pre-contingency state (system
in N conditions). For the sake of simplicity, only transmission line contingencies
are considered. Therefore, a binary parameter γc

l can be defined for each line l and
contingency case c, equal to 0 if l is open in the contingency state c > 0, 1 otherwise.

In each contingency case, the active power flow P c
bij on a generic branch b is the

sum of two contributions, pcb,s,1 and pcb,s,2, depending on whether connected to busbar
1 or busbar 2 on the side s:

P c
bij = pcb,s,1 + pcb,s,2; ∀s ∈ {i, j} (3.4)

−P̄bγ
c
b(1− σb,s) ≤ pcb,s,1 ≤ P̄bγ

c
b(1− σb,s); ∀s ∈ {i, j} (3.5)

−P̄bγ
c
bσb,s ≤ pcb,s,2 ≤ P̄bγ

c
bσb,s; ∀s ∈ {i, j} (3.6)

P c
bij = −P c

bji (3.7)

where P̄b is the branch rating. Denoting by θcb,s the voltage angles at the ends of
a branch (with s ∈ {i, j}), and by θcs,n (with n ∈ {1, 2}) the voltage angle on busbar
n in the substation s, this latter assumes the value of θcs,1 or θcs,2, depending on which
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branch disconnector is closed at each end:

−θ̄σb,s ≤ θcb,s − θcs,1 ≤ θ̄σb,s (3.8)

−θ̄(1− σb,s) ≤ θcb,s − θcs,2 ≤ θ̄(1− σb,s) (3.9)

where θ̄ is the upper bound for voltage angle.

3.2.2 Line Switching Constraints

Assuming that only transmission lines can be switched-off, while transformers can
only change connection busbar if a substation should be split, pcl,s,n and σl,s are linked
to σl by the following constraints, ∀l ∈ L ∧ c ≥ 0:

−P̄lγ
c
l σl ≤ pcl,s,n ≤ P̄lγ

c
l σl; ∀s ∈ {i, j},∀n ∈ {1, 2} (3.10)

σl − σl,s ≥ 0 ∀s ∈ {i, j} (3.11)

Moreover, on/off constraints can be formulated choosing a big-M Ml as a real
number large enough to make them non-binding when σl = 0:

−Ml(2− σl − γc
l ) ≤ bl(θ

c
l,i − θcl,j)− P c

lij (3.12)

bl(θ
c
l,i − θcl,j)− P c

lij ≤Ml(2− σl − γc
l ) (3.13)

−Ml(2− σl − γc
l ) ≤ bl(θ

c
l,j − θcl,i)− P c

lji (3.14)

bl(θ
c
l,j − θcl,i)− P c

lji ≤Ml(2− σl − γc
l ) (3.15)

−P̄lγ
c
l σl ≤ P c

lij ≤ P̄lγ
c
l σl (3.16)

−P̄lγ
c
l σl ≤ P c

lji ≤ P̄lγ
c
l σl (3.17)

Please note that, for transformers with fixed tap settings, (3.24)-(3.15) are
formulated as equality constraints according to DCLF, whereas (3.16) and (3.17) do
not require σl and γc

l . A practical and effective method for computing Ml is provided
in [107], where tight values can be efficiently pre-computed by using graph theory
and Dijkstra’s shortest path algorithms. Further details are provided in the following
paragraphs.
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3.2.3 Phase Shifter Transformers (PSTs) Constraints

Considering an ideal PST with a limited number of tap positions and a voltage angle
step ∆φt per tap, the following relations can be written:

τ t ≤ τt ≤ τ t; ∀t ∈ T (3.18)

P c
tij = bt(θ

c
t,i − θct,j ∓ τt∆φt); ∀t ∈ T , c ≥ 0 (3.19)

P c
tji = bt(θ

c
t,j − θct,i ± τt∆φt); ∀t ∈ T , c ≥ 0 (3.20)

−P̄t ≤ P c
tij ≤ P̄t; ∀t ∈ T , c ≥ 0 (3.21)

−P̄t ≤ P c
tji ≤ P̄t; ∀t ∈ T , c ≥ 0 (3.22)

where (3.18) limits the PST tap positions within the bounds. The sign of τt∆φt

in (3.19) and (3.20) depends on which side of the transformer the tap changer is
located, (3.21) and (3.22) are security constraints.

3.2.4 Substation Splitting Constraints

For each contingency case c, in each substation s, the voltage angles on the busbars
must be equal when the coupler k is closed (σs

k = 1), and are otherwise unconstrained
according to the chosen big-M Mθ:

−Mθ · (1− σs
k) ≤ θcs,1 − θcs,2 ≤Mθ · (1− σs

k); ∀s ∈ S (3.23)

The active power flow pck through the coupler k follows the Big-M rules, ∀k ∈ K:

−Mk(1− σs
k) ≤ bk(θ

c
s,1 − θcs,2)− pck ≤Mk(1− σs

k) (3.24)

−Mkσ
s
k ≤ pck ≤Mkσ

s
k (3.25)

3.2.5 System Constraints

In order to integrate power flow equations, system constraints include the active
power balance at each busbar in both pre-contingency and post-contingency states.
Let Gn and Dn denote the sets of generators and loads connected to busbar n,
respectively, BF

n and BT
n the sets of branches with from-end and to-end equal to n.
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The following constraints must be complied ∀n ∈ N and c ≥ 0:

∑
g∈Gn

P c
g,n −

∑
d∈Dn

(
P c
d,n − PLS

d,n

)
−
∑
b∈BF

n

pcb,s,n −
∑
b∈BT

n

pcb,s,n − (−1)n · pck = 0 (3.26)

3.2.6 Topological Rules

Specific topological constraints between control variables are introduced to avoid
ineffective switch combinations, based on the assumption that only one disconnector
per side of a component can be closed on a busbar. Irrespective of whether the
substation coupler k is open or closed, it is numerically inconsistent to allow both
disconnectors to remain closed simultaneously.

3.2.6.1 Search space reduction constraints

The solutions search space is significantly reduced if all elements in a substation s are
connected to busbar 1 when the coupler k is closed, free to change busbar otherwise:

σs
k − 1 + σd ≤ 0; ∀s ∈ S, d ∈ s (3.27)

σs
k − 1 + σg ≤ 0; ∀s ∈ S, g ∈ s (3.28)

σs
k − 1 + σb,i ≤ 0; ∀s ∈ S,∀b ∈ s (3.29)

σs
k − 1 + σb,j ≤ 0; ∀s ∈ S,∀b ∈ s (3.30)

where (3.27)-(3.28) refer to loads and generators, respectively, whereas (3.29)-(3.30)
to the from-side (i) or the to-side (j) of transmission branches.

3.2.6.2 Loads & generators connection mode

Continuous variables are defined for generators (Pg,n) and loads (Pd,n), subject to
the following restrictions. If the power injections are assumed to be fixed (non-
dispatchable generators/loads), these equalities are valid:

Pd,1 = pd(1− σd) ∧ Pd,2 = pdσd; ∀d ∈ D (3.31)

Pg,1 = pg(1− σg) ∧ Pg,2 = pgσg; ∀g ∈ G \ {g∗} (3.32)
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Instead, denoting slack generators by g∗, (3.28) takes the following form, taking into
account the technical limits [p

g
, pg]:

p
g
(1− σg) ≤ Pg,1 ≤ pg(1− σg); ∀g = g∗ (3.33)

p
g
σg ≤ Pg,2 ≤ pgσg; ∀g = g∗ (3.34)

The same inequalities apply when generation is taken as a control variable. Moreover,
when load shedding is allowed, the following inequalities constraints are introduced:

0 ≤ PLS
d,1 ≤ pd(1− σd) ∧ 0 ≤ PLS

d,2 ≤ pdσd;∀d ∈ D (3.35)

3.2.6.3 Reliability Constraints

Finally, these constraints help in ensuring N-1 security when a substation is and
avoiding radially connected substations:

∑
b∈Bs

σb,s ≥ 2(1− σs
k); ∀s ∈ {i, j} (3.36)

∑
b∈Bs

[(1− σb,s)− (1− σb)] ≥ 2(1− σs
k); ∀s ∈ {i, j} (3.37)

∑
l∈Ls

σl + |Ts| ≥ 2; ∀s ∈ S if Gs = Ds ̸= ∅ ∧ |Bs| ≥ 2 (3.38)

In double-bus schemes, the number of connected branches to each busbar must
be greater than or equal to 2, so that, if a line is tripped due to a contingency, there
will be another path for this busbar to be connected to the grid [98].

The resulting optimization problem (3.2)-(3.38) is a big combinatorial MILP
program with a pseudo-parallel structure due to contingency states and N-1 security
constraints. This results in a preventive SCOTNR that finds the minimum switching
operations required to ensure grid security under N and N-1 conditions.

It should be noted that the MILP formulation is general, since it can be turned
into a corrective post-contingency OTNR if run for a specific contingency state c.
In this case, each problem is independent and a different set of optimal uc can be
obtained ∀c > 0.
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3.3 Solution Methodologies

Since solving the preventive SCOTNR for large-scale systems can be particularly
costly, decomposition techniques can be adopted to make the problem tractable and
solvable in reasonable time.

3.3.1 An iterative Column-and-Constraint Generation algo-

rithm

In a first study, an iterative C&CG algorithm is adopted to efficiently solve the
SCOTNR problem. Furthermore, considering the extension of transmission systems,
it is essential to perform preliminary screening procedures prior to optimization.
Regarding contingencies selection, only transmission line contingencies that do not
cause islanding, blackout, or uncontrollable overloads will be considered within the N-
1 security constraints. This is because these cases are handled by specific procedures
by the TSO, being not manageable only with cost-free reconfiguration actions [19].

The overall MILP problem is decomposed into a smaller MILP master problem
(MP) and a set of Nc independent LP slave problems (SPs) solved iteratively. These
latter, are a continuous relaxation of the original MILP problem ∀c > 0, in which
u0 ∈ [0, 1]. The MP determines an optimal topology in a pre-contingency state
(c = 0), whereas each SP is a feasibility problem that checks the N-1 security (∀c > 0).
Note that the SPs can be solved sequentially or parallelized across multiple CPUs.

3.3.1.1 Master Problem (MP)

The MP minimizes (3.2) subject to (3.4)-(3.26) with c = 0 and topological rules
(3.27)-(3.38), giving a solution lower bound (LB). No contingency security constraints
are included in the first step. The output is a combination of control variables û0 to
be submitted to the feasibility test carried out by the SPs.

3.3.1.2 Slave Problems (SPs)

Fixing the control variables u0 = û0 derived from the MP, each SP minimizes the
busbar power mismatch for each contingency state c > 0, where δ+s,n,c and δ−s,n,c are
surplus and deficit active power mismatches on each busbar n of substation s due to
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contingency c, respectively.

min
δ+s,n,c, δ−s,n,c

Φc =
∑
s∈S

2∑
n=1

(δ+s,n,c + δ−s,n,c); ∀c > 0 (3.39)

subject to (3.4)-(3.25) and the following constraints:

∑
g∈Gn

P c
g,n −

∑
d∈Dn

(
P c
d,n − PLS

d,n

)
−
∑
b∈BF

n

pcb,s,n −
∑
b∈BT

n

pcb,s,n

− (−1)n · pck + δ+s,n,c + δ−s,n,c = 0, ∀n ∈ N ,∀c > 0 (3.40)

where (3.39) quantifies the violations for each contingency state, (3.40) is the nodal
active power balance taking into account slack quantities. From the SPs solution an
upper bound (UB) can be derived by identifying the worst case contingency state.

3.3.1.3 Potential Binding Contingencies & Solution Algorithm

The overall solution procedure is stated in Algorithm 3, where ν is the iteration
counter and Ω

(ν)
C the set of binding contingencies to be iteratively added to MP.

Algorithm 3 SCOTNR Iterative C&CG Solution Algorithm

1: Set ν ← 0, ϵ← 10−6, ε← 10−2, Ω(ν)
C ← ∅

2: LB(ν) ← −∞, UB(ν) ← +∞
3: while ν ≤ νmax ∧ (UB(ν) − LB(ν))/UB(ν) ≥ ε do
4: û

(ν)
0 ← solve MP (ν)

5: LB(ν) = f0(û
(ν)
0 )

6: Fix u
(ν)
c = û

(ν)
0

7: for c = 1, ..., Nc do
8: Φ

(ν)
c ← solve SP (ν)

9: end for
10: UB(ν) = min{UB(ν−1), f0(u0)

(ν) +maxΦ
(ν)
c }

11: if maxΦ
(ν)
c > ϵ then

12: update Ω
(ν)
C ← Ω

(ν−1)
C ∪ argmaxc(Φ

(ν)
c )

13: end if
14: ν = ν + 1
15: end while

Based on the conjecture of [108], Ω(ν)
C is updated in the iterative process only

with the most binding contingencies, leading to a solution that is very close to the
SCOTNR solution obtained by keeping them all. This iterative update acts as
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contingency filtering. Once convergence is achieved, the set Ω(ν)
C will contain only the

contingencies strictly necessary to ensure compliance with the imposed N-1 security
constraints, making the MP lighter.

It should be noted that the rows 6-9 of Algorithm 3 can be replaced with a static
security assessment carried out with N-1 contingency analysis (CA) software tool,
resulting in a co-simulation iterative procedure. Infeasibilities under N-1 states can
be quickly checked by sorting and identifying the worst branch loading violations.
The worst-case will be sent back to the MP as additional contingency case in the
successive iterations.

3.3.2 A Benders Decomposition approach

In this section, the Benders Decomposition algorithm used to solved the preventive
N-1 SCOTNR problem is explained. Furthermore, two algorithms are provided for
practical big-M Ml calculation and the control variable selection. These can be
integrated also upstream the previous C&CG decomposition algorithm.

Specifically, in this paragraph, Benders Decomposition is employed to solve the
preventive N-1 SCOTNR problem in cases where only cost-free switching operations
are allowed. In this regard, the objective function minimizes the number of trans-
mission lines to be switched-off and the number of double-bus substations to be
split:

min
u0

f(σl, σk) =
∑
l∈L

wl(1− σl) +
∑
k∈K

wk(1− σk)

subject to: (3.4)-(3.26), ∀c ≥ 0;

Topological rules (3.27)-(3.38).

(3.41)

3.3.2.1 Optimization Framework Initialization

Following DCLF calculations and N-1 contingency analysis (CA), the TSO can
monitor which branches would be subject to overloads in both N and N-1 conditions
(Ωoverload). Based on the identified branches, a solution search space reduction and
a proper contingency selection must be performed. In particular, downstream N-1
CA, a fast contingency ranking can be obtained monitoring the maximum % branch
loading observed (L̄c = max{Lmax

b }) for each contingency case. Considering the
substations-branches bl-weighted graph G(S,B) of the transmission grid, once the
set Ωoverload is known, the solutions search space can be reduced by setting binary
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control variables for those components outside a designated portion of the network.
This results in a subgraph identified using the topological distances matrix D|S|×|S|

of G(S,B) within Algorithm 4.

Algorithm 4 Control variables selection
1: Input: G(S,B); Ωoverload; max. topological distance r̄
2: Set candidate substations and branches ΩS ← ∅, ΩB ← ∅
3: Find bridges from G(S,B)← non-switchable lines
4: Compute D|S|×|S| from G(S,B)
5: for b ∈ Ωoverload do
6: (i, j) ←substations from, to
7: get substations at a distance r ≤ r̄ from i, j ← ΩS

8: get generators and loads installed in s
9: end for

10: for s ∈ ΩS do
11: get branches connected to s (Bs) ← update ΩB

12: end for
13: Output: ΩS,ΩB

The outputs are the sets ΩS and ΩB of the candidate substations and branches.
Non-switchable lines are filtered also from ΩB, allowing disconnectors operations for
substation splitting if necessary. The latter can be easily identified by searching for
the bridges within G(S,B), i.e., those edges whose removal increases the number of
connected components in the graph.

Even employing this decomposition technique, only transmission line contingencies
that do not cause islanding, blackout, or uncontrollable overloads will be considered
within the N-1 security constraints.

Finally, suitable tight values for Ml can be efficiently pre-computed by using
graph theory and Dijkstra’s shortest path (DSP) algorithms on G(S,B) within the
Algorithm 5 [107], as anticipated in 3.2.2.

Although modern commercial solvers are able to handle disjunctive constraints
internally (e.g., Special Ordered Sets constraints [61, 109]), the Big-M formulation
preserves a MILP structure and also facilitates the calculation of Lagrangian multipli-
ers in decomposition techniques. In fact, by fixing the binary variables, the resulting
constraints reduce to an LP.
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Algorithm 5 Big-Ms Ml Calculation
1: Input: Set of lines L, bl-weighted graph G(S,B)
2: Set ΩV ← ∅, ΩE ← ∅
3: for l ∈ L do
4: (i, j) ←substations from, to
5: remove edge l from G(S,B)
6: vertexes ΩV , edges ΩE ← get DSP from i to j
7: Ml ← bl ·

∑
e∈ΩE

|P̄e/be|
8: restore edge l, reset ΩV ← ∅, reset ΩE ← ∅
9: end for

10: Output: Ml

3.3.2.2 Benders Decomposition Algorithm

The overall MILP problem is decomposed into a smaller MILP master problem
(MP) and a LP slave problem (SP) solved iteratively. This latter, is a continuous
relaxation of the original MILP problem ∀c > 0, in which u ∈ [0, 1]. The MP
determines an optimal topology in a pre-contingency state (c = 0), whereas the SP is
a feasibility problem that checks the N-1 security (∀c > 0). Note that the SP consists
of Nc independent subproblems that can be solved sequentially or parallelized across
multiple CPUs. If the SP is feasible but violations occur, optimality cuts are added
to the MP to exclude the previously obtained integer solutions from the search
space in subsequent iterations. Conversely, if the SP is infeasible, feasibility cuts are
introduced into the MP. The iterative process continues until a predefined stopping
criterion is met, with the MP providing a lower bound (LB) and the SP providing
an upper bound (UB) of the overall objective function.

The overall Benders decomposition scheme is stated below (Algorithm 6), where
ν indicates the iteration counter and ϵ the optimality tolerance:

Algorithm 6 SCOTNR Benders Decomposition Algorithm

1: Set ν ← 0, ϵ← 10−4, LB(ν) ← −∞, UB(ν) ← +∞
2: while ν ≤ νmax ∧ (UB(ν) − LB(ν))/UB(ν) ≥ ϵ do
3: û

(ν)
0 ← solve MP (ν)

4: LB(ν) = max{LB(ν−1), f(σl, σk)
(ν) +

∑Nc

c=1 φ
(ν)
c }

5: Φ
(ν)
c ← solve SP (ν)

6: UB(ν) = min{UB(ν−1), f(σl, σk)
(ν) +

∑Nc

c=1 Φ
(ν)
c }

7: Add Benders Cuts (35), ∀ν ≤ ν − 1
8: ν = ν + 1
9: end while
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3.3.2.3 Master Problem (MP)

The MP minimizes (3.2) and the sum of positive slack variables φc representative of
the feasibility of switching operations in terms of N-1 security for each contingency
case:

min
u

f(σl, σk) +
Nc∑
c=1

φc ; φc ≥ 0

subject to: (3.4)-(3.26) with c = 0;

Topological rules (3.27)-(3.38);

< Benders cuts >

(3.42)

The set of Benders cuts is initially empty in the first iteration. The MP output
is a combination of control variables û to be submitted to the feasibility test carried
out by the SP.

3.3.2.4 Slave Problem (SP)

Fixing the control variables u = û derived from the MP, the SP minimizes the
busbar power mismatch for each contingency state c > 0, where δ+s,n,c and δ−s,n,c are
surplus and deficit active power mismatches on each busbar n of substation s due to
contingency c, respectively.

min
δ+s,n,c, δ−s,n,c

Nc∑
c=1

Φc(δ
+
s,n,c, δ

−
s,n,c) (3.43)

subject to (3.4)-(3.26) and the following constraints, ∀c > 0:

Φc(δ
+
s,n,c, δ

−
s,n,c) =

∑
s∈S

2∑
n=1

(δ+s,n,c + δ−s,n,c); (3.44)

∑
g∈Gn

P c
g,n −

∑
d∈Dn

P c
d,n −

∑
b∈BF

n

pcb,s,n −
∑
b∈BT

n

pcb,s,n + δ+s,n,c + δ−s,n,c = 0; ∀n ∈ N (3.45)

σc
l = σ̂l ←→ λc

l ; ∀l ∈ L (3.46)

σc
b,s = σ̂b,s ←→ λc

b,s; ∀b ∈ B,∀s ∈ {i, j} (3.47)

σc
g = σ̂g ←→ λc

g; ∀g ∈ G (3.48)

σc
d = σ̂d ←→ λc

d; ∀d ∈ D (3.49)
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where (3.44) quantifies the violations for each contingency state, (3.45) is the nodal
active power balance taking into account slack quantities, and (3.46)-(3.49) are
introduced to fix the decisions taken from the MP and derive the lagrangian multipliers
λ.

3.3.2.5 Optimality cuts & Solution Algorithm

If (3.42) converges to zero, the transmission topology found by the MP is N-1 secure
with respect to the Nc considered contingencies. Otherwise the following Benders
cuts will be incorporated in the MP for the next iterations, ∀c > 0:

φc ≥ Φc+
∑
l∈L

λc
l (σl−σ̂l)+

∑
b∈B

λc
b,s(σb,s−σ̂b,s)+

∑
g∈G

λc
g(σg−σ̂g)+

∑
d∈D

λc
d(σd−σ̂d) (3.50)

3.4 Case studies & test results

3.4.1 IEEE benchmark systems

Numerical experiments were carried out on modified IEEE 14-, 39- and 118-Bus
test systems (renamed as 14, 39, 118 Double-Bus systems, respectively). Topolog-
ical arrangements were made to represent double-bus single breaker substations,
resulting in three new different benchmark systems for reconfiguration studies. The
preventive SCOTNR problem is solved by considering different objective functions,
such as economic dispatch (ED), topological operations (TOs)–line switching (LSOs),
substation splitting (SSOs), PST operations (PSTOs)–and load shedding (LS).

In the initial operating condition, all the electrical components are connected to
busbar 1 within substation. All line loadings must be within 100% and 120% under
N and N-1 conditions, respectively.

3.4.1.1 14 Double-Bus System

The first benchmark system has the same features of the network used in [98],
involving 13 substations for a total of 26 busbars. A 3-winding transformer is
connected to substations #4, #8 and #9. In the initial operating condition, line #4
(2-3) is congested at 102.06%. The SCOTNR results are summarized in Table 3.1.

The same solutions are obtained also with Algorithm 3 with low CPU times
considering 16 line contingencies. The same solution described in [98] was obtained
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Table 3.1: SCOTNR Results For 14 Double-Bus System
ED+LS ED+TOs TOs+LS ED+TOs+LS

f0 [p.u.] 2.3116 0.3318 0.5774 0.3318
Gen. costs [$/h] 4957.36 3268.00 4874.40 3268.00
LS costs [$/h] 18159.00 0 0

LSOs [-] 0 0 0
SSOs [-] 0.005 0.005 0.005

PSTOs [-] 0 0.085 0
CPU time [s] 0.12 2.13 4.64 1.43

in the ED+TOs+LS case. When reconfiguration is not considered (ED+LS), 1.82
MW of the load should be curtailed, whereas PSTs help in avoiding LS when only
cost free actions are allowed (TOs+LS).

3.4.1.2 39 Double-Bus System

In this test system with 39 substations (70 busbars), line #26 is congested at 101.46%.
34 contingencies are considered within the SCOTNR. As stated in Table 3.2, a N-1
secure configuration cannot be obtained only with TOs+LS. In the ED+LS case, 3.72
MW of load are curtailed and the system costs increase due to generation dispatch.
Conversely, switching off line #5 allow to achieve an optimal solution while less
generation needs to be redispatched compared to ED+LS case.

Table 3.2: SCOTNR Results For 39 Double-Bus System
ED+LS ED+TOs TOs+LS ED+TOs+LS

f0 [p.u.] 17.4861 13.6945 infeasible 13.6945
Gen. costs [$/h] 137706.35 136895.45 153683.39 136895.45
LS costs [$/h] 37154.48 infeasible 0

LSOs [-] 0.005 infeasible 0.005
SSOs [-] 0 infeasible 0

PSTOs [-] 0 infeasible 0
CPU time [s] 0.42 47.81 n/a 47.96

3.4.1.3 118 Double-Bus System

In this study case, line #161 is 107.05% overloaded. Results (Table 3.3) are obtained
considering 166 line contingencies. Overall, the SCOTNR problem applied to this
test case includes 1,268,367 constraints, 336,811 continuous variables, and 837 integer
variables (of which 809 are binary).

Additional tests were carried out considering 100% as the maximum line loadings
in N-1 conditions. The SCOTNR problem cannot be solved within 1 hour without
the use of Algorithm 1 when TO are allowed, except for the case in which only PSTs
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with ED are enabled. This case solved with the full MILP formulation took only
23.24 s and the grid can be considered N-1 secure.

Table 3.3: SCOTNR Results For 118 Double-Bus System
ED+LS ED+TOs+LS ED+PSTOs

f0 [p.u.] 9.8526 9.8206 11.1287
Gen. costs [$/h] 98526.25 98105.61 10893.69
LS costs [$/h] 0 0 0

LSOs [-] 0 0
SSOs [-] 0.01 0

PSTOs [-] 0 0.235

3.4.1.4 Software Tools & Computational Performances

All numerical simulations were performed in a Python environment on a computer
with 32 GB RAM, 12th Gen Intel® Core™ i9-12900F CPU @ 2.40 GHz, 16 physical
cores and 24 logical processors, using up to 24 threads. DIgSILENT PowerFactory is
used to represent the grid and to perform DCLF and N-1 CA calculations. The MILP
optimization framework is built within Pyomo library using Gurobi 12.0, which uses
Branch&Bound and Primal-Dual Simplex algorithms to solve the MILP problem.
A CPU time comparison for 118 Double-Bus is shown in Table 3.4, showcasing
improvements with the co-simulation approach.

Table 3.4: CPU Times for 118 Double-Bus System [s]
ED+LS ED+TOs ED+TOs+LS

Full MILP [s] 4.93 > 3600 > 3600
C&CG (MP/SPs) [s] 18.59 51.89 53.85

C&CG (co-simulation) [s] 6.96 6.37 6.52

3.4.2 EHV Simbench grid model

Numerical experiments are carried out on a modified 1-EHV-mixed–0-sw network
model from the publicly available Simbench dataset [106], representative of the
380/220 kV EHV German transmission grid. DIgSILENT PowerFactory software
is used to represent the grid and to perform DCLF and N-1 contingency analysis
calculations.

Preventive SCOTNR is solved for Nc selected contingencies, reconfiguring the
grid so that all branches operate within 100%, tolerating a maximum overload of
120% under N-1 conditions.



