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Preface

This thesis was carried out as part of my master’'s studies in Energy Engineering and focuses on improv-
ing the coordination between transmission and distribution system operators. |t was conducted within the
Smart Grid Lab of the Montefiore Institute (University of Liége), in the context of a collaboration between
the Smart Grid Lab and French industrial partners, namely Réseau de Transport d'Electricité (RTE), i.e,
the French transmission system operator, and Gérédis Deux-Sévres, a French distribution system operator.

The developments proposed in this manuscript build upon a research article to which | contributed and
that | co-authored. This research article, which can be found in [1], presents the formalization of a new
coordination framework relying on the concept of operating envelopes. This concept and, more generally,
the coordination framework, are detailed in chapter 3. Scientific contributions of [1] form the basis for
the models, methodologies, and analyses developed in this thesis.

The present document aims to consolidate and extend these contributions. This thesis reflects the
outcomes of this research and is primarily intended for professionals and researchers in power system op-
eration, while remaining accessible to readers with a general engineering background.
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Summary

Motivation and Objectives

The growing penetration of renewable and distributed energy resources (DERs) within electrical net-
works, including photovoltaic systems (PVs), electric vehicles, and battery energy storage systems, has
significantly increased the complexity of power system operation. This increased complexity has led to
more frequent violations of security constraints, such as voltage excursions or congestion, across multiple
network levels, requiring local operators to implement corrective actions more frequently. These local
interventions can impact other parts of the system and potentially induce operational limits violations
elsewhere, which must then be addressed by other operators. This growing interdependence between net-
work levels results in more complex control processes, which typically necessitate extensive data exchange
between system operators. To tackle these issues, there is a need for coordination methods between
different system operators.

This thesis presents a coordination method between operators that ensures static network security
when grid operation is distributed across interconnected subnetworks operated by independent entities
that follow a hierarchy. This coordination method is formalised in [1], a scientific article to which | con-
tributed as co-author. In this thesis, a variant of this coordination procedure is presented. The hierarchy
consists of a parent network (typically the transmission network) connected to child networks (typically
the distribution networks). The coordination of these hierarchical networks is based on power and voltage
magnitude ranges at their interfaces. The voltage magnitude ranges, called voltage operating envelopes
(VOEs), are first agreed upon, and the power limits, called power operating envelopes (POEs), are then
computed to ensure local security for all operating conditions on the children’s networks.

In this thesis, this coordination approach is detailed and particularized to TSO/DSO coordination,
where the TSO computes POEs at the interface with DSOs, based on agreed VOEs. An optimisation
problem is proposed to compute POEs at TSO/DSO interfaces, defining admissible operating regions that
DSOs must respect during operation. As long as DSOs respect the POEs, there exists a set of control
actions in the TSO's network such that its network remains secure. In the proposed optimisation problem,
phase-shifters’ set-point modifications and the generators’ re-dispatch are considered as control actions.
The power flows are modeled through a quadratic convex approximation of the AC power flow equations.
At the end, POEs and VOEs enable coordination among operating entities while maintaining a low level
of data exchange among them.

Results

Unlike classical OPF-based approaches that determine a single optimal operating point, the proposed
approach identifies intervals of secure operating points, thereby increasing operational flexibility and reduc-
ing computational and data-sharing requirements. Nevertheless, it is observed that the sizes of operating
envelopes might differ drastically from one TSO/DSO interface to another, showcasing a need for regu-
lation to ensure fairness among DSOs.



Résume

Motivation et objectifs

La pénétration croissante des énergies renouvelables et des ressources énergétiques distribuées (sys-
témes photovoltaiques, véhicules électriques, stockage par batteries) au sein des réseaux électriques a
considérablement accru la complexité de leur opération. Elle entraine des violations récurrentes des con-
traintes de sécurité sur le réseau (excursions de tension, congestions), contraignant les opérateurs a des
actions correctives plus fréquentes. Ces interventions locales peuvent affecter d’autres parties du sys-
téme et y engendrer a leur tour de nouvelles violations, qui doivent étre traitées par d'autres opérateurs.
Cette interdépendance croissante entre réseaux voisins complexifie les processus de contrdle et requiert
d'importants échanges de données entre opérateurs, d'ou la nécessité de développer des méthodes de
coordination entre ces derniers.

Cette thése présente une méthode de coordination garantissant la sécurité statique du réseau lorsque
son exploitation est répartie entre des sous-réseaux interconnectés gérés par des entités indépendantes
hiérarchisées. Cette méthode de coordination est formalisée dans [1], un article scientifique auquel I'auteur
a contribué en tant que co-auteur. Dans cette thése, une variante de cette procédure de coordination
est présentée. La hiérarchie repose sur un réseau parent (typiquement le réseau de transport) connecté
a des réseaux enfants (typiquement les réseaux de distribution). La coordination repose sur des plages
de puissance et de tension a leur interface : les plages de tension, ou enveloppes opérationnelles de ten-
sion (VOEs), sont convenues en premier lieu ; les plages de puissance, ou enveloppes opérationnelles de
puissance (POEs), le sont ensuite afin de garantir la sécurité locale des réseaux enfants dans toutes leurs
conditions d’exploitation.

Cette méthode de coordination est détaillée puis particularisée a la coordination TSO/DSO : le TSO
calcule les POEs a I'interface avec les DSOs sur la base des VOEs convenues. Un probléme d'optimisation
est formulé a cet effet, définissant des régions d’exploitation admissibles que les DSOs doivent respecter.
Tant qu'ils le font, il existe un ensemble d'actions de contrdle dans le réseau du TSO tel que ce dernier
demeure sécurisé. Dans le probléme d'optimisation proposé, les modifications du point de fonctionnement
des déphaseurs et le redispatching des générateurs sont considérés comme actions de contréle, et les flux
de puissance sont modélisés par une approximation quadratique convexe. POEs et VOEs assurent ainsi la
coordination tout en limitant les échanges de données entre opérateurs.

Résultats

Contrairement aux approches classiques fondées sur I'OPF, qui déterminent un unique point de fonc-
tionnement optimal, I'approche proposée identifie des intervalles de points de fonctionnement sécurisés,
augmentant la flexibilité opérationnelle et réduisant les besoins en partage de données. On observe néan-
moins que la taille des enveloppes peut varier considérablement d’'une interface TSO/DSO a I'autre,
soulignant la nécessité d'un cadre réglementaire pour garantir I'équité entre DSOs.
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Chapter 1

Introduction

1.1 Motivation

Global warming has emerged as a major threat to our societies [6]. In an effort to reduce anthropogenic
emissions, which have been proven to be the main driving force behind climate change [7], governments
have encouraged the development of renewable production and flexible loads. The growing integration
of renewable and distributed energy sources (DERs) such as photovoltaic (PV) systems, electric vehicles
(EVs), and battery energy storage systems (BESSs) into our power systems has led to a significant in-
crease in their operational complexity. The Iberian blackout in April 2025 is a reminder that this increased
complexity can lead to widespread system outages [8, 9].

Historically, electricity generation was primarily provided by large synchronous generators connected
to the transmission network. Power flows were therefore largely predictable, from transmission to dis-
tribution systems. With the increasing penetration of DERs in distribution networks, this paradigm has
changed. Power flows have become more uncertain, significantly increasing the operational complexity of
our electrical network. As a result, challenges such as balancing issues, voltage excursions, and network
congestion occur more frequently. Distribution system operators (DSOs) are now required to take more
control actions to preserve the continuity and quality of electricity supply for consumers.

However, actions taken at the distribution level might directly affect the transmission system. Despite
this growing interdependence, transmission system operators (TSOs) and DSOs still do operate their
networks with full independence.

To address these issues, an active field of research seeks to implement coordination approaches be-
tween TSOs and DSOs. Existing approaches typically rely on centralized optimal power flow (OPF)
formulations, extensive data exchange, and detailed system models, resulting in large-scale, nonlinear op-
timisation problems that remain difficult to solve and deploy in practice.

As existing approaches do not seem scalable enough, the objective of this thesis is to develop coordi-
nation methods based on limited data exchange. More specifically, this thesis proposes a decoupled power
system operation framework that guarantees the static operational security of power systems operated
by multiple independent entities. In the developed framework, power and voltage magnitude ranges are
imposed at the interface between TSOs and DSOs to ensure the secure operation of the network. These
ranges are referred to as power operating envelopes (POEs) and voltage operating envelopes (VOEs),
respectively.



INTRODUCTION

1.2 Scientific Contributions

This section summarizes the scientific contributions of this work. The starting point of this thesis is
the coordination framework and its mathematical formalisation introduced in [1], a scientific article to
which the author contributed as co-author. The present thesis consolidates, extends, and validates that
framework in several directions, and its original contributions are the following:

1. This thesis presents a variant of the coordination procedure developed in [1]. In this thesis, VOEs
are not computed but rather assumed to be agreed upon through a negotiation process, prior
to POE computation. The rest of the coordination procedure remains unchanged. The parent
network and its child networks coordinate through voltage and power ranges at their interfaces.
This coordination procedure is detailed and positioned with respect to the existing literature on
TSO/DSO coordination.

2. This thesis extends the POE computation model of [1] in three directions: (i) phase-shifting trans-
formers are included as an additional controllable asset, with an associated operational cost term;
(ii) generator P-Q capability regions are modelled through elliptical second-order cone constraints,
replacing the simplified box constraints of the original model; and (iii) the linearised AC power flow
model is replaced by a quadratic convex (QC) relaxation, providing a tighter convex approximation
of the AC power flow equations.

3. The extended POE computation model is implemented and validated on two test networks, namely a
modified IEEE 14-bus network and the PandaPower Multi-Voltage network. The influence of phase-
shifters on envelope quality is assessed, a sensitivity analysis of the model parameters is carried out,
and the results are compared against a DC-based benchmark model.

1.3 Document Organization

This thesis is divided into several chapters, each focusing on a particular aspect of the research. The
manuscript is therefore organized as follows:

Chapter 2: Literature Review. This chapter reviews the different existing approaches in the literature
for coordinating TSOs and DSOs. The concept of operating envelopes, as defined in the literature, is also
presented.

Chapter 3: Coordination procedure. This chapter provides the proposed coordination procedure for
the operation of hierarchical power systems based on operating envelopes.

Chapter 4: Model Developments and Experimental Methodology. This chapter extends the POE
computation model by integrating additional model features. Moreover, it presents the test networks used
to validate the approach.

Chapter 5: Results and Discussion. This chapter describes the results obtained through the applica-
tion of the POE computation model to the test networks. This chapter also discusses sensitivity analyses

of the model’'s parameters.

Chapter 6: Future Perspectives. This chapter provides potential future research directions and, in
particular, discusses additional POE computation model enhancements.

Chapter 7: Conclusions. The final chapter highlights the main findings of this thesis.



Chapter 2

Literature review

2.1 Preliminaries

This master's thesis is dedicated to developing a novel approach for the coordination between TSOs and
DSOs using a mathematical object called Dynamic Operating Envelopes (DOEs), which corresponds to a
set of acceptable power flow exchanges generally applied at the point of connection (POC) between an
end-user (e.g, consumer, prosumer) and the public grid. This thesis is on the frontier between these two
research topics (i.e, TSO/DSO coordination and DOEs). The first chapter of this thesis is dedicated to
a state-of-the-art review of both topics. More specifically, section 2.2 explores the differences in terms of
operation between TSOs and DSOs, motivates the need for increased coordination, and discusses different
methods to coordinate TSOs and DSOs proposed in the literature. On the other hand, section 2.3
investigates the current applications for DOEs as well as the computation methods used to determine
DOEs.

2.2 Coordination Methods between TSOs and DSOs

2.2.1 Preliminaries

Network operation is generally shared between TSOs and one or multiple DSOs. Their common goal is
to ensure the secure, reliable, and efficient operation of their network while maintaining power quality and
respecting operational constraints (e.g, current and voltage magnitude limits). However, their control
strategies to reach these goals might differ significantly.

On the one hand, TSOs typically perform large-scale security-constrained OPF computations. Early
formulations were introduced in [10], while more comprehensive surveys of OPF methods were later pro-
vided by authors in [11]. These approaches are widely used to support both long-term planning and
near-real-time operation decisions, as discussed in [12].

On the other hand, DSOs increasingly rely on centralized active network management (ANM) to
coordinate DERs. Authors in [13] show how ANM can help maintain the distribution network within oper-
ational limits in quasi-real-time by performing, among other control actions, Volt-VAR control and active
power curtailment. More recently, authors in [14] and [15] illustrate that ANM techniques can significantly
increase hosting capacity while limiting the need for grid reinforcement.

In both transmission and distribution systems, OPF-based formulations remain a key tool for trans-
lating forecasts and measurements into control actions that ensure secure operation, such as respecting
current and voltage magnitude limits. The increasing penetration of DERs is, however, leading to more
frequent security issues across multiple network levels. Authors in [2] highlight how this trend requires
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local operators to undertake an increasing number of corrective actions, which may in turn affect other
parts of the network and generate new security constraints. This growing interdependence between net-
work levels results in more complex control processes and substantial data exchanges among grid operators.