3. N-1 Security-Constrained Optimal Transmission Network Reconfiguration
Algorithms for Congestion Management 86

Table 3.5 provides a summary of the grid model’s components. Conventional
power plants (hard coal, brown coal, oil, gas, nuclear and others) are modeled as
synchronous machines for a total maximum installed capacity of 87 GW, whereas
renewable generation is modeled by means of static generators involving biogas,
photovoltaic, wind, hydro run-of-river and others technologies for 13.6 GW.

Although the network model already contained double-bus single breaker substa-
tions, additional disconnectors were added within substations to also allow switching
operations with generators and loads, thus providing a more realistic and detailed
grid model for topological reconfiguration studies.

Table 3.5: Number of components in 1-EHV-mixed–0-sw grid model
Component type Number of components
Substations 534
Busbars 1101
Transmission Lines 849
2-Windings Transformers 209
Conventional Power Plants 345
Renewable Power Plants 225
Loads 390

The preventive SCOTNR is solved for a day-time winter scenario, in which 40.6%

of the total load demand (12.3 GW) is supplied by renewable generation.
In the initial configuration (Fig. 3.2a), where all the transmission assets are

supposed to be in-service, and the substation electrical components are connected
to busbar 1, two 380 kV overhead transmission lines in the north-west area are
congested at 103.3% (line #331) and 103% (line #830), respectively. Congestion
is caused by excess wind generation (2276.7 MW) in the substation. Since local
loads absorb only 26.6 MW, and substation #523 needs only additional 33 MW to
help the SM328 synchronous generator balance the load, the remaining power must
necessarily be distributed to the other branches of the grid. Congestion could be
also mitigated by shutting down SM328, but this would entail additional costs for
the TSO, which would have to remunerate the producer.

Downstream contingency ranking, having already excluded cases that lead to
islanding or blackouts, the tripping of line #331 or #830 would cause an overload of
approximately 261% on line #272 (not represented for the sake of brevity). For this
reason, these contingencies are identified as the worst cases that can be analyzed
and not considered in the reconfiguration problem.

A scalability test consisted of solving the preventive SCOTNR considering the first
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Figure 3.2: Power flow results before and after SCOTNR. Busbar splitting actions (green
circles) are applied in S058 to solve congestions on lines #331 and #830.

worst Nc contingencies with L̄c ≤ 150%, performing the optimization by increasing
Nc from 50 up to 200. The most secure topology is obtained for Nc = 150, 200. The
optimal switching operations to be performed varying Nc are listed in Table 3.6.

As shown in Fig. 3.2b, the substation #58 should be split: the congested line
#331 and another line (#329) change connection busbar and the congestions are
cleared. In the optimal topology, with separate busbars, by connecting lines #329

and #331 on busbar 2 in station #58, the excess wind power travels a longer path,
flowing to station #523 via line #330, then returning to station #58 by crossing
#329 in the opposite direction. This results in a congestion mitigation on the lines
concerned, with a significant increase in the loading on the parallel lines towards
station #523.

Furthermore, it would be easy to verify that by shutting down the thermal gener-
ator, lines #331 and #830 would still be charged at 99.2% and 98.9% respectively,
although the parallel lines towards substation #523 would be weakly charged at
around 4%. Therefore, it can be assumed that the switching operations had a greater



3. N-1 Security-Constrained Optimal Transmission Network Reconfiguration
Algorithms for Congestion Management 88

Table 3.6: Optimal switching operations varying Nc

Nc Switching operations

50
Substation S058 splits
Line #331 connected to busbar 2 in S058
Line #830 connected to busbar 2 in S058

100

Substation S058 splits
Line #179 connected to busbar 2 in S058
Line #329 connected to busbar 2 in S058
6/8 Wind generators connected to busbar 2 in S058

150
Substation S058 splits
Line #329 connected to busbar 2 in S058
Line #331 connected to busbar 2 in S058

200
Substation S058 splits
Line #329 connected to busbar 2 in S058
Line #331 connected to busbar 2 in S058

decongestant effect.
Concerning line switching, it is not selected as a definitive switching operation

because, although it may be chosen in some Benders iterations, it fails the N-1
security check performed in the SP. At most, such maneuvers can be tolerated
temporarily and used as corrective actions.

All numerical simulations were performed in a Python environment on a computer
with 32 GB RAM, 12th Gen Intel® Core™ i9-12900F CPU @ 2.40 GHz, 16 physical
cores and 24 logical processors, using up to 24 threads. Graph analyses are carried
out by means of NetworkX, while the MILP optimization framework is built within
Pyomo library using Gurobi 12.0 [61], which uses Branch&Bound and Primal-Dual
Simplex algorithms to solve the MP and the SP, respectively.

In all cases, the SCOTNR problem cannot be solved in reasonable time preserving
its whole pseudo-parallel structure. The full SCOTNR MILP program was however
tested considering the pre-processing through Algorithm 1 and Algorithm 2, and
imposing a time limit of 1 hour. A suboptimal solution was obtained only for
Nc = 50, whereas the problem becomes intractable as the number of contingency
cases considered increases. In theory, no convergence or infeasibility problems are
reported, but it would not make sense to wait for a solution for a time that is
incompatible with SCADA/EMS requirements, also because in the meantime, the
network evolves over time towards other operating conditions. Table 3.7 shows the
CPU time required to solve the SCOTNR problem.

The adopted Benders decomposition proved successful in solving the SCOTNR
problem on a large transmission system. Solution times were calculated by adding up
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Table 3.7: Preventive SCOTNR CPU times [s]
Full SCOTNR MILP Benders Decomposition

50 3206.00 165.53
100 > 3600.00 149.44
150 > 3600.00 526.58
200 > 3600.00 425.78

the contributions of all MPs and SPs, disregarding the time taken to communicate
information from MP to SP, which was considered negligible. The minimum, average
and maximum times required to solve MP and SP as Nc varies are shown in Fig. 3.3.

Figure 3.3: MP and SP CPU times varying Nc.

Figure 3.4: Benders Decomposition algorithm convergence.

The MP does not seem to be affected by the number of contingency cases, but
rather by the number of added cutting constraints. However, although no significant
variations were observed thanks to the reduction in the solution search space, in
general, solving the MP tends to take longer in the last iterations. On the other hand,
Nc greatly influences the solution times of the SP, showing an almost linear trend as
Nc increases. Even if the SP is implemented as a unique big LP program, the solver do
not automatically distribute all the subproblems on multiple processors. A parallel
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computing architecture for solving SP can certainly further reduce computation
times.

The convergence in terms of the optimality tolerance ϵ is shown in Fig. 3.4, from
which it can be seen that the number of iterations required to reach the optimality
condition does not depend on Nc, but rather on the quality of the Benders cuts
added in each iteration of the MP.

3.5 Remarks & future developments

This chapter addressed the challenge of solving a deterministic preventive N-1
SCOTNR problem on three different size benchmark systems and on a large-scale
test system using different solution approaches. The adoption of a MILP formula-
tion proved useful for identifying switching operations for N-1 security constrained
congestion management purposes.

The C&CG iterative solution algorithm was essential for the problem tractability
on 118 Double-Bus System. Test results showed that topological changes combined
with redispatch allow to ensure system security with lower operation costs. In certain
cases, topological operations were proved to be essential to avoid load shedding and
reduce system costs as well. The proposed approach allowed to reach an optimal
solution even considering a very large set of contingencies (166) on 118 Double-Bus
System.

The Benders decomposition approach was also essential for the problem tractabil-
ity and for obtaining optimal solutions within a reasonable time frame, although the
search for purely cost-free actions makes solving the problem even more burdensome
and presents limitations.

Comparing the two solution methods, the C&CG algorithm exhibited superior
characteristics for practical engineering applications. Although Benders decomposi-
tion algorithm maintains a smaller master problem by including only cut constraints,
it generally requires a higher number of iterations to converge (the N-1 security
constraints are not explicitly formulated). More critically, it relies on the derivation
of dual variables (lagrangian multipliers) from the subproblems. In contrast, C&CG
generates primal cuts, which simplifies the implementation significantly. This feature
allows the N-1 security check subproblems to be solved using efficient, off-the-shelf
contingency analysis tools in a co-simulation architecture, treating the security check
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as a black box without the need to extract complex dual information. Consequently,
C&CG offers a more robust and flexible framework for integrating real-world grid
models.

Regarding real-world applicability, the high observability of transmission net-
works—guaranteed by state estimation systems in control rooms—makes the proposed
methodology highly relevant. It can serve as an advanced Decision Support System
(DSS) for TSOs, identifying non-intuitive switching actions that human operators
might overlook, thereby unlocking the hidden flexibility of the existing infrastructure.

However, the current DC formulation has inherent limitations. Future develop-
ments must address the AC SCOTNR problem to verify the feasibility of solutions
in terms of voltage stability and reactive power constraints. A good proposal would
be to integrate SCOTNR into ORPF routines, although, given the SCADA/EMS
time requirements of the latter, implementing a full AC preventive model with N-1
security constraints would require powerful and expensive computing tools in the
control room. To solve the AC problem efficiently without compromising compu-
tational speed, future research should explore innovative relaxation techniques to
handle MINLP optimization problems. This would allow for the co-optimization of
switching decisions with other continuous voltage control variables, providing a fully
comprehensive tool for secure grid operation.



Chapter 4

Optimal Transmission Network

Reconfiguration Algorithms for the

Secure Operation of the National

Electric Transmission System

The research activity described in this chapter, carried out in collaboration with
the Italian transmission system operator (TSO) Terna SpA, involves the analysis of
network models and actual operating conditions of the National Electric Transmis-
sion System, with the application of the methodologies developed for the practical
implementation of the Optimal Transmission Network Reconfiguration (OTNR)
algorithms described in the previous chapters.

This results in the development of a Python/DIgSILENT PowerFactory co-
simulation framework aimed to enable automated simulation procedures for static
network analyses (load flow, sensitivity calculations, and N-1 contingency analysis).
The software tool allows the integration of PowerFactory’s simulation capabilities
within external optimization routines and the management of highly detailed network
models consistent with the TSO’s naming conventions.

Tests conducted on the Sicilian transmission grid highlighted both the potential
and the computational challenges related to the scalability of topological optimization
models.

92
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4.1 Sicilian Transmission Grid

The Sicilian transmission system is interconnected with the mainland grid via the 380
kV Rizziconi-Bolano-Paradiso-Sorgente, Scilla-Villafranca 1, and Scilla-Villafranca
2 connections. The first distinctive feature of the three transmission lines concerns
the configuration of the Sorgente and Rizziconi substations, whose 380 kV sections
are split to connect to different sections, equipping the protection systems with the
necessary redundancies to minimize the possibility of separation of the island from
the rest of Italy. Each of the two Scilla-Villafranca cable connections is equipped with
two shunt reactors. Bolano and Paradiso are overhead-cable transition substations,
isolated in SF6 and equipped with cable-side switches only (Bolano-Paradiso).

4.1.1 Sicily-Mainland power exchange limits

The substations in Rizziconi (Calabria) and Sorgente (Sicily) are each built with two
separate sections in order to minimize the probability of simultaneous loss of the
entire Sicily-Mainland interconnection, an event considered highly improbable. The
considerations regarding operating modes and power exchange limits are summarized
in this paragraph and are based on the assumption that total and simultaneous loss
of the interconnection is not possible when the grid is intact.

The grid is defined as intact when a single contingency affecting these connections
does not result in the separation of the Sicilian system from the mainland system. In
addition to the case where all connections are in-service, the network is still defined
as intact if only one of the connections is unavailable due to maintenance/failure or
switched-off for operation:

• Sorgente-Villafranca 1;

• Sorgente-Villafranca 2;

• Scilla-Villafranca 1;

• Scilla-Villafranca 2;

• Scilla-Rizziconi 2.

In the above cases, in fact, a single contingency never leads to separation.
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A non-intact grid is also defined as the out-of-service condition of a line (or
combination of lines) for which a single contingency can lead to network separation
and the consequent formation of a frequency island.

The maximum import and export power flow values for the Sicilian network (Sicily-
Calabria interconnection non-intact) and import/export flows along the separation
section (in the case of a non-intact Calabrian ring) are determined downstream
a static and dynamic security analysis carried out on a provisional basis by the
designated TSO unit and confirmed in real-time using the control room tools. Where
the aforementioned tools are unavailable or not functioning, power exchange limits
will be based on the market outcomes or on specific assessments of the transits
allowed in security conditions from north to south and from south to north.

When the grid is intact and operates in normal state, depending on whether
the logic of the EDA defense system (automatic disconnection processor) [110] is
implemented or not, the reference power exchange limits are defined in [111] (subject
to recalculation in day-ahead and intraday processes) and actually set to:

• Mainland → Sicily: 1550 MW (with EDA defense system), 1100 MW (without
EDA defense logic);

• Sicily → Mainland: 1200 MW (with EDA defense system), 1000 MW (without
EDA defense logic);

These limits are valid if the upward and downward balancing resources in Sicily are
sufficient to cover the risks described in the TSO’s documentation on the operating
rules for the operation of the connections between Sicily and Calabria and the
Calabrian ring.

In non-intact grid conditions, power exchange limits will be determined by the
need to contain the over/under frequency transient in the event of a trip leading
to the separation of the Sicilian network from the mainland network, with the
aim of minimizing the EAC (automatic load balancing system) [110] probability of
intervention by the EAC relays installed in Sicily, resulting in the disconnection of a
widespread user base.

4.1.2 Case Study: DIgSILENT PowerFactory model

In order to test the applicability of the OTNR algorithms, numerical simulations are
carried out on an equivalent reduced grid model obtained through network reduction
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[112] from the whole Italian transmission network model. Boundaries were defined
at the Scilla and Bolano substations. Equivalent impedances represent the two
Bolano-Rizziconi and Scilla-Rizziconi connections, as well as taking into account
the impedances of the upstream network. In particular, the Scilla substation is
considered as a slack node in all analyses.

The complete grid model includes the high-voltage network (380 kV and 220
kV sections), as well as the sub-transmission network (150 kV) up to the primary
substations and generation plants, representing a more detailed model compared to
the one described in [113].

Topologically, the network is partitioned into sites interconnected solely by
transmission lines. Each site may contain one or more substations, each characterized
by its own busbar configuration. These are connected to each other via lines or
transformers.

The number of modeled electrical components is listed in Table 4.1, respectively
for the complete network model and the equivalent for Sicily.

Figure 4.1: Voltage levels of Sicilian Transmission Grid

Table 4.1: Number of electrical components modeled in DIgSILENT PowerFactory
# Components Whole Italian Transmission System Equivalent Sicilian Transmission System

Sites 5852 375
Substations 10063 641
Busbars 12656 767
Lines 8139 529
2-Windings Transformers 3621 227
3-Windings Transformers 381 14
Synchronous Generators 2047 65
Static Generators 995 117
Loads 7200 412
Shunt Devices 236 24
Switch Devices 96894 5673
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4.2 DC Preventive Security-Constrained Optimal

Transmission Line Switching (SCOTLS)

In this paragraph, a preventive Security-Constrained Optimal Transmission Line
Switching (SCOTLS) problem is formulated and used as a congestion management
tool. The aim is to find secure network configurations under N and N-1 conditions
by integrating transmission line switching actions. The optimization problem is
formulated as Mixed-Integer Linear Programming (MILP) under DC Load Flow
(DCLF) assumptions.

The objective function generally minimizes the control actions to be performed.
Therefore, when executed in cost-free mode, with fixed generation and load active
power injections, the SCOTLS problem seeks to find an optimal topology that
complies with security constraints exclusively by switching-off the transmission
lines. However, considering only binary control variables makes the problem purely
combinatorial, which easily becomes unbounded when applied to large-scale systems,
and no criteria have been identified to narrow the solution search space. For this
reason, a more general formulation is proposed, also allowing for the redispatch
of generation units in operation. In particular, since the main scope is to solve a
technical optimization problem by leveraging the in-service network assets as much
as possible, particularly expensive remunerative services (e.g., generation start-ups
and shut-downs, load shedding) are intentionally neglected. However, redispatching
the in-service generation units when necessary becomes essential for reasons related
to system balancing, especially in the event of contingencies. Furthermore, the
introduction of continuous control variables greatly simplifies the problem solution
facilitating convergence and compliance with the time requirements of SCADA/EMS
systems.

4.2.1 Mathematical Formulation

Let us model the transmission system as a substations-branches graph G(N ,B),
where the set of substations N includes busbars, terminals and other electrical
components (e.g., generators G, loads D, etc.). Assuming that in the initial operating
condition the grid is intact (all branches are in service and the busbar couplers in
substations are closed), each substation represents an effective node in the system.
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The set of transmission branches B involves transmission lines (L), 2-windings (T2)
and 3-windings tranformers (T3).

For the sake of simplicity, only transmission line contingencies are considered. Let
us c ∈ N each line contingency case, where c = 0 denotes the pre-contingency state
conditions (N security) and c = 1, ..., Nc the system post-contingency conditions
(N-1).

Based on the general formulation provided in Chapter 3 and reported also below,
the preventive N-1 SCOTLS problem can be formulated as follows. Therefore, in
compact form:

min
x0,...,xc,u0

f0(x0,u0)

soggetta a: gc(xc,u0) = 0, ∀c ≥ 0

hc(xc,u0) ≤ 0, ∀c ≥ 0

(4.1)

where f0(x0,u0) is the objective function, gc (resp. hc) are the equality (resp.
inequality) constraints for the c-th contingency state (with c = 0 corresponds to
the base case), x and u represent the dependent variables and control variables,
respectively. The first (xc) are referred to each contingency condition, whereas
u0 must be the same ∀c ≥ 0, such that the grid is secure under both N and N-1
conditions and no corrective actions will be needed in the post-contingency states.

In the case of the SCOTLS problem, the decision variables u0 can be either
continuous (e.g., generation rescheduling) or integer (line switching). In particular,
in this formulation, the variable σl ∈ {0, 1} represents the line l connection state,
taking the value 1 when the line l is in-service (0 otherwise).

The explicit MILP formulation of the preventive SCOTLS problem is proposed
below, where in general, the objective function minimizes the generation power
production (Pg) and/or the number of transmission lines to be switched-off:

min f0(Pg, σl) = α1 ·
∑
g∈G

cgPg + α2 ·
∑
l∈L

wl(1− σl) (4.2)

where cg are theoretically generation costs (or merit-order weight coefficients), and
wl a small constant used to weight cost-free line switching actions. The binary
parameters α1 ∈ {0, 1} and α2 ∈ {0, 1} are introduced to activate (when equal to 1)
or deactivate (when equal to 0) the objectives in (4.2).
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The constraints include:

• DC Load Flow power balance equations :

θci = θ̂ref , i = slack substation (4.3)

∑
g∈Gi

Pg −
∑
d∈Di

Pd −
∑
b∈BF

i

P c
bij +

∑
b∈BT

i

P c
bji = 0, ∀i ∈ N , ∀c = 0, . . . , Nc (4.4)

where Pg and Pd are the generation and load active power injections in sub-
station i, respectively; θci the nodal voltage angles and P c

b the branch active
power flows in the contingency state c.

• Generation units’ technical limits :

P g · ag ≤ Pg ≤ P g · ag, ∀g ∈ G (if α1 = 1) (4.5)

where P g and P g are the minimum/maximum active power technical limits,
respectively, and ag ∈ {0, 1} the generator’s availability.

• Line switching constraints :

−Ml(2− σl − γc
l ) ≤ bl(θ

c
l,i − θcl,j)− P c

lij, ∀l ∈ L, ∀c = 0, . . . , Nc (4.6)

bl(θ
c
l,i − θcl,j)− P c

lij ≤Ml(2− σl − γc
l ), ∀l ∈ L, ∀c = 0, . . . , Nc (4.7)

−P̄lγ
c
l σl ≤ P c

lij ≤ P̄lγ
c
l σl, ∀l ∈ L, ∀c = 0, . . . , Nc (4.8)

with similar expressions for P c
lji. Denoting the line’s rating as P̄l, these are on/off

constraints formulated according to the Big-M (Ml) formulation detailed in
Chapter 3, where γc

l is binary parameter defined for each line l and contingency
case c, equal to 0 if l is open in the contingency state c > 0, 1 otherwise.

• 2-windings transformers constraints :

P c
tij = bij(θ

c
i − θcj −∆θt), ∀t ∈ T2, ∀c = 0, . . . , Nc (4.9)

−P̄t ≤ P c
tij ≤ P̄t, ∀t ∈ T2, ∀c = 0, . . . , Nc (4.10)

formulated according to DCLF assumptions, specifying the dependence on the
phase shift ∆θt introduced by the transformer’s vector group. (For instance,
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∆θt = −π/6 in the case of a group 11 transformer and ∆θt = 0 in the case of
group 0).

• 3-windings transformers constraints :
To integrate 3-winding transformers into the SCOTLS problem formulation, the
modeling technique based on representing each winding by an equivalent star
(Y) model 2-winding transformer was adopted. This configuration connects the
three physical windings (w)—High Voltage (i), Medium Voltage (j), and Low
Voltage (k)—to a common fictitious star point, characterized by a virtual phase
angle θ∗,ct . The total equivalent susceptance of the transformer bt is defined as
the sum of the individual winding susceptances (bt = bit + bjt + bkt ). Then, θ∗,ct

is calculated for each contingency case as the weighted average of the voltage
angles, accounting for the phase shifts ∆θwt introduced by the vector groups:

θ∗,ct =
1

bt

[
bit
(
θci +∆θit

)
+ bjt

(
θcj +∆θjt

)
+ bkt

(
θck +∆θkt

)]
, ∀t ∈ T3 (4.11)

For each winding w ∈ {i, j, k}, the active power flow P c
t,w entering the star

point under a specific contingency state c is determined as follows:

P c
t,w =


bit (θ

c
i − θ∗,ct +∆θit) , if w = i

bjt
(
θcj − θ∗,ct +∆θjt

)
, if w = j

bkt
(
θck − θ∗,ct +∆θkt

)
, if w = k

, ∀t ∈ T3, ∀c = 0, . . . , Nc (4.12)

Finally, the operational security is ensured by enforcing thermal capacity limits
on each winding w. The power flow must remain within the maximum rating
P̄t for all transformers t ∈ T3 across all considered scenarios c:

−P̄t ≤ P c
t,w ≤ P̄t, ∀t ∈ T3, ∀w ∈ {i, j, k}, ∀c = 0, . . . , Nc (4.13)

Other cardinality constraints may be added for practical reasons, such as an
upper bound limit N on the number of switching operations allowed:

∑
l∈L

(1− σl) ≤ N (4.14)
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4.2.2 Solution Algorithm

Since the optimization problem (4.2)-(4.14) is characterized by a pseudo-parallel
structure due to the presence of several N-1 security constraints defined ∀c > 0,
an iterative Column-and-Constraint Generation (C&CG) algorithm is proposed to
efficiently solve the SCOTLS problem under all the considered Nc line contingency
cases. Given the significant computational burden of a classic OTLS problem, in
addition to the extension and topological complexity of real transmission systems,
this kind of approach is essential as it avoids explicitly formulating all N-1 security
constraints in the optimization routine, while still allowing (in the case of convergence)
a valid and secure solution to be obtained for the Nc contingency states considered.

The overall MILP problem (4.2)-(4.14) can be decomposed into a smaller MILP
master problem (MP) and a set of Nc independent LP slave problems (SPs). The
sequence MP-SPs is solved iteratively until a convergence stop criterion is met. The
MP determines an optimal solution in a pre-contingency state (c = 0), whereas each
SP can be formulated as a feasibility problem that checks the N-1 security (∀c > 0).
Note that the SPs can be solved sequentially or parallelized across multiple CPUs, in
fact, for fixed decision variables set by the MP, each contingency state is independent.
For this reason, the parallel resolution of all SPs can be replaced by a static security
assessment stage (i.e., an N-1 contingency analysis calculation).

The proposed C&CG algorithm is based on a co-simulation procedure that
alternately involves solving a reduced MILP optimization routine and performing
an N-1 contingency analysis. It begins with the MP solution (for c = 0), which
does not include contingency security constraints in the first iteration and provides a
solution lower bound (LB). The MP output is a combination of control variables û0

to be submitted to the feasibility test carried out by the N-1 contingency analysis.
Downstream the latter, a rapid contingency ranking is performed by monitoring
the maximum branch loading violation in each contingency state. The maximum
violation observed corresponds to the worst contingency detected by the security
check performed on the solution provided by the MP. This quantity is added to the
value of the objective function calculated by the MP, obtaining a solution upper
bound (UB). At this step, LB and UB are compared, and if the stop criterion is still
not met, the worst contingency identified is considered as an additional contingency
state in the MP at the next iteration.

The overall solution procedure is stated in Algorithm 7, where ν is the iteration
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counter and Ω
(ν)
C the set of binding contingencies to be iteratively added to MP.

Based on the conjecture of [108], Ω(ν)
C will be updated in the iterative process only

with the most binding contingencies, leading to a solution that is very close to the
SCOTLS solution obtained by keeping them all.

Algorithm 7 N-1 Preventive SCOTLS C&CG Iterative Solution Algorithm

1: Set ν ← 0, ε← 10−2, Ω(ν)
C ← ∅

2: LB(ν) ← −∞, UB(ν) ← +∞
3: while ν ≤ νmax ∧ (UB(ν) − LB(ν))/UB(ν) ≥ ε do
4: û

(ν)
0 ← solve MP (ν)

5: LB(ν) = f0(û
(ν)
0 )

6: Fix u
(ν)
c = û

(ν)
0

7: Perform N-1 Contingency Analysis
8: N-1 branch loading violations calculation: Φ(ν)

c = max(0, L%
b,c − Lmax

b,c )

9: UB(ν) = f0(u0)
(ν) +max {Φ(ν)

c }
10: Compute (UB(ν) − LB(ν))/UB(ν)

11: Update Ω
(ν)
C ← Ω

(ν−1)
C ∪ argmaxc(Φ

(ν)
c )

12: ν = ν + 1
13: end while

Please, note that if the MP is infeasible when ν > 0, this implies that the last
contingency added does not pass the security check and cannot be handled, so it
must be removed from the set Ω

(ν)
C .

4.2.3 Software Implementation

Figure 4.2: SCOTLS Python/PowerFactory co-simulation framework.

All numerical simulations were performed in a Python environment on a computer
with 32 GB RAM, 12th Gen Intel® Core™ i9-12900F CPU @ 2.40 GHz, 16 physical
cores and 24 logical processors, using up to 24 threads. DIgSILENT PowerFactory
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is used to represent the grid and to perform DCLF and N-1 contingency analysis
calculations. The MILP optimization framework is built within Pyomo library using
Gurobi 12.0 for the problem solution.

Algorithm 7 is implemented within a Python/PowerFactory co-simulation proce-
dure (Fig. 4.2). This is integrated within an external Python script, interfaced with
DIgSILENT PowerFactory software via Application Programming Interface (API),
exploiting the programming skills detailed in [114].