2.2.2 Coordination methods: a classification

To cope with these challenges, an active field of research aims at developing TSO/DSO coordination
approaches. As the number of developed approaches is numerous, several literature reviews have been
proposed to classify them. These reviews identify some common requirements for efficient coordination
between TSOs and DSOs. In particular, they emphasize that DSOs must adopt a more proactive role in
the operation of their networks. This implies shifting away from the classical fit-and-forget approach and
investing in automation, smart metering, and data analytics to improve network observability and enable
a more flexible grid, as mentioned in [16].

Therefore, as highlighted in [2], the adoption of any coordination model will increase both capital and
operational expenditure (CAPEX and OPEX) of distribution networks. On the other hand, an increased
availability of DER services will, in turn, allow the TSO to increase its reliance on DER, potentially reduc-
ing cost for the whole system in the long term.

A reference TSO/DSO coordination approaches classification is the one proposed by the authors
in [2], where three core TSO-DSO coordination models for the provision of DER services, from the
many proposed in the literature, are identified. These core models rely on TSO-managed, TSO-DSO
hybrid-managed, and DSO-managed approaches. The classification in [3] only separates centralized and
decentralized models. In practice, unification between these classifications exists. For example, the TSO-
managed model corresponds to centralized models. The unified classification is depicted in Figure 2.1,
relying on the works of both [2] and [3].

TSO/DSO coordination methods

Centralized Hybrid Decentralized
(TSO-managed) (TSO-DSO managed)

Distributed

Iterative exchange

Leader—follower

Hierarchical

Figure 2.1: Unified classification of TSO/DSO coordination methods, adapted from [2] and [3].

TSO-managed or centralized approach. In this coordination approach, a single entity (i.e, the TSO)
is responsible for performing a fully centralized dispatch considering both transmission and distribution
network constraints. This includes, among other actions, managing on-load tap-changer or phase-shifter
setpoints, active and reactive power generation setpoints, shunt reactors, and capacitor bank activa-
tion/deactivation within all network levels.
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In this approach, DSQO's responsibilities remain limited and consist mainly of providing real-time op-
erational data to the TSO and performing maintenance. Proposals for this centralized approach often
involve solving a single large-scale optimisation model, as illustrated in [17-20].

TSO-DSO hybrid-managed approach. In this intermediate coordination approach, the TSO is still
responsible for the centralized dispatch, but the DSO is required to validate DER injection/withdrawal es-
timates, called bids, beforehand, such that the distribution network remains secure. In other words, DERs
send their bids directly to the TSO for a given period, and the DSO is required to check the consistency
of these bids with network security. The bids are then sent to the TSO. Finally, the TSO performs the
dispatch and sends the dispatch commands to the DERs.

Compared to the first approach, there is no need for the TSO to verify bid consistency with distribution
network constraints, as this is managed by the DSO. Specific instantiations of this general approach are
presented in [21, 22].

Decentralized approach. In this last approach, the large-scale optimisation problem is decomposed into
smaller subproblems, each of which is solved separately. Decentralized coordination methods are typically
classified into either distributed or hierarchical schemes.

In distributed schemes, TSOs and DSOs solve their own optimisation subproblems by decomposing the
problem along boundary bus variables, and iteratively exchange results with one another until convergence
to an equilibrium is reached, as illustrated in [23-26]. For example, distributed optimisation methods that
aim to preserve operator sovereignty are explored in [27].

In hierarchical schemes, by contrast, coordination follows a leader—follower structure, where the leader
solves its optimisation problem first and communicates the resulting decisions to the followers, who then
optimise their own subproblems subject to those decisions as fixed parameters. This sequential, top-down
structure preserves a clear chain of authority between operators while avoiding the iterative communication
rounds required by distributed schemes. An instance of this coordination paradigm is investigated in [28].

The presented classification is performed depending on the level of centralization of the coordination.
Alternative classifications can also be defined, for example, according to whether models are deterministic
or stochastic/robust, or whether they are linear/convex or non-convex.

For instance, authors in [29] propose a deterministic decentralized TSO/DSO operational method
based on a Lagrangian relaxation of the power flow balance constraints at the interfaces between the
TSO and DSOs. The idea behind this method is to decompose the optimisation problem into manageable
subproblems and to coordinate subproblem solutions through the iterative update of Lagrangian multi-
pliers, until convergence, i.e., until power flow balance constraints at the interfaces are respected. This
method can therefore be classified as a distributed approach.

However, deterministic optimisation approaches, which do not account for parameters’ uncertainty,
have shown clear limitations in the case of a large-scale DER penetration. They have thus been gradu-
ally replaced by stochastic and robust approaches. In fact, researchers have been gradually focusing on
stochastic and robust approaches for the coordination between TSOs and DSOs.

In [30], the authors investigate reactive power support from the DSOs to the TSO via a stochastic
AC-OPF optimisation problem. For that, the uncertainty of DERs is modeled by scenarios for which a
certain probability is associated. In [31], the authors solve a stochastic TSO/DSO coordinated security-
constrained unit commitment problem. Authors in [32] even propose a coordinated expansion planning
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problem using second-order conic programming (SOCP). The results show that the coordinated planning
framework outperforms conventional independent methods by decreasing expansion investment.

2.2.3 Limitations of coordination methods

Even though many coordination models have been proposed in the literature, a large majority of these
approaches fail to reach the pilot stage. An extensive review of the main barriers to the practical imple-
mentation of TSO/DSO coordination methods has been proposed by authors in [4] and [5]. This section
aims to highlight the main findings of these works and, in particular, to classify the main limitations of
current coordination approaches.

According to these works, limitations arise due to technical, economic and/or regulatory challenges,

as depicted in Figure 2.2.

Technical Economic Regulatory

Challenges Challenges Challenges

. Scalability
Modelling ) Communication
Computational

Figure 2.2: Classification of the main limitations of TSO/DSO coordination methods reported in the
literature [4, 5].

Technical limitations. These limitations arise as the early-stage reasons for the implementation fail-
ure of coordination methods. Technical limitations include modelling, scalability, and communication
challenges. modelling challenges refer to the difficulties of precisely modelling electrical networks. It is
well-known in power systems that the steady-state three-phase power flow equations are highly nonlinear
[33, 34] and can, in general, not be exploited as such. In general, power flow modelling involves relaxation
and linearization, which is practical but might fail to accommodate real-network constraints.

Scalability challenges arise from the sheer size of modern power systems: detailed network models
covering both transmission and distribution levels lead to very large optimisation problems with high com-
putational requirements.

Finally, communication challenges refer to the inadequate information and communication technology
(ICT) infrastructure currently available in many grid operators’ systems and the high cost of upgrading
it. Beyond infrastructure, the lack of willingness to share data across system boundaries is a recurring
obstacle: reactive power forecasts, for example, are typically not exchanged between operators. The
coexistence of different and incompatible ICT systems across TSO and DSO boundaries also introduces
additional security risks and increases the likelihood of erroneous alarms during operations.

Economic limitations. Even when a coordination approach is technically feasible, its deployment is
frequently hindered by economic barriers [5]. A first challenge is the absence of established market mech-
anisms for the procurement and remuneration of flexibility services at the TSO/DSO interface. In existing
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markets, the limited experience with such products leads to cautious behaviour from potential participants
and high perceived financial risks.

A related issue is the divergence in price expectations between flexibility buyers (system operators)
and sellers (aggregators, prosumers), which makes it difficult to reach mutually acceptable clearing prices.
Furthermore, the economic viability of aggregators as business models remains unclear in the absence of
a dedicated regulatory framework: without guaranteed revenues, aggregators face uncertainty regarding
the profitability of investing in the required infrastructure. A further obstacle is the absence of financial
incentives for reactive power provision in current incentive regulation schemes: beyond minimum techni-
cal grid-connection requirements, operators have little motivation to offer reactive power services across
system boundaries.

Regulatory limitations. Regulatory barriers are often the most difficult to overcome, as they require
coordinated action across multiple legislative levels [5]. A first challenge is the slow adaptation of regula-
tory frameworks. Whether at the European, national, or regional level, the legislation evolves at a pace
that is generally insufficient to keep up with the rapid development of coordination concepts. This leaves
the operators in a legal grey area when attempting to deploy new approaches.

A second challenge concerns the regulatory viability of new business models. The roles of aggregators
and other intermediary actors at the TSO/DSO interface are not yet clearly defined or protected by regu-
lation, creating uncertainty that discourages investment. A related issue is the risk of strategic bidding. In
emergency situations, flexibility providers may submit inflated bids to exploit the operator’s urgent need,
which would lead to a reduction in social welfare.

The limitations discussed above are further substantiated by a recent literature review [4], which ex-
tends the classification of deployment barriers beyond the three categories above. Specifically, the authors
propose a five-dimensional framework: modelling, operation, validation, communication, and regulation.
This five-dimensional framework is applied to 47 selected publications spanning journal articles, conference
papers, pilot project reports, and technical reports. Unlike reviews that classify coordination schemes by
architecture or market design alone, this framework is oriented towards deployment readiness, providing
a structured basis for identifying the gap between research-oriented development and real-world imple-
mentability.

Modelling.

From a modelling standpoint, the literature has consistently prioritised computational efficiency at the
expense of physical accuracy [4]. Transmission networks are typically represented through linearised DC
approximations, whereas distribution networks tend to rely on convexified AC power flow models. Most
studies further simplify the problem by assuming, for example, a perfect three-phase balance system.
These assumptions can lead to an overestimation of the flexibility actually available in practice.

Real-world pilot projects have not escaped this tension between computational tractability and phys-
ical realism. The CoordiNet project [35], for instance, adopted a two-step strategy in which a simplified
DC representation is used at the market clearing stage, followed by an AC feasibility check. This choice
illustrates the following practical constraint. No matter how accurate and detailed some models may be,
operational deployment imposes computational constraints that require some degree of approximation.

Operation.

A recurring pattern in the reviewed literature concerns how time is treated in coordination models. The
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predominant choice of one-hour time steps is poorly suited to the timescales at which grid security con-
straints actually bind. Voltage fluctuations, for example, unfold over seconds to minutes, well below the
resolution that hourly snapshots can represent. As a result, the ability of DERs to provide fast-response
services tends to be ignored.

A second and related issue is the treatment of uncertainty. Rather than explicitly accounting for the
variability inherent in renewable generation and flexible demand, most coordination frameworks are built
around a single deterministic approach. Coordination approaches designed under this assumption may ap-
pear robust in simulation while failing to respect network constraints under realistic, uncertain conditions.
The review in [4] finds that neither issue is specific to academic work. Pilot projects exhibit the same
temporal and stochastic simplifications.

Validation.

The networks on which coordination methods are tested bear little resemblance to those on which
they would need to operate. Most studies rely on small or medium-scale test networks, chosen for their
convenience rather than their representativeness. Testing on realistic, large-scale networks is the exception.

When the SmartNet pilot project [36] attempted to do so, the computational cost of jointly simulating
transmission and distribution systems proved prohibitive, forcing the development of simplified equivalent
models. This illustrates the difficulty of validating a TSO/DSO coordination approach at scale. A co-
ordination scheme that performs well on a small benchmark test network provides limited evidence of its
behaviour on a real network with thousands of nodes and stochastic injections.

Communication.

Despite ICT being widely recognised as the backbone of future smart grids, it seems to have attracted
little attention in TSO/DSO coordination. Data standardisation and privacy compliance are largely absent
from the academic literature, and interoperability between the ICT systems of different operators is rarely
addressed. Pilot projects have consistently exposed the inadequacy of existing data frameworks. For
example, both SmartNet [36] and PLATONE [37] required the deployment of supplementary hardware
and dedicated secure communication protocols to enable coordination in practice.

Regulation.

Regulatory and market-related aspects remain among the least addressed dimensions despite being
critical for real-world deployment. A first structural issue is that TSOs and DSOs may compete for the
same DER resources. Indeed, actions that are beneficial for transmission-level balancing can simultane-
ously induce the violation of local distribution constraints. This situation creates incentive misalignment
that no purely technical solution can resolve [19].

Furthermore, existing regulatory frameworks provide insufficient incentives for DSO participation. Reg-
ulated tariffs typically compensate capital expenditures but not the operating expenses incurred when
procuring flexibility services [35, 38].

Finally, strategic behaviour, e.g, inflated bids from flexibility service providers in emergency situations,
is almost entirely neglected in the literature, where cooperative actors are routinely assumed. This as-
sumption renders many proposed mechanisms vulnerable to manipulation when deployed in a real market
environment [5].
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Pilot versus non-pilot studies.

A key finding of the review is the asymmetry between pilot and non-pilot studies. In the modelling and
operation dimensions, both categories exhibit negligible differences. Real-world implementations do not
rely on fundamentally more advanced mathematical representations and operate under the same simplify-
ing assumptions as theoretical work.

In contrast, notable differences emerge in the validation, communication, and regulation dimensions.
Pilot projects are forced to navigate data interoperability issues, stakeholder conflicts, and regulatory
misalignment that theoretical studies abstract away. This asymmetry leads to coordination mechanisms
that perform well under idealized simulation conditions, but that may face major practical challenges upon
deployment, as highlighted in [4].

From pilot projects to commercial deployment.

Even when coordination approaches have been sufficiently convincing in pilot projects, the step towards
full commercial deployment has consistently proved elusive. Regarding the pilot projects reviewed in [4],
a set of recurring frictions that academic work had not anticipated has been highlighted.

Beyond these individual frictions, none of the reviewed pilot projects has demonstrated sustained, re-
liable operation under conditions representative of a real power system: unbalanced distribution feeders,
sub-minute power variations driven by inverter-connected resources, or degraded communication links.
Pilots are therefore better understood as proofs of concept than as evidence that a given approach can
be deployed at scale with acceptable robustness.

Closing the gap to commercial deployment will most likely demand simultaneous progress across all
dimensions identified in this review, including those such as modelling and temporal resolution, where the
academic literature may give the impression of relative maturity.

Technical barriers remain significant but are increasingly well understood. It is the validation, com-
munication, and regulatory dimensions that represent the principal bottlenecks to deployment. This ob-
servation directly motivates the coordination approach developed in the remainder of this thesis, which
prioritises minimal data exchange, preserves operator independence, and is designed to remain compu-
tationally tractable at the scale of real TSO/DSO networks. This decoupled coordination relies on the
concept of operating envelopes defined in section 2.3.

2.3 Operating Envelopes in Power Systems

Another active field of research consists of leveraging the concept of Operating Envelopes (OEs). Based
on the definition given in [39], (Dynamic) Operating Envelopes (DOEs) are power limits ensuring power
flows remain within safe limits at each DER or customer connection point. The dynamical aspect of these
limits comes from their real-time adaptability to some factors, such as the time of day, location, and
network conditions.

The advantages of using DOEs at DER connections are numerous. Among others, DOEs enable the
improvement of the use of existing infrastructure while ensuring compliance with network constraints.
Different practical applications of DOEs are studied in subsection 2.3.1, while subsection 2.3.2 reviews
the state-of-the-art methods to compute them.
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2.3.1 Applications of DOEs

The literature showcases that operating envelopes can be suitable for different applications. A first ap-
plication of DOEs is in Local Energy Markets (LEMs), where they act as guarantees of fair access to
network capacity for prosumers. Typically, including DOEs into the LEM framework enables prosumers to
trade energy more efficiently while respecting network constraints, minimizing curtailment, and preserving
the privacy of prosumers’ data. Indeed, in this framework, prosumers can manage their assets individually
within their assigned DOEs to trade in the LEM using their own bidding strategy. This framework is
illustrated in [40], where the authors propose the following strategy to operate a LEM without violating
any network constraint for a given time slot.

First, prior to delivery, prosumers, who are equipped with PVs and/or EV chargers, compute their
expected net demands (imports) or net generations (exports), and submit these values to the DSO. The
DSO verifies whether the reported imports and exports lead to any network constraint violations. If no
violations are detected, the proposed values are accepted for prosumer trading. Otherwise, the DSO
solves an optimisation problem to determine DOEs. Prosumers then update EVs' charging/discharging
setpoints for the given time slot based on the assigned DOEs. Prosumers can generate bids to participate
in peer-to-peer energy trading, which is carried out by a market operator.

Along the same line of research, the authors also propose in [41] a double auction-based peer-to-peer
energy trading based on DOEs, which focuses on computational efficiency and economic fairness. Au-
thors in [42] extend the concept of DOE-based LEM to a peer-to-peer-to-grid framework, where DOEs
are not predetermined solely by the DSO but are the results of a negotiation process between the DSO
and prosumers participating in peer-to-peer trading.

Other authors propose game-theory-based approaches that exploit DOEs. These approaches leverage
collaboration between prosumers to maximize collective profits, as explained in [43, 44].

Alongside local-market-based applications, DOEs have also been leveraged for demand response (DR).
DR is defined in [45] as changes in electric usage by end-use customers from their normal consumption
patterns in response to changes in the price of electricity over time, or to incentive payments designed to
induce lower electricity use at times of high wholesale market prices or when system reliability is jeopar-
dized. In [46], the authors propose a two-stage, coordinated approach for residential DR participation in
electricity markets under the DOE framework.

More specifically, the approach relies on the coordination between different actors, namely a DSO,
demand response aggregators (DRAs), and end-users. The DSO is responsible for ensuring the safe oper-
ation of the distribution network and computing the DOEs based on its data regarding the topology and
electrical parameters of the distribution network.

In this framework, all end-users are not required to adopt DOEs, only those who participate in DR.
The DRA, whose role is to aggregate controllable DERs owned by end-users for the provision of DR
services, has to ensure that DOEs are respected while modifying power consumption/injection setpoints
of controllable DERs. The paper focuses on air-conditioning systems as controllable DER. The DRA thus
has to ensure the preservation of end-user thermal comfort. Additionally, it is supposed that end-users are
equipped with PV panels, which are not controllable. The sequence of actions is as follows:

1. The DSO computes DOEs for all DR-participating end-users, called DOE-customers.

2. DOEs are communicated to these customers.

10



CHAPTER 2 2.3. OPERATING ENVELOPES IN POWER SYSTEMS

3. The DRA provides DR in real-time by controlling the consumption of air conditioning loads belonging
to DOE-customers.

Simulation results suggest that DR can be effectively implemented in the low-voltage network without
breaching network constraints, such as voltage magnitude limits. This is promising for the deployment of
DOEs in the context of DR. Regarding the computation of DOEs in this paper, it relies on an unbalanced
three-phase load flow formulation. The different methods proposed in the literature to compute DOEs
are further developed in subsection 2.3.2.

2.3.2 DOE Computational Methods

As mentioned in [39], DOE's computation relies mostly on OPF-based optimisation models, where the
objective function might differ. Some authors account for fairness in the objective function for the alloca-
tion of DOEs (i.e, maximize the smallest DOE) [47, 48]. Others prefer minimizing the DOE's deviation
from the forecasted setpoint [49]. OPF-based models often rely on relaxations of non-linear AC-OPF
formulation and can even account for imbalances between phases, which is called unbalanced three-phase
OPF (UTOPF) models [50].

The choice of the OPF-based model depends on the level of modelling detail required by the authors,
knowing that DOEs are more likely to represent the effective hosting capacity limitations using detailed
network modelling.

A limitation of the deterministic formulations described above is their sensitivity to forecast errors.
In practice, both demand forecasting and impedance modelling in distribution networks are subject to
uncertainty. The load forecasts may indeed be inaccurate due to, for instance, the available generation of
PV systems or the charging demand of EVs, which may deviate substantially from predicted values. When
such uncertainty is ignored, the resulting DOEs may be infeasible in real time, as the power injections
actually realised by DERs can violate the network constraints that the DOEs were designed to enforce.

To address the issues related to uncertainty, robust and stochastic extensions of the DOE computation
problem have been proposed. Robust formulations seek envelopes that remain valid for any realisation of
uncertain parameters, e.g, load forecasts and impedance values, within a defined uncertainty set [50, 51].
Stochastic approaches, in contrast, relax the hard feasibility requirement and instead enforce constraint
satisfaction with a prescribed probability, typically using chance-constrained or scenario-based OPF formu-
lations [48, 52]. Both approaches incur a higher computational cost than their deterministic counterparts,
and tractability typically requires the use of linearised or convex-relaxed power flow models.

A further dimension of complexity arises from the temporal structure of the problem. The adjective
dynamic in DOE reflects the fact that the limits are time-varying. Rather than remaining fixed over long
periods, they are recomputed at regular intervals, typically on a day-ahead or intraday basis. Recomputing
DOEs enables the consideration of updated demand and generation forecasts, or even changes in network
topology. This time-varying character introduces a multi-period dimension to the DOE computation prob-
lem.

In the most general formulation, a separate set of envelope limits must be determined for each time
step of the planning horizon, subject to inter-temporal constraints arising from storage devices or ramp-
rate limitations of generators [52]. The resulting problem is significantly larger than its single-period
counterpart, and practical implementations often decouple the temporal dimension by solving a sequence
of independent single-period OPF problems, one per time step, at the cost of ignoring inter-temporal
constraints.

11
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These extensions, i.e, robust and stochastic formulations, and multi-period horizons, substantially in-
crease the computational burden of DOE computation. For large distribution networks with many DER
connection points, even linearised formulations may become intractable when all extensions are applied
simultaneously. This observation motivates the use of approximations and decomposition strategies, and
represents one of the main open challenges highlighted in the literature [39].

By leveraging the concept of DOEs, which have initially been developed in distribution feeders, this
thesis aims to expand this concept to the coordination between TSOs and DSOs.

12



Chapter 3

Coordination Procedure

3.1 Preliminaries

This thesis explores a coordination procedure of interconnected electrical networks, as first mentioned in
chapter 1. Detailed explanations about the approach can be found in [1], a paper that | co-authored during
my thesis and that | extend in this manuscript. The current section summarizes the main requirements
to understand the approach, including some basic knowledge about power systems and a comprehensive
overview of the coordination procedure. The POE computation model, which is at the core of the
coordination procedure, is detailed in section 3.2. It is followed by the instantiation of the objective
function, the security constraints, and the control actions in section 3.3, section 3.4, and section 3.5,
respectively.

3.1.1 Electrical grid modelling and operation

An electrical grid is composed of different elements enabling power to flow from generating plants to end-
users. These elements ensure that electricity is supplied continuously, efficiently, and within acceptable
security limits. The grid is therefore not a single entity, but rather a complex system composed of multiple
assets.

The main elements of an electrical grid and their respective roles are summarized as follows:

e Generating Plants: Facilities where electrical energy is produced from primary energy sources such
as fossil fuels, nuclear energy, or renewable sources (e.g., wind, solar, hydro). These plants inject
power into the grid at various voltage levels [53].

e Transmission Lines: High-voltage lines designed to transport large amounts of electrical power over
long distances with minimal losses [54].

e Substations: Nodes within the grid where voltage levels are changed using transformers, power
flows are monitored, and different parts of the network are interconnected (e.g, transmission and
distribution networks). Substations also house protection devices and switchgears [55].

e Transformers: Electrical devices used to step voltage levels up or down. Step-up transformers
increase voltage (e.g, at the point of connection between a generator and the transmission grid),
while step-down transformers reduce voltage for distribution and end use [56].

e Distribution Lines: Medium- and low-voltage lines that deliver electricity from substations to resi-
dential and commercial consumers [57].

e Switchgear: Equipment such as circuit breakers, switches, and fuses, used to control, protect, and
isolate sections of the grid [58].

13
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e Protection Systems: Systems that detect abnormal conditions (e.g., faults or overloads) and
automatically trigger protective actions such as opening circuit breakers to prevent asset damage
[59].

e Control Systems: Monitoring infrastructures (e.g., SCADA systems) that allow operators to su-
pervise grid conditions in real time and make operational decisions [60].

e End-users: Consumers of electrical energy, including households, industries, and commercial facili-
ties. Their demand patterns strongly influence grid operation and planning. Some end-users/consumers
are becoming more active in power generation and are called prosumers, i.e, customers who pro-
duce electricity primarily for their own needs but can also inject part of their production into the
distribution grid [61].

These elements form a highly complex system, whose operation is inherently challenging due to the
need to continuously balance supply and demand, respect network security constraints, e.g., voltage mag-
nitude limits, or thermal constraints, and ensure energy supply under a wide range of operating conditions
and uncertainties. The large-scale and highly interconnected nature of modern power systems, combined
with the increasing integration of DERs and prosumers, further amplifies this complexity.

In practice, the electrical grid is not operated as a single entity but can be decomposed into several
interconnected subnetworks, each operated by a specific actor, which may correspond to different individ-
uals or legal entities. Typically, the grid is divided into multiple voltage levels connected to each other at
a substation, where power exchanges between these subnetworks are enabled. The decomposition may
follow geographical or political boundaries, as in the case of interconnected national grids, or reflect the
responsibilities of different network operators.

A particularly important and widely adopted decomposition is the distinction between transmission
and distribution systems, which are operated by TSOs and DSOs, respectively. TSOs are generally
responsible for the operation of high-voltage networks, ensuring long-distance power transport and system-
wide balance, while DSOs manage lower-voltage networks that deliver electricity to end-users. Both are
increasingly facing the integration of DERs, including PV generation and batteries. In the rest of this
thesis, parts of the grid operated by distinct operators are referred to as operational networks.

3.1.2 Coordination between operational networks

As mentioned in the previous subsection, a power system is typically operated by multiple independent
actors, each responsible for managing the grid elements within its own operational network. TSOs and
DSOs jointly share the responsibility of ensuring the secure operation of the overall electrical grid [62]. In
this thesis, the notion of security is restricted to static security, which is defined as the ability to maintain
voltage magnitudes and line flows within their prescribed operating limits under normal operating condi-
tions. Dynamic stability and N-1 contingency requirements are deliberately excluded from the security
requirements studied in this thesis.

To maintain static security [63], each operator has access to a set of corrective control actions. These
actions are not equivalent in terms of cost. Actions with limited financial impact, such as topology recon-
figuration or shunt reactor switching, are prioritised, while more costly interventions, such as active power
curtailment or generation redispatch, are reserved as last-resort measures.