Fig. 4.2 illustrates an automated co-simulation loop where Python environment
acts as the master orchestrator and DIgSILENT PowerFactory serves as the special-
ized sub-calculator for power system analysis. In the context of the proposed C&CG
algorithm, the implementation is structured as follows: the Optimization Framework
box represents the MP (that handles the integer decision variables, i.e., the status of
transmission lines to be switched-off). Within the SCOTLS.py external script, the
mathematical model is built using Pyomo library and solved using Gurobi optimizer.
Once a SCOTLS solution is found, it is passed back to the PowerFactory simulation
environment. This latter, interfaced through the API, acts as the SPs in the C&CG
iterative process. From the optimal grid topology found by the MP at a certain
iteration, switching commands are sent to PowerFactory, which executes the DCLF,
the N-1 contingency analysis and identifies violations. Once the worst contingency
case is detected, the corresponding security constraints are added back into the
Pyomo model. The MP is then re-solved with this expanded set of constraints. This
iterative process continues until the N-1 security check confirms that the optimal
solution provided is secure under all the Nc considered contingencies.

By using this co-simulation architecture, the algorithm avoids modeling thousands
of power flow equations and contingency constraints directly inside the optimizer
(which would be computationally prohibitive). Instead, it uses PowerFactory to
dynamically detect only the critical constraints that are actually needed to define a
secure solution, significantly improving the computational efficiency.
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4.2.4 Case Study & Test Results

The preventive SCOTLS problem has been solved for the Sicilian transmission grid
model on two different operating conditions:

• Case 1 - base case scenario with N-1 security constraints violations;

• Case 2 - congested scenario characterized by high export to the mainland.

In both cases, SCOTLS is solved either in cost-free mode (α1 = 0, α2 ≠ 0, fixed
generation and load demand), or by allowing redispatching actions by using the
available in-service units (α1 ̸= 0, α2 ̸= 0). Only transmission line contingencies that
do not cause islanding, blackout, or uncontrollable overloads will be considered within
the N-1 security constraints. This is because these contingencies are identified as non-
ordinary events according to the EU Regulation 2017/1485 and to the methodology
approved by ACER in the document Methodology for coordinating operational security
analysis (CSAM, art. 75) [115]. Therefore, among 529 modeled transmission lines,
following a topological analysis of the graph G(N ,B) connectivity, 388 contingency
cases were considered in the optimization routine. All transmission branch loadings
must be within 100% and 120% under N and N-1 conditions, respectively.

4.2.4.1 Case 1: Base Case Scenario

In a first study case, the grid operates in a secure state under N conditions: the
load demand is 1.78 GW and the local generation is 1.61 GW (mostly renewable),
then Sicily imports roughly 170 MW from the mainland grid. No congestion or
overloads were detected from the initial load flow analysis. Downstream the N-1
contingency analysis (performed considering 388 ordinary line contingencies) the
maximum branch loading violations of Table 4.2 can be observed for each contingency
case.

Since no overloads are detected, the solution of the simple OTLS problem (without
N-1 security constraints) in cost-free mode coincides with the power flow results of
the initial operating condition. Therefore, the optimization problem converges to
the initial operating point and no line switching action is identified as necessary.
Consequently, if an optimal topology is to be found in advance, a set of N-1 security
constraints must necessarily be taken into account.

With the cost-free mode, SCOTLS has been solved by allowing a maximum of 2
switching operations. Two 150 kV lines should be opened: ARKP_IMASP_I150
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Table 4.2: Ranking of the 10 worst line contingencies in terms of maximum branch loading
detected (Initial operating condition - Case 1)

Contingency case Max Loading % On branch

CSGPDIFVLP_I150 129.29 RO2PDIROFPZI150
MSBPTIBELPDI150 126.22 SVKPTIARKP_I150
GRDPDIGRKP_I150 125.24 SVKPTIARKP_I150
CSGPDIGRKP_I150 123.24 RO2PDIROFPZI150
SRGPTICSTPDI150 118.60 RO2PDIROFPZI150
CSTPDIFVLP_I150 112.55 RO2PDIROFPZI150
ISBPZIISBPZI380 104.28 RO2PDIROFPZI150
ISBPZIPRIPTI380 104.28 RO2PDIROFPZI150
GRDPDISVKPTI150 101.63 SVKPTIARKP_I150
PTRPTIMSBPTI150 97.83 RO2PDIROFPZI150

Table 4.3: Ranking of the 10 worst line contingencies in terms of maximum branch loading
detected (Optimal solution - Case 1 cost-free)

Contingency case Max Loading % On branch

CSGPDIFVLP_I150 113.00 RO2PDIROFPZI150
CSGPDIGRKP_I150 106.90 RO2PDIROFPZI150
SRGPTICSTPDI150 102.23 RO2PDIROFPZI150
MSBPTIBELPDI150 99.80 ACRP_IACKPDI1501
CSTPDIFVLP_I150 96.13 RO2PDIROFPZI150
EGNP_IPRIPTI380 93.62 PRSPTIEGNP_I150
GRDPDIGRKP_I150 90.36 ACRP_IACKPDI1501
SREP_ISRNPDI150 89.55 AUSP_IMEFPZI150
VFTPTIBGTP_I150 88.80 VFTPTIT1500201
CSZPTIBGTP_I150 88.80 VFTPTIT1500201

and COFPZIRO2PDI150. The imposed N-1 security constraints are all satisfied, as
can be observed from the contingency ranking performed on the optimal solution in
Table 4.3.

However, switching-off ARKP_IMASP_I150 and COFPZIRO2PDI150 implies
that the loads in Mascali and Contesse RT substations are radially connected. The
total load radially connected was 85.8 MW, increased to 89.4 MW after SCOTLS
solution. If an additional constraint were imposed whereby the amount of radially
connected load must be lower than the initial condition, the SCOTLS problem would
be infeasible. However, since this amount does not increase significantly, the optimal
solution obtained can be considered acceptable.

The solutions obtained in the iterative process of Algorithm 7 are summarized in
Table 4.4, where SCOTLS is successfully solved in 3 iterations. The transmission
lines listed in the last column represent the binding contingencies added to the set
Ω

(ν)
C .
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Table 4.4: C&CG Algorithm Iterative Process Monitoring (Case 1 cost-free)

# It. # Switched-off
lines

# N-1 worst
loading violations

Worst violation
[p.u.] On branch

0 0 4 0.0929 CSGPDIFVLP_I150
1 1 2 0.0867 MSBPTIBELPDI150
2 2 0 0 None

When generation redispatch is enabled, instead, the C&CG algorithm still con-
verges within 3 iterations (Table 4.5) and the same two lines should be switched-off
again.

Table 4.5: C&CG Algorithm Iterative Process Monitoring (Case 1 with redispatch)

# It. # Switched-off
lines

# N-1 worst
loading violations

Worst violation
[p.u.] On branch

0 1 5 0.3856 CSGPDIFVLP_I150
1 1 2 0.0725 MSBPTIBELPDI150
2 2 0 0 None

4.2.4.2 Case 2: High Export Scenario

This scenario was obtained using a preventive DC SCOPF routine based on Case
1 scenario. Considering the initial grid topology, energy resources were dispatched
fostering the integration of renewables and forcing Sicily to operate in export mode (a
constraint on Sicily-Calabria power exchange has been specifically imposed, limiting
it to between 1000 MW and 1100 MW).

The load demand is 1.68 GW and the local generation is 2.68 GW (mainly wind
and solar), then Sicily exports 1 GW to the Mainland grid. Six 2-winding transformers
and the following 150 kV transmission lines are congested: CEFPZISSFPZI150,
CRCPTICMFP_I150, and ZAFPZISSFPZI150 (Fig. 4.3).

Figure 4.3: Congested transmission lines in Case 2.
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Table 4.6: Ranking of the 10 worst line contingencies in terms of maximum branch loading
detected (Optimal solution - Case 2)

Contingency case Max Loading % On branch

CFLPDIFIUPDI150 120.00 CEFPZISSFPZI150
ANPPPIMLLPTI2202 120.00 ANPPPIMLLPTI2201
ANPPPIMLLPTI2201 120.00 ANPPPIMLLPTI2202
CFLPDISSCPDI150 109.71 CEFPZISSFPZI150
CTLP_IPN2P_I220 109.09 ANPPPIT2200151
CTTPTIMNPP_I150 109.09 ANPPPIT2200151
MNBP_IMRBP_I150 109.09 ANPPPIT2200151
ISBPZIPRIPTI380 109.09 ANPPPIT2200151
ISBPZIISBPZI380 109.09 ANPPPIT2200151
FRFPTIARFP_I150 109.09 ANPPPIT2200151

In this case, the SCOTLS problem in cost-free mode is infeasible, making it
necessary to simultaneously enable the redispatch of the available in-service units.
Thanks to the redispatch, the power exchanged in export is reduced to 185 MW. In
fact, the total downward redispatch is 815.6 MW, with roughly 572 MW absorbed
by the pumped-hydro power plants in the Anapo substation. The total upward
redispatch is only 0.6 MW and no conventional power plant needs to be started-up
or shut-down. Wind and solar power generation is fully exploited.

Lines ZAFPZISSFPZI150 and CAMP_ICASPDI150 should be switched-off and
the amount of radially connected load does not vary from the initial condition. The
line contingency ranking related to the optimal solution in this case is reported in
Table 4.6. These switching operations are necessary to ensure the required level of
N-1 security, in fact through N-1 contingency analysis, by closing these two lines
with the same amount of redispatched power, overloads greater than 120% occurred
in 4 contingency cases.

4.2.5 Computational performances

From a computational point of view, solving the preventive SCOTLS problem is
particularly costly.

With regard to Case 1, considerations can be made by observing Fig. 4.4 and
Fig. 4.5.

Although converging with the same number of iterations, the total time required
to solve the SCOTLS problem varies depending on whether redispatch is enabled
as a control action. When disabled (Fig. 4.4), the solution is obtained in just over
200 seconds, even though the severity of the violations in the first two iterations is
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Figure 4.4: Case 1 (cost-free) CPU times.

Figure 4.5: Case 1 (redispatch) CPU times.

greater than when redispatch is enabled. Conversely, when redispatch is enabled
(Fig. 4.5), the total CPU time increases to more than 20 minutes due to the wider
solution search space, but the violations of the security constraints are significantly
smaller from the first iteration onwards. From the comparison of Fig. 4.4a and 4.5a,
it can be seen that the value of the objective function must increase in the iterations
as contingency states are added. From figures 4.4c and 4.5c, it is clear that the
overall CPU time is strongly influenced by the MP solving time. In fact, since the
N-1 security check function performed by the SPs is entrusted to the contingency
analysis tool, the time required for its execution remains almost constant (within
5 seconds on a personal computer without parallelizing the calculation between
multiple processors). On the contrary, as the number of contingency states in the
MP increases, its resolution time grows superlinearly.

The CPU times related to the Case 2 are reported in Fig. 4.6. In this case,
solving the SCOTLS problem took just over 1 minute, allowing for the possibility of
switching-off a maximum of N = 2 transmission lines. By increasing the number of
switching operations allowed (N = 3), the optimization problem “explodes”, requiring
almost 2 hours to obtain a valid solution (Fig. 4.7c). This last test was carried out



4. Optimal Transmission Network Reconfiguration Algorithms for the Secure
Operation of the National Electric Transmission System 108

for demonstration purposes only.

Figure 4.6: Case 2 CPU times (redispatch with N = 2).

Figure 4.7: Case 2 CPU times (redispatch with N = 3).

4.3 AC Optimal Transmission Network Reconfigura-

tion as a corrective post-contingency congestion

management tool

In this paragraph, an AC Optimal Transmission Network Reconfiguration (OTNR)
problem is proposed as a decision support tool for system operators, enabling power
flow redistribution by means of topological changes (including line switching and
substation splitting). The optimization problem aims to minimize potential branch
loading violations in the event of line contingencies. The solution is tackled using a
customized Genetic Algorithm (GA), capable of handling the non-linearity of power
flow equations and the topological complexity of real transmission networks. The
methodology is tested on a detailed model of the Sicilian section of the Italian trans-
mission grid, incorporating a realistic representation of substations. The algorithm
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is developed within a Python-DIgSILENT PowerFactory co-simulation framework,
improving the scripting automation of the simulation architecture used in this thesis.

4.3.1 Mathematical Formulation

Let us consider the single-phase equivalent circuit of a balanced three-phase trans-
mission system, characterized by the following sets of electrical components: N
is the set of busbars, B the set of transmission branches (lines and transformers),
G and D the sets of generators and loads, respectively. Assuming that generation
and load are known in a given operating condition, the deterministic corrective AC
OTNR problem aims to comply with network constraints during operation exclu-
sively through topological variations (i.e., by performing cost-free switching actions).
This leads to a non-convex MINLP optimization problem whose control variables
u belong to the domain N of natural integers. In particular, in the case where the
controllable assets are switching devices (circuit breakers, busbar couplers k ∈ K
and disconnectors h ∈ H), the decision variables are binary (or Boolean), since their
value {0, 1} indicates the open/closed connection status of these components. For the
sake of completeness and formality, the dependent variables and known parameters
of the optimization problem will be denoted by x and p, respectively.

In this work, the applicability of the problem is tested for post-contingency
congestion management purposes. It follows that the underlying formulation is valid
when determining cost-free corrective actions in case of security constraints violation
due to a contingency event.

Therefore, the objective function adopted is a quadratic penalty function that
allows the limits of the branches to be treated as soft constraints:

min
u

f(Lb) =
∑
b∈B

(
Lb − L̄

100

)2

, where: L̄ =

100 if Lb > 100%

Lb if Lb ≤ 100%
(4.15)

subject to:
Pi(x,u,p) = 0, ∀i ∈ N (4.16)

Qi(x,u,p) = 0, ∀i ∈ N (4.17)

vi ≤ vi ≤ vi, ∀i ∈ N (4.18)

Q
g
· ag ≤ Qg ≤ Qg · ag, ∀g ∈ Gpv (4.19)
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It can be observed that (4.15) converges to zero when the branch loading Lb (%)
on all monitored network branches is below a maximum tolerable threshold L (equal
to 100% under N security conditions, 120% under N-1). Note that all solutions
corresponding to non-zero values of (4.15) can theoretically be considered acceptable,
provided that the set of the optimal control variables satisfies all the remaining
constraints (4.16)-(4.19) and ensures that the grid is connected. Infinitesimal values
of (4.15) can therefore identify equally valid solutions.

The constraints (4.16) and (4.17) represent the ACLF nodal balance equations
for active and reactive power at node i, where Pi and Qi are the net power injections
at each bus i, which in turn depend on the network admittance matrix, generation,
load, and, of course, the connection status of the network elements. The network
constraints consist of compliance with the operating limits on the bus voltage
magnitude (4.18) and the reactive power limits of the pv-controlled synchronous
generators according to their availability ag (4.19), since downstream of switching
operations, and with constant active power and voltage setpoints, the generating
units can adjust the production (or absorption) of reactive power to balance the grid.

Finally, since the transmission network is operated with a meshed topology, only
connected solutions will be considered valid.

4.3.2 Solution Algorithm

The approach adopted for the GA solution algorithm is based on the author’s study
carried out in [1] (Chapter 2). In this OTNR problem, the control variables can be
organized in a vector u as in Fig. 4.8 (chromosome), where:

• σl ∈ {0, 1} is the transmission lines l connection state;

• σk ∈ {0, 1} is the busbar coupler k connection state;

• σb
h ∈ {0, 1} is the disconnector h connection state at one end of the branch b

(line l or transformer t);

• σg
h ∈ {0, 1} is the disconnector h connection state of the generator g;

• σd
h ∈ {0, 1} is the disconnector h connection state of the load d;

• σs
h ∈ {0, 1} is the disconnector h connection state of the shunt device s.
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Figure 4.8: Representation of a generic individual (chromosome) of the population.

Figure 4.9: Generalized model of the network elements connection in substations.

With reference to Fig. 4.9, which shows how network elements can be connected
in substations in the case of configurations that are more complex than the double-
busbar system, it is clear that it would not make sense to keep more than one
disconnector closed per element. Therefore, given the high number of binary control
variables, it would be inconvenient to consider a chromosome vector that is too large,
also because ineffective or redundant combinations could easily be generated during
the GA’s iterations.

Figure 4.10: Correspondence between ub and the connection mode of a transmission branch

For this reason, at the root of the proposed AC OTNR problem lies a reformulation
of the chromosome u. An intuitive graphical representation of the reformulation
of chromosome u is shown in Fig. 4.10. Considering the more complex case of a
transmission branch b, a genetic variable ub ∈ N can be defined for each controllable
element. The value of this variable varies in the integer numbers domain from 0 to a
maximum value ub, depending on the number of possible combinations according
to which the element can connect to the substations. The value 0 corresponds to
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the out-of-service of the element in question; therefore, it is only permitted for
switchable elements (for security reasons, generally shunts and lines). In the case
of a branch b, connected between a substation with N busbars and another with
M busbars, all possible useful switching combinations can be easily generated by
concatenating identity matrices as shown. Therefore, each integer value of the
variable ub corresponds to a column vector of 0s and 1s representing the relationship
between the states of the disconnectors and the circuit breakers associated with
each end of the branch. Finally, it is easy to verify that for 1-terminal elements
(generators, loads, and shunts), it is sufficient to define a single identity matrix with
dimensions equal to the number of disconnectors with which the element in question
is equipped.

The AC OTNR routine begins with an initial population sampling of Npop

individuals, where each individual is a vector containing the genetic control variables
and represents a possible solution of the problem. Then, an ACLF calculation is
performed for each individual so that the objective function (4.15) can be computed
and compliance with constraints verified. In subsequent stages, the population is
updated according to the genetic operators’ of selection, crossover, and mutation
generating new offsprings of individuals in which the best replaces the worst until a
stop criterion is met. Please refer to Chapter 2 for a detailed discussion of genetic
operators. A Binary Tournament Selection criterion is adopted, followed by a two-
point crossover and a bitflip mutation. The overall GA procedure is represented is
the diagram of Fig. 4.11.

In order to ensure the uniqueness of the individuals, each generated individual
is checked against the others to ensure that it has not been created before. If a
duplicate is detected, a sampling algorithm keeps generating new individuals until it
finds a unique one. This guarantees that every individual in the initial population is
distinct, improving genetic diversity and reducing redundancy in the search process.

4.3.3 Case Study & Test Results

The AC OTNR problem is built within Pymoo [86], an open-source Python library
that offers state-of-the-art global optimization algorithms. This is used in the
Python/DIgSILENT PowerFactory co-simulation framework, where the latter is used
for ACLF calculations in the GA iterations.

For practical reasons, in the solution search space, the connection status of lines
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Figure 4.11: AC OTNR Genetic Algorithm.

and busbar switches that are owned by the TSO and installed on the 150 kV and
220 kV portions of the grid are considered as control variables. The HV 380 kV and
MV lines are not controlled, as well as those whose disconnectors at the ends are
open, those discharged still in-service and those identified as critical contingencies.
Among the various grid assets, compliance with network constraints is verified only
for those owned by the TSO, excluding grid components installed on the MV sections
(handled by the local distribution system operators).

4.3.3.1 Optimizing the grid conditions in the pre-contingency state

In the analyzed operating conditions, the load demand is 1.78 GW and the local gen-
eration is 1.96 GW. Two 150 kV lines (ZAFPZISSFPZI150 and CEFPZISSFPZI150)
are overloaded due to high power generation (540 MW) at Termini substation.

An N-1 contingency analysis was performed to derive critical line contingencies
(Table 4.7):

Unlike tests with the preventive DC SCOTLS, the starting operating condition
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Table 4.7: Ranking of the 5 worst line contingencies in terms of maximum branch loading
detected

Overloaded line Loading %
(pre-contingency)

Loading %
(post-contingency) Contingency case

ZAFPZISSFPZI150 118.44 149.72 CORPTICRCPTI220
CEFPZISSFPZI150 101.38 134.62 CFLPDIFIUPDI150

CRCPTICMFP_I150 99.61 135.20 CFLPDIFIUPDI150
CEFPZITNKP_I150 98.01 132.92 CFLPDIFIUPDI150
TNKP_ICMFP_I150 98.01 132.92 CFLPDIFIUPDI150

for the AC OTNR is characterized by a realistic topological configuration in which
there are outages due to maintenance. The control variables considered are 357/391,
where 278/529 refer to transmission lines and 79/402 refer to busbar couplers.

As shown in Fig. 4.12, GA converged in 25 generations taking about 134
seconds. The objective function is successfully minimized to 0 from a value of 0.0342
corresponding to the initial operating condition. This implies that all overloads have
been resolved.

Figure 4.12: AC OTNR convergence.

From a topological point of view, 6 line switching operations and 3 busbar coupler
reclosures are suggested in the Augusta, Sorgente, and Cattolica Eraclea substations.
However, among the identified maneuvers, some may be unnecessary or have no
effect on the network. The strictly necessary actions were selected through successive
ACLF analyses.

Another ACLF analysis was conducted on the final operating condition in order
to check the correctness of the solution found: Sicily is still exporting power to the
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Mainland grid, there are no voltage violations on the HV busbars, and the overloads
are solved. In the optimal condition, ZAFPZISSFPZI150 and CEFPZISSFPZI150
are loaded at 7.04% and 84.54%, respectively.

4.3.3.2 Optimizing the grid conditions in a post-contingency state

Extensive tests (not shown for the sake of brevity) were carried out optimizing
the grid in post-contingency states, attempting to eliminate violations of network
constraints (voltage and current) following a single contingency event. Local optimal
solutions can be found with computational times that vary depending on the severity
of the contingency event, ranging from 2 minutes to over an hour, depending on how
far the initial operating condition is from an optimal local condition.

4.4 Remarks & Future directions

In this chapter two different methodologies have been applied to solve DC SCOTLS
and AC OTNR on a realistic-sized transmission system, respectively. A first approach
consisted of formulating a deterministic N-1 preventive SCOTLS problem under
DCLF assumptions. This modeling technique revealed sufficient for congestion
management purposes, allowing to find N-1 secure topologies without the need for
post-contingency corrective actions. The proposed analytic approach is theoretically
applicable within SCADA/EMS systems, provided that adequate computational
resources are available (e.g., fast contingency analysis tools, parallel computing
architectures).

Current developments concern the integration of substation splitting actions,
which require a generalization of the topological constraints representing the con-
nection relationships between busbar couplers and substation element disconnectors.
Compared to the preventive SCOTNR model presented in Chapter 3 (valid for double-
bus substations), it is therefore necessary to generalize the topological constraints in
order to represent more complex configurations.

Regarding the approach for the AC OTNR, the proposed methodology is effectively
able to mitigate overload phenomena by resorting to cost-free control actions. The
approach proves useful in deciding corrective control actions in pre-contingency state
or in the event of a single line contingency. In case of constraint violations under N
conditions, the optimal topology derived may not necessarily meet the N-1 security
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criteria. In fact, it would be appropriate to adapt the reconfiguration algorithm so
that preventive control actions can be performed for N-1 security purposes. In this
regard, an N-1 contingency analysis calculation should be performed downstream
the ACLF for each individual, making the problem even more computationally
challenging. However, since each portion of the network is managed by a dedicated
control and operation center defined by geographic area, the computational burden
used to solve the OTNR problem over an area is theoretically compatible with
SCADA/EMS time requirements. Specific precautions are necessary in the practical
implementation of real-world applications. The CPU time to solve the OTNR
problem can be for sure reduced by parallelizing the evaluation phase in the GA
and adopting more sophisticated techniques to reduce the solution search space.
Nevertheless, this may prove insufficient in online corrective applications if more
effective criteria for exploring the solution space are not considered.



Chapter 5

Optimal Network Reconfiguration

Algorithms for Optimizing the

Reliability and Quality of Supply in

Primary Distribution Networks

Building upon the methodologies and optimization strategies developed in the
previous chapters for transmission systems, this chapter extends the concept of
Optimal Network Reconfiguration (ONR) to the distribution network level, addressing
a complementary yet equally crucial aspect of modern power system operation.

While transmission-level reconfiguration primarily aims at congestion manage-
ment, voltage profile improvement, and N-1 security enhancement, the distribution-
level ONR faces different and increasingly complex challenges as well. This chapter,
therefore, represents a conceptual and methodological shift from the optimization
of large-scale transmission systems—where controllability and redundancy domi-
nate—to the optimization of distribution networks, where limited observability, radial
topology, and specific automation requirements drive the design of the reconfigura-
tion algorithms. Moreover, the growing penetration of distributed energy resources
(DERs), their variability and the need for automated fault management, require
adaptive topological reconfiguration strategies capable of ensuring both operational
efficiency and quality of supply.

Following these considerations, the motivation for this chapter stems from the
ongoing transformation of traditional distribution grids into active and intelligent

117
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networks. By extending reconfiguration optimization from the transmission to the
distribution domain, the proposed research aims to develop methodologies that can
be effectively integrated within Supervisory Control and Data Acquisition (SCADA)
and Distribution Management Systems (DMS) environments, thus bridging the gap
between academic optimization models and operational decision-making tools used
by Distribution System Operators (DSOs).

The adoption of ONR tools is crucial in enhancing the operational efficiency,
security, and reliability of smart distribution grids. ONR allows network operators to
maintain grid integrity and ensure high quality of supply to end-users by optimally
managing the network’s topological configuration. To make ONR fully applicable
within a real-time SCADA/DMS framework, it is essential to integrate practical
Fault Detection, Isolation, and Recovery (FDIR) strategies commonly employed in
real distribution networks.

In this context, the research conducted in this chapter addresses the ONR problem
through deterministic optimization models based on both Mixed-Integer Linear
Programming (MILP) [4, 5, 15] and Mixed-Integer Second Order Cone Programming
(MISOCP) [3, 6, 7]. These formulations simultaneously consider connectivity and
radiality constraints, as well as additional constraints related to selectivity and
coordination of protection devices.

The proposed approaches have been tested on various case studies, ranging from
the standard IEEE 33-Bus test system to realistically sized primary distribution
networks with over a thousand nodes and distributed generation. The results
demonstrate that ONR can lead to significant reductions in active power losses and
improvements in quality-of-supply indices.

To complement the methodological contributions, an open-source software tool
was developed in Python, interfacing with platforms such as OpenDSS, which allows
solving realistic ONR problems while capturing the automation logics implemented
by DSOs for FDIR. This open-source framework provides a replicable and extensible
environment for testing and further development of ONR solutions, facilitating their
practical adoption in real-world distribution systems.
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5.1 Literature Review & Motivation

Optimal Network Reconfiguration (ONR) is a SCADA/DMS function that permits to
find the switching operations necessary to optimize distribution network conditions.
In general, ONR permits to minimize losses, balance load and generation, control
voltages [116]. Even though its role in smart distribution grid operation was already
recognized in the early sketches of advanced DMS [116], its adoption in real-time oper-
ation can be limited due to the necessity of ensuring reliable distribution automation
(DA) schemes for fault protection.

Nowadays, fault detection, isolation, and recovery (FDIR) is accomplished through
DA, employing smart protections, Intelligent Electronic Devices (IEDs), fault passage
indicators and detectors [117]. Although each Distribution System Operator (DSO)
adopts different approaches, according to power quality targets or DA deployment
plans, most FDIR schemes are based on selectivity logics and on the knowledge of
upstream/downstream relationships between the DA components.

Since, changes in the distribution network topology can affect the functionality of
such protection schemes, this chapter proposes a methodology to include FDIR logics
within the formulation of ONR. The formulation permits also to adopt ONR for
the fulfillment of reliability targets, such as average frequency or duration of faults.
Starting from the first Mixed-Integer Linear Programming (MILP) formulation [4],
an organic and detailed model that permits to achieve an analytical solution of the
combinatorial ONR problem, including an explicit formulation of AC Load Flow
(ACLF) equations, is proposed. Specific advancements with respect to the state-of-art
are detailed in the followings.

Generally, the ONR is a Mixed-Integer Non Linear Programming (MINLP)
optimization problem, widely addressed in the literature, and solved using multiple
approaches such as analytical [4, 118–130] and metaheuristic [122, 131–134], focusing
primarily on the challenges related to the non-linearity and combinatorial nature of
this problem.

A literature taxonomy of deterministic distribution ONR models cited in this
work is given in Table 5.1. The use of deterministic models simplifies the verification
and validation of results, considering that a global optimal solution is theoretically
guaranteed when the problem is well-posed. Furthermore, decisions are based on
explicit rules, allowing the choices made by the model to be easily justified to grid
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operators or energy regulators.

Table 5.1: Literature Taxonomy of Deterministic Distribution ONR Models Cited In This
Work

Formulation Solution Method Objective Function Constraints DN Model
# MILP MIQCP/MISOCP MINLP AA G/MA SOF MOF ACLF RAD CONN REL PD&DA BTS RTS |Ωn| ≥ 500

[118, 119] ✓ ✓ ✓ ✓ ✓ ✓ ✓

[120] ✓ ✓ ✓ ✓ ✓ ✓ ✓

[131] ✓ ✓ ✓ ✓ ✓ ✓ ✓

[121] ✓ ✓ ✓ ✓ ✓ ✓ ✓

[132, 133] ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

[134] ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

[122] ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

[123] ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

[124, 125] ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

[126] ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

[127] ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

[128] ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

[129] ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

[4, 130] ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Present ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

*AA: Analytic Approach, G/MA: Genetic/Metaheuristic Algorithms, SOF: Single Objective
Function, MOF: Multiobjective Function, RAD: Radiality, CONN: Connectivity, REL: Reliability,
PD&DA: Protection Devices & Distribution Automation, BTS: Benchmark Test Systems, RTS:

Real Test Systems.

Some formulations allow to find more reliable topologies preventing or limiting the
risk of disruption for end-users [4, 125, 129]. Anyway, such models require knowledge
of additional parameters (customers to be supplied, failure rates, unavailabilities,
etc.), equally providing methods and standards for exploiting them in deterministic
ONR problems.

Several approaches exist, on the other hand, to integrate the non-linear ACLF
equations as constraints by obtaining feasible topologies that meet security require-
ments during operation. Genetic algorithms (GAs) and metaheuristics are capable
of handling MINLP models, often leveraging rapid LF or non-linear optimization
routines on a set of fixed topologies generated according to appropriate criteria,
iteratively penalizing any non-convergent or infeasible solutions [133, 134]. To effi-
ciently solve a non-convex MINLP problem, some analytical formulations linearize
network equations through MILP techniques [118, 119, 123, 126], while others use
tighter relaxation methods based on Mixed-Integer Quadratic Convex Programming
(MIQCP) [120, 127, 128] or Mixed-Integer Second Order Cone Programming (MIS-
OCP) [124, 125]. The latter, prove to be lighter and mostly exact when applied on
radial networks [135], leading to general and sound formulations even in the presence
of integer variables and on-off constraints [? ]. Other works derive effective MISOCP
formulations from the DistFlow equations [136] or by exploiting the industrial voltage
drop formula [129]. Thanks to their relaxation capabilities, MISOCP formulations
allow also to represent hybrid systems which integrate Soft Open Points (SOPs).
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For instance, the studies in [137, 138] successfully adopted MISOCP approaches
in the solution of planning studies related to SOP allocation and optimization in
multi-energy systems. In this context, the control of SOPs can be regarded as an
alternative approach to reconfiguration, where energy flows are no longer constrained
by discrete switching decision variables.

On the basis of the literature research and the taxonomy in Table 5.1, it can be
observed that only few works deal with integrating the logic of protection devices
within optimization while considering network constraints [122, 129]. As previously
remarked, this is a relevant aspect to consider while assessing the actual feasibility
of the reconfiguration, as it may affect FDIR logics. In addition, among the works
that test ONR scalability on grid models with more than 500 buses [127, 128] or own
realistic-sized DN models [132, 133], protection devices selectivity logics are never
considered. This clearly represents an hindrance to the actual application of ONR,
especially in the framework of real-time SCADA/DMS and power system operation.

Based on these rationales, this work proposes a full deterministic AC ONR for-
mulation, based on MISOCP relaxation, which allows to develop an ONR problem
which includes constraints on connectivity and radiality, and reliability functions
based on FDIR logics. Scalability tests on realistic-sized distribution networks, com-
parisons with other solution methods, and validation using Monte Carlo simulation
demonstrate the soundness of the methodology and its applicability in SCADA/DMS
environments.

5.2 Fault Detection Isolation & Recovery Practices

This paragraph describes the most common FDIR techniques actually adopted by the
Italian DSOs. The schemes are mostly based on the use of fault-passage indicators
(in the Italian practice known with the acronyms RGDAT and RGDM [139]) which
detect passage of fault currents and absence of voltage. The schemes are listed with
growing degree of automation:

1. Fault Detection Function (FRG): widely used DA technique to identify both
single-phase to ground (SPG) and multi-phase faults [140], based on the
detection of fault currents and absence of voltage. FDIR is based on the
operation of circuit breakers (CBs) in primary substation and the automatic
switching of disconnectors in secondary substations.
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2. Compensated Neutral Function (FNC): technique used only in distribution
systems with compensated neutral [141]. The technique is also based on the
detection of fault currents. In the case of SPG faults, switch disconnectors
(SDs) are coordinated to achieve chronometric selectivity.

3. Smart Fault Selection (SFS): more advanced FDIR technique based on log-
ical selectivity achieved by coordinating CBs distributed along the feeders
[142]. Horizontal communication between CBs is obtained through the use of
IEC61850.

5.2.1 Fault Detection Function (FRG)

The FRG technique is the simplest logic used for FDIR. It can be implemented on
both cable and overhead lines, it is suitable for networks with either isolated or
compensated neutral, and can be applied even without a communication system.
Clearly, intervention times may vary from case to case according to the DSO operation
rules and standards. This technique assumes that automatic CBs are installed only
in the primary substations. Fault isolation is performed by SDs, or even simple
disconnectors, which open during the auto-reclosing sequence of CBs, when no-voltage
(and no-current) conditions are detected.

Figure 5.1: FRG technique: a) Fault occurence and CB trip, b) SDs automatic opening, c)
First CB reclosure, d) First SD reclosure, e) Second SD reclosure with first SD in

inhibition state, f) Third SD reclosure with first and second SDs in inhibition state, g) CB
re-opening and third SD re-opening, h) Final configuration and fault isolation [3].

The CB in the primary substation trips when a fault current is detected (Fig.
5.1a). In the case of a permanent fault, after the second trip, the DA equipment in
secondary substations commands the opening of all the SDs through which the fault
current has flowed (Fig. 5.1b). These switching operations allows the CB to reclose,
since the fault has been isolated (Fig. 5.1c). All SDs which have been previously
switched off, having detected the restoration of voltage on the upstream side will try
to reclose. This operation is done automatically, following a chronological order from
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upstream to downstream (Figs. 5.1d, 5.1e, 5.1f). Whenever a SD recloses without
leading to a fault, it enters an inhibition state for any following interruption (e.g., for
secondary substations #1 and #2 in Fig. 5.1f). Differently, the SD whose reclosing
causes a re-energization of the fault, will remain open (Fig. 5.1g). At the end of
the auto-reclosing sequence (Fig. 5.1h), only the SD #3 will be left open, whereas
power will be restored on all upstream branches. The entire DA function is usually
designed to operate within the 3 minutes time limit of short interruptions, according
to the EN50160.

5.2.2 Compensated Neutral Function (FNC)

The FNC technique can be applied to DNs operated with compensated neutral, and
is based on chronometric selectivity during SPG faults. Since SPG currents are
characterized by low intensity, due to the presence of a ground fault neutralizer (e.g.,
Petersen coil), SDs can therefore be deployed and properly coordinated to achieve
selectivity. The intervention logic is schematically shown in Fig. 5.2.

Figure 5.2: FNC technique: a) Fault detection with chronometric selectivity, b) Final
configuration and fault isolation [3].

In the case of SPG fault, the SDs which see the passage of a fault current will
open automatically with a predefined delay. This delay grows moving upstream, so
that the SD closest to the fault will open first (Fig. 5.2b). The CB in the primary
substation, unless the fault occurred in the first section, remains closed for the
entire duration of the FDIR procedure, minimizing the number of clients which will
experience an interruption. In the case of non-SPG faults, SDs cannot interrupt the
short circuit current and the DA system reverts back to FRG.

5.2.3 Smart Fault Selection (SFS)

This DA technique requires the adoption of CBs along the distribution feeders. Logical
selectivity is achieved by exploiting horizontal communication functions between the
IEDs assigned to the protection functions. This technique has been introduced to
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achieve very short fault detection and minimize the number of interrupted customers.
The protection logic exploits the structure of the IEC61850 protocol which allows,
thanks to its bi-directional client-server organization, to send interrupt messages (e.g.
GOOSE message) at horizontal level, thus achieving logical selectivity.

Figure 5.3: SFS technique: a) Fault detection through IEDs, b) Final configuration and
fault isolation. [3].

As shown in Fig. 5.3, each CB detecting the passage of a short-circuit current
sends a blind message to the upstream CBs. The CB closest to the fault, will not
receive any blinding message and will trip first, preventing upstream or lateral paths
to be interrupted.

This technique is the most advanced of the three, however is the one that requires
more investments in DA. First of all CBs must be employed along the feeder (SDs
cannot interrupt high currents). In addition, in order to implement the SFS, the
following conditions must be met by the communication system:

• communication between primary and secondary substations must be established;

• GOOSE messages must be transported efficiently over extended distances;

• low latency between devices must be ensured (< 100 ms);

• secure delivery of information, and in particular GOOSE messages, must be
also ensured;

• a large number of devices must handled, approximately around one hundred
per each primary substation.

In addition, the presence of IEDs is required in secondary cabins (in the Italian
practice this role is covered by the so-called RGDM devices). SFS technique can also
perform automatic restoration of downstream substations. However in several cases,
for safety reasons, restoration is performed manually by the control center operators.
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5.3 Nomenclature

The nomenclature in Table 5.2 refers to the formulation of the ONR problems
described in this chapter.

Table 5.2: Nomenclature of the Distribution ONR Model.
Indices

i, j Indices for generic bus
ij, ji Indices for generic branch
z, a, b, k,m Indices for generic zone
h Index for feeder ancestor zone
s Index for generic switch

Sets
Ωb, Ωn, Ωz Branches, Buses, Zones
Ωsw ⊂ Ωb Switches
Ωh ⊂ Ωz Feeders
Ωss ⊂ Ωz Substations

Parameters
bij , gij Branch ij susceptance / conductance
bsi , gsi Branch ij half charging shunt susceptance / conductance at bus i

φG
k,m, φD

k,m Artificial generation (G) or demand (D) at zone k with respect to zone m

pGi , pDi Active power generation (G) and load demand (D) at bus i

qGi , qDi Reactive power generation (G) and load demand (D) at bus i

Sij Max. apparent power flow of branch ij

vi, vi Voltage magnitude technical limits at bus i

N Number of customers
λ Failure rate [faults/year]
ρ Average downtime per failure [h]
ρ̄ Time to complete automatic re-closing [h]

Continuous real variables
vi, θi Voltage magnitude and angle at bus i

pij , pji Active power flow on branch ij or ji

qij , qji Reactive power flow on branch ij or ji

cii, cij , sij , c
j
ii Auxiliary variables of MISOCP relaxation

φs,m Artificial flow through switch s with respect to zone m

fz Frequency of failures in zone z

Uz Total hours of downtime in zone z

EENS Expected Energy Not Served [kWh/year]
SAIDI System Average Interruption Duration Index [h/year]
SAIFI System Average Interruption Frequency Index [faults/year]

Binary integer variables
xs Switch status: equal to 1 if switch s (from bus i / zone a to bus j / zone b)

is closed, 0 otherwise.
αk,m Upstream condition: 1 if zone k is upstream to zone m, 0 otherwise.
βk,m Kinship condition: 1 if zones k and m belong to the same feeder, 0 otherwise.
γh,k,m Common ancestor condition: 1 if both zones k and m are descendants of the

same feeder ancestor zone h, 0 otherwise.
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5.4 ONR MILP Formulation

In this paragraph, a deterministic ONR problem, aimed to improve quality of
supply indices, taking into account the automatic FDIR techniques, is formulated for
balanced primary distribution grids and solved using MILP solvers. The developed
formulation allows connectivity, radiality, and FDIR fault selectivity logics to be
rigorously enforced, making the ONR problem tractable for commercial solvers and
implementable in industrial applications.

5.4.1 Distribution Network Zone Partitioning

Given the very large number of possible integer variables, the computational complex-
ity of the problem can be drastically reduced considering that distribution networks
are weakly meshed systems, and that most branch elements cannot be switched
automatically. During faults, only few switches are called to ensure the functions of
fault detection and isolation.

Then, a practical way to reduce the number of binary variables is to adopt a
simple pre-optimization zone partitioning algorithm as in [143]. Further details on
this will be provided in Paragraph 5.5. In a generic distribution grid, it is possible
to define a zone z as a set of interconnected buses and branches which are only
bounded by switches. There are no automatic switches inside a zone, and therefore,
through the zone partitioning, an equivalent zone-switch graph of the network can
be obtained. In this graph, each zone represents a vertex, whereas switches are the
edges which interconnect the zones. Typically, there are no meshes inside a zone and,
consequently, if the zone-switch graph is radial, then the whole distribution network
is also radial. This partitioning permits, not only to reduce the number of integer
variables, but also the number of connectivity constraints and kinship conditions
between different portions of the grid.

As previously remarked, zones do not contain switches; any fault within a zone
can be cleared and isolated only by a switch, outside of the zone, in the upstream
path to the source. In fact, for a generic zone z, it is possible to evaluate failure
rate λz and an average downtime per failure ρz. Under the assumption of high
repairability (mean time to repair significantly lower than mean time to fail), λz

is obtained by summing up the failure rates λ of each component within z (e.g.,
busbars, terminals, branch elements etc.). This is possible because all fault events
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within the zone are series events. Instead, the average downtime time ρz is obtained
dividing the sum of all series outage hours (i.e., the products λ · ρ) by λz.

5.4.2 Objective function

The ONR MILP optimization problem considers the switches’ connection state
xs ∈ {0, 1} as the only control variable. Therefore, to optimize the system’s quality
of supply, the objective function (OF) to be minimized consists of the weighted sum
of three typical power quality indices, Expected Energy Not Served (EENS), System
Average Interruption Duration Index (SAIDI), and System Average Interruption
Frequency Index (SAIFI):

min(w1 · EENS + w2 · SAIDI + w3 · SAIFI) (5.1)

where w1, w2, w3 are weight coefficients.
The indices in (5.1) are evaluated at the zonal level, aggregating the results of

each zone as follows [144]:

EENS =
∑
z∈Ωz

pDz · Uz [kWh/year] (5.2)

SAIDI =
∑

z∈Ωz
Uz ·Nz∑

z∈Ωz
Nz

[h/year] (5.3)

SAIFI =
∑

z∈Ωz
fz ·Nz∑

z∈Ωz
Nz

[faults/year] (5.4)

The minimization of (5.1) is subject to equality and inequality constraints to
ensure that the network remains radial and connected after ONR. In addition,
different reliability functions for fz and Uz can be considered depending on which
FDIR technique is implemented by the DSO (FRG, FNC, or SFS), and resulting in
three different MILP formulations.
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5.4.3 Connectivity and radiality constraints

If the network is operated with a radial topology, then also its equivalent zonal graph
must be radial. The necessary but not sufficient condition for radiality [126] is thus:

∑
s∈Ωsw

xs = |Ωz| − |Ωss| (5.5)

Assuming that power is generated in any zone z ∈ Ωss, where substations are
located, and that a unit load demand is applied at a generic zone m, each switch s

(connecting zone a to zone b) is affected by the circulation of an artificial power flow
φs,m. Therefore, connectivity is ensured if, for each m-th zone, the following zonal
balance equations are respected:

∑
s∈Ωsw
b=k

φs,m −
∑
s∈Ωsw
a=k

φs,m + φG
k,m = φD

k,m ∀k,m ∈ Ωz (5.6)

where φD
k,m = 1 if k = m (0 otherwise), and φG

k,m = 1 if k ∈ Ωss (0 otherwise).
The artificial flow φs,m represents the power flowing on s when the unit load

demand is applied in m. Therefore φs,m is non-zero only if the switch s is in the
radial path from the power source to the zone m. In this case, φs,m assumes the
value +1 or −1, depending on the orientation of the switch s.

The artificial flow φs,m is related to the connection state of s through the following
constraint:

|φs,m| ≤ xs ∀s ∈ Ωsw, ∀m ∈ Ωz (5.7)

5.4.4 Kin relationships

For a generic zone m, it is possible to determine if any other zone is upstream through
the following constraints:

αa,m ≥ |φs,m|, ∀s ∈ Ωsw,∀m ∈ Ωz (5.8)

αb,m ≥ |φs,m|, ∀s ∈ Ωsw,∀m ∈ Ωz (5.9)

As long as the switch s is part of the radial path between two zones, then
αa,m = αb,m = |φs,m| = 1.

Thanks to the upstream condition, it is possible to determine if two zones k and
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m belong to the same feeder. This is done by introducing the binary variables γh,k,m
and βk,m, and the following constraints:

γh,k,m ≥ αh,k + αh,m − 1, ∀k,m ∈ {Ωz\Ωss},∀h ∈ Ωh (5.10)

βk,m =
∑
h∈Ωh

γh,k,m, ∀k,m ∈ {Ωz\Ωss} (5.11)

Please note that γh,k,m, and therefore βk,m, will be different from zero only if k
and m are descendants of the same ancestor zone h. Moreover, since (5.10) and
(5.11) involve a large number of constraints, the problem size can be reduced by
formulating them only for m ≤ k, according to the symmetry relations observed
for the variables βk,m and βm,k [130]. Thus, given the k ×m matrix containing the
elements βk,m, it is sufficient to define only the elements which belong to the bottom
triangular part including the main diagonal.

5.4.5 FDIR Reliability Functions

In general, the terms in (5.1) can be written as functions of the variables αk,m and
βk,m:

fz = F1(xs, αk,m, βk,m), ∀z ∈ Ωz (5.12)

Uz = F2(xs, αk,m, βk,m), ∀z ∈ Ωz (5.13)

These functions represent additional linear constraints that can be integrated
together with (5.5)-(5.11), and depend on network parameters. As explained in the
following, they are formulated according to the FDIR practices adopted by Italian
DSOs.

5.4.5.1 FRG constraints

In general, when FRG is implemented, the failure frequency of a generic zone z

is given by the sum of the failure rates of all other zones in the same feeder, and
therefore:

fFRG
z =

∑
k∈Ωz

βk,z · λk, ∀z ∈ Ωz (5.14)

The previous equation affirms that any fault happening in a feeder will cause an
interruption of all other zones in the same feeder. However, thanks to the FDIR
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function, the fault will be isolated within the end of the CB auto-reclosing. This
means that only faults happening in the direct upstream path to the source will
cause a long interruption. All other faults (in a downstream or lateral path) will
be cleared within a time ρ̄ that depends on the time necessary to isolate the fault.
Thus, unavailability for each zone z can be formulated as:

UFRG
z =

∑
k∈Ωz

[αk,z · λk · ρk + (βk,z − αk,z) · λk · ρ̄], ∀z ∈ Ωz (5.15)

In (5.15), Uz is the sum of two components. The first term takes into account the
interruption due to a fault in the upstream path. The second term considers what
happens if the fault is on a downstream or lateral path. This second term is null in
the case of an upstream fault since both βk,z and αk,z equal 1.

5.4.5.2 FNC constraints

In order to assess fault frequency and unavailability, it is necessary to introduce
different failure rates for SPG (λ′

k) and non-SPG faults (λ′′

k), equal to 1
3
λk and 2

3
λk,

respectively (5.16). In the case of SPG fault, FNC automation guarantees selectivity
and, therefore, a zone is interrupted only when a fault happens in another zone that
is in the direct upstream path to the source. Faults in a downstream or lateral path
will not cause interruption. For non-SPG fault the same assumptions made for FRG
stand, and therefore:

fFNC
z =

∑
k∈Ωz

[αk,z · λ
′

k + (βk,z + βz,k) · λ
′′

k], ∀z ∈ Ωz (5.16)

UFNC
z =

∑
k∈Ωz

[αk,z · (λ
′

k + λ
′′

k) · ρk + (βk,z + βz,k − αk,z) · λ
′′

k · ρ̄], ∀z ∈ Ωz (5.17)

5.4.5.3 SFS constraints

This kind of DA assumes that each CB crossed by a short circuit current sends a
blinding message to the CBs in the upstream path, the CB closest to the fault will
trip first and avoid interruption in the upstream or lateral paths. In this case, kinship
constraints (5.10) and (5.11) are not needed and therefore:

fSFS
z =

∑
k∈Ωz

αk,z · λk, USFS
z =

∑
k∈Ωz

αk,z · λk · ρk, ∀z ∈ Ωz (5.18)
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5.5 ONR MILP - Case study & Test results

The proposed ONR MILP approach is applied to a realistic-sized distribution network,
supplying electricity to a town in southern Italy [132]. The grid serves about 35, 000

customers spread over an area of roughly 100 km2, including urban and rural areas,
and counting about 60, 000 inhabitants [133, 145]. The distribution network is
connected to the sub-transmission via a 150/20 kV primary substation. As in Fig. 5.4,
the distribution is organized on 11 feeders. Four of them are below the transformer
TRA, which supplies the urban area. The remaining seven circuits are feeding the
rural and industrial areas, and are connected to TRB.

Figure 5.4: Simplified diagram of the distribution network interconnection with the
subtransmission grid [4].

Figure 5.5: Distribution network’s oriented zonal graph with all the switches closed [4].

The distribution network has a total of 902 nodes, 924 lines (cable and overhead),
and 110 telecontrolled switches. As a result of the zonal partitioning, the DN is
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divided into 86 zones. Of these, 11 zones are ancestors directly connected to the
substation by means of an automatic CB. The full zonal graph of the network is
shown in Fig. 5.5.

In this figure, all switches are closed and the feeder ancestor zones are colored in
green. It can be noted that, in general, the urban feeders (under TRA) are more
meshed than the rural/industrial ones. To ensure radiality, 25 switches must be
opened, whereas the closed ones are 85.

Failure rates and restoration times for buses and branches were derived according
to the surveys in [146]. It was assumed that the auto-reclosing scheme at the head-
feeder CBs employs a maximum time ρ̄ of 3 minutes. This time limit considers the
practices currently employed by DSOs to avoid long duration interruptions (see the
European voltage characteristics standard EN 50160).

All cases assume same input data, such as load demand pDz , number of customers
Nz, unavailability and restoration time.

Software tools employed:

The ONR MILP problem was solved in Python programming environment. Net-
work data were imported automatically from a distribution network model built in
OpenDSS. The solving routine was developed using the Pyomo library [147], and
subsequently tackled employing the commercial solver Gurobi 11.0.1 with default
settings [148]. All numerical simulations were performed on a computer with 32 GB
RAM, 12th Gen Intel® Core™ i9-12900F CPU @ 2.40 GHz, 16 physical cores and 24
logical processors, using up to 24 threads. All cases assume same input data, such as
load demand pDz , number of customers Nz, unavailability and restoration time.

5.5.1 Base Case

An initial random network configuration (Initial Radial Topology or IRT) was
assumed as base case (see Fig. 5.6). The initial values of EENS, SAIDI and SAIFI
can be calculated solving the ONR problem, after having fixed the variables xs for
all switches and obtained the values of λz and Uz. The results obtained assuming
the worst case (FRG) are used to normalize the terms in (5.1). In the tests, it was
assumed that each normalized term in (5.1) weights the same. After normalization
the objective function assumes the value of 1 in the IRT-FRG case. This permits to
easily compare the impacts that ONR and the adoption of FDIR techniques bring in
terms of system reliability.
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Figure 5.6: Distribution network initial radial topology [4].

Figure 5.7: Monitored quality indices and objective function: a) EENS, b) SAIDI, c)
SAIFI, d) objective function (5.1) [4].

5.5.2 ONR MILP results

As shown in Fig. 5.7 bottom-right, in the base case, the values obtained of the objec-
tive function (5.1) confirm that the best performances are reached with SFS. FNC
performs better than FRG, but worse than SFS. In general, the main improvement
can be only obtained in terms of SAIFI, since FNC and SFS are able to prevent
the tripping of CBs in the substation. EENS and SAIDI, instead, cannot be much
improved because the tripping of the CB leads, in most cases and for most zones, only
to short interruptions. Improvements for all indices can be obtained only through a
reconfiguration.

The optimal radial topologies obtained solving the ONR problem and assuming
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different FDIR techniques are shown in Figs. 5.8a, 5.8b, and 5.8c, respectively for
the FRG, FNC and SFS technique. The three topologies are radial and connected.
The topological modifications with respect to IRT are also shown: red dashed arrows
represent switches that have been opened, whereas blue arrows the switches that
have been closed. Black arrows indicate switches whose status remained unchanged.

Fig. 5.7 shows also the results obtained in terms of EENS, SAIDI and SAIFI.
Graphs in the bottom-right confirm the same results obtained before (SFS better
than FNC, FNC better than FRG). However, in this case, it is possible to observe
an improvement also in terms of outage duration and energy not served. This is due
to the fact that ONR is able to associate the zones characterized by higher loads
and number of customers to the feeders that have the lowest chance to experience a
fault.

(a) FRG technique (b) FNC technique

(c) SFS technique

Figure 5.8: Optimal configurations in different FDIR cases: a) FRG, b) FNC, c) SFS [4].