Although each operator acts within the boundaries of its own network, the electrical grid is a physically

interconnected system governed by physical laws. As a result, any control action taken by one operator,
such as redispatch, modifying network topology, or adjusting reactive power output of a generator, can
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influence power flows, voltages, and loading conditions in neighboring operational networks. These inter-
actions may, in turn, lead to the violation of security constraints outside the operator’s operational network.

The responsibility of maintaining a secure grid operation is thus inherently collective, and reaching a
certain level of coordination among operators might help to tackle the challenges related to the integration
of DERs within the electrical network.

The key idea of this work relies on the assumption that the interaction between a given operational
network and the rest of the grid can be fully characterized by a limited set of interface variables, namely
the active and reactive power flows exchanged at the interconnection points, as well as the corresponding
voltage phasors.

Once these interface quantities are specified, the detailed network modelling of the external system
becomes irrelevant for assessing the static secure operation of the considered operational network. This
abstraction enables a decoupled coordination of interconnected systems.

Based on this idea, the concept of operating envelopes (OEs) can be defined as a range of power
committed in advance by an operator to a customer at a connection point. As long as the customer stays
within the range, the operator guarantees static security in a preventive manner, without any operator
action and without considering contingencies.

The definition of OEs can be extended, such that OEs (i) can be used as limits at the interface between
operational networks, and (ii) account for corrective actions that can be taken by each operator. This
leads to the definition of two complementary types of interface limits. Power operating envelopes (POEs)
are defined as complex power limits at the interface between operational networks. Voltage operating
envelopes (VOEs) are defined as voltage magnitude limits agreed bilaterally at interfaces between the
operational network and the rest of the grid.

The goal of this work is to provide each operator with a set of interface variable ranges, i.e, the power
and voltage operating envelopes, such that, as long as these envelopes are respected during operation,
the static security of the network can always be restored through available corrective actions whose cost
does not exceed a prescribed maximum.

POEs and VOEs provide a compact yet complete framework for coordinating decentralized opera-
tion while preserving local security. Within this framework, each operator can take corrective actions
independently as long as they ensure that interface variables are within the bounds of the envelopes.

3.1.3 Coordination procedure for a practical use of POEs/VOEs

The process through which POEs and VOEs are established at the interface between subnetworks is
referred to as the coordination procedure. This procedure provides a framework that enables multiple
operators to manage their respective operational networks independently.

It is assumed that the grid is partitioned into several interconnected operational networks, each con-
trolled by a distinct operator. It is also supposed that there exists a hierarchy between these subnetworks
such that a parent network (in general, the transmission system) and one or multiple child networks (the
distribution systems) can be identified. The interconnection structure is assumed to form a tree topology:
each operational network is connected to at most one upstream (parent) network and to zero, one, or
multiple downstream (child) networks. The importance of this hierarchy will be clarified during the coor-
dination procedure explanation.
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The coordination procedure consists of the following sequence of steps:

1. Negotiation of VOEs: Operators first agree on admissible voltage ranges at their interfaces for
a specified future period. These VOEs define acceptable deviations of voltage magnitudes around
nominal values, and their existence is a necessary non-unique condition to ensure that child networks
can be operated in a secure way without requiring detailed knowledge of the parent network’s
operating conditions. It is assumed that the VOEs are first assigned at the parent node and then at
child nodes.

2. Estimation and Communication of Power Injections/Withdrawals: Given the agreed VOEs, each
operator computes a prediction of the net active and reactive power it expects to exchange with its
parent network at the interface. These estimates depend not only on local conditions but also on the
expected behavior of child networks. As a result, this step is performed recursively, in a bottom-up
manner: each operator aggregates the power requests received from its children and sums them up
with its internal forecasts (e.g., internal expected demand and/or generation) to determine its net
interface power.

3. Computation of POEs: In the final step, operators compute admissible ranges for active and
reactive power exchanges at their interfaces with child networks. These POEs must be such that,
for any feasible realization of power exchanges within these bounds and under the previously agreed
VOEs, the operator can maintain the static security of its own network through available corrective
actions. In contrast to the previous step, this step is handled in a top-down manner, as the POE
that the operator of the operational network received from its parent network needs to be respected,
whatever the exchange of power with its own child networks within computed POEs.

In operation, the parent commits to keeping the interface voltage within the VOE. Each child commits
to keep the interface power exchange within a POE. In other words, an operational network’'s operator
is required to maintain the voltage magnitude of its child nodes within the agreed VOE, and the power
exchange with its parent node should remain within the POE. To respect these agreements and ensure
the static security of its own network, the operator should take corrective actions in operation.

For sake of clarity, let us consider a practical example of the coordination procedure. Let us consider
the operational network depicted in Figure 3.1. It is characterized by one parent node and three child
nodes. As mentioned in the procedure, it is first supposed that the operator of the studied network agrees
on voltage magnitude limits at its parent and child nodes. The maximum acceptable voltage magnitude
range in the N-state and N-1 state is generally between 90% and 110% of the nominal voltage magnitude
(i.e, Vipin = 0.9 and Vjnax = 1.1 in per unit, as depicted in Figure 3.1).

However, depending on the voltage level, voltage magnitude limits might differ from these reference
values. Rules regarding acceptable ranges can be found in the EU grid code regulation [64]. It should
be emphasized that the grid code’s limits are hard limits to ensure the security of grid assets, but VOEs
negotiation could lead to a more restrictive range of voltage magnitudes, i.e, a subset of the grid code’s
limits. Once VOEs are agreed on, the operator of the operational network has the responsibility to ensure
that these voltage magnitude limits are respected at the child nodes during operation, while the upstream
operator ensures the respect of voltage magnitude limits at the parent node.

To be able to properly operate its operational network and, in particular, to ensure that no security
constraints are violated in operation, the operator requires power demand forecasts from its child networks.
Therefore, as illustrated in Figure 3.1, power demand estimates are communicated from downstream to
upstream networks (i.e, child networks 1, 2, and 3 provide net power demand estimates to the operational
network's operator) to enable the operator to plan for suitable control actions. As the upstream opera-
tional network’s operator is also required to ensure the security of its network during operation, the latter
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needs to receive net power demand estimates from its child networks (including the net power demand
estimate from the considered network).

The net power demand forecasts coming from child networks are, by definition, only the best estimates
of the power demand at a given moment prior to real-time operation and might significantly differ from
the true power demand in real-time. Therefore, there is a need for flexibility. POEs can be leveraged to
provide this required flexibility to child networks.

POEs are to be computed such that, whatever the power exchanges within their bounds, the security
of the network can be ensured. In particular, the forecasted power exchange values should be within the
POEs’' bounds. Increasing the flexibility provided to child networks comes with additional control action
costs. Therefore, it can be understood that there exists a trade-off between the flexibility provided to the
child networks and the operational network’s operation costs.

Moreover, the quality of the POEs provided to child networks not only depends on the operational
network control actions but also on the POE allocated at the parent network. Therefore, the POEs are
computed in a top-down manner. In Figure 3.1, this cascade computation is represented as the third step
of the coordination procedure, where the POEs are computed from upstream to downstream networks.
In other words, the POEs computed at the child nodes directly depend on the one imposed by its parent
network at their interface.

o V_min <V < V_max

N
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N\
[ )
[ [ J L]
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0 V_min <V < V_max

Figure 3.1: Schematic of the coordination procedure of an operational network, starting with (1) the
voltage limit agreements at each parent and child nodes, followed by (2) the complex power estimates from
the child networks communicated to the operational network’s operator, and finally (3) the computation
of POEs communicated from upstream to downstream.

The last step (i.e, the computation of POEs) is particularly challenging, as it requires accounting for
network security constraints and the available control actions. To this end, the problem is formulated
as an optimisation problem that each operator can solve separately. In section 3.2, the mathematical
formulation to compute POEs is detailed.

17



CHAPTER 3 3.2. MATHEMATICAL FORMULATION

For the coordination approach to be effective in practice, all operators must respect the agreed VOEs
and POEs during real-time operation. Specifically, each operational network is allowed to exchange power
with its parent within the limits defined by the corresponding POEs, while the parent network is respon-
sible for maintaining interface voltages within the prescribed VOEs. As long as the POEs and VOEs are
respected, there exists a set of control actions that can be activated by the operator at a maximum cost to
ensure the secure operation of its network, even when power exchanges move away from their forecasted
values.

In this way, the coordination procedure enables a scalable and coordinated operation of large-scale
power systems, reducing the need for centralized control while preserving static security through well-
defined interface agreements. This procedure is particularly suitable for TSO/DSO coordination where
the TSO computes POEs for its child networks, which are the DSOs’ networks.

At this stage, it is worth positioning the proposed coordination approach in perspective to the alter-
natives documented in the literature. As outlined in section 1.3, existing coordination approaches can be
divided into four main categories: centralized, hybrid, distributed, and hierarchical approaches, as illus-
trated in Figure 2.1.

Compared to the existing literature, the proposed approach can be classified as decentralized and hi-
erarchical. Decision-making is distributed across the TSO’s and DSOs' operators without reliance on a
single central optimizer, while a leader-followers structure governs the sequential exchange of boundary
envelopes between the transmission and distribution networks.

3.2 Mathematical formulation

As mentioned in section 3.1, the computation of POEs is particularly challenging as it requires accounting
for both security requirements and control actions. This section presents an optimisation problem to
compute POEs. The mathematical formulation presented in this section is largely inspired by [1], a
scientific article to which | participated and that is written in collaboration with researchers from the
Smart Grid Lab (ULiege).

3.2.1 Electrical network model

An electrical network can be modeled as a graph, denoted by & = (N, &), where N is the set of nodes
and £ C N x N is the set of edges. It is assumed in this thesis that networks are perfectly balanced
three-phase networks. Each node n € N corresponds to a network bus, such as a generator, a customer,
or a substation. Each edge (m, n) € £ represents an electrical connection between two nodes of the set
N, commonly referred to as a line or cable.

An operational graph is a subgraph &, such that
60 = (Nngo) C 6,

where N, C N and
£ C (ENNG).

Each operational network is connected to the rest of the electrical grid exclusively through its interface
nodes NZ C A. The set of operational networks is assumed to follow a directed-tree structure. There
exists a unique root network with no parent, while every other network is connected to exactly one parent
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network through its unique parent node Nf C N and may be connected to one or more child networks
through its child nodes Ng C NZ. Interface nodes are the only nodes shared between adjacent operational
networks.

3.2.2 Electrical quantities

Each node n € N has an associated line voltage phasor V,, € C. This means that each voltage V, is
characterised by a magnitude and a phase. The vector of complex voltages of operational graph &, is
denoted as VV° € CWol, the vector of voltages at parent nodes V¥ € CMZ1 and the vector of voltages at
child nodes V€ € CW!. It should be noted that the vector V7 is only composed of one component, as
there exists only one parent node for each operational network, and that the value of this component is
uncertain to the operational network’s operator. The operator has the guarantee that V7 lies between the
bounds of the agreed VOE, without further information about its expected value. Moreover, [° € Cll
denotes the vector of complex currents in each edge.

In addition, the complex power demand (loads) at each node n € N is denoted as Sjpaa.n =
Pioad.n +JQioad.n € C and the complex power generation at each node n € N is denoted as Sgenn =
Pgen,n +JQgenn € C. When generators’ power outputs are modified compared to their scheduled produc-
tion, the effective complex power injection at each node n € N isdenoted as Sg.,, , = Pgep ntiQgenn € C.

When there is no modification of the generator’s output at node n, we have Sgepn = S/ge,,vn.

By convention, positive (active or reactive) power denotes withdrawal, and negative power denotes
injection. We denote as S7_, € CWel the vector of all complex power demands within the operational
graph &,, and as Sgen e CWVel the vector of all scheduled complex power injection within this same graph
@o.

For an operational graph &, = (N, &,), let us denote the complex power entering and leaving the
operational graph, at each node n € N,, by S = P + Q) and by S, = P, +JjQ, , respectively.
The entering power S is nonzero only for parent nodes, and the leaving power S is nonzero only for
child nodes. Therefore, power entering through parent nodes and leaving through child nodes are denoted
as ST7P ¢ le\ff', S—Ce (CWE‘, respectively. The vector S™€ is uncertain to the operational network’s
operator. The operator has the guarantee that this vector lies between the bounds of the agreed POE at
the interface with its child networks.

Active and reactive power flows through edge (m, n) are depicted as Pp, , € R and Qm,.n € R, respec-
tively. Without additional assumptions: |Pm, nl # |Po.m| and |Qm.n| # |Qn.ml-

3.2.3 Control Actions
Let us define u as a vector of decision variables, which model the control actions that the operator can
take. The convex feasible set F encodes its physical bounds and constraints. Mathematically:

ueF.