The percentage variations of all indices with respect to the IRT case are shown
numerically in Table 5.3. Please note that the three terms minimized in (5.1) are
competing and, therefore, the minimization of one index can impact on the other two.
This explains why, for example, in the FNC case SAIFI after optimization is slightly
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worse than before (Fig. 5.7 bottom-left). Numerical results confirm that quality of
supply can be improved through distribution network reconfiguration and suggest
that best improvements can be obtained when the most sophisticated distribution
automation techniques are adopted.

Table 5.3: Percentage Variation from the Initial Radial Topology
FDIR ∆EENS ∆SAIDI ∆SAIFI ∆f
FRG -2,94% -2,64% -0.97% -2.19%
FNC -4,62% -4,19% 0.91% -3,13%
SFS -5,30% -5,08% -3.69% -4,92%

5.5.3 Computational performances

Computing times are very low and theoretically compatible with the time require-
ments of on-line SCADA/DMS functions (solution required 8.73 s for FRG, 1.05 s for
FNC, and 0.30 s for SFS). The three reconfigured topologies are achieved with zero
optimality gap (MIP gap) in FNC and SFS cases, 0.084% for FRG. The solution
of the ONR-SFS problem is the fastest simply because the problem is much lighter.
Given the formulation of λz and Uz, constraints (5.10) and (5.11) can be skipped,
and the use of variables γh,k,m and βk,m avoided. In the SFS case, the solver used a
simplex-based method, whereas the solution of FRG and FNC cases required the
use of the Gomory Cutting Planes technique to relax the binary variables to achieve
convergence.

The number of switching maneuvers required to reach the new topology are more
or less the same, and do not seem to have influence on the computational effort.
FNC and SFS techniques required seven transitions from open to closed (0→ 1) and
from closed to open (1→ 0), whereas FRG needed eight transitions.

5.6 Development of an Open-Source ONR Software

Tool

This paragraph describes in detail the algorithms and routines necessary to develop
an open-source software architecture capable of solving the ONR MILP problem
formulated in Paragraph 5.4, addressing the challenges arising from mathematical
complexity and computational effort.
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The research activity described is part of the Project on “Evolution, planning,
management and electricity networks operation” project, funded by Italian Ministry
of the Environment and Energetic Safety (MASE), involving the Italian National
Agency ENEA, Politecnico di Bari and other research institutes. The project aims
to support the assessment of adequacy, operational security, resilience and reliability
performances, and to enable advanced operation and planning of decarbonized energy
systems, also through the implementation of a suite of open-source tools. Detailed
features of the project are described in [149].

The software was developed relying on open-source tools and platforms only.
OpenDSS was employed for network representation and data exchange, whereas the
entire code is developed using Python language and open-source libraries. The ONR
optimization problem was formulated through the Pyomo library [60, 147], which
supports the use of external solvers, either being commercial or open-source products.
An overall scheme of the ONR software is given in Fig. 5.9, where is possible to
distinguish several subroutines, whose detail is given in the following sub-paragraphs.

Figure 5.9: Schematic diagram of the open-source ONR tool [5].

5.6.1 Data Parsing

The very first part of the code ensures import/export of network data. In order to
ensure a functional access to the characteristics and properties of Open-DSS electrical
network models, a custom routine for the grid models management was developed in
Python language. The aim of the routine is to manage the electrical grid elements
properties, and to offer a systemic access to Open-DSS calculation features, within
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a dedicated Graphical User Interface (GUI). Through an assisted procedure, it is
possible to import custom .dss grid models, to recall predefined benchmark models,
or to define a new grid, by inserting elements and relative parameters and topology.
All elements parameters are accessible in the GUI, and can be modified on the basis
of user needs, as well as exported for future purposes.

This routine was developed to support all the software tools in [149], including
ONR. Well known limitations of Open-DSS, that is not able to identify specific
elements categories such as batteries, wind or PV generators, or DC elements, are
bypassed by an elements taxonomy functionality, through which the tool is able
to properly categorize elements, thus assigning the relative features and properties.
This feature allows to expand the set of properties associated to specific network
elements. For example it is possible to assign reliability parameters to objects which
do not support this property in Open-DSS.

All the elements properties (category, topological data, parameters, and study
results) are stored in a dedicated dictionary in the Python environment, in order to
assure a quick accessibility to all the features of the grid model. The dictionary can
be exported as a YAML file (*.yml), and imported in future sessions to recall the
former grid model and case study.

5.6.2 Distribution Network Zone Partitioning Algorithm

Before formulating and solving the ONR problem, it is necessary to run some
initialization routines. At this step, network data have been extracted from the
Open-DSS model and imported into a dictionary. The network topology is known
through buses, branches and switches information. As described in the previous
section, the ONR methodology is based on partitioning the distribution grid into
zones. Each zone contains a set of nodes and branches, and is connected to other
zones by means of switches.

The algorithm used for zone partitioning is described in Algorithm 8. Zones are
created looping on branches and through simple if statements in the Part 1. The
algorithm is based on the fact that each branch (and its sending and receiving buses)
must be associated to a single zone. Therefore, switches are made to be the only
elements that do not belong to a zone, but actually connect two zones. In the Part
2, potential isolated buses not assigned to a zone are found and a new one is defined.
Finally, in the Part 3, possible empty zones are removed. Zone information is finally
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saved as a property in the elements dictionary.

Algorithm 8 Zone Partitioning Routine
1: Set b← 1, n← 1, z ← 1, Ωz ← ∅
2: Part 1: Zones creation
3: while b ≤ number of branches do
4: select branch b
5: if branch b is not a switch then
6: Set i← bus-sending, j ← bus-receiving of branch b
7: if i, j are already assigned respectively to zone zi and zj then
8: if zi ̸= zj then
9: move all buses in zj into zi

10: empty zj
11: end if
12: else if only i is assigned to a zone then
13: assign j to the same zone as i
14: else if only j is assigned to a zone then
15: assign i to the same zone as j
16: else if both i, j are not assigned to a zone then
17: define a new zone z in Ωz, assign i and j to z
18: end if
19: end if
20: b← b+ 1
21: end while
22: Part 2: Control of nodes not assigned to zones
23: while n ≤ number of nodes do
24: if node n is not assigned to any zone then
25: define a new zone z in Ωz and assign node nth to z
26: end if
27: n← n+ 1
28: end while
29: Part 3: Control of zones left empty
30: while z ≤ number of zones do
31: if zone z is empty then
32: remove z from Ωz

33: end if
34: z ← z + 1
35: end while
36: renumber all zones left in Ωz

5.6.3 ONR Initialization

The topology of the network is known through the position (open/close) of each
switch. Switches positions are imported from Open-DSS during the initial data
parsing, however, in any case, the tool permits also to generate a random radial
initial configuration (Initial Radial Topology, IRT).

The tool first checks if the imported network model is connected and radial,
then checks if the equivalent zonal graph is also radial. Please note that, given the
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type of assumed protection automation techniques, radiality of the zonal graph is a
requirement, whereas meshes within a single zone do not affect reliability analysis.

Connectivity and radiality are checked using the Dijkstra’s algorithm [150] in
the library NetworkX [91]. At the end of this procedure also kinship relationships
between zones are known, allowing to calculate the initial value of the reliability
indices (5.2) - (5.4). The solution found is the starting point of the ONR problem,
and permits also to normalize (5.1) through weights.

5.6.4 ONR Implementation

The ONR routine is built within Pyomo [147], an open-source Python library that
enables the definition, solving, and analysis of optimization models. Thus, its main
function is to translate the mathematical formulation of the optimization problem
into the programming language used by commercial solvers. The main advantages
lie in the simplicity of model implementation, as Pyomo is based on object-oriented
programming (OOP) where the optimization problem is built as a class whose objects
are the variables, the constraints and the objective functions [60]. This promotes
code reuse, modularity, and maintainability allowing users to use different solvers
for solving their models without the need to change the syntax used in writing the
script. This interoperability proves essential when there is a need to test the same
model using different solving techniques, thus being able to use the solver that is
best suited for solving the model.

5.6.5 Solver Selection

The Pyomo library permits to implement the optimization problem using several
solvers. However, typically, only few solvers can be actually used, since each one can
tackle only specific formulations. The two open-source solvers which were found able
to solve efficiently the proposed ONR problem are HiGHS [151] and SCIP [152], both
able to solve MILP models, and available using amplpy. This is an interface that
allows to access AMPL (A Mathematical Programming Language), a tool connected
with most open-source and commercial solvers, from Python environment, and to
model and solve optimization problems [153]. In this case, amplpy has been used just
as an utility to access two of the open-source solvers of AMPL available as Python
packages. It should be noted that, in order to compare their performances, the tool
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was programmed to find solutions also with the commercial solver Gurobi [61, 148],
which is not open-source, but free academic licences can be obtained.

5.6.6 Graphic User Interface (GUI)

Figure 5.10: GUI example: monitored quality indices normalized with respect to the FRG
case and objective function: a) EENS, b) SAIDI, c) SAIFI, d) objective function (5.1).

DN’s topologies: e) zonal graph based on IRT, f) zonal graph based on ONR [5].

Results of the optimization can be easily read and compared with the initial
solution through a GUI (Fig. 5.10). The interface is based on the open-source
libraries NetworkX and Graphviz [154] which allow to easily draw a connected graph.

The open-source software platform, named ARSTool, is available in [155]. AR-
STool is a freeware tool for studying electrical power systems, capable of assessing
their adequacy, reliability, security, and resilience. Using a dedicated GUI, users can
create or import network models, entering typical parameters and topological infor-
mation. The tool allows basic functions such as Load Flow and reliability calculations
to be performed. It also offers advanced features such as predictive anomaly analysis,
network adequacy analysis, and network reconfiguration to increase reliability.
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5.6.7 Test results with ONR Open-Source Software Tool

The realistic-sized distribution network used in the tests described in Paragraph 5.5
has been updated and considered among the benchmark systems of the developed
software platform. Overall, the updated versione of the grid model has 1014 nodes, 2
transformers, 924 lines (654 cable and 270 overhead), and 112 telecontrolled switches.
As a result of the zone partitioning algorithm (Algorithm 7), the distribution network
is divided into 88 zones. Of these, 11 zones are ancestor zones directly connected
to the substation by means of an automatic CB. If all the switches are closed, the
meshed topology consists of 25 cycles-basis, which means that a radial configuration,
according also to (5.5), requires that 25 switches must be off.

An initial topology (IRT) was assumed also in these tests. The analyzed operating
condition is now characterized by poor reliability indices since a large number of users
are connected to the same feeder (Fig. 5.10c). Therefore, significant improvements
in quality of supply indices can be expected. The best absolute results are obtained
with SFS, while FNC performs better than FRG. In general, the main differences
were found in terms of SAIFI. The adoption of FNC and SFS techniques can reduce
fault frequency through selectivity functions, avoiding the tripping of the substation
CBs. Improvements for all indices can be obtained only applying the ONR, especially
in the case of EENS and SAIDI.

The three topologies obtained solving the ONR problem and assuming different
FDIR techniques are all radial and connected. In Fig. 5.10, the results obtained in
terms of EENS, SAIDI and SAIFI are shown, as well as the IRT and the reconfigured
topology. Graphs in the bottom-right confirm that SFS is better than FNC, and
FNC is better than FRG.

It is possible to observe an improvement also in terms of outage duration and
energy not served. This is due to the fact that ONR is able to associate the zones
characterized by higher loads and number of customers to the feeders that have the
lowest chance to experience a fault. The percentage variations of all indices with
respect to the IRT case are shown numerically in Table 5.4.

Table 5.4: Percentage Variation from the Initial Radial Topology
FDIR ∆EENS ∆SAIDI ∆SAIFI ∆f
FRG -38.59% -36.98% -66.39% -47.32%
FNC -38.76% -37.20% -53.11% -40.93%
SFS -38.73% -37.25% -29.12% -37.11%



5. Optimal Network Reconfiguration Algorithms for Optimizing the Reliability and
Quality of Supply in Primary Distribution Networks 142

Please note that the three terms minimized in (5.1) are competing and, therefore,
the minimization of one index can impact on the other two. In this specific case,
the three weights used to normalize the objective function were chosen uniformly,
equal to 1

3
divided by the value of each index calculated on the IRT. Numerical

results confirm that quality of supply can be improved through DN reconfiguration
and suggest that best improvements can be obtained when the most sophisticated
distribution automation techniques are adopted.

All numerical simulations were performed on a computer with 32 GB RAM, 12th
Gen Intel® Core™ i9-12900F CPU @ 2.40 GHz, 16 physical cores and 24 logical
processors, using up to 24 threads. Computing times are very low and theoretically
compatible with the time requirements of on-line SCADA/DMS functions, as reported
in Table 5.5.

Table 5.5: CPU Time [s]
Licensed solver Open-Source solvers

FDIR Gurobi HiGHS SCIP
FRG 19.77 544.82 943.37
FNC 1.24 1.79 8.5
SFS 0.69 0.71 1.24

The three reconfigured topologies were all achieved with zero optimality gap
(MIP gap) regardless of chosen solver. The solution of the ONR-SFS problem is
the fastest simply because the problem is much lighter; given the formulation of
λz and Uz, constraints (5.10) and (5.11) can be skipped, and the use of variables
γh,k,m and βk,m avoided. In fact, the ONR problem included 63780 variables (10035
continuous, and 53745 binary) and 112908 constraints concerning FRG and FNC
cases. Regarding SFS, ONR problem encompassed the same number of continuous
variables but only 7809 binary ones, and 66972 constraints.

The solution of the FRG case required instead the largest timings, especially with
open-source solvers. This is probably due to the fact that this is the most complex
problem and that suboptimal solutions can be very close one to another, especially
in terms of SAIFI improvements. The choice of a higher MIP gap could improve
significantly the timings.

The number of switching maneuvers required to reach the new topology are more
or less the same. However, although even open-source solvers have been able to
obtain the same minimum of the objective function, slightly different topologies have
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been found. This demonstrates that multiple optimal topologies can exist with the
same quality indices.

5.7 ONR MISOCP Formulation

The ONR model described in this Paragraph significantly improves and extends the
MILP ONR approach previously presented, which did not include network equations
(with the risk of finding infeasible topologies or operation conditions with poor
electrical characteristics).

The specific advancements are here summarized:

• formulation of ONR problem that includes FDIR logics and incorporates a
sound mathematical formulation of the ACLF equations through MISOCP
relaxation;

• inclusion of technical constraints on voltages or overloads;

• improved formulation of the objective function that can include targets on
reliability and operating conditions;

• scalability test on a realistic-sized distribution network;

• comparison with other approaches (global optimization algorithms);

• validation of the approach through Monte Carlo simulation.

In particular, a full deterministic AC ONR problem, aimed to improve quality of
supply indices, taking into account the automatic FDIR techniques, is formulated and
solved employing ACLF MISOCP relaxation techniques. The developed formulation
allows the physical constraints of distribution network, connectivity, radiality, and
FDIR fault selectivity logics to be rigorously enforced, making the ONR problem
tractable for commercial solvers and implementable in industrial applications.

5.7.1 General MINLP Formulation

The proposed AC ONR problem still considers the switches’ connection state xs ∈
{0, 1} as control variable and preserves the zonal approach. Below is the MINLP
formulation of the AC ONR problem, in which the objective function now also
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includes the minimization of system’s active power losses (Ploss), in addition to the
power quality indices (EENS, SAIDI, SAIFI):

min(w1 · Ploss + w2 · EENS + w3 · SAIDI + w4 · SAIFI) (5.19)

According to ACLF equations, and assuming known generation and load at each
bus i, active and reactive power balance must be complied on each node:

pGi − pDi =
∑

j∈i,j ̸=i

pij +
∑

j∈i,j ̸=i

pji, ∀i ∈ Ωn (5.20)

qGi − qDi =
∑

j∈i,j ̸=i

qij +
∑

j∈i,j ̸=i

qji, ∀i ∈ Ωn (5.21)

where pij and qij can be expressed in polar form depending on branch connection
state xij as follows, ∀ij ∈ Ωb:

pij = [(gij + gsi )v
2
i − vivj(gij cos θij + bij sin θij)]xij (5.22)

qij = [−(bij + bsi )v
2
i − vivj(gij sin θij − bij cos θij)]xij (5.23)

with θij = θi − θj. Eqns. (5.22)-(5.23) allow to effectively zero the contribution of a
generic branch when xij is zero.

The system active power losses can be expressed as:

Ploss =
∑
ij∈Ωb

(pij + pji) (5.24)

In order to assure a secure operation of the grid the following constraints are
introduced:

vi ≤ vi ≤ vi, ∀i ∈ Ωn (5.25)

p2ij + q2ij ≤ S
2

ij, ∀ij ∈ Ωb (5.26)

where (5.25) limits bus voltage magnitude within allowed boundaries, and (5.26)
defines an upper bound Sij for branch apparent power flow to avoid overloads.

Finally, the topological constraints (5.5)-(5.11) specific to the previous ONR
MILP model can be integrated together with the reliability functions (5.14)-(5.18),
chosen according to the FDIR practice adopted.
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5.7.2 AC Load Flow MISOCP Relaxations

Since (5.22) and (5.23) are nonlinear expressions which include binary variables,
(5.20), (5.21), (5.24) and (5.26) are also non linear, then minimizing (5.19) leads to
a MINLP optimization problem that may be intractable with commercial solvers.
In order to obtain equivalent linear expressions for (5.22) and (5.23), let us firstly
consider the voltage phasor V i on each node i:

V i = vi · ejθi = vi(cos θi + j sin θi) = ei + jfi, ∀i ∈ Ωn (5.27)

where:
vi =

√
e2i + f 2

i , θi = arctan (fi/ei) (5.28)

Three auxiliary continuous variables can be defined according to SOCP OPF relax-
ations [135] in order to provide an exact formulation for balanced radial networks:

cii := v2i = e2i + f 2
i , ∀i ∈ Ωn (5.29)

cij := vivj cos θij = eiej + fifj, ∀ij ∈ Ωb (5.30)

sij := −vivj sin θij = eifj − ejfi, ∀ij ∈ Ωb (5.31)

The new variables defined in (5.29)-(5.31) share the same symmetry properties as
the goniometric functions cosine (cij = cji) and sine (sij = −sji), respectively. In
addition, they meet the following conditions:

cii ≤ cii ≤ cii, ∀i ∈ Ωn (5.32)

cij ≤ cij ≤ cij, ∀ij ∈ Ωb (5.33)

sij ≤ sij ≤ sij, ∀ij ∈ Ωb (5.34)

c2ij + s2ij = ciicjj, ∀ij ∈ Ωb (5.35)

where (5.32) corresponds to (5.25) with cii = v2i and cii = v2i , cij = 0 and cij = sij =

−sij = vivj according to [156], while (5.35) reflects the first fundamental relationship
of trigonometry as demonstrated in [157]. Therefore, ∀ij ∈ Ωb, (5.22) and (5.23) can
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be written as follows:

pij = [(gij + gsi )cii − gijcij + bijsij]xij (5.36)

qij = [−(bij + bsi )cii + bijcij + gijsij]xij (5.37)

with similar expressions for pji and qji.
Note that (5.36) and (5.37) are linear for in-service branches that are not switch-

able (xij = 1), but they are still non linear for switchable elements due to the
products between the auxiliary continuous variables and the binary variable xij.
Then, an additional auxiliary variable cjii := ciixij can be defined for each switchable
branch so that on/off constraints can be formulated as in [? ], ∀ij ∈ Ωsw:

pij = (gij + gsi )c
j
ii − gijcij + bijsij (5.38)

qij = −(bij + bsi )c
j
ii + bijcij + gijsij (5.39)

cijxij ≤ cij ≤ cijxij (5.40)

sijxij ≤ sij ≤ sijxij (5.41)

ciixij ≤ cjii ≤ ciixij (5.42)

cii − cii(1− xij) ≤ cjii (5.43)

cjii ≤ cii − cii(1− xij) (5.44)

4c2ij + 4s2ij + (cjii − cijj)
2 ≤ (cjii + cijj)

2 (5.45)

where (5.38) and (5.39) replace (5.22) and (5.23), (5.40) and (5.41) substitute (5.33)
and (5.34), respectively. Constraints (5.42)-(5.44) make vi and vj meet the allowable
limits even when a branch (i, j) is to be switched-off. Finally (5.45) is the relaxation
of non-convex constraints (5.35) valid for switchable branches.

Furthermore, ∀ij ∈ Ωb, (5.46) represents the active power losses along a branch
and (5.47) enforces source-destination flow paths, ensuring that each unit of load is
matched by a unit of generation [158]:

pij + pji = (gij + gsi )c
j
ii + (gij + gsj )c

i
jj − 2gijcij (5.46)

pij + pji ≥ 0 (5.47)

The result is a MISOCP problem that can be solved with commercial solvers.
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5.8 Metaheuristics & Global Optimization Approaches

This paragraph describes the procedure followed for the implementation of a Genetic
Algorithm (GA) to solve the whole MINLP AC ONR problem. This implementation
is proposed for comparison purposes in terms of solution quality and computational
performances. For this reason, a general discussion is provided, as the main objective
of this work is not to tailor metaheuristic algorithms for the efficient resolution of
the problem.

The primary advantage of using a metaheuristic approach, lies in the possibility
of simplifying the mathematical structure of the problem. In the case of ONR, the
solution space consists solely of sets of possible open/closed (0/1) combinations of
the controllable switches. Each set (individual) selected as a potential solution by
the algorithm can be uniquely associated with kinship and ancestor relationships,
zonal upstream/downstream conditions, and reliability indices. By solving simple
sub-problems, it is therefore possible to assign a specific value of the objective func-
tion to be minimized to each topological configuration. Specifically, the objective
function and the constraints are calculated for each individual of every generation if
and only if that individual corresponds to a radial and connected topology. Solutions
characterized by meshed or disconnected configurations are penalized according to a
factor proportional to the current generation number, effectively preventing their
exploration in subsequent generations. As in all GAs, the ONR routine begins with
an initial population sampling of N individuals, where each individual is a vector
containing the control variables (e.g., the status of the controllable switches). For
each individual, the objective function value is calculated, and compliance with
connectivity and radiality constraints is verified. In the subsequent phases, the
population is updated based on genetic operators—selection, crossover, and muta-
tion—generating new individuals where those with better objective function values
replace the worse ones until a stopping criterion is met. Usually, the initialization
of a population of individuals is based on random sampling mechanisms; however,
this can lead to solutions far from the desired optimum, requiring a high number
of iterations to achieve convergence. For this reason, a simple method was used to
quickly discard solutions that are worse than the initial operating condition during
the GA execution. Starting from an initial connected and radial topology, the initial
population is obtained by considering connected and radial topologies achievable
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through a single opening and a single closing switching operation relative to the
initial configuration, ensuring a population composed of unique individuals. In a
classic GA, individuals are compared based on their fitness functions; however, in
the transition from one generation to the next, individuals must be properly selected
to participate in mating. To improve convergence, a "binary tournament" criterion
[159] was employed: given a subset of individuals from the population, they are
randomly compared in pairs based on their fitness values. For each pair, the better
individual is selected as the tournament winner to then undergo the subsequent
crossover phase as a "parent". Once the parents have been selected, the crossover
phase begins. This operator combines the genetic information of two parents to create
one or more individuals that may have better fitness than the parents. Among the
existing techniques, the two-point crossover [160] was chosen: a standard crossover
type based on fragmenting the gene at two random points on the chromosome. The
method involves the random selection of two points in the chromosome (the vector of
binary variables representing the switch statuses) of a pair of individuals (parents);
the information between these two points is swapped and passed to the pair of
individuals in the next generation (offspring). In this way, the new pair of individuals
exhibits common characteristics with the pair from the previous generation. The
mutation phase helps increase population diversity, avoiding the drawback of falling
into local optima. It is performed after the new individuals are created through
crossover. Specifically, Bit Flip Mutation (BFM) was adopted because it operates
on binary variables [161]. BFM is one of the simplest and most commonly used
mutation techniques in genetic algorithms. It operates on binary individuals where
each element is represented by a single bit (0 or 1). During mutation, each bit has a
small probability of being mutated—that is, changing its state from 0 to 1 or vice
versa. The mutation probability of a bit is determined by the mutation rate, which is
usually set to a low value to maintain a balance between exploration and exploitation
of the individual. BFM introduces small, localized changes to the individual, allowing
the genetic algorithm to explore nearby solutions in the search space. In the GA
algorithm, new generations of individuals are obtained by alternating crossover and
mutation according to probability distribution functions. Crossover promotes the
exploitation of the best current solutions by combining them to obtain potentially
superior ones, while mutation is useful for avoiding local optima by introducing
random variations. The GA terminates after a predetermined maximum number of
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generations or upon reaching a stop criterion. The chosen stop criterion is based on
reaching a certain number of occurrences of an acceptable optimal solution, consis-
tent with the tolerances imposed on the variability rate of individuals, the objective
function between successive generations, and the violation of problem constraints
[86]. The GA tested during this activity was implemented using the open-source
platform Pymoo [162], operating within the Python programming environment. The
basic structure of the algorithm is shown in Figure 5.11 in the form of a flowchart.

Figure 5.11: GA for the solution of the MINLP AC ONR problem.

5.9 ONR MISOCP - Case studies & Test results

First numerical experiments were carried out on a realistic model of primary dis-
tribution network [6], derived from the developments in the research project “AT-
LANTIDE", aimed to build a set of representative scenarios of Italian distribution
networks [163]. Other simulations were performed on the IEEE 33-Bus test sys-
tem [164] for replicability purposes, and on the 1014-Bus realistic-sized primary
distribution network model in order to test the problem scalability.
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5.9.1 Early implementations of the MISOCP model

The first test were carried out on a primary distribution network model which
comprises 102 buses, 81 lines, 34 switches, 2 two-windings transformers in the
primary substation, 137 loads, plus a consistent amount of RES distributed generation,
consisting of 13 photovoltaics generators (PV) and 8 wind turbines (WT) all installed
under the same feeder. Compared to the original grid model of [163], several switches
were added to allow many possible topological configurations. The values of λ and ρ

were derived from [146] for each bus and for each branch. After the partitioning, the
network was split into 19 zones. The overall problem consisted of 1796 continuous
variables, 1250 binary variables, and 1310 equality and 6377 inequality constraints.

The grid was modeled using OpenDSS [165], since this tool was also used to
validate the quality of the ACLF solution. The ONR mathematical model is im-
plemented in Python programming language within Pyomo library [147] and then
solved using Gurobi 11.0 [61]. The method used by Gurobi is the dual simplex
algorithm, which is usually chosen for the MIP root relaxation and combined with
cutting planes whenever an integer variable assumes a fractional value in the optimal
solution. The ONR routine was tested, starting from a same initial topology, under
two operating conditions, both characterized by large RES generation: a day-time
scenario with prevalent PV production (a), and a night-time scenario with relevant
wind power production (b). In both tests, voltages were constrained within ±5%
from the nominal value.