Since control actions can be adjusted in response to the operating conditions, u may take a different value
for each realization of the uncertain parameters (S_'C, VP). For example, modifying the generators’
power outputs S;%,, is considered as a control action. This action, called re-dispatch, can be adjusted
depending on the realization of the uncertain parameters (S—¢, V7).
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3.2.4 Boundary conditions for decoupled operation

Mathematically, a POE is a subset of power S, C C that is allowed to leave or enter an operational graph
at node n. Let §C c C¢l and 57 CVZ1 be the subsets of allowed power leaving through all child
nodes and entering through the parent node, respectively. In particular, ﬁc c RW6! and 50 c Rl are
the subsets of allowed active and reactive power leaving through all child nodes. For a given child node

ne NS, ﬁc,, C R and 55 C R are the subsets of allowed active and reactive power leaving through child
node n.

Similarly, a VOE is a subset of voltage magnitude V, C R that is contractually agreed upon at a node
n of the graph. The voltage magnitude guarantee at parent nodes and at the child nodes are respectively
denoted by the subsets V% - RMWE! and VP - RWZI. These subsets are agreed upon at parent and child
nodes between the different operational graphs.

Throughout all POE computation models presented in this thesis, the interface nodes, i.e, the parent
node and the child nodes connecting the operational network to the rest of the grid, are modelled as follows.

Parent nodes are treated as ideal voltage sources. Their voltage magnitudes are supposed to be held
constant, while the power injections S;7 = P + jQ;" € C can vary freely within the POE imposed at the
parent node. Formally, the voltage phasor at the parent node is denoted as V¥, and its magnitude |V7’|
is fixed and constrained to lie within the agreed VOE.

Child nodes are treated as constant-power sources: the complex power exchanged at each child node,
S, = P, +JQ, € C, is fixed for a given scenario and constitutes a parameter of the optimisation problem,
while the corresponding vector of voltage phasors at the child nodes V€ is determined by the power flow
equations and the voltage magnitudes are constrained to remain within the agreed VOE.

3.2.5 Optimisation problem: an overview

As VOEs are supposed to be contractually agreed upon, they are considered as input parameters and are
thus not computed. Therefore, only POEs are to be determined for each child node of the operational
graph.

In this thesis, POEs are determined by solving an optimisation problem, whose formulation depends
on the choice of the network model, i.e, the type of equations used to model the power flows, and the
control actions. This network model serves to evaluate whether security constraints are satisfied for a
given operating state and to identify the control actions required to restore security when they are not.
Since different network models lead to different instantiations of the POE computation problem, the for-
mulation presented in this subsection is deliberately kept generic. In the rest of the thesis, any optimisation
problem that seeks to compute POEs is simply referred to as a POE computation model. The generic
POE computation model is written as:
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max UPOE(S%) —A (3.1a)
55 A

st.vS eSS, v|VP| eV FuerF:

Security(Siyad. Sgen: S=C VvP u) <o, (3.1b)
Cost(u) <A, (3.1¢)
Vel e Ve, (3.1d)
stes’, (3.1¢)

where UPCE is an arbitrary utility function representing the quality of the POEs (e.g, the volume of
the POEs), and for which a possible instantiation is given in section 3.3. It must be maximized such that,
for each value of S~ and V7, there exist certain control actions which ensure that the network can be
securely operated.

More specifically, Equation 3.1b constraints some electrical variables to ensure grid security in the
N-state. The N-1 security criterion is not considered in this formulation. The function in Equation 3.1b
returns a non-positive value if and only if the grid operation remains secure in the N-state. This constraint
is detailed in section 3.4.

In Equation 3.1c, the variable A € R™ bounds the cost related to the network operation (e.g., re-
dispatch cost) for the different values of S™¢ and V", and is minimized in the objective function. This
last constraint represents the operational constraints and is further detailed in section 3.5.

Equation 3.1d and Equation 3.1e ensure that the VOE at the child nodes and the POE at the parent
node are respected, respectively.

3.2.6 Optimisation problem: a reformulation

In this thesis, POEs are defined as Cartesian products of two intervals: one for active power and one for
reactive power. VOEs are defined as intervals for the voltage magnitude at interface nodes. The cor-
responding voltage phase angle is left unconstrained. Considering intervals offers two main advantages.
First, each envelope is fully parameterised by its lower and upper bounds, which become the decision
variables of the optimisation problem. Second, the envelope membership constraints (Equation 3.1d and
Equation 3.1e) reduce to simple linear inequalities on these bounds.

Even with these interval definitions, the optimisation problem proposed in Equation 3.1 cannot be
solved as such since all constraints should be respected, whatever the realizations of the uncertain param-
eters S7€ and VP. Because of these uncertain parameters, the constraints are said to be semi-infinite
[65]. Thanks to robust optimisation techniques, the constraints can be reformulated into finitely many
convex constraints, under some assumptions.

Let us assume that 5% and VP are bounded polyhedra with finitely many vertices. Their sets of vertices
are respectively denoted by \U(S%) and \I!(VP). We further assume that the utility function depends only
on these vertex values, and that all constraints are convex functions with respect to their respective
arguments. Under these assumptions, solving the generic optimisation problem Equation 3.1 is equivalent
to solving the following reformulated problem:
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—C
?CEE\( UPOE<\U(S )) —A (3.2a)
st. VS Cew@SY) vIVP|ew(V) due F: (3.2b)
Security(Sibad: Sgen: s=¢ vP u) <o, (3.2¢)
Cost(u) <A, (3.2d)
Vel e Ve, (3.2¢)
stes”. (3.2f)

This reformulation consists of ensuring that the constraints are respected for all combined assignments
of interval bound values. In other words, instead of verifying that the constraints are respected for ev-
ery point within the POEs and VOEs, which would require infinitely many constraints, it is sufficient to
check the constraints only at the vertices of the Cartesian product of the uncertainty sets. Each vertex
corresponds to a scenario in which every child node's power exchange and every parent node’s voltage
magnitude takes either its minimum or maximum value simultaneously. Respecting these constraints at
all such vertices implies respecting these constraints everywhere within the uncertainty sets, under the
convexity assumption. The reformulation therefore reduces the number of constraints to a finite, though
exponentially growing in the number of interface nodes, set of convex constraints. As illustrated in chap-
ter 4 and chapter 5, this reformulation leads to an SOCP that can be solved using modern solvers. A
proof of the equivalence of optimisation problems (the generic one and the reformulated one) is provided
in [1].

In the rest of this chapter, a first instantiation of the generic POE computation model presented in
Equation 3.1 is provided. This includes an instantiation of the utility function, the power flow and security
constraints, and the operational constraints.

3.3 Objective function

The utility function UPOE(S ) presented in Equation 3.1 should encapsulate the different criteria to se-
lect a POE. These criteria may include some measure of social fairness between child nodes, or, on the
contrary, the criteria might promote certain critical child networks over others.

The utility function presented in this section is defined as a utility of POEs, as first proposed in [1]. It
is assumed that each child node has a local utility and that the utility function is the aggregation of these
local utilities. Mathematically, the utility function UPOE(S%) can be written as:

UPOE(S) = 3 Ue(PL.QY), (3.3a)
ceN§
with:
Ue(PE, Q%) = Vol(PS) — e - VoI(PEY — ap - (Bar(P) — A7) (3.42)
— — ~ 2
+Vol(QF) — 1o - VoI(@2)? — ag - (Bar(@) - @z ) . (3.4b)
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where Uc(ﬁﬁ,@ﬁ) represents the local utility. The functions Vo/(X) and Bar(X) return the length
and the center of the interval X, respectively. In other words, Vo/(X) is the difference between the bounds
of interval X. Similarly, Bar(X) is the average of the interval X bounds.

Values of parameters ap, ag,vp, 7o € RT are to be tuned. The power exchange forecasted at child
node c is denoted as S = P + jQ; € C. This value is supposed to be computed by the child network
and communicated to the operational network'’s operator.

In this formulation, the sum of concave functions of S over each child node is maximized, while any
deviation of the POEs from the forecasted power exchange is penalized.

In order to formulate the optimisation problem completely, this objective function formulation should
be accompanied by the adapted security constraints and cost-related constraints, presented in section 3.4
and section 3.5, respectively.

3.4 Security constraints

Equation 3.1b ensures that the operational graph remains secure. To verify the security constraints, the
electrical variables are computed using power flow equations, which practically correspond to additional
constraints in the optimisation problem. Mathematically:
-c
V2, 1° = PowerFlow(S},,q. Sgen. S™C. V7, u). (3.5a)
Depending on the network's characteristics, assumptions are made on the electrical variables used, which

lead to different power flow models. A first power flow model is given in subsection 3.4.1, similar to the
one proposed in [1].

3.4.1 Power flow equations

In order to verify the assumptions of the robust reformulation problem presented in section 3.3, power
flow models must remain convex. In [1], the AC power flow equations are linearized around 1 p.u for the
voltage magnitude and around O for the voltage phase angle. This model is called the linearized AC power
flow (LACPF) model. The mathematical development used to linearize the AC power flow equations and
obtain the LCAPF model is given in Appendix B. Mathematically, it is written as:

Phj :gnj(vn_\/j)_bnj(en_ej)v (3-63)
an = —bnj(vn - \/J) - gnj(en - 9]), (3-6b)

where P, and Qj; are the active and reactive power flow on branch (n,j), V,, and V; are the voltage
magnitudes at bus n and bus j, 8, and 6; are the voltage angles at bus n and bus j, and g,;, by; are,
respectively, the conductance and susceptance of branch (n, ).

The LACP model is often considered as a reasonable trade-off between using the accurate but
computationally-expensive AC power flow equations, which might make the problem NP-hard if no re-
laxation is considered, and the scalable but highly simplified DC power flow equations®. As stated in [66],
the LACPF model yields a power flow solution with a higher accuracy than the DC power flow model, at
a similar computational performance.

The DC power flow model is further detailed in Appendix C.
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Related to the power flow equations, the power balance equations should be considered as well.

For every n € N

Pload,n - Pg;en,n = Z Pmn + Pfj_ - ’Dn_v (3-7a)
(m,n)e&

Qload,n - Qgen'n = Z an + Q;-,’— - ;1 (37b)
(m,n)e&

where all parameters and variables are defined in subsection 3.2.2. The parent node is considered as
the slack bus and is indexed as 0 by default. At this bus:

0o = 0.

3.4.2 A secure grid operation

The choice of the power flow equations limits the degrees of freedom for integrating security constraints
into the optimisation model. Depending on the choice of the most suitable power flow equations (the
LACPF model in this case), a set of adapted security constraints should be considered.

Network security constraints are assumed to correspond to thermal limits, i.e, the maximum rating
of the line should not be exceeded, and upper and lower limits on, respectively, voltage magnitudes and
voltage phase angle differences:

Pr%n + Q%nn < 5r2rmv V(m, n) eg, (3.8a)
V,<IVal £V, YneWN, (3.8b)
N <0, — 0, < A0, Y (m,n)€E, (3.8¢)

where the parameter S,,, € RY is the line rating?, V,,V,, € R* are the minimum and maximum
allowed voltage magnitudes, A8, A8 € RT are the minimum and maximum voltage phase angle allowed,
respectively.

Moreover, the generator capabilities should be respected as well:

For every n € N

Pgenn = ’Dg;en,n < Pyenn, (3.9a)
Qgen,n S Q/gen,n < Cjgen,n, (3.9b)

where parameters Bgen'n, ﬁgen,n € R are the minimum and maximum active power production of the
generator connected at node n and Qgen n,Qgen,n € R are the minimum and maximum reactive power
production of the generator connected at node n. Py, , = ﬁgen,n =Q = Qgen,n = 0 if there is no

—~gen,n
generator at node n.

In the proposed instantiation of the POE computation model, Equation 3.1b is respected, i.e, the
function Security(.) outputs a negative value, if Equation 3.8a-Equation 3.9b are respected. In order to
assess whether Equation 3.8a-Equation 3.9b are respected, a power flow model is required, as described
in the previous subsection.

2In practice, this value might vary with the season, temperatures, etc. It is assumed to be constant in this thesis.
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3.5 Control Actions

The cost-related constraints (also denoted as operational constraints) are represented by Equation 3.1c
in the generic POE computation model proposed in subsection 3.2.5.

One might note that power flow equations can be seen as input to these operational constraints, as
the observation of the electrical state of the network is required to take actions and to modify operating
points. In [1], only the re-dispatch of generators’ active and reactive power is considered as a control
action. Mathematically, the vector of control actions becomes u = (Sge, 5)nens,, With F defined by the
generator capability constraints (4.7)—(4.9).

It is assumed that the power output of generators within the operational network can be adjusted at
a certain cost, reflecting the deviation from the generation schedule. This cost applies only to active
power, while reactive power is assumed to be freely controllable within each generator’s capability limits.
Accordingly, the associated cost constraint can be formulated as follows:

6 ’ Z ('Dgenv” - 'Dg,en,n)2 < A, (3.10a)
neN

where variable A, defined in subsection 3.2.5, bounds the worst-case re-dispatch and is minimized
in the objective function. The parameter 3 € R™ is a measure of the cost of modifying a generator’s
setpoint.

3.6 A first POE Computation Model

As mentioned in section 3.1, the third step of the coordination procedure is to compute POEs. Based
on the developments proposed in section 3.2, section 3.3, section 3.4 and section 3.5, the optimisation
problem required to compute POEs can be fully formalized.

The goal is to find the largest feasible POEs, while penalising deviations of the POE's barycentre from
children’s active and reactive power demands, and regularizing the re-dispatch requirements. Mathemati-
cally: 3

max  UPOE(S) — A (3.11)
S A

st. V(P,Q ) eSS vIVP| eV Jue F:
(3.6a) — (3.10a) (3.12)

This optimisation problem? presents several limitations:

1. Generator re-dispatch is the only control action considered. In practice, system operators have access
to a broader set of corrective actions, many of which may be prioritized over generator re-dispatch.

3The reformulation of the optimisation problem can be implemented using the Pyomo optimisation modelling language
[67], which is well-suited for power system optimisation.

*All optimisation problems presented in this thesis are written in per unit. More details about the per unit normalization
are provided in Appendix A.
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2. The LACPF model is a significant simplification of steady-state power flow behavior. As a linear
approximation, it cannot fully capture the nonlinear nature of AC power systems and may therefore
introduce inaccuracies.

3. The generator P—Q capability limits are represented using a simplified square capability region.
In general, generator capability curves are more complex and may differ substantially from this
approximation.

To address these limitations, the remainder of this thesis focuses on extending the optimisation model
and evaluating it on test networks.
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Chapter 4

Model Developments and Experimental
Methodology

4.1 Preliminaries

In chapter 3, a TSO/DSO coordination approach relying on the notion of OEs is introduced. More
specifically, chapter 3 introduces an optimisation problem to compute POEs. In this chapter, the POE
computation model presented in chapter 3 is extended. For example, an additional control action is con-
sidered, namely the phase-shifter. This additional control action is described in subsection 4.2.1.

Additionally, a convex model of the AC power flow equations is proposed to represent the power flows.
This ensures a more accurate representation of power flows than linearization, while keeping the optimi-
sation problem convex. This power flow model, called the Quadratic Convex (QC) model, is discussed in
subsection 4.2.2.

In subsection 4.2.3, a detailed representation of the PQ-capability curves of generators is provided,
which concludes the extension of the POE computation model.

The extended model is validated on test networks whose description, alongside the experimental
methodology and the benchmark POE computation model used for comparison, is provided in section 4.3.
The corresponding results are presented and discussed in chapter 5.

4.2 Improvements of the POE computation model

4.2.1 Phase Shifters

Currently, the model used to compute POEs only considers the re-dispatch of active and reactive power
of generation as control actions. However, since these actions might entail large financial compensation,
they should be regarded as last-resort options. Therefore, there is a need to further develop practical
control actions that the operators can implement to improve the quality of the computed POEs. A typical
control action regularly exploited by transmission system operators is the modification of phase-shifters’
operating set-point. In this subsection, phase shifters and their mathematical models are presented and
subsequently integrated into the optimisation model.

Phase-shifters or, more precisely, phase-shifting transformers were first introduced in power systems
in the 1930s. A phase-shifting transformer is a transformer-based device whose essential feature is to
regulate a phase angle in a power system. It can be proven that modifying the phase shift between termi-
nal voltage phasors helps regulate power flow through a line [68]. Phase-shifting transformers have been
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widely used by TSOs to manage congestion issues in their networks by redirecting power flows. They rely
on mechanical switches, which can have a high response time as a result of the inertia of moving parts
and a high level of maintenance due to mechanical contacts and oil deterioration.

Authors in [69] highlight that some power-electronic-based devices can be an alternative to classical
phase-shifting transformers. These are called static phase-shifters and mainly rely on thyristors. The
models proposed by the authors in [69] can be used to model a phase-shifting device, whatever the
underlying technology. By considering only symmetrical phase shifters (i.e., the magnitude of the output
and input voltages is the same), the active and reactive power flowing through the phase shifters are given
by:

ViV .
Pk = —Pxi = )/<k sin(0ix + p), (4.1a)
S
Vi
Qik = . (Vi — Vikcos(8ix + p)) . (4.1b)
S
Vi
Qki = . (Vk — Vicos(8ix + p)) . (4.1¢c)
S

where p € R is the shift angle, Py, Qix € R are the active and reactive power flow going through
the phase-shifter, with /, k the indices of the input and output nodes, respectively. V;, Vi € R are the
voltage magnitudes. Xs € R is the equivalent reactance and 8, € R is the voltage phase angle difference.

Therefore, phase-shifters can be integrated into the power flow model by simply summing up voltage
phase angle differences and an additional variable, p, representing the phase-shifter's operating point. For
example, when considering phase-shifters, the LACPF model becomes:

Prj = 9nj(Va = V}) = bnj(6n — 6 + o). (2-P)
Qnj = —bnj(Va = V}) = gnj(6n — 0 + o). ¥(n.)) € &o. (2-Q)
The variable pp m € R is non-zero only if a phase-shifter is present on line (n, /), and is bounded by:
Ppj < Pnj = Pnjy

where parameters P Pj € R are the maximum and minimum allowed phase-shifts at line (n,j). Phase-
shifting transformers are typically operated in the symmetric range £30° (+25° in Belgium) [70]. Math-
ematically, these control actions are added to the vector u, such that u « (u, (,Onj)(nyj)eg). The joint
feasible set is updated accordingly as 7 <= F x [](, jyeg Fnj, where each Fnj = [p ., By;] constitutes
one additional factor in the Cartesian product defining F.

It is further assumed that adjusting a phase-shifter’'s operating setpoint carries an operational cost for
the network operator. Including this cost in the model serves two purposes: (i) it reflects the mechanical
wear and associated maintenance expenses incurred by phase-shifting transformers during tap changes, and
(i) it acts as a regularisation term, preventing the solver from exploiting the phase-shifter in an unrealistic
or excessive manner. The cost-related constraint is accordingly extended as follows:

B [Poenn—Phennl +7 D 03 < A
neN (nj)e&

where A is the worst-case operational cost, minimised in the objective function. The weighting parameter
7 € R is set significantly smaller than 3, reflecting the fact that generator re-dispatch is considerably
more costly than a phase-shifter setpoint adjustment.
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4.2.2 QC model

Let us consider a branch (n, ) € £ with series admittance y,j = gn; +Jjbnj = 1/(Rpn; +JX5j). Every branch
carries a phase-shift angle p,;; for branches without a physical phase-shifter, p,; is fixed to zero via its
bounds. The sending-end active and reactive power flows are [71-73]:

Prj = gnjVn2 - WV [gnj cos(0n — 0; + ppj) + byjsin(0, — 0; + pnj)]v (4.2)
Qnj = _bnj\/n2 - WV [gnj sin(6n — 6 + pnj) — bnj cos(8p — 0; + pnj)}r (4.3)

where V}, represents the voltage magnitude at node n. Setting p,; = 0 recovers the standard equations
for an ordinary branch.?

The branch flow equations (4.2)—(4.3) are non-convex due to bilinear products V;,V; cos(-) and V,,V; sin(-).
The QC model convexifies these terms by introducing auxiliary variables and replacing each nonlinear prod-
uct with a tight convex envelope [74]. To avoid any confusion with previous envelope definitions, the convex
constraints on the auxiliary variables presented in this subsection are referred to as convex bounds.

Auxiliary Variables

For each branch (n,j) € &, the following auxiliary variables replace the nonlinear terms in (4.2)—(4.3):
e v, ~ V/?: voltage magnitude squared,

® 0, =0, —0,+ ppy;: effective angle difference,

e u, =~ V,Vj: voltage magnitude product,

® C, &~ Ccos0y: cosine of effective angle difference,

® 5, = sindy;: sine of effective angle difference,

® wrp =~ V,Vjcosd,: active cross-product,

® Wiy ~ V,Vjsind,): reactive cross-product.

The symbol = indicates that these variables are not set equal to their nonlinear counterparts, but are
instead constrained to lie within convex bounds around them. Substituting into (4.2)—(4.3):

Prj = gnj(Vn - Wrnj) — bpj Wiy, (4.4)
an = _bnj(Vn - Wrnj) — Gnj Winj- (4-5)

These expressions are now linear in the auxiliary variables. The remaining work of this subsection is
to enforce, through convex constraints, that each auxiliary variable remains a valid approximation of the
nonlinear expression it replaces.

Convex bounds

Let us assume that ¢, is bounded by |§,;| < 62. Five families of convex bounds are required, one for
each type of nonlinear product.

Bounds for v,:

'No shunt susceptance is included; the branch model is a pure series admittance y,;.
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The squared voltage magnitude is enclosed between a lower convex bound and a linear upper bound
derived from the secant of the function over [V, V], i.e., the line passing through the points (V,,, V2)

and (V,, V2):
v, > V2 (T-Ib)

vp < (Mn + Vn)\/n - ann: (T‘Ub)

where V.V, are the minimum and maximum acceptable voltage magnitude at node n, respectively.
Mathematically, these convex bounds are noted as v, € CONV(V;) in the POE computation model.

McCormick bounds for u,:

The bilinear product of two voltage magnitudes is enclosed by the McCormick relaxation, which con-
structs four linear inequalities from the bounds [V, V] and [V, V/]:

BEVAVERVAVVAVS (M-Ib1)
Upj = \/ V + V, \/ -V VJ (M-1b2)
nj < Vv \/J + Vn!j — V,,MJ-, (I\/I—ubl)

Unj < anj + V”VJ - MHVJ' (M‘Ub2)

Mathematically, the McCormick bounds are noted as u,; € McCormick(V;, V;) in the POE computa-
tion model.

Bounds for ¢,;:

The cosine function is bounded above by a quadratic concave upper bound and below by the chord
value at the boundary of the angle interval:

1 — cos6A
Crj<1-— @5y 5o (C-ub)

Cnj > cos 62 (C-Ib)

Bounds for s;;:

The sine function is enclosed between two linear bounds:

Snj < cos(%) (6,U- - %) + sin(%) : (S-ub)
j > cos( ) (5ru + ) - sin(%) . (S-1b)

Mathematically, the bounds around the trigonometric functions are written as (cyj, Sp;) € TrigEnv(dy;),
in the POE computation model.

Composed bounds for wr,; and wi,;:

The triple products V},V; cos §,; and V,,V; sin §,,; are convexified by applying a second McCormick relax-
ation to the product of wup; and the correspondmg trigonometric auxiliary variable:

wrpj € McCormick(up;, Cpj), (M-wr)

wipj € McCormick(up;, Spj). (M-wi)
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Jabr constraint [75]:

Finally, the following second-order cone constraint, known as the Jabr constraint, is imposed to
strengthen the approximation by linking the cross-products back to the squared voltage magnitudes:

Wr,%——kwi,%-g Vn oV, V(n,j)e€&. (4.6)

These bounds, as well as Equation 4.4, Equation 4.5, and the Jabr constraint, form the power flow
model used in this section. These equations are a main block of the full QC-POE computation model
proposed in the thesis, and fully detailed in subsection 4.2.4.

4.2.3 Generator Capability

The P—Q capability area of a generator at node n is defined by:

Egen,n < Péen,n < ﬁgen,n, (4_7)
Qgen,n < Qiqen,n < égen,n, (4_8)
2 2
(= (e
Pge”,” Qgen,n

Constraint (4.9) is a convex second-order cone constraint restricting the feasible region to an ellipse centred
at the origin, as illustrated in Figure 4.1. This set is particularly suitable for modelling converter-interfaced
PV generators [76].

/
Qgen,n

A
Qgen,n B

> P!
gen,n
Pgenn /
Q |

—gen,n ~

Figure 4.1: lllustration of the convex set O4 defining the P—Q capability area of a generator at node n.
The feasible region (shaded) is the intersection of the bounding box [P e, . Pgen,n] % [Qgen . Qgen,n] and
the interior of ellipse (4.9).

4.2.4 Full QC-POE Model

The goal is to find the largest feasible POE volume (both in terms of active and reactive power) while
penalising barycentre deviations from children’s demands and regularising re-dispatch and phase-shift uti-
lization. The QC-POE computation model can be written as:
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max 3 [Vol(Py) = 1eVol(P, 2] + Y- [Vol(@;) — ¥eVol(@;)?]