Voltage profiles before and after ONR are shown in Fig. 5.12 (blue line) for all
buses. Both scenarios are characterized by high voltages due to RES production. In
case (a), the voltage is higher averagely due to the extensive impact of PV generation.
In case (b) local wind generation caused voltage to rise beyond the emergency
threshold of 1.1 p.u. in few network nodes.

Fig. 5.12 shows the effect of reconfiguration (yellow line). In both cases, all
violations were cleared by redistributing power flows among zones, even considering
a ±5% narrow boundaries. The figure permits also to check the accuracy of the
MISOCP relaxation, comparing the relaxed ACLF solution (yellow) with the exact
AC solution (green). It can be observed that the two solutions are almost overlapped.

The effects of ONR can be also observed in terms of currents concerning case (b),
in which 5 lines were overloaded in zone 14 before ONR. Figure 5.13 highlights how
the DN topology varies after ONR through the representation of zonal graphs in the
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Figure 5.12: ONR voltage profiles in cases (a) and (b); buses where voltage constraints
were initially violated are marked in red [6].

simulated scenarios. Reconfiguration allowed, not only to solve congestions in zone
14, but also to achieve a more uniform distribution of the currents flowing in the
DN, and a consequent reduction of power losses.

Figure 5.13: Zonal graphs of optimal DN topologies. The red and green numbers upstream
of zone Z14 in (b) indicates the average loading detected before and after ONR,

respectively [6].

Improvements obtained in terms of power losses, and quality of supply indices
are shown Table 5.8.

All terms in the objective function were minimized. A suitable choice of weights
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Table 5.6: Percentage Variation from the Initial Condition
∆Ploss ∆EENS ∆SAIDI ∆SAIFI ∆f

a) −61.95% −7.88% −8.73% −4.38% −7.55%
b) −68.33% −12.83% −13.38% −4.40% −10.78%

can be used to target specific indicators. Thresholds on SAIDI and SAIFI can
also be set according to grid codes. In other tests, not shown here for the sake of
brevity, further improvements of quality of supply indices were obtained by relaxing
voltage limits (±10% around nominal voltage). However, the improvement in terms
of reliability (only few %) did not justify the loss in terms of quality of voltage. The
use of tighter constraints is in general advised since, in this formulation, there is
no representation of LV circuits, where voltage can further deviate from nominal,
depending on the localization of distributed generation or load.

In order to assess computational performances and validate the scalability of the
proposed approach in real-sized networks, a third test case (c) is presented. This
case solves an ONR applied to the model of a real primary DN with 1014 buses
and 112 controllable switches [143, 166]. The implementation of the ONR on this
DN lead to a MISOCP problem characterized by 19579 continuous variables, 53792
binary variables, and 16181 equality and 116300 inequality constraints.

Detailed results are not shown for brevity, however, Table 5.7, which summarizes
the OF values and CPU times obtained by solving the ONR MISOCP problem in all
proposed cases, shows how the proposed approach can still be solved within the time
framework of typical SCADA/DMS operating functions.

Table 5.7: Computational Performances Comparison

DN Model ONR MISOCP ONR GA ONR PSO
OF

[p.u.]
CPU
[s]

OF
[p.u.]

CPU
[s]

OF
[p.u.]

CPU
[s]

102 Bus (a) 0.9245 39.13 0.9872 379.55 0.9663 730.93
102 Bus (b) 0.8922 9.77 0.9241 308.11 0.9363 650.43

1014 Bus (c) 0.5893 319.62 0.7336 1652.94 0.8343 1924.85

All numerical simulations were performed on a computer with 16 GB RAM,
11th Gen Intel® Core™ i7-1195G7 CPU @ 2.90 GHz. ONR solutions are achieved
with zero optimality gap (MIP gap) in all cases. Computing times recorded are
compatible with SCADA/DMS time requirements: solution required 39.13 s for Case
(a), 9.77 s for Case (b), and 319.62 s for Case (c). In order to quantify the tightness
of the MISOCP formulation through a metric, the Distance to Cone Boundary
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(DCB = ln |c2ij + s2ij − ciicjj|) is evaluated as in [167] for each in-service branch,
lying between −11 and −18, i.e., |c2ij + s2ij − ciicjj| ∈ O(10−8, 10−5), proving a good
exactness in all cases.

Results are also compared to the ones obtained by solving the same problem
using general purpose GA and PSO global optimization tools in Pymoo library [162].
In all cases, the ONR MISOCP performed better than the metaheuristic approaches
in terms of both CPU time and optimality of the solution. The performances of
metaheuristics could be improved by tailoring the GA/PSO to the ONR problem,
however this is out of the scope of this work. In general, the proposed analytic
approach is preferable to metaheuristic approaches because, being based on sound
and rigorous mathematical foundations, it leads to formulations that are easier to
understand and interpret, allows for detailed analysis of the results obtained, and
guarantees greater reliability of the results.

5.9.2 Scalability test & Validation

Simulations were carried out on the IEEE 33-Bus test system [164] and on a realistic-
sized primary distribution network model [4]. The first system was used for the sake
of replicability, whereas the second permitted to validate the MISOCP formulation
and test its scalability. Network models and ONR routines were implemented in
Python language, using Pyomo library for the optimization problem construction,
and solved with Gurobi 11.0.1 commercial solver.

Failure rates and restoration times for buses and branches were derived from the
IEEE Std. 493 [146]. It was assumed that auto-reclosing schemes at head-feeder
CBs employ a maximum time ρ̄ of 3 minutes. This time limit permits to avoid
long duration interruptions, according to the European Norm on voltage standard
characteristics EN 50160.

For all proposed test cases, ONR results are analyzed considering the three FDIR
techniques previously defined (FRG, FNC, SFS).

5.9.2.1 IEEE 33-Bus Test System

The IEEE 33-Bus test system is a 12.66 kV distribution grid consisting of 33 buses
and 37 branches, as shown in Fig 5.14a.

In the base case [168], [169], the total active and reactive power demand is 3.71MW
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Figure 5.14: IEEE 33-Bus Test System graphs: a) before ONR, b) after ONR [3].

Figure 5.15: IEEE 33-Bus Test System voltage profiles before and after ONR [3].

and 2.30MVAr, respectively, whereas the total active power losses are 202.38 kW.
The minimum voltage magnitude is 0.9131 p.u., at bus #17. In this condition, no
overloads are detected. The voltages obtained through ONR are generally closer
to nominal values, as shown in Fig. 5.15. The minimum voltage is now 0.9336 p.u.
(at bus #32). The voltages associated to the MISOCP relaxation (FRG case) are
plotted using a circle mark, showing good accuracy in the approximation of the
ACLF solution. The topology obtained running the ONR algorithm is shown in
Fig. 5.14b. For instance, the same optimal topology was found for all FDIR schemes.

Table 5.8 shows, for all FDIR cases, how terms in the objective function were
minimized. The weights in the objective function were set to normalize each term
with respect to the initial values obtained for the worst case (i.e., FRG). Since all
three formulations led to the same topology, results in terms of losses are similar.

In general a quality of supply improvement was observed in all three cases,
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thanks to a more uniform distribution of buses on the laterals and to optimized
kinship relationships. The greatest relative reduction was achieved in the FRG case
(EENS -32.6%, SAIDI -36.8% and SAIFI -37.8%), whereas lowest absolute values
are obtained with FNC and SFS. These two techniques perform best since they
are based on selectivity principles and can better exploit the changes in kinship
relationships between zones. Compared to FRG, FNC and SFS yield most significant
improvements in terms of frequency, rather than unavailability since non-selective
faults (see eqn. (5.15)) are anyway cleared within ρ̄.

Table 5.8: ONR Results for IEEE 33-Bus Test Case
Ploss

[kWh]
EENS

[MWh/year]
SAIDI

[hours/year]
SAIFI

[faults/year]

FRG Base 202.38 2.5927 0.6547 0.1894
ONR 141.96 1.7481 0.4137 0.1177

FNC Base 202.38 2.5834 0.6520 0.1370
ONR 141.96 1.7425 0.4121 0.0861

SFS Base 202.38 2.5787 0.6507 0.1108
ONR 141.96 1.7397 0.4113 0.0703

5.9.2.2 1014-Bus Real Distribution Network Model

The adopted model is based on real data from an actual primary distribution grid
supplying electricity to a municipality in Italy [145]. The primary substation is
composed of two 150/20 kV transformers and organized on 11 feeders. The model
still comprises 1014 nodes, 270 cabled lines (urban areas), 654 overhead lines (rural
and industrial areas) and 112 controlled switches. An overall renewable generation
capacity of 10MW has been considered installed.

The grid was reconfigured under two different operating conditions: a high load
day-time scenario (Case 1) and a low load night-time scenario (Case 2). In these
tests, voltages were constrained within ±5% around the nominal value.

In Case 1 (Fig. 6a), characterized by an overall demand of 27.09 MW, lower limit
voltage violations affected the urban area. Overload events were also observed, with
a maximum loading of 151% in the rural area. The optimal radial topologies are
depicted in Figs. 6b, 6c, 6d for the FRG, FNC, and SFS cases, respectively. All
overloads have been cleared, and voltages brought back above the 0.95 p.u. limit.

Since the reliability function formulation is similar, the optimized topologies in
the FRG and FNC cases are very similar.
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Figure 5.16: Initial and optimized grid topologies in Case 1 (a-d) and Case 2 (e-h) [3].

In Case 2 (Fig. 6e), the overall demand was 6.84 MW, and overvoltages were
observed in the rural area due to renewable surplus generation. In addition, a
maximum 109% loading occurred on one feeder in the rural area. In all cases, grid
constraint violations are solved after ONR (Figs. 6f, 6g, 6h). As expected, switching
operations were mostly located in the rural area where overvoltages were experienced.
Again, FRG (Fig. 6f) and FNC (Fig. 6g) solutions are very similar.

The results in terms of active power losses and quality of supply indicators are
shown in Table 5.9.

Please note that, compared to the previous simulations on IEEE 33-Bus, reliability
indices are visibly higher. This is due to the increased extension of buses, and lines
in both terms of number and length. Moreover the repairing times assumed on the
basis of [146], led to zonal unavailabilities values (Uz) mostly in the 16-20 hours/year
range. The adoption of more recent data-sets could probably lead to more favorable
assumptions in terms of unavailability. In relative terms, ONR yielded the most
significant improvements in terms of Ploss (Case 2), since the reconfiguration allowed
to bring generators closer to loads and minimize reverse power flows. In terms of
reliability, most relevant improvements were observed in terms of SAIFI. Nevertheless,
EENS and SAIDI were also significantly improved in all cases.
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Table 5.9: ONR Results for 1014-Bus Distribution Network Model
Ploss

[kWh]
EENS

[MWh/year]
SAIDI
[h/year]

SAIFI
[faults/year]

Case 1

FRG Base 717.13 273.2302 12.5684 1.8908
ONR 419.96 247.2756 10.5107 1.2582

FNC Base 717.13 271.9638 12.5302 1.1273
ONR 405.18 245.8881 10.4112 0.8417

SFS Base 717.13 271.3306 12.5111 0.7456
ONR 447.86 243.7402 10.2906 0.6121

Case 2

FRG Base 266.40 86.0368 12.5684 1.8908
ONR 79.26 71.3946 10.4968 1.2375

FNC Base 266.40 85.7788 12.5302 1.1273
ONR 67.94 70.1536 10.3098 0.8618

SFS Base 266.40 85.6498 12.5111 0.7456
ONR 62.15 69.9146 10.2750 0.6113
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Figure 5.17: Zonal graphs related to the optimal radial topologies obtained through SFS
ONR on 1014-Bus (Case 1): a) ONR MISOCP , b) ONR MILP [3].

The Case 1 (SFS technique) was used to compare the proposed MISOCP for-
mulation with a simplified MILP formulation. The latter, previously presented in
[4], does not allow to take into account network constraints, potentially leading to
solutions, optimized in terms of reliability, but still infeasible due to violations of grid
constraints. By comparing the two solutions, showed in Fig. 5.17, it can be observed
how the topology obtained with the MISOCP approach can be characterized by
lower performances in terms of reliability, since more zones are connected to a same
feeder.

For instance, with the MISOCP approach, zones #35, #51, #53 and #54 are
characterized by higher Uz and fz values, compared to the MILP case. These zones
have been moved at the end of some laterals and downstream paths, respect to
ancestor zones #10 and #20.

This choice, which apparently lead to worst results in terms of reliability, is
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made by the MISOCP algorithm in order to alleviate congestions and undervoltage
problems. In particular, the renewable generation in zones #35 and #53 allows to
alleviate demand of the feeders below ancestor zones #10 and #20. In the MILP
case, zones #35, #51, #53 and #54, stayed below ancestor zones #31 and #50. In
this case, the reliability indices are lower, but the solution still presents the violation
of grid constraints under #10 and #20.

5.9.2.3 Metrics and Computational Performances

Finally, in order to validate the proposed approach, the tightness of the MISOCP
solution has been quantified through some metrics in Table 5.10.

Table 5.10: MISOCP Relaxation Tightness Indicators
DN Model FDIR Logic MAE (vi) [p.u.] εloss [p.u.] DCB

33 Bus
FRG 2.48 · 10−5 5.66 · 10−6 [−18,−14]
FNC 2.48 · 10−5 5.66 · 10−6 [−18,−14]
SFS 2.49 · 10−5 1.51 · 10−6 [−20,−14]

1014 Bus
(Case 1)

FRG 5.35 · 10−4 9.54 · 10−6 [−20,−9]
FNC 6.71 · 10−4 6.27 · 10−5 [−21,−10]
SFS 9.62 · 10−4 5.87 · 10−5 [−20,−9]

1014 Bus
(Case 2)

FRG 5.27 · 10−4 1.29 · 10−4 [−22,−6]
FNC 8.06 · 10−4 6.11 · 10−6 [−20,−7]
SFS 6.61 · 10−4 5.32 · 10−5 [−20,−7]

The Distance to Cone Boundary (DCB = ln |c2ij + s2ij − ciicjj|), calculated
according to [135] for each in-service branch, proved satisfactory accuracy of the
relaxed solution. This is confirmed also by the maximum absolute error (MAE)
on bus voltage magnitudes and active power losses mismatch εloss, calculated with
respect to the theoretical ACLF solution.

Computational performances were assessed comparing the proposed MISOCP
approach with the MILP formualtion and with the solution of the generical MINLP
problem obtained through a meta-heuristic approach (GA). GA was implemented
using the global optimization tools in Pymoo library [162]. Numerical simulations
were performed on a computer with 16 GB RAM, 11th Gen Intel® Core™ i7-1195G7
CPU @ 2.90 GHz. Comparative results are shown in Table 5.11 and Table 5.12 in
terms of solution optimality and CPU time, respectively.

The tests on IEEE 33-Bus demonstrated similar performances for both the MIS-
OCP and MILP formulations, with only very negligible differences in computational
burden and solution quality. It took less than 1 s for the solver to reach convergence,
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whereas the GA needed almost an entire minute. Substantial differences, however,
were observed for the 1014-Bus network, especially with the FRG technique. Since
in Case 2 the optimal solutions are coincident regardless of the use of MILP or
MISOCP, using the first approach is computationally more advantageous. The MILP
approach is without any doubt the fastest one, especially when the FRG technicque
is used. However, it should be reminded that this approach does not take into
account network equations, cannot include losses in the objective function and grid
constraints. The comparison with the more complete MISOCP formulation in terms
of computational performances is therefore unfair.

The MISOCP approach performed always better than GA, in terms of both CPU
time and optimality of the solution. Even though the performances of the GA could
be theoretically improved by tailoring its formulation to our problem, this is out
of the scope of this work. In general, the proposed analytic approach is preferable
because, being based on sound and rigorous mathematical foundations, it leads to
formulation that is easier to interpret, allows for detailed analysis of the results
obtained, and guarantees greater reliability of the results.

Table 5.11: ONR Objective Function Comparison [p.u.]
DN Model FDIR Logic ONR MILP ONR MISOCP ONR GA

33 Bus
FRG 0.6427 0.6426 0.6427
FNC 0.5855 0.5855 0.5855
SFS 0.5569 0.5569 0.5570

1014 Bus
(Case 1)

FRG 0.7982 0.8020 0.8596
FNC 0.7237 0.7243 0.7943
SFS 0.6775 0.6781 0.7392

1014 Bus
(Case 2)

FRG 0.7727 0.7727 0.7822
FNC 0.6967 0.6967 0.6995
SFS 0.6507 0.6507 0.6570

Table 5.12: ONR Solving Time Comparison [s]
DN Model FDIR Logic ONR MILP ONR MISOCP ONR GA

33 Bus
FRG 0.42 0.76 56.13
FNC 0.39 0.62 52.95
SFS 0.37 0.59 39.28

1014 Bus
(Case 1)

FRG 68.43 585.79 2907.43
FNC 9.47 460.86 2552.46
SFS 3.58 298.91 2306.27

1014 Bus
(Case 2)

FRG 75.43 395.77 2643.46
FNC 11.61 32.37 2384.56
SFS 3.97 20.18 2161.42
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5.9.2.4 ONR Validation through Monte Carlo Analysis

This subsection aims to validate the proposed deterministic approach, which assesses
reliability operation based on static load scenarios. To this purpose, a Monte Carlo
(MC) simulation for fault events is combined with the copula approach for stochastic
load modeling. This hybrid approach allows to capture topological uncertainties,
related to time and position where failures occur, and operational uncertainties
related to net load demand at the exact moment of failure. In particular, the spatial
correlation of loads in the DN has been modeled, using a copula approach to construct
the multivariate joint probability distribution of loads, based on historical data series.
The result is a matrix C of size Nscenarios ×Nloads, where each row represents a load
demand scenario, based on the correlations between the network’s nodes.

A reliability analysis was conducted by simulating the 1014-Bus network over an
extended time horizon (e.g., 105 years) to ensure statistical convergence of the indices.
The validation process proceeds generating, for each component of the network, a
time sequence of Time To Failure (TTF) and Time To Repair (TTR) by randomly
sampling the statistical distributions. Regarding TTF, an exponential distribution
based on the failure rate λ has been adopted, whereas a log-normal distribution with
a standard deviation of ρ has been employed for TTR.

When a failure occurs at time t, through a topological analysis, the probabilistic
model identifies the nodes that are no longer powered. The load stochasticity is taken
into account considering one of the Nscenarios generated by the copula approach.

The outages duration per customer, and the number of outages per customer,
were calculated considering the frequency and duration of the failure event. The
energy not served was calculated multiplying the duration of the failure event with
the stochastic load demand of nodes not supplied. The outcomes of the probabilistic
model was then compared to the deterministic MISOCP-ONR solution obtained
considering the static scenario, with the average net-load profiles coming out of the
historical data series.

The statistical probability distributions of each objective and the comparison
with the analytical solution are shown in Fig. 5.18. All four expected values are
very close to the ones obtained with the deterministic approach. Therefore, the tests
confirmed that the results obtained by applying the proposed methodology to an
average deterministic scenario are consistent with the expected values derived from
a MC simulation. The results remain consistent even when accounting for system
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losses, which are inherently non-linear. Clearly, variance around the expected values
can be reduced if topologies are optimized using generation and load profiles based
on shorter time intervals (e.g., seasonal data).

Since voltage and current values are calculated according to deterministic hypothe-
ses, the approach cannot fully account for security violations arising from specific
operating conditions, such as extreme events of overgeneration or overload. Never-
theless, the approach is general enough to be applied to multiple time series, which
can theoretically take into account several scenarios, each characterized by a certain
probability of occurrence. This, however, could lead to an unnecessarily oversized
or computational burdensome problem, as it would need to include in calculations
scenarios characterized by low probability of occurrence. Instead, we believe that
the proposed approach, given its good convergence and computational performance,
could be integrated within a SCADA/DMS framework, to identify current optimal
topologies during operation, therefore according to updated information or forecasts
on power system conditions. Ultimately, the applicability of reconfiguration in the
(extended) real-time framework depends on the actual capability to develop fully
adaptive distribution automation and protection functions, as also further discussed
in the conclusion.

a)

c)

b)

d)

Active power losses [kWh]

Figure 5.18: Statistical probability distributions for each term of the ONR objective
function: a) Outage duration per customer, b) Number of outages per customer, c) Energy

not served, d) Active power losses [3].
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5.10 ONR for Mitigating the Impact of Adverse

Weather Events

Adverse weather events can impact failure rates of grid components, leading to a
degradation of power system conditions both in terms of reliability and security. This
paragraph investigates how ONR techniques can be adopted to mitigate the effects
of most common adverse weather events (AWEs), such as heat waves, floodings and
high speed wind gusts. The proposed ONR formulation is based on the integration
of full AC network equations and operating constraints through MISOCP techniques.
The formulation is also based on the assessment of how failure and repair rates
change over AWE conditions. A full description of possible approaches to update
reliability parameters in relation to weather conditions is also given. Numerical tests
are performed on a realistic-sized (1014-buses) distribution network model. The
results have demonstrated the feasibility and scalability of the approach, making the
ONR a suitable tool for enhancing grid reliability and security during AWEs. The
adoption of the ONR during extreme events has led to feasible optimal configurations
that improved system reliability and losses.

5.10.1 Literature review & Contributions

Driven by climate change, extreme Adverse Weather Events (AWEs) are becoming
more frequent and intense, thereby elevating the risk of equipment failure, intensifying
the probability of cascade events [170], multiple outages and blackouts[171, 172].
Due to the unpredictability of such events and to the lack of robust and suitable risk
assessment models, it is difficult to quantify a precise correlation between AWEs and
components damage [173]. However, suitable strategies of operational planning can
be adopted to enhance power grid resilience, preserving service to customer [174].

For this purpose, many studies have developed fragility curves [175, 176], to
correlate critical weather conditions, such as wind speed [177–179], flood depth
[180, 181], with component failure or damage probabilities. In [182], the impact of
heat waves on distribution systems is analyzed, estimating how the failure rates
of underground cables can be modified on the basis of meteorological data and a
historical failure database. In [183], a reliability model is validated through empirical
dependencies of component failure and repair rates on wind speed and lightning
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intensity.
The potentials of adopting ONR under AWEs were explored in [184], where

the coordinated reconfiguration, jointly with distributed resources management
helped mitigate the effects of hurricanes on end users and operation costs. In
[185, 186], the combination of dynamic reconfiguration and demand-response allowed
to improve power system resilience under weather-based outages. In [187], a bi-level
reconfiguration model is presented. The first level of the proposed methodology
aimed to minimize the cost of expected outages before storm or hurricane, while
the second level minimized the cost of outages post AWE. The work presented in
[188] introduced a coordinated approach of network reconfiguration and wind-turbine
allocation aimed at minimizing load curtailment during extreme AWEs.

In this paragraph, an ONR architecture based on MISOCP is developed and
used to investigate whether feasible optimal topologies that satisfy the network
operational requirements can be found and adopted during adverse weather conditions
to improve reliability. The influence of AWEs on the reliability of the power system
is assessed by taking into account the specific vulnerabilities of different network
components. Underground cables and urban substations may be exposed to elevated
temperatures during Heat Waves (HWs) due to the formation of urban heat islands
[189]. Underground equipment, together with secondary substations, may instead
be affected by flooding during intense rainfall if located in high flood risk areas.
Similarly, towers, pole-mounted transformers, and overhead lines can be damaged or
experience faults under severe Wind Gusts (WGs), particularly when vegetation is
present near them.

The impact of AWEs including HWs, floodings, and WGs is integrated into
the ONR problem through updated failure rates and repair times for components
susceptible to these events. The methodology is applied to a realistic-sized grid
model that represents a distribution network that supplies a town in Southern Italy.

A preliminary study on this topic was conducted in [15] and for extension purposes,
the contributions of this study are:

• sound and complete formulation of a deterministic ONR problem, based on a
full ACLF model represented through MISOCP relaxation;

• integration of FDIR distribution automation logics;

• inclusion of security constraints on voltage magnitudes and branch ratings in
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order to find only feasible optimal topologies;

• improved formulation of the objective function that now includes both targets
on reliability and operating conditions;

• definition of a deterministic approach to model the evolution and duration
of AWEs (e.g., heat waves, floodings, and wind gusts) within grid reliability
studies;

• an update strategy for failure and repair rates of grid components, tailored to
the specific physical impact of different AWE types.

• comparison of results obtained with the previous formulation in [15], based on
a simpler MILP problem.

5.10.2 ONR solution algorithm under AWEs

A key requirement for assessing the impact of AWEs on distribution grid reliability is
an ONR tool integrated into the SCADA/DMS sufficiently accurate and capable of
providing a solution within a reasonable time frame. This should be complemented by
historical weather event data and a methodology to estimate electrical equipments’
failure and repair rates. Considering the MISOCP-ONR problem formulated in
Paragraph 5.7, in this section, a two-stage solution procedure is proposed to derive
alternative topologies under AWEs still fulfilling network constraints.

To assess the impact of weather events on a distribution network, a simple
workflow procedure is proposed in Fig. 5.19 to illustrate the approach adopted to
perform numerical simulations.

Stage 1 allows to evaluate the impact of AWEs on reliability, using the system
topology which optimizes normal weather conditions. In Stage 2, the ONR problem
is solved for each AWE, finding different optimized topologies.

5.10.2.1 Stage 1 - Normal Weather ONR

Stage 1 starts with the assignment of component standard failure rates (λ) and repair
times (ρ), according to [146, 190], followed by a network zone partitioning execution.
The ONR routine is launched to find a network topology that minimizes (5.19), the
solution represents the optimal topology that, during normal weather conditions,



5. Optimal Network Reconfiguration Algorithms for Optimizing the Reliability and
Quality of Supply in Primary Distribution Networks 165

Figure 5.19: ONR workflow procedure considering AWEs [7].

minimizes the reliability indices EENS, SAIDI, SAIFI, and active power losses. This
first optimal topology is then used as benchmark to analyze the ONR outcomes
under AWEs.

As explained in [191], average reliability indices can be defined as follows:

EENSavg = γ1 · EENS + γ2 · C-EENS

SAIDIavg = γ1 · SAIDI + γ2 · C-SAIDI

SAIFIavg = γ1 · SAIFI + γ2 · C-SAIFI

(5.48)

where EENS, SAIDI, and SAIFI, are the reliability indices evaluated with (5.2)-
(5.4), during normal weather conditions, considering normal failure rates and repair
times (λ, ρ). C-EENS, C-SAIDI, and C-SAIFI, are the conditional reliability indices
evaluated with (5.2)-(5.4) and considering updated failure rates and repair times λ∗

and ρ∗, used to take into account the influence of AWEs on components reliability.
The weights γ1 and γ2 allow to estimate the duration of normal and AWE conditions,
indicated with N (h) and A (h), respectively:

γ1 =
N

N + A
, γ2 =

A

N + A
(5.49)

The optimal topology found in this stage is used to evaluate (5.2), (5.3) and (5.4)
during normal weather and AWE conditions, assuming in the second case, updated
reliability parameters λ∗ and ρ∗ that leads to conditional reliability indices.