PLa A neNS neNS
o A 12 . A 72
—ap Z [Bar(Pn) - P, 'C} —agQ Z [Bar(Qn) — Qn’c} —A (4.10a)
neNS neN§

st. Y(P-,Q) eSS, yWPl eV uerF:

B [Poenn— Phennl +7 > 05 <A (4.10b)
neNo (nj)eé&o
Road,n — Pgen.n = Z Pom + P — P, ¥neEN,, (4.10c)
(nm)e&o
Qioadin = Qgenn = > Qum+QfF = Q. Vne N, (4.10d)
(nm)e&o
Pnj = 9nj(va — wrpj) — bpj winj,  V(nj) € &, (4.10e)
Qnj = —bnj(Va — Wrpj) — gnj winj,  V(nj) € &, (4.10f)
Pyenn < Phenn < Pgenn.  ¥n € N, (4.109)
Quenn < Qgenn < Qgenn,  Vn € No, (4.10h)
<§iee’x)2 - <le:’”’::>2 <1, VYneN,, (4.10i)
Poj+ Pin = Ruj - lnj,  ¥(nj) € &, (4.10j)
Qnj + Qjn=Xnj - lnj,  V(nj) € &, (4.10k)
P2+ Q% < Vo hjy Y(nj) € &, (4.101)
Onj =600 — 06 +ppnj, V(nj) €&, (4.10m)
10nj| < A8, ¥(nj) € &, (4.10n)
va € CONV(V,), Vne N, (4.100)
upj € McCormick(Vp, Vj),  V(nj) € &, (4.10p)
(Cnjr Snj) € TrigEnv(épy), V(1)) € &o, (4.10q)
wrpj € McCormick(up, ¢qrj),  Y(nj) € &, (4.10r)
Wipj € McCormick(up;, spj),  Y(nj) € &, (4.10s)
wri + wili < v v, Y(n)) € &, (4.10t)
vV, <vp <V, VYne~MN,, (4.10u)
=0, v,=1p.u, (4.10v)
P < Pnj < Pnjr - V(1)) € Eo, (4.10w)
Ve e V", (4.10%)
stes” (4.10y)
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where Equation 4.10l is defined to strengthen the approximation of the power flow equations by using
a second-order cone constraint that relies on the absolute square of line current I,; € RY,V(nj) € &, first
proposed in [77]. Equation 4.10j and Equation 4.10k model the active and reactive power losses of the
lines, respectively.

4.3 Experimental Methodology

In this section, the methodology to validate the POE computation model, detailed in section 4.2, is ex-
plained.

Firstly, the POE computation model is compared to another model that is considered as a benchmark.
This benchmark is chosen to be a DC-based POE computation model, i.e, a POE computation model
relying on the DC power flow equations. The motivation for this choice and the detailed modelling are
discussed in subsection 4.3.1.

Secondly, POE computation models rely on some initial set-points of the generators. These set-points
need to be determined, alongside the active and reactive forecasted power exchange at each child node.
The procedure to determine the values of these parameters is given in subsection 4.3.2.

Finally, the test networks on which the POE computation models are applied are presented in detail
in subsection 4.3.3.

4.3.1 DC-based POE computation problem

In order to compare the results obtained with the developed POE computation model, a benchmark model
should be formalized. In this thesis, this benchmark model corresponds to an active-power-only model.

The main advantage of this choice is that the benchmark model is a model accounting solely for the
thermal limits and not for voltage-related constraints, which simplifies the analysis of the results. It has
another advantage of allowing for phase-shifter modelling as the voltage phase angles are accounted for
in the model. An extensive description of the DC power flows is given in Appendix C.

Mathematically, the DC-based POE computation problem can be written as:
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. . . N 2
max Y [VOl(Pff) —'y-Vol(Pf)z} —ay [Bar(Pc) - P,,—ﬂ —A (4.11a)
PLA T neng neNg§
st.vP~Ce P’ vV eV
2
6] Z (Pgen,n - P_c,]en,n) +7 Z ,O%n,n <A, (4.11b)
neN, (m,n)e&,
Om — 6
P = om0t P, v(m, n) €&, (4.11¢)
Xm,n
Pioadn — Poenn=>_ Pmn+tPr =Py, YneN,, (4.11d)
(m,n)e&,
Pgenn < 'D;en,n < ﬁgen,n, Vn e N, (4.11e)
_ﬁm,n <Pnn< ﬁm,ny V(m, n) €&, (4.11f)
Pran < Pmn < Pmns Y(m,n) €&, (4.119)
06 < 6, — 6, < AD, v(m, n) € &, (4.11h)
Vel e Ve, (4.110)
ptepP” (4.11j)

where P, , € R is the capacity of line (m, n). To avoid any confusion, Equation 4.11 is called the
DC-POE computation model, while Equation 4.10 is called the QC-POE computation model.

It is worth noting that VOEs are trivially verified in the DC-POE computation model, since all voltage
magnitudes in the operational graph are treated as parameters assumed to be equal to 1 p.u. and constant.

4.3.2 Initial generator set-points and children power exchanges

Parameters Pgen » Which correspond to the generator's active power output at node n € NV, (before poten-
tial re-dispatch), need to be determined. For that, it is assumed in the experiments that the parameters’
values are the results of a centralized OPF. More precisely, the parameters Pyep 5 required in the DC-POE
computation model are obtained after solving a DC-OPF, while an AC-OPF is solved to determine the
parameters Pgep n for the QC-POE computation model.

The DC-OPF minimizes both generators' power output (i.e, Pyenn) and imported energy, subject to
DC power flow equations and security constraints [78]:

P minP+ Z(anpjen,n +5nPgen,n) + Z(gnp,jQ + '(,/JnP:_) (4128)

gen,n, Fp n n
s.t. Pioad.n — Pgenn = Z 'Dm,n—zpn,j"FP,;’—, VneN, (4.12b)

(m.n) (n.Jj)
9n - Qm
Pn,m = ' V(n, m) €€, (4.12C)
Xnm

Orer = 0, (4.12d)
Pgen,min,n § Pgen,n S Pgen,max,nx Vn e N, (4.126)
- ﬁn,m <Pim< ﬁn,mx \V/(n, m) €€, (4.12f)
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where parameter X, , € R is the reactance of line (n,m), parameters a,, B, € R are the quadratic
and linear costs of the generator at node n and parameters &, ¥, € R™ are the quadratic and linear costs
of imported power from the slack node n. As the slack node is assumed to be the parent node, P is
non-zero only at n € N7, The AC-OPF minimizes generators’ output and imported energy, subject to
the full AC power flow equations [78, 79]:

b minP* Z(anpsen,n +,BnPgen,n) + Z(Enp,fz + 'l/JnP,jr) (4.13a)
gen,n, n n
s.t. Pload,n_'Dgen,n:Zan‘i‘P;r_P;, VHGN, (4.13b)
nmeé&
Qioad,n — Rgen,n = Z Qnm + Qn+ - Q. VYne N, (4.13c)
nme&
Pom = VZGam — ViV (Goam c05(0n — O0m) + Bamsin(0n — 0m)),  V(n,m) € €,  (4.13d)
Y(n,m) € €&, (4.13f)
eref = Ov Vref = 1. (4139)
Pgen,min,n < Pgen,n < Pgen,max,nv VYneN, (4.13h)
Qgen,min,n < Qgen,n < Qgen,max,nv VYneN, (4.13i)
Vmin,n < Vn < Vmax,nv Vn e N, (4.13_])
Pf%,m + Q%m < gi,m’ V(n, m) €€, (413k)

where G, and B, are the series conductance and susceptance of line (n, m), and Bf,’ﬁ,, is the total
shunt susceptance of line (n, m).

In practice, Pgen,n might be the result of a market-clearing or unit commitment process, for which the
results are communicated to the system operator. Other parameters need to be determined. For example:

Pc Q¢ Vne NS,

which are, respectively, the active and reactive forecasted power exchange at the child node n, and are
used in the utility function of the POE computation model.?
To determine these parameters, let us suppose that the operational network of child ¢, such that
c € NS, is depicted as
Q5c = (Nogc) C &,

where N. C N is the set of nodes within operational network of child ¢ and & is the set of edges within
operational network of child ¢ such that

£ C(ENNZ).

Based on these definitions, it is supposed that the active and reactive power exchange forecasts at the
interfaces between operational networks o and ¢ are computed as follows, for each time period:

Py€ =" Pioadm VYneNg,
n’ENc

Qr¢= D Qioadw: VNN,
n’ENc

20nly the active power exchange P, is used in the DC-POE computation model.
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where both local generation and losses are neglected. It should be emphasized that the operator of a
given operational network would not directly compute the loads of another operator’s network. In practice,
a parent network must rely on forecasts directly provided by its child networks. Since these forecasts affect
the optimisation problem, regulatory oversight is required to prevent potential misuse.

4.3.3 Test Network Description

The test networks used to illustrate the POE computation approach are based on the IEEE 14-bus network
and the PandaPower MultiVoltage network. These test networks are depicted in Figure 4.2 and Figure 4.3.
In both cases, the system is partitioned into three subnetworks: the TSO (parent) network, highlighted
in red, and the DSO (child) networks, shown in dark. The modified IEEE 14-bus network includes two
distribution networks connected to the TSO, whereas the second test network features both a TSO/DSO
interface and a TSO/TSO interface.

POEs are computed at the interfaces between subnetworks. Beyond the TSO/DSO interfaces con-
sidered in the modified IEEE 14-bus network, the second test case illustrates that the proposed approach
can also be applied to operate separately different parts of the TSO’s network for which there exists a
hierarchy. For example, the parent network might be a higher-voltage network, and the child networks are
lower-voltage-level networks, operated by the TSO. This decomposition serves two purposes: (i) it illus-
trates that POEs can be computed not only across transmission—distribution boundaries but also within
networks that are willing to be operated independently, and (ii) it enables the study of an operational
network in which the parent network itself has a non-zero POE.

Therefore, for the first test network (i.e, the modified IEEE 14-bus), POEs are computed at the in-
terface between the TSO and the DSOs, which means that the operational network considered is the one
encircled in red in Figure 4.2. For the second test network (i.e, the PandaPower MultiVoltage network),
the considered operational network in the experiments is the one having node 3 as a parent node and node
11 as a child node. It should be emphasized that nodes 9,10 and 12 are also assumed to be child nodes.

The POE computation model relies on the network characteristics. Depending on the power flow
model used, the network parameters required might differ. This might include the line resistances R, ;,
reactances X, ;, conductances G, ;, and/or susceptances B, ;. For example, the DC-POE computation
model relies solely on the inverse of the line reactance, whereas the QC-POE computation model relies
on both the line conductances and susceptances. These parameters are provided in Appendix D for both
test networks.

4.3.4 Sequence of operations

The experiments are to be performed in the following sequence:

For all test networks and, in particular, for all operational networks:

1. First step of the coordination procedure: all VOEs must be defined at the interface between the
operational network and the neighboring networks. In these experiments, it is supposed that the
bounds of the VOEs are 0.9 and 1.1 p.u., respectively.

2. Centralized DC-OPF and AC-OPF are performed to obtain Pyen,n, Vn € Ny for the DC-POE and
QC-POE computation models, respectively. ﬁ;'c and, if relevant, @;'C are computed as well,

according to subsection 4.3.2, which corresponds to the second step of the coordination procedure.

3. Last step of the coordination procedure: computing the POEs at the interfaces. For that, the
DC-POE computation model of subsection 4.3.1 and the QC-POE computation model of subsec-
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tion 4.3.1 are solved to compute POEs, which concludes the coordination procedure. Using two
POE computation models allows for comparing the resulting POEs depending on the power flow
model used.

4. An additional step is to compute POEs when phase-shifters are discarded, and compare the results
with the case where the phase-shifter is present to assess the usefulness of the phase-shifter as a
control action to compute POEs.

Figure 4.2: lllustration of the modified IEEE 14-bus network, divided into three operational networks.
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Figure 4.3: lllustration of the Pandapower Multi-Voltage Level Network, divided into three operational
networks.
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Chapter 5

Results and Discussions

5.1 Preliminaries

As explained in subsection 4.3.4, this thesis follows a precise sequence of operations to perform the coor-
dination procedure. The first two steps are (i) determining VOEs at each interface and (ii) determining
the load and generation dispatch within the operational network, as well as the forecasted power exchange
at all child nodes. Step (i) is trivially satisfied in the experiments, with VOEs' bounds set to 0.9 and
1.1 p.u., respectively. Step (ii) consists in gathering the data required to solve the POE computation
model, which involves solving a centralized OPF over the entire network, i.e, a DC-OPF for the DC-POE
computation model and an AC-OPF for the QC-POE computation model, and extracting the generators’
initial dispatch and the power exchanges at child nodes, as described in chapter 3.

The results of the DC-OPF applied to both test networks are provided in section 5.2. Based on the
resulting generators’ dispatch and power exchanges, the DC-POE computation model is solved, and the
computed POEs are presented in section 5.3. This chapter also discusses the effect of the phase-shifter
on the quality of the computed POEs. The sensitivity of the results to the model’s parameters is assessed
in section 5.4.

Similarly, the results of the AC-OPF applied to both test networks are provided in section 5.5. Based
on the resulting generators’ dispatch and power exchanges, the QC-POE computation model is solved,
and the computed POEs are described in section 5.6. The influence of the model’s parameters is assessed
in section 5.7.

The quality of the computed POEs is assessed using three metrics:

1. The volume of the POE, hereafter referred to as the envelope size.

2. The deviation of the POE's barycenter from the forecast value, hereafter referred to as the deviation
from center.

3. The worst-case cost (i.e, the value of variable A in the POE computation model), to obtain the
POEs, hereafter referred to as the worst-case cost.

5.2 DC-OPF Results

5.2.1 DC-OPF: Modified IEEE 14-bus

The results of the DC-OPF are depicted in Figure 5.1. The dispatch of generators is provided in Table 5.1.
Considering the TSO's network as the operational network, the child nodes’ power exchanges with the
operational network are 105.2 MW at child node 3 and 50.9 MW at child node 4.
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Figure 5.1: Resulting power flows of the DC-OPF applied on the entire IEEE 14-bus network. Red lines
are close to congestion, and blue lines are lightly loaded.