Please note that in this stage, the conditional reliability indices are not optimized,
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but only calculated ex-post based on the optimal topology found under normal
weather conditions, meaning that better solutions that minimize them could exist.

5.10.2.2 Stage 2 - ONR under AWEs

Stage 2 assumes that the network topology can be optimized whenever AWEs are
expected. This means that different topologies will be used to assess the overall
reliability indices. In this stage, the conditional reliability indices are optimized
solving the ONR problem. The solution represents the optimal topology that
minimizes the conditional reliability indices C-EENS, C-SAIDI, C-SAIFI, and power
losses for each AWE condition.

The average reliability indices can still be calculated with (5.48), but, unlike
Stage 1, the conditional reliability indices are evaluated based on a different topology,
optimized for each AWE. In the absence of historical failure data, reliability parame-
ters λ∗ and ρ∗ are modified by applying a suitable correction factor to the standard λ

and ρ, trying to find a compromise between the common practices and values found
in literature. These assumptions are working hypothesis used to investigate how
ONR can help in mitigating the impact of AWEs, rather than building an actual
probabilistic model [192].

5.10.3 Characterization and duration of the AWEs

The duration of the three types of AWEs considered in this study are calculated
accessing to historical data of temperature (°C), precipitation intensity (mm) and
wind speed (m/s), using the MEteorological Reanalysis Italian DAtaset [193].

5.10.3.1 Heat Waves

HW events could be evaluated by means of three indices [194]. The first one, the
significant excess heat index (SEHIi) is calculated as the difference between the
arithmetic mean of the average temperatures measured on a period of three days and
the 95th percentile of the daily mean temperature based on the previous 30 years of
data (1994-2023).

SEHIi =
Ti + Ti+1 + Ti+2

3
− T95 (5.50)

The second one is the acclimatization excess heat index (AEHIi), calculated as the
difference between arithmetic mean of the average temperatures calculated over the
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three days and the previous 30 days indicating the unusual temperature rise.

AEHIi =
Ti+Ti+1+Ti+2

3
− Ti−1+. . .+Ti−30

30
(5.51)

The two indices are then used to calculate the excess heat factor for the day i (EHFi).
If this index is positive for at least 3 days consecutively, then the HW event has
occurred.

EHFi = max(1,AEHIi) · SEHIi (5.52)

Once the HW event has been evaluated, the following relations has been used
to modify the underground lines and transformers component failure rates. An
exponential growth Weather-Dependent Failure Rate model was adopted (5.53) to
quantify the increase in the probability of failure of the underground cables as a
function of thermal stress.

λline(T (t))
∗ = λ · eα(T (t)−Tcrit) (5.53)

The exponential form represents the statistical adaptation of Arrhenius chemical law
for the degradation of insulators. A value of α = 0.07 was derived from Montsinger
rule [195]. An activation threshold Tcrit = 30◦C was set.

In order to directly correlate environmental and operational variables with the rate
of transformer degradation, the aging acceleration factor (5.54) with the steady-state
thermal model has been adopted, in accordance with IEEE Std C57.91 [196].

λtr(T (t))
∗ = λ · exp

(
15000

383
− 15000

TH(t) + 273

)
(5.54)

In particular, the hot-spot temperature TH(t) is expressed as a function of time
through the following equation:

TH(t) = Ta(t) + ∆To ·
(
1 +R ·K2

1 +R

)x

+∆Tg ·Ky (5.55)

Specifically, the parameters adopted reflect a standard distribution transformer:
Ta(t) is the variable ambient temperature (during HW event), K is the Load factor.
∆To = 55◦C is the nominal oil over-temperature, ∆Tg = 23◦C is nominal winding
hot-spot gradient, R = 5 is the Ratio between load losses and no-load losses at
nominal load. Thermal exponents x = 0.8 and y = 1.6 have been used according
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to the standard. In the absence of specific historical load profiles and to conduct a
precautionary risk analysis, a constant load factor K = 1 was assumed.

5.10.3.2 Floodings

Floodings events are evaluated using a rainfall threshold, generally used for the esti-
mation of possible occurrence of rainfall-induced landslides and flash flood triggering.
The intensity-duration power law has the following form [197]:

I = η · D−σ (5.56)

where I is the rainfall maximum intensity (mm/h), η is a scaling parameter, σ is the
shape parameter and D the duration of the rainfall event (h). The parameters adopted
in this study have been taken by [198], valid for a D values between 0.167 h and 24

h. If the maximum intensity of the rainfall event is above the threshold curve, then
the flood is triggered. The flooding event is considered to affect components located
within an high flood risk area of about 3 km2 (according to the hydro-geological map
of the DN area [199]).

In the absence of specific fragility curves for the components under examination,
the study adopts a piecewise linear model (5.57), under the physical assumption
that the mechanical stress acting on the components is directly proportional to the
hydrostatic pressure exerted by the water column, which varies linearly with the
depth of submersion (h). The modified failure rate is evaluated when a Flooding
event is registered:

λ(h(t))∗ = λ+ α · (hi(t)− hcrit), α =
λmax − λ

hmax − hcrit
(5.57)

The analysis adopts a conservative approach applied to dated critical infrastructure
for underground secondary cabins, characterized by degraded resilience. For this
reason the model assumes a zero trigger threshold (hcrit = 0 m). Risk saturation is set
at hmax = 1.5 m, above which infiltration becomes inevitable for standard components.
A maximum failure rate of λmax = 5 faults/year has been chosen, reflecting the
transition from random failure to accelerated stress failure, making failure highly
probable within the typical duration of the flood event. For underground cables, the
model adopts a lower sensitivity damage curve (reduced α), justified by the nature
of modern conductors (e.g. XLPE insulated), which are inherently waterproof.
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5.10.3.3 Wind gusts

WG events depending on wind speed, and their impact on power system’s reliability
is widely explored by the use of fragility curves [177–179]. In this study, the WG
event is considered verified if the wind speed at 10 meter altitude is greater than
8 m/s, because of the increasing overhead lines’ faults recorded, according to [183].
To estimates the failure rates during WG events, a quadratic relation (5.58) is used,
according to [200]:

λ(ω(t)) = λ · (ω(t)/ωcrit)
2 (5.58)

where ω(t) is the wind speed registered, ωcrit = 8 m/s is the threshold value.

5.10.4 Case Study & Test Results

Numerical simulations were carried out on the 1014-Bus realistic-sized distribution
network model, solving the MISOCP-ONR model under AWEs adopting the SFS
technique (computationally lighter) and comparing the results obtained with the
previous MILP formulation, detailed in [201].

5.10.4.1 ONR results - Normal weather

After the assignment of component standard reliability parameters (λ, ρ) in the
initial topology, the zone partitioning algorithm and ONR are executed. The zonal
reliability parameters (λz, ρz), zonal number of customers Nz and zonal active power
demand PD

z , evaluated during normal weather are shown in Fig. 5.20; only λz, ρz
will be modified when assessing different AWEs.

Taking into account the initial topology (Fig. 5.21a), the grid is characterized by
a total active power demand of 37.45 MW, a total RES generation of 11.49 MW,
whereas the total active power losses are 1.13 MW. A total of 394 voltage violations
and 2 overloading violations are detected in the initial grid topology. Overvoltages
are concentrated in the rural area, while undervoltages and overloading violations
are located in the urban area.

After MILP-ONR, only 55 undervoltage violations and 1 overload persist, as can
be seen in Fig. 5.21b, while MISOCP-ONR was able to solve all violations (Fig.
5.21c).

The MILP and MISOCP optimized topologies obtained in normal weather are
also shown with zonal graphs in Fig. 5.22. Each feeder starts from an ancestor
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Figure 5.20: Initial zonal topology in normal weather: a) Zonal failure rate. b) Zonal
average downtime per failure. c) Zonal number of customers. d) Zonal active power

demand [7].

zone (colored square box) and is connected to the primary substation zone (white
square box). The switch transitions from open to closed after the ONR are indicated
with a red continued line. The colors adopted for the two topologies will be used
as a reference in the following zonal graphs to emphasize the topological differences
between the results obtained in normal and AWEs for the two formulations. Some
differences can be noticed between the two topologies obtained. In the MILP result,
the zones #12 and #19 are connected under the ancestor zone #1, improving the
reliability and minimizing the number of upstream zones, but causing the violations
of undervoltage and overloading to persist in the first feeder. In the MISOCP result,
the zones #8, #9, and #14, are connected under the zone #12 on the fourth feeder,
clearing all violations. The same topological rearrangements can be appreciated for
the zones located on the sixth, seventh, and tenth feeder, for both ONR results.

Reliability indices evaluated on the initial and optimized topologies, during normal
weather, are shown in Tab. 5.13.
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a) b) c)

Buses at the ends of overloaded branches

Rural areaUrban area

Figure 5.21: Initial and optimized grid topologies in Normal weather: a) Initial condition.
b) MILP results. c) MISOCP results [7].

a) b)

Primary substation zone Ancestor zone Load zone Switch transition 0/1N N0

Figure 5.22: Optimized zonal topologies in normal weather: a) MILP result. b) MISOCP
result [7].

The MILP result led to a major improvement in terms of reliability indices
(18.09%, 22.11%, 22.49%, respectively), compared to the MISOCP result (17.15%,
21.43%, 21.82%). Despite this, the MISOCP approach led to a feasible topology,
which also minimized total active power losses. The highest improvement is reached
by the MISOCP results, in terms of Ploss, with a reduction of 42.19%, while the
value of Ploss obtained with MILP-ONR is only assessed by an ACLF after ONR,
so it is not minimized. As mentioned above, the two optimal topologies obtained
during normal weather will also be used to evaluate the conditional reliability indices
in the presence of each AWE, at the end of Stage 1.

5.10.4.2 ONR results - Heat waves

HWs are assumed to affect underground cables and MV/LV transformers, located
mostly in urban areas and vulnerable to the temperature increase also due to the
phenomenon of urban heat islands. The estimated total duration of these events is
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Table 5.13: Reliability indices and system losses during normal weather

Method EENS
[MWh/year]

SAIDI
[hours/year]

SAIFI
[faults/year]

Ploss

[kWh]
Initial Topology 284.052 8.7029 1.2055 1125.37
MILP 232.671 6.7786 0.9344 735.07
MISOCP 235.337 6.8383 0.9424 650.56

about 408 h/year. The failure rates of 208 underground cables and 236 distribution
transformers have been updated with the mean value obtained from (5.53), (5.54),
evaluated in the presence of HWs. The zonal reliability values during this AWE
are shown in Fig. 5.23. Compared to the standard reliability parameters evaluated

𝛌𝐳
[faults/year]

𝛒𝐳
[hours]

a) b)

Figure 5.23: Initial zonal topology with modified reliability parameters: a) Zonal failure
rate. b) Zonal average downtime per failure [7].

during normal weather, a general increase of λz, for the zones located in the urban
area, can be observed.

The zonal topologies obtained are shown in Fig. 5.24, where the red-written
zones include components influenced by HWs.

It can be observed that, after MILP-ONR (Fig. 5.24a), the zone #19, connected
to the first feeder during normal weather, is now located below the zone #18, in
the fourth feeder, to minimize its fz. In fact, during HWs, the ancestor zone #1 is
characterized by higher values of λz. The zone #52 has also been relocated under the
ninth feeder, in which no components are influenced by HW, reducing the number of
upstream zones on its path and then its fz and its Uz; only 1 overload persists in
this configuration.

In the MISOCP result (Fig. 5.24b), the zone #9 is no longer connected below
the fourth feeder, due to the presence of the zone #11, now with higher λz, and
remains located under the ancestor zone #1. This slightly increases the first feeder
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Figure 5.24: Optimal topology during heat waves: a) MILP results. b) MISOCP results [7].

demand, compared to the solution obtained during normal weather (Fig. 5.22b), but
still respects the security limits. To clear overloads in the first feeder, the zone #8

has been moved under the ancestor zone #6. The zone 52 has been relocated under
the eighth feeder, as in the MILP results.

Conditional reliability indices evaluated on the optimized topologies, during HWs
are shown in Tab. 5.14.

Table 5.14: Conditional reliability indices and system losses during Heat Waves

Method Optimized
AWE topology

C-EENS
[MWh/year]

C-SAIDI
[hours/year]

C-SAIFI
[faults/year]

Ploss

[kWh]

MILP Normal 373.446 9.6319 1.4340 735.07
Heat Waves 371.879 9.5486 1.4156 673.57

MISOCP Normal 375.432 9.6698 1.4383 650.56
Heat Waves 374.779 9.6596 1.4347 639.14

Improvements can be observed for both MILP and MISOCP results, compared
to the optimal topologies found during normal weather. The reliability indices
minimized after MISOCP-ONR are higher compared to the MILP result, as the
MISOCP approach aims to mitigate the overload still present in the MILP optimized
topology. The greatest improvement in reliability indices is observed for C-SAIDI
and C-SAIFI, with a reduction of 0.86% and 1.28%, respectively, in the MILP result,
and 0.69% and 0.95% in the MISOCP result. The C-EENS index is subject to a
lower reduction of 0.42% and 0.27%, respectively. The reduction obtained in terms
of Ploss is the highest between the different AWEs, with an improvement of 1.75%
after MISOCP-ONR.

Table 5.15 compares the average indices obtained considering the actual duration
of HWs. It can be seen that the values of the average reliability indices evaluated in
Stage 1 and 2 are very close for both approaches, with similar optimal topologies
obtained to those found during normal weather. The increased values of λ∗ on the
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already high-failure-rate components led both problems to move in the same direction,
seeking to minimize reliability indices by reorganizing the same most critical zones.

Table 5.15: Average reliability indices considering Heat Waves
Method Stage EENS [kWh/year] SAIDI [h/year] SAIFI [faults/year]

MILP
1 239.228 6.9115 0.9577

2 239.155 6.9076 0.9568

MISOCP
1 241.862 6.9701 0.9655

2 241.815 6.9670 0.9649

The almost same results, obtained with MISOCP approach during the two Stages,
prove that the topology found in normal weather is close to being suitable for the
AWE, with few different switching transitions needed to find the optimal one.

5.10.4.3 ONR results - Floodings

In case of floodings, the failure rates and repair times of 14 underground lines and 8

secondary underground substations, located in areas with high risk of flooding, were
updated, by the mean value obtained with (5.57), calculated whenever a flooding
event occurs. The repair time has been modified by adding the average duration of
flooding events to the standard repair time of components. Unlike the HWs events,
the repair time has also been modified accounting for the impossibility of conducting
maintenance in completely flooded areas. The estimated total duration of these
events is about 180 h/year.

The zonal reliability values, evaluated during floodings, are shown in Fig. 5.25,
despite the limited number of components influenced by this AWE, a considerable
increase can be observed in terms of λz and ρz.

The optimized topologies are shown with zonal graphs in Fig. 5.26, where red-
written zones are influenced by floodings. The zones affected by flooding events are
only four: zones #5, #11, #12, and #13. After MILP-ONR (Fig. 5.26a), zone
#3, connected under zone #13 during normal weather, have been connected under
zone #2, outside the floodings risk-area and having a lower ρz. Zone #12 is now
connected below zone #13, decreasing the possibility that a failure can occur on
the fourth feeder. The zone #11 remains connected to the fourth feeder (green),
having no other possible configurations, as for HWs. Concerning the zone #5, since
it is subject to possible flooding and is characterized by the highest λz, yet no other
zone can be connected to it without worsening the reliability performances. In this



5. Optimal Network Reconfiguration Algorithms for Optimizing the Reliability and
Quality of Supply in Primary Distribution Networks 175

𝛌𝐳
[faults/year]

𝝆𝐳
[hours]

a) b)

Figure 5.25: Initial zonal topology with modified reliability parameters: a) Zonal failure
rate. b) Zonal average downtime per failure [7].

optimized topology, 61 undervoltage violations and 2 overloading persist on the grid.

a) b)

Primary substation zone Ancestor zone Load zone

Switch transition 0/1

NN N0 Zone subject to Floodings

Figure 5.26: optimized zonal topologies during floodings: a) MILP results. b) MISOCP
results [7].

Also in the MISOCP result (Fig. 5.26b), the zones #3 and #12 have been
connected under the first feeder. In order to avoid undervoltage violations registered
in the MILP configuration, the zone #8 connected below zone #12 during normal
weather has been moved under the ancestor zones #6, improving fz and Uz.

The conditional reliability indices calculated on the optimal topologies during
floodings are shown in Tab. 5.16.

Table 5.16: Conditional reliability indices and system losses during Floodings

Method Optimized
AWE topology

C-EENS
[MWh/year]

C-SAIDI
[hours/year]

C-SAIFI
[faults/year]

Ploss

[kWh]

MILP Normal 346.561 8.5720 1.0022 735.07
Floodings 341.324 8.4610 0.9995 752.45

MISOCP Normal 367.522 9.0190 1.0246 650.56
Floodings 343.520 8.5094 1.0046 639.49



5. Optimal Network Reconfiguration Algorithms for Optimizing the Reliability and
Quality of Supply in Primary Distribution Networks 176

The optimized AWE topologies allowed for a great improvement in both the MILP
and MISOCP results. The highest improvement for reliability indices is observed for
C-EENS and C-SAIDI (reduced by 1.51% and 1.29% after MILP-ONR, 6.53% and
5.65% after MISOCP-ONR). The C-SAIFI is subject to the lowest reduction (0.27%
and 1.95%). Total active power losses are subject to a reduction 1.70%, minimized
in MISOCP-ONR.

The average reliability indices in Tab.5.17 differ more in the both MILP and
MISOCP approaches, compared to HWs, with flooding being a more localized event
and heavily affecting a limited number of components. This unpredictable increase

Table 5.17: Average reliability indices considering Floodings
Method Stage EENS [kWh/year] SAIDI [h/year] SAIFI [faults/year]

MILP
1 235.011 6.8154 0.9358

2 234.904 6.8132 0.9357

MISOCP
1 238.053 6.8831 0.9441

2 234.949 6.8142 0.9358

in the reliability parameters highlights that the topology obtained during normal
weather is not the optimal one to adopt for this type of AWE. Compared with
HW results, in this case, only a few components reach high failure rate and repair
time values, leading to the ONR to rearrange specific zones for system reliability
improvements.

5.10.4.4 ONR Results - Wind Gusts

Considering WGs, the reliability parameters were updated for 548 overhead lines
and 606 towers and pole mount transformers, located mostly in rural areas and more
easily subject to faults due to the proximity of trees. The repair time has been
modified by adding the average duration of the WG events to the standard repair
times of components. The failure rates has been modified considering the mean value
derived by (5.58). The estimated overall duration of these events is about 401 h/year.
The zonal reliability values, evaluated during WGs are shown in Fig. 5.27.

Although a large number of zones are influenced by WGs, a lower λz increase is
registered compared to previous AWEs. The highest ρz are now registered on the
right side of the grid, in the rural area.

The new topologies found are shown with zonal graphs in Fig. 5.28 (where
red-written zones are influenced by WGs).
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Figure 5.27: Initial zonal topology with modified reliability parameters: a) Zonal failure
rate. b) Zonal average downtime per failure [7].
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Figure 5.28: optimized zonal topologies during Wind Gusts: a) MILP result. b) MISOCP
result [7].

The MILP result in Fig. 5.28a shows how some of the zones afferent to the
right half-bar and previously connected under ancestor zone #50 (zones #51, #53,
#60-#67) now influenced by the WG are now connected to the zones related to the
left half-bar (under ancestor zone #10), reducing their Uz, despite the increase in
the number of upstream zones. Moreover, some of the zones previously connected to
the eleventh feeder are now moved to the tenth feeder, below the zone #79, in order
to improve reliability on the last feeder. 37 undervoltage violations and 1 overload
persist.

In the MISOCP result (Fig. 5.28b), in addition to the same reorganization of
zone #51, #53, #60-#67 that occurred with MILP-ONR, zone #9, #14 and #12

presents the same configuration obtained for floodings, with zone #8 moved under



5. Optimal Network Reconfiguration Algorithms for Optimizing the Reliability and
Quality of Supply in Primary Distribution Networks 178

the third feeder, to avoid violations. Furthermore, the zones #79 and #81, remain
connected under ancestor zone #72, to reduce active power losses but worsen the
reliability.

Conditional reliability indices, calculated on the optimized topology during WGs,
are shown in Tab.5.18.

Table 5.18: Conditional reliability indices and system losses during Wind Gusts

Method Optimized
AWE topology

C-EENS
[MWh/year]

C-SAIDI
[hours/year]

C-SAIFI
[faults/year]

Ploss

[kWh]

MILP Normal 290.176 9.0233 1.0173 735.07
Wind Gusts 286.563 8.8572 1.0218 811.85

MISOCP Normal 292.867 9.0829 1.0253 650.56
Wind Gusts 289.106 8.9210 1.0251 645.82

Different improvement in terms of reliability has been found with respect to the
other AWEs. The greatest reduction was found in terms of C-SAIDI (1.84% and
1.78% with the MILP and MISOCP result, respectively) and C-EENS (1.24% and
1.28%). C-SAIFI increased by 0.43% with MILP-ONR while it was reduced by 0.02%
after MISOCP-ONR. The total active power losses have been reduced by 0.72%,
minimized in the MISOCP-ONR. Few reconfiguration maneuvers can be made due
to the low number of switches located in the rural area. This means that for many
buses it is not possible to improve reliability by connecting to other feeders.

The average reliability indices in Tab. 5.19 show that, despite the limitation
previously described, the most improved average index in the case of WGs is SAIDI,
subject to the higher reduction and directly dependent on the updated reliability
parameter λ∗ and ρ∗.

Table 5.19: Average reliability indices considering Wind gusts
Method Stage EENS [kWh/year] SAIDI [h/year] SAIFI [faults/year]

MILP
1 235.303 6.8813 0.9382

2 235.138 6.8737 0.9384

MISOCP
1 237.971 6.9410 0.9462

2 237.799 6.9336 0.9462

Compared to flooding events, the values obtained with MISOCP-ONR in Stages
1 and 2 are closer, due to the fact that the components influenced by WG are
characterized by low standard failure rates. This, in addition to a moderate severity
of the recorded WG events, limits the improvements in terms of the average reliability
indices obtained with the new optimal configuration found.
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5.11 Primary Distribution Network Re-energization

through Multiple Black Start Units

The increasing integration of distributed generation into distribution networks poses
challenges to grid security and reliability, primarily due to the inherent intermittency
and non-dispatchability of renewable energy sources (RES). Energy storage systems
can mitigate these issues by enhancing RES controllability, thereby transforming
them from a source of uncertainty into a flexible asset that contributes to system
reliability. This study proposes a re-energization algorithm designed to exploit the
microgrids (MGs) capabilities in ensuring energy supply during extreme events (e.g.,
blackouts). Specifically, the algorithm enables secure partitioning into network islands
ensuring power balance.

The methodology is based on the concepts previously outlined for the formulation
of the ONR problem. It is therefore presented at the end of this chapter with the
aim of highlighting how reconfiguration problems can be appropriately modified
to implement different control actions and also provide other grid services (i.e.,
re-energization and restoration process).

5.11.1 A Brief Literature Review

The growth of energy produced from renewable energy sources (RES) involves a
reduction in the energy generated from fossil fuels, as required by the environmental
policies of the various countries. However, the diffusion of RES implies a decrease in
reliability due to their intermittent nature and consequent difficulties in operation
planning. These characteristics can affect the system dispatch and commitment
processes and also increase the risk of blackouts [202].

Power system restoration procedures are required following the blackout [202, 203],
also provided by Terna’s Grid Code in the plan for re-powering and re-energizing the
transmission network [19]. At first, the black start units (BSUs) start up themself
through their auxiliary generator. Specifically, the latter is employed to energize
the main generator and establish a power island with the local load. Subsequently
the BSUs energize the transmission grid restoring the power supply to the other
non-BSUs. Finally, all the generation units in operation restore the demand across
the system. The power plants (e.g., hydropower plants and gas turbines) that provide
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black start service must satisfy certain criteria presented in [204], together with the
possible application of RES and energy storage systems (ESSs) in providing this
service. Some architectures and controls for islanding operation are presented in
[205].

In [206] an integrated wind-photovoltaic-battery energy storage system (W-PV-
BESS) characterized by a reduced number of electronic converters with an energy
management system (EMS) is presented. The EMS allows to enable both the grid-
connected and off-grid modes, also allowing black start service. In [207], a feasibility
study is carried out considering a wind farm equipped with a storage system as a
possible BSU used to power a thermal power plant. The storage system is employed
to provide black start service and powering the wind farm, while the wind turbines
are used to feed the nearby thermal power plant. In [208] a power management
strategy is proposed to coordinate the resources in a microgrid (MG) composed
by photovoltaic generation and a hybrid ESS, consisting of a supercapacitor and
Lithium-Ion battery power converter systems. In particular, a power management
strategy is described in order to keep the power balance and the healty MG state.
The MG presents four operation modes in which one operates in black start state.
In [209] an inverter controller for islanding operation is presented to provide also
primary and secondary regulation services. In [210] the authors carry out black start
tests under different starting modes of a ground source heat pump integrated with a
hybrid ESS composed of a battery-supercapacitor system. An other study proposed
a configuration method for ESS based on analytic hierarchy process [211], in which
the ESS is designed to supply a wind turbine. Once the first turbine is started
up, the wind energy produced is used to re-power the remaining ones allowing the
wind farm to provide black start service. In [212] the authors present a stratified
optimization strategy for manage the batteries’ state of charge to avoid over-charging
and over-discharging during black start operation of PV-BESS system.

In [213] the concept of multi-microgrid (MMG) as a structure composed by
several MGs, distributed generation units, and controllable medium voltage loads
is introduced. The authors study the structure of this MMG, its control strategy
and finally propose a black start strategy. This one is based on a serial restoration
strategy in which one of the MG is identified as the main source. In [214] a MG’s
controller is designed to allow the shift from grid-connected to islanding mode, and
conversely, without requiring a control structure reconfiguration.
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According to [215], during an under-frequency transient, it is possible to define
isolated portions of the grid in order to face a generalized blackout, fostering the
reconstruction of the electricity system during the recovery phase. In this regard, this
paragraph addresses the possibility of exploiting MGs as BSUs, creating islanded sub-
networks able to self-balancing. Specifically, a re-energization optimization problem
is formulated and implemented to associate the unsupplied load in the distribution
network with the MGs previously identified as BSUs by the transmission system
operator. This results in a MILP optimization problem that maximizes the load
demand to be supplied following a blackout event and preserving the power balance
in the islanded sub-networks.

5.11.2 Re-energization Optimization Problem

In this section, a MILP optimization problem aimed to maximize the number of
end-users supplied by BSUs after a blackout event, is formulated. If it exists, the
optimal solution consists in creating islanded sub-networks, i.e., black start areas
(BSAs), that are capable of self-balancing.

5.11.2.1 Zone subdivision

Following a blackout event, the re-energization of load nodes via BSUs depends on
the presence of controllable switchable devices, and considering that the number
of devices is limited compared to the number of connecting branches of a generic
primary distribution network, the mathematical formulation of the proposed MILP
problem is based on a zonal subdivision of the network. A zone z is defined as a set
of network elements (nodes, branches, loads, and generation resources) connected
exclusively by switches. As in the case of ONR problems [4, 5, 15], this modelling
approach allows to simplify the grid topology into optimization frameworks and to
reduce the number of variables and constraints in pursuit the computational effort.
For this study’s purpose, let ΩZ be the set of zones into which the distribution
network is partitioned. Three subsets of zones can be distinguished, depending on
their role in the re-energization procedure:

• Source-zones: in a source-zone r ∈ ΩR, where ΩR ⊂ ΩZ , at least one BSU is
installed, still operating or able to start up by itself after the blackout event
and supplying local loads.
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• Load-zones : in a load-zone l ∈ ΩL, where ΩL ⊂ ΩZ , all the interconnected load
and generation nodes are de-energized following the blackout event. All the
components within a zone l can be re-energized only if l results connected with
any source-zone r.

• Resynchronization-zones : in a resynchronization-zone p ∈ ΩP , where ΩP ⊂ ΩZ ,
a synchronization device is installed in order to perform the resynchronization
operation of the isolated portion of the network during the black start procedure.
The interconnected load and generation nodes in this zone are de-energized
following the blackout event. All the components within a zone p can be
re-energized only if p results connected with a source-zone r. Load zones l and
source zone r, need to be connected to a resynchronization-zone p during black
start procedures.

An illustrative representation of zone subsets, for the re-energization problem, is
shown in Fig. 5.29. The BSA comprises the set of load zones connected to a source
zone. Each BSA is electrically isolated from the others and includes at most one
resynchronization zone, which identifies the boundary and the only way for the BSA
to be reconnected with the rest of the main grid through the primary substation (PS
zone).

PS 
ZONE

p1 p2 p3

BSA 1 BSA 2 BSA 3

source zone

load zone

closedswitch

open switch

Figure 5.29: Illustrative example of zone subsets employed in the re-energization
optimization problem [8].
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5.11.2.2 Objective function

The objective function is to maximize the load demand to be supplied in all load-zones
following a blackout event:

max
xij

∑
l∈ΩL

(P l
L ·
∑
r∈ΩR

Wl,r) (5.59)

where P l
L is the pre-blackout active power load demand required in a load-zone l,

Wl,r is a binary variable representing the power supply condition of a load-zone l

from a source-zone r. If the zone l is re-energized from the BSU located in zone r,
Wl,r is equal to 1 (0 otherwise). The decision variables xij are binary and represent
the connection states of the controllable switch protection devices (Ωsw) in the
distribution network. In fact, following the blackout event, these can be controlled to
reconnect the de-energized zones and aggregate them within islanded BSAs, capable
of self-balancing their loads by means of BSUs.

5.11.2.3 Fictitious power flows & zonal balancing constraints

Assuming that a fictitious unitary power demand is required in a load-zone l, and
that the power is generated and delivered from a source-zone r, a real continuous
variable fi,j,r can be defined. This represents the fictitious power flow transiting from
a generic zone i to an other zone j connected through a switch (i, j) and supplied by
a source-zone r. The fictitious power flow fi,j,r is related to the switch connection
state through the following constraints:

−|ΩL| · xij ≤ fi,j,r ≤ |ΩL| · xij, ∀(i, j) ∈ Ωsw,∀r ∈ ΩR (5.60)

Thus, fi,j,r consequently identifies the number of load-zones |ΩL| connected and fed
by a source-zone r, through the switch (i, j). An extreme case could topologically
corresponds to a configuration in which all zones l are fed from a single zone r,
with the remaining source zone completely isolated from the rest of the network.
Negative values for fi,j,r can be considered, depending on the orientation of the
switches, making the formulation general and suitable for different network models.
The zonal balancing constraints can now be defined, exploiting the variable fi,j,r.
These constraints are defined separately for load zones and source zones, considering
for the first set of constraints, a positive convention for the fictitious power flow
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entering the zone, negative if outgoing the zone, the opposite is made for the second
set. ∑

j∈ΩZ
i=l,j ̸=i

fj,i,r −
∑
j∈ΩZ
i=l,j ̸=i

fi,j,r = Wl,r, ∀l ∈ ΩL,∀r ∈ ΩR (5.61)

∑
j∈ΩZ

i=r,j ̸=r

fi,j,r −
∑
j∈ΩZ

i=r,j ̸=r

fj,i,r =
∑
l∈ΩL

Wl,r, ∀r ∈ ΩR (5.62)

Eq. (5.61) defines, for each load-zone l, the balance between the sum of the fictitious
power flows into and out of the zone l, for a given zone r. The variables fj,i,r, fi,j,r
and Wl,r, differ from zero only if the zone l is supplied by the BSU in r. Therefore,
considering the orientation of the switch, if the receiving zone of the switch coincides
with the zone l, the fictitious power flow is taken positive, otherwise it is taken
negative. Eq. (5.62) represents, for each zone r, the balance between the sum of the
fictitious power flow that is supplied by and to the zone r. If the sending zone of the
switch coincides with zone r, the fictitious power flow is taken positive, otherwise it is
taken negative. The balance must be equal to the number of load zones l connected
to each zone r.

5.11.2.4 Source independence constraints

In order to obtain multiple islanded BSAs, fed independently by their own BSUs,
the following constraints are also introduced:

∑
r∈ΩR

Wl,r ≤ 1 ∀l ∈ ΩL (5.63)

It follows that the power supply of zone l cannot occur simultaneously from multiple
BSUs. This means that if the load-zone l is fed by source-zone r, the variable Wl,r is
equal to 1, thus, the value of the variable related to the same zone l and referred
to the remaining source zones of the network must necessarily be equal to 0. If
load-zone l is not supplied by any source-zone, the value of Wl,r will be 0 for each
source-zone r.

5.11.2.5 Resynchronization zones independence constraints

In order to perform the subsequent resynchronization of the isolated portions of the
network with the main grid, each island must necessarily be connected to a zone p
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in which there is a synchroniZation device. This zone must represent the borders of
the BSA. Therefore, the following constraint must be considered:

∑
(i,j)∈Ωsw

xij ≤ 1 ∀p ∈ ΩP , i = p ∨ j = p (5.64)

The Eq. (5.64) is applied only to switches connected directly to a resynchronization
zone, allowing each p to be connected at most to one closed switch. In order to
guarantee the presence of only one zone p for each island, the following relationship
is taken into account: ∑

p∈ΩP

Wp,r = 1 ∀r ∈ ΩR (5.65)

with Eq. (5.65), no more than one zone p connected to a source zone r is allowed.

5.11.2.6 Islanded BSAs radiality constraints

In order to obtain islanded BSAs, the variable Wl,r is related to the connection state
of switches as follows: ∑

l∈ΩL
r∈ΩR

Wl,r =
∑
s∈Ωsw

xij (5.66)

These constraints allow to accept configurations in which not all load-zones l are
supplied, taking into account the hypothetical condition in which the BSUs may
not have sufficient capacity to meet the required active power load demand. These
relations make possible to obtain a network topology with multiple radial BSAs,
since the number of closed switches must be equals to the number of load-zones l

connected and powered by source-zones.

5.11.2.7 BSAs adequacy constraints

Finally, the BSUs capacity must be sufficient to cope the active power demand of
supplied load zones, by the following constraint:

∑
l∈ΩL

Wl,r · P l
L ≤ P r

G, ∀r ∈ ΩR (5.67)

In Eq. (5.67), the active power capacity of source in r must satisfy the active power
demand of a load zone l only if the variable Wl,r is equal to 1.
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5.11.3 Case study & Test results

Simulations were carried out on a 69-Bus Test system [164], the test system is a
12.66 kV distribution network consisting of 69 buses and 73 branches. An illustrative
base topology, as found in literature, is shown in Fig. 5.30a. In this configuration,
the total active power load demand is about 3.801, 89 kW, this data are used as the
pre-blackout total load demand to be supply from the BSUs.

a) b)

Figure 5.30: 69 Bus Test System graph: a) pre-blackout condition. b) post-blackout
condition [8].

In this test system, branches are assumed to be all switchable, therefore, the
execution of the zone subdivision algorithm leads to a subdivision of the network
into 69 zones, where every zone consists of a single bus and the set of loads and
generation connected to it. The combination of closed (black line) and open switches
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(red dashed line) ensures a radial configuration, considering the primary substation as
the only source (black contour square), with arrow directions indicating the switch’s
orientation. In addition to the Distribution Network’s base model, the presence of
4 BSUs was assumed located in zone 8, 30, 40, 48, with a nominal active power of
about 1600, 600, 1350, and 1200 kW, respectively. Moreover, 4 resynchronization
zones are considered (zone 4, 28, 36, 46) and shown in blue contour square. The heat
map shows the active power load demand for each load zone, from a minimum of 1
kW (zone 19), to a maximum of 1244 kW (zone 60). The re-energization algorithm
was tested and validated assuming different operating scenario. However, only the
most base case scenario is presented, with the aim of analyzing the effects of different
BSUs capacity considering the benchmark loads data of the 69-Bus Test system.

Simulation tests were performed modeling the Distribution Network using OpenDSS
software [165], while the mathematical problem is implemented in Python language,
using the Pyomo library [60, 147] for the optimization problem construction, and
the commercial solver Gurobi 11.0.1 with default settings [148] for the solution. For
this study’s purpose, the initial Distribution Network configuration is assumed to be
in a post-blackout condition, completely de-energized (Fig. 5.30b), with the BSUs
that only supplies the active power load demand requested within the source zones.
All switches in the network are considered to be open, with no load zone supplied,
the set of variables Wl,r is obviously equal to 0 for any source zone r.

Fig. 5.31 shows the topologies found as a result of the re-energization algorithm,
considering the 50% and 100% of the BSUs’ capacity. The solutions obtained involve
the formation of 4 BSAs, each one supplied by a single BSU. Switches connecting
zones belonging to the same BSA are identified by four different colours (purple,
magenta, orange, and blue), with each BSA respecting the proper radiality constraint.
As can be seen, each BSA is connected to a single resynchronization zone, supplying
their local active power load demand.

Considering the first topology obtained (Fig. 5.31a) with 50% of the BSUs’
capacity, it is evident that some load zones results not connected, (16, 21, 23, 25, 26,
44, 50, 60, 61, 63-66 and 68), remaining unpowered. This is due to the fact that zone
8, 40, and 48 does not have enough active power generated to satisfy the load demand,
while zone 30 supplies all the possible load zones in its downstream path. In addition,
other zones with no active power demand (22, 24, 59, 62), also results not supplied.
The arrows in the graph indicate the orientation of switches in the network model,
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b)a)

Figure 5.31: 69 Bus Test System graph after re-energization algorithm: a) 50% of BSUs
capacity. b) 100% of BSUs capacity [8].

with the respective values of the fictitious active power flows transiting through
them. The positive or negative values depends on how the switches are oriented
with respect to the fictitious flow leaving the source zones. For example, zone 8,
is connected to 15 load zones, the fictitious active power flow flowing through the
switches directly connected to it is about +8, +1 and -6, indicating a total of 15
zones connected to it. The negative value of the variable fi,j,r considers the switch
to be in the opposite direction with respect to the fictitious power flow outgoing the
source zone. Looking at the zones 27 and 35, they remain not supplied by any source
zone, because of their topological disposition. In fact, they cannot be supplied to
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respect the resynchronization independent zone’s constraint (Eq. 5.64).
In the second topology (Fig. 5.31b),the totality of load zones has been supplied

exploiting the 100 % of the BSUs’ capacity. In this zone 60 is supplied by the source
zone 8, while zone 49, previously connected to zone 8, is now connected to the source
zone 48, due to increased capacity. BSU zone 30, can connect at most load zones 32,
33, and 34, with no other switches available for re-energization of further load zones.
In this topology achieved, zones without active power load demand are connected to
BSUs zones in order to guarantee the supplying of downstream load zones (22, 24,
59, 62).

Table 5.20: BSAs results with 50% of BSUs capacity
BSA n. r p P r

G[kW] BSAPL [kW] max P l
L[kW] Nswitch Usage [%]

1 8 4 800,00 759,55 384,70 15 94.94
2 30 36 300,00 65,50 26,00 6 21.83
3 40 28 675,00 674,92 145,00 19 99.98
4 48 46 600,00 463,70 384,70 2 77.28

Total / / 2.375.00 1.963,67 / 42 82.68

Table 5.20, shows results information about BSAs obtained with 50% of the
BSUs’ capacity. The higher total active power load demand is supplied by source
zone 8, related to its high capacity (800 kW), the BSA number 3 turns out to be the
most extended one, with 19 switch closed and 19 load zones supplied. Globally, 31
switches remains open, located in the upstream path of the resynchronization zones,
and in the downstream portion of the network. With the 50% of the BSUs’ capacity
considered, 22 zones results not supplied by any source zone. The percentage usage
of the BSUs located in zone 8 and 40 is more than 90%, a lower percentage of usage
is observed for the BSUs in zones 30 and 48. Regarding the BSA number 2, no other
switches are present to supply additional load zones by zone 30, while the connection
of zone 49 (384, 70 kW) to zone 48 would exceed the capacity limit of the BSU.

Table 5.21: BSAs results with 100% of BSUs capacity
BSA n. r p P r

G[kW] BSAPL [kW] max P l
L[kW] Nswitch Usage [%]

1 8 4 1.600,00 1590,85 1244,00 15 99.42
2 30 36 600,00 65,50 26,00 6 10.92
3 40 28 1.350,00 1245,14 227,00 35 92.23
4 48 46 1.200,00 848,40 384,70 3 70.70

Total / / 4.750,00 3.749,89 / 59 78.94

Table 5.21, shows the results information about the BSAs obtained with the total
capacity of the BSUs. The higher active power load demand is supplied by source
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zone 8, related to its high capacity (1650 kW), the BSA number 3 still results the
most extended, with 35 closed switches and 35 load zones supplied. With the total
capacity of the BSUs considered, only 14 switches remain open and 6 zones results
not supplied, located upstream of the resynchronization zones, thus they cannot
be fed. The percentage of BSU’s usage is over 90% only for zones 8 and 40. In
particular, zone 48 could supply zone 58 (100 kW), but the following connection of
zone 60 would exceed the capacity limit of 1200 kW, leaving the load zone not fed.
Zone 30 has the lowest percentage of usage due to the network topology, resulting
in the same number of closed switches and load zones supplied as in the previous
case. The overall BSUs’ percentage usage is 78, 94%, resulting in a total active power
demand supplied of 3.749, 89 kW, with only 52 kW not fed and related to the active
power load demand located upstream the resynchronization zones. The mathematical
problem has been solved in less than 10 s using the commercial solver Gurobi.

5.11.4 Remarks & Future research objectives

This concluding paragraph presented a MILP re-energization optimization problem to
ensure energy supply for the end-users following a blackout event. The possibility of
exploiting MGs to operate in islanding mode and their ability to self-start providing
black start service is addressed. The aim of the proposed method was identifying
several islanded sub-networks inside the distribution network using the BSUs to
ensure power balancing and the synchro-check presence in every BSA. The necessity
to include synchronization organs in each BSA is motivated by the need to assure
proper system operation and effective reconnection of the identified BSAs with the
main grid. The test results demonstrated that increasing BSUs’ capacity lead to
an higher amount of active power load demand fed and highlights how the position
of MGs in the network can affect the quantity of load demand supplied. However,
the resulting BSAs must be such that local network constraints are met. Future
developments will include the full grid model representation and the BSUs dispatch
criteria. Furthermore, an optimal MGs location algorithm for grid expansion planning
purposes could be integrated to assess which MGs would provide the greatest benefit
according to their position and capability.
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5.12 Final considerations

The research presented in this chapter addressed the Optimal Network Reconfigura-
tion (ONR) problem, focusing on enhancing the operational security, reliability and
quality of supply of MV distribution systems. The primary objective was to define an
optimization framework capable of identifying optimal topological configurations that
minimizes power quality indices under varying operating conditions. This lead to the
development of a comprehensive ONR formulation which could embed AC network
equations and the actual protections logics, used by DSO for FDIR functions, within
a combinatorial reconfiguration problem. Three different formulations were proposed
according to the most common FDIR techniques currently adopted by Italian DSOs.

The ONR problem was initially formulated as a Mixed-Integer Linear Program-
ming (MILP) model and subsequently refined into a Mixed-Integer Second-Order
Cone Programming (MISOCP) formulation. This progression allowed for a more
accurate representation of the physical constraints of the network while maintaining
computational tractability. The proposed MISOCP approach was validated through
the implementation of the ONR problem on benchmark systems and a realistic-sized
primary distribution network. Test results proved the feasibility of the approach,
helping also to understand how different FDIR practices affect quality of supply.

The MISOCP model is validated by solving the full MINLP AC ONR problem by
leveraging general purpose global optimization algorithms (i.e., GA and metaheuris-
tics). The results demonstrated that, while MISOCP provides global optimality
under specific conditions, metaheuristic algorithms provides local optimality with
longer calculation times. However, the implementation of a global optimization
algorithm has proven to be an effective strategy for navigating the complex, discrete
search space typical of ONR.

With respect to other formulations, the proposed one permitted to improve
reliability, while clearing at the same time violations of network constraints. This
approach allowed to include network-related components in the formulation of the
objective function (for example in this case for the minimization of system losses).
The proposed approach can be easily adapted to different objectives and constraints,
improving the range of its applicability to planning and operation functions. In
fact, the adoption of ONR as a suitable tool for DSO capable to enhance system’s
resilience against adverse weather events is also provided. Simulations indicated that
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anticipating the onset of conditions such as heat waves, flooding, and wind gusts
through the modification of reliability parameters allows for network reconfiguration
that improves expected quality of supply indices.

Computational timings proved scalability and compatibility with real-time opera-
tion requirements. This is a relevant result, because the main rationale behind this
study is that taking into account FDIR logics in the ONR formulation can facilitate
the actual application of these functions at SCADA/DMS level. In this context, it
must be emphasized that, in order to preserve FDIR functionalities after reconfig-
uration, adaptive protection schemes must be deployed. Most FDIR schemes are
based on the use of smart fault-passage indicators and IEDs, which already possess
robust capability for remote control and retuning of protection settings. Regarding
the most modern Italian scheme (i.e., SFS), adaptive protection could theoretically
be achieved by re-routing the GOOSE messages exchanged by IEDs, according to the
updated upstream/downstream relationships established after reconfiguration. While
preliminary tests conducted by the author have successfully proven the feasibility
of this approach, detailed implementation and validation will be reserved for future
research.

This work lays the foundation for future developments of more advanced tools,
which will focus on use of real-time and historical data to track dynamically the grid
topology evolution, and allow to further enhance the integration of reconfiguration
tools in real-time DSO operations.



Conclusions

The research presented in this doctoral thesis addressed the fundamental challenges
of modern power systems, by proposing a series of approaches where operational
security and economic efficiency are pursued through the optimal coordination of
markets and physical grid assets. By analyzing the transition toward renewable-
dominated grids, this work has confirmed the hypothesis that network flexibility
must be treated as a cross-voltage-level system property that cannot be separated
from the necessary security requirements for the operation continuity. Both are
accessible through advanced optimization tools capable of bridging the gap between
planning and real-time operation.

The scientific validity and the industrial relevance of the proposed methodologies
are supported by extensive numerical simulations performed on both standard
benchmark systems and, crucially, on realistic network models. The key findings and
contributions that support this thesis can be categorized as follows:

Integrated Market-Security Coordination: the development of a Network-Constrai-
ned Unit Commitment and Economic Redispatch (NCUCER) framework highlighted
the need for managing the aleatory nature of load and renewable energy sources
(RES) considering the sequential interaction between Day-Ahead and Ancillary
Service Markets. Load and RES forecast errors can be efficiently compensated while
rescheduling generation programs, procuring reserve services and fulfilling network
constraints even employing a deterministic approach. Results on the NREL-118 bus
system show that a co-optimized approach allows transmission system operators
(TSOs) to validate the technical feasibility of market schedules effectively, ensuring
system adequacy and security. The thesis proved that integrating unit commitment
constraints into redispatch procedures significantly reduces the risk of insufficient
reserve procurement, providing a transparent tool to evaluate the true economic cost
of security requirements.

193
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Unlocking "Cost-Free" Flexibility in Transmission Systems through Network Topol-
ogy Reconfiguration: a major result of this work is the quantification of the benefits
derived from topology control in transmission systems. Network reconfiguration
strategies serve as additional cost-free flexibility resources to be integrated within
dispatch activities. This led to the exploration of both analytical and metaheuristic
optimization techniques to treat complex combinatorial mixed-integer optimization
problems, aimed to include discrete control resources in the decision-making activities
of system operators.

Effects of topology control on voltage: by integrating line switching operations into
Optimal Reactive Power Flow (ORPF) tools, the thesis proved that, under specific
grid conditions (e.g., low load scenarios, high RES production, etc.), reducing network
mesh may effectively contribute to improve the system voltage profile, in combination
with conventional voltage control devices. However, the proposed approach acts as a
corrective control to restore the voltage within the security limits. In fact, in the
event of voltage violations, the ORPF is able to appropriately vary the position
of the transformer tap changers, connect/disconnect shunt compensation devices,
and modify the network topology through line switching operations. If they exist,
although the optimal solutions found are AC feasible (the ORPF is solved preserving
its MINLP formulation), the operating conditions identified can only be maintained
temporarily, representing corrective measures that do not necessarily comply with
N-1 security requirements. For this reason, innovative strategies to consider N-1
security constraints within the ORPF will need to be further considered without
compromising actual real-world applicability in terms of computational resources.

Preventive N-1 Security : By formulating and solving a preventive N-1 Security-
Constrained Optimal Transmission Network Reconfiguration (SCOTNR) problem,
the thesis demonstrates that topological operations are not merely corrective or
temporary emergency measures. When strategically predetermined, they may serve
as additional cost-free control resources. In this regard, N-1 security becomes essen-
tial, particularly in highly loaded scenarios where providing congestion management
services is mandatory to ensure system security. Even in these cases, network re-
configuration can effectively complement (or replace) costly generation dispatch,
or reduce the need for load shedding (avoiding penalties for the TSO). The adop-
tion of optimization decomposition techniques, allowed to efficiently manage the
computational growth of this kind of problem, whose size increases based on how
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many N-1 security constraints (contingency states) are considered. Numerical tests
on realistic network models revealed computational difficulties in terms of problem
scalability (even in its reduced SCOTLS form), which required the integration of
practical screening and contingency filtering algorithms to obtain solutions in times
compatible with the requirements of SCADA/EMS systems.

Quality of supply optimization in primary distribution networks: extending
the topology optimization to the distribution level, the thesis introduced a novel
formulation of Optimal Network Reconfiguration (ONR) that explicitly models
the automated logic of Fault Detection, Isolation, and Recovery (FDIR) practices
commonly employed in primary distribution systems. Modeling them using linear
constraint relationships made it possible to quantify the benefits of topological changes
in terms of reliability by calculating and optimizing typical quality of supply indicators
monitored by DSOs (i.e., EENS, SAIDI, and SAIFI). Unlike standard academic
models which often neglect protection coordination, the proposed formulations
(MILP and MISOCP) were tested and validated on a realistic-sized distribution
network model considering FDIR logics, proving capable of reconfiguring the network,
operating it radially and connected without violating physical constraints.

General characteristics of the ONR model and adverse weather event characteri-
zation: the proposed ONR model proved also effective in mitigating the impact of
adverse weather events (e.g., heat waves, floodings, wind gusts). A methodology
to model them, characterize their duration and effects, and integrate them into
a deterministic ONR framework for operation planning purposes was successfully
proposed, proving that the grid topology can be proactively adapted to minimize
failure risks during such events, thereby validating the method as a crucial tool for
climate resilience.

Methodological Soundness and Practical development of optimization software
tools : finally, the soundness of the research is enriched and supported by the develop-
ment of versatile co-simulation frameworks (External Python scripts interfaced with
specialized software such as Pandapower, DIgSILENT PowerFactory and OpenDSS).
The methodologies used for implementing optimization algorithms, visualizing and
interpreting results proved to be general and applicable in all studies conducted. The
result is the definition of a structured analysis and simulation procedure that can
be easily replicated by both academic users and energy companies. Regardless of
the use case and applications, for the correct implementation of all the optimization
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routines presented, it is essential to have a consistent network model and to develop
specific scripting automation functions for data handling and manipulations, network
calculation execution, and result verification. The same methodological flow has also
proven effective in managing realistic datasets, characterized by naming, modeling,
and calculation conventions typically used by real system operators.

Future developments

The methodologies developed in this thesis lay a solid foundation for the next
generation of grid control tools. However, the path toward fully autonomous and
self-healing grids presents several opportunities for further research. For this reason,
the studies presented in this thesis have laid the groundwork for further developments.
The potential directions for future research are listed as follows:

• AC-Feasibility in Preventive Optimization: while the DC approximations used in
the preventive N-1 SCOTNR model were necessary for computational tractabil-
ity, as well as simplifying the topological relationships between the various
connected network elements, future work must focus on integrating full AC
feasibility constraints directly into the preventive N-1 analysis. As grids become
more loaded and dominated by inverter-based resources, voltage stability and
reactive power flows become binding constraints.

• Computational Scalability for Real-Time Applications : although decomposition
techniques (C&CG, Benders) have significantly improved solving times, the
application of these tools in a real-time SCADA/EMS environment to a national-
scale grid still remains a challenge and requires further acceleration. Future
research should explore parallel computing architectures and advanced heuristics
to handle the combinatorial complexity of national-scale networks within
minutes. High-performance computing techniques may consist in a massive
parallelization of the N-1 contingency analysis.

• TSO-DSO Coordination Mechanisms : this thesis addressed transmission and
distribution largely as separate optimization domains. However, with the rise
of distributed generation and flexibility markets, TSO and DSO actions are
increasingly coupled. A logical development is the creation of a coordinated
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TSO-DSO reconfiguration framework. For instance, optimizing the distribu-
tion topology (ONR) to provide reactive power support or load relief to the
transmission node, or coordinating black-start operations where Black Start
Units (BSUs) actively support transmission restoration.

• Transition to Online Distribution Management & Adaptive Control : the method-
ologies presented are primarily suitable for operational planning (offline or
day-ahead). To fully realize the "Smart Grid" paradigm, these algorithms must
evolve into Online Closed-Loop Control applications. This involves processing
real-time telemetry data (PMUs, Smart Meters) to trigger reconfiguration
dynamically. Future work could investigate Robust Optimization or Stochastic
Programming approaches that explicitly account for real-time uncertainty in
RES generation, ensuring that the computed topology remains valid even if
generation fluctuates rapidly within the hour.
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