Bus | Generation Dispatch (MW) | Load (MW)
0 165.6 10.0
1 44.6 21.7
2 71.75 94.2
3 / 47.8
4 / 7.6
5 / 11.2
6 / 5.0
7 / 8.0
8 / 29.5
9 / 9.0
10 / 3.5
11 / 6.1
12 / 13.5
13 / 14.9

Total 282 282

Table 5.1: Bus-wise generation and load values after DC-OPF in the modified IEEE 14-bus network.
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5.2.2 DC-OPF: Modified PandaPower Multi-Voltage Network

The DC-OPF applied to the second test network shows that resulting flows can remain within acceptable
bounds (Figure 5.2). Considering the operational network that has node 3 as the parent node, the child
nodes’ power exchanges are 1.58, 2.01, 2.45, and 1.64 MW at child nodes 9,10,11, and 12, respectively.
The generators’ dispatch is given in Table 5.2.
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Figure 5.2: Resulting power flows of the DC-OPF applied on the entire PandaPower MultiVoltage network.
Red lines are close to congestion; blue lines are lightly loaded.

5.3 DC-POE Computation Model

As mentioned in section 5.1, the impact of the phase-shifter on POEs is assessed in this section. First,
POEs are computed without phase-shifters (subsection 5.3.1), while a phase-shifter is added to test
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networks in subsection 5.3.2.

Bus | Generation Dispatch (MW) | Load (MW)
0 91.10 /
1 330.71 166.00
2 / 138.00
3 / 162.00
4 / 148.00
5 274.18 146.00
6 92.80 68.80
7 82.01 27.20
8 6.10 6.20
9 / 5.28
10 / 6.72
11 / 7.32
12 5.48 5.48
13 18.38 6.04
14 0.00 7.08
15 / 0.36
16 0.00 0.06
17 / 0.05
18 0.00 0.03
19 / 0.06
20 / 0.04
21 / 0.04
22 / 0.05
23 0.00 0.03
24 0.05 0.06
25 0.00 0.02
26 0.15 0.04

Total 900.96 900.96

Table 5.2: Bus-wise DC-OPF generation and load (PandaPower Multi-Voltage network). A slash denotes
no generation unit present; 0.00 denotes a unit present but not dispatched.

5.3.1 Without Phase-Shifter

Without phase-shifters, the POEs obtained at the child nodes are depicted in Figure 5.3 and Figure 5.4
for the IEEE 14-bus network and the PandaPower Multivoltage Network, respectively. The main metrics
are given in Tables 5.3 and 5.4.

Child Node Min (MW) Max (MW) Size (MW) Midpoint Dev. (MW)
3 85.0821  122.3047  34.2226 0.0066
4 324093  69.3781  36.9688 0.0063

Table 5.3: POE metrics for child nodes 3 and 4 of the IEEE 14-bus network, without phase-shifter.
Worst-case redispatch: 0.0458 p.u. Objective value: 0.356. Parameters: a = 10000, 3 =5, v = 0.5.
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Figure 5.3: POEs obtained at child nodes 3 and 4 of the IEEE 14-bus network, without phase-shifters.
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Figure 5.4: POEs obtained at child nodes 9, 10, 11, and 12 of the PandaPower MultiVoltage network,
without phase-shifters. Parameters: o = 100.0, 8 = 3.0, v = 0.5.

Child Node Min (MW) Max (MW) Size (MW) Midpoint Dev. (MW)

9 —5.36 4.68 10.03 1.92
10 —4.92 5.11 10.03 1.92
11 —4.49 5.54 10.03 1.92
12 -5.29 4.74 10.03 1.92

Table 5.4: POE metrics for the multi-voltage network, without phase-shifter. Objective: 2.9987 x 107 L.
Worst-case redispatch: 0.0798 p.u. Parameters: @ = 100, B8 = 3.0, v = 0.5, Pmjn = 0.0, Pnax = 0.5.

5.3.2 With Phase-Shifter

As depicted in Figure 5.1, the most congested line in the IEEE 14-bus network is line (0,1). A phase-
shifter on this line may therefore increase envelope size by redirecting flows through lines (0, 4) and (4, 1).
In the multi-voltage network, different lines are congested, as depicted in Figure 5.2, and it is arbitrarily
chosen to put a phase-shifter on line (7, 14).

When a phase-shifter is installed on line (0, 1), the POEs at the child nodes of the IEEE 14-bus network
is depicted in Figure 5.5. Table 5.5 reports the corresponding metrics. Compared to Table 5.3, envelope
size increases (+9.6% for child node 3 and +1.4% for child node 4), and the deviation from center of both
envelopes drops to approximately zero. The worst-case cost, increases (+2.8%) alongside the objective
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function value (+5.3%).

Regarding the POEs computed for the PandaPower multi-voltage network, the results show that the
phase-shifter has no significant impact on POE quality. Indeed, comparing the metrics without a phase-
shifter (Table 5.4) and with one (Table 5.6), the variation in metric values is almost imperceptible (below

0.1%).

Given that phase-shifters are CAPEX-intensive, one might question whether the additional flexibility
(i.e., the increase in the POE's quality) justifies the investment in this asset. The investment decision
process is not formally addressed in this thesis. However, the proposed tool can serve as decision support by
quantifying the potential gain in flexibility when investing in this asset. For example, while a phase-shifter
might be relevant in the IEEE 14-bus network as it increases the size of the POEs, it seems completely
irrelevant for the PandaPower MultiVoltage Network. It should be emphasized that a broader study should
be performed to make the final investment decisions. This includes computing POEs at different time
steps under different loading conditions. A full profitability assessment methodology is beyond the scope
of this thesis.
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Figure 5.5: POEs obtained at child nodes 3 and 4 of the IEEE 14-bus network, with a phase-shifter on
line (0,1).

Child Node Min (MW) Max (MW)  Size (MW)  Midpoint Dev. (MW)
3 86.45 123.95  37.5 (+9.6%) 0.0001
4 32.15 69.65  37.5 (+1.4%) 0.0001

Table 5.5: POE metrics with a phase-shifter at line (0, 1). Worst-case redispatch: 0.0469 p.u (+2.4%).
Objective: 0.375 (+5.3%). Parameters: a = 10000, 3 =5,vy=0.5, 7 =1 x 107°.

Child Node Min (MW) Max (MW) Size (MW) Midpoint Dev. (MW)
9 —0.0535 0.0468  0.1003 (—0.010%) 0.0192 (—0.0004%)
10 —0.0492 0.0511  0.1004 (+0.033%) 0.0192 (—0.0002%)
11 —0.0449 0.0554  0.1003 (—0.034%) 0.0192 (+0.0022%)
12 —0.0530 0.0474  0.1003 (+0.012%) 0.0192 (—0.0001%)

Table 5.6: POE metrics for the multi-voltage network with a phase-shifter on line (7,14). Percentages
indicate relative change w.r.t. the no-phase-shifter scenario. Objective: 2.9987 x 107! (+0.0002%).
Worst-case redispatch: 0.0798 MW (+0.00003%). Parameters: a = 100, 8 = 3.0, v = 0.5, 7 = 0.01,
Prmin = 0.0, Pmax = 0.5.
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5.4 DC-POE computation model: Sensitivity Analysis

A sensitivity analysis is performed to assess the influence of parameters o and G on the main metrics.
Results on the IEEE 14-bus network are provided in Figures 5.6-5.7. Parameter a has no noticeable
influence on the main metrics, while the envelopes’ volume decreases monotonously with parameter 3, as
expected.
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Figure 5.6: Evolution of envelope volume, worst-case dispatch, and midpoint deviation from estimation
as a function of a, with 3 =5and 7 =1 x 107°.
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Figure 5.7: Evolution of envelope volume, worst-case dispatch, and midpoint deviation from estimation
as a function of 3, with o = 10000 and 7 =1 x 107°.
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5.5 AC-OPF Results

Resulting power flows and voltage magnitudes after solving the AC-OPF are depicted in Figure 5.8 and Fig-
ure 5.9 for IEEE 14-bus and PandaPower Multivoltage networks, respectively. The dispatch of generators
is provided in Tables 5.7 and 5.8.
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Figure 5.8: Resulting power flows of the AC-OPF applied on the modified IEEE 14-bus network. Red lines
are close to congestion; blue lines are lightly loaded.
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5.6 POE Computation: QC model

The POEs obtained at the child nodes using the QC model are depicted in Figures 5.10-5.13, where
POEs include both an active and a reactive part. The main metric values are provided in Tables 5.9 and
5.10.

The POEs computed for the IEEE 14-bus network reveal that the reactive power component exhibits
large flexibility around the forecast reactive power values (Figure 5.11), while the active power component
deviates significantly from the active power forecasts (Figure 5.10). This is consistent with the objective
function, which accounts for the volumes of both the active and reactive parts of the POE. Since reactive
power adjustments are assumed to be costless, the solver is incentivised to reduce active power generation,
at a certain cost, and thereby exploit the full reactive power capability of generators. This effect is further
amplified by the generator capability curves, under which reactive power capability vanishes at maximum
active power output. While such curves accurately represent inverter-based generators such as PV plants,
they are not appropriate for synchronous generators, whose reactive power capability decreases as active
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Figure 5.9: Resulting power flows of the AC-OPF applied on the PandaPower MultiVoltage network.

47



CHAPTER 5 5.6. POE COMPUTATION: QC MODEL
Bus | Gen P (MW) | Gen Q (MVAr) | Load P (MW) | Load Q (MVAr)
0 122.04 —77.84 10.0 3.0
1 45.91 58.16 21.7 12.7
2 123.77 105.39 94.2 19.0
3 / / 47.8 ~3.9
4 / / 7.6 1.6
5 / / 11.2 7.5
6 / / 5.0 1.5
7 / / 8.0 2.5
8 / / 29.5 16.6
9 / / 9.0 5.8
10 / / 3.5 1.8
11 / / 6.1 1.6
12 / / 13.5 5.8
13 / / 14.9 5.0
Total 291.72 85.71 282.0 80.5

Table 5.7: Bus-wise active and reactive generation and load in the modified IEEE 14-bus network (AC-

OPF results).

Bus | Gen P (MW) | Gen Q (MVAr) | Load P (MW) | Load Q (MVAr)
0 94.43 ~0.66 / /
1 330.72 27.77 166.00 23.65
2 / / 138.00 19.66
3 / / 162.00 23.08
4 / / 148.00 21.09
5 274.18 97.55 146.00 20.80
6 93.28 13.13 68.80 9.80
7 82.47 6.40 27.20 3.88
8 6.09 2.85 6.20 0.88
9 / / 5.28 0.75
10 / / 6.72 0.96
11 / / 7.32 1.04
12 5.48 / 5.48 0.78
13 18.38 0.25 6.04 0.86
14 0.00 1.00 7.08 1.01
15 / / 0.360 0.051
16 0.00 / 0.060 0.009
17 / / 0.048 0.007
18 0.00 / 0.032 0.005
19 / / 0.056 0.008
20 / / 0.036 0.005
21 / / 0.044 0.006
22 / / 0.052 0.007
23 0.00 / 0.028 0.004
24 0.05 / 0.064 0.009
25 0.00 / 0.024 0.003
26 0.15 / 0.036 0.005

Total 905.23 148.28 900.96 128.38

Table 5.8: Bus-wise AC-OPF active and reactive generation and load (PandaPower Multi-Voltage network,
buses 0—26). A slash denotes no generation unit present; 0.00 denotes a unit present but not dispatched.
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Figure 5.10: Active POEs at child nodes 3 and 4 (IEEE 14-bus, QC model, phase-shifter on line (0,1)).

Parameters:

A9 =0.8rad, ap =ag =10,8=5.0, 9 =7 =02, 7=1.0.
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Figure 5.11: Reactive POEs at child nodes 3 and 4 (IEEE 14-bus, QC model, phase-shifter on line (0, 1)).
Same parameters as Figure 5.10.

Child Node Qty Min Max Size Midpoint Dev.
3 P (MW) —1.3211 33.2547 34.5758 79.6256
Q (MVAr) —2.0228 91.6025 93.6253 13.5358
4 P (MW) —2.7728 26.9540 29.7269 15.0617
Q (MVAr) —5.9404 094.0789 100.0193 3.9877

Table 5.9: Active and reactive POE metrics (IEEE 14-bus, QC model, phase-shifter on line (0, 1)). Worst-
case cost: 5.45 p.u. Parameters: AG = 0.8 rad, ap = ag = 10, 3=5.0, yp =vg = 0.2, 7 = 1.0.

power production increases but remains non-negligible even at maximum active power output. In future
work, a distinction should be made between inverter-based and synchronous generators to accurately rep-
resent their respective capability curves.

Regarding the POEs computed for the PandaPower MultiVoltage network, the main observation is a
large discrepancy among child nodes: some are assigned a large POE in both active and reactive power
limits, while others receive a low-quality POE, i.e, one with a relatively small size and/or whose barycen-
ter deviates significantly from the forecast exchange. These differences arise from the varying ease with
which each child node can be fed, depending on its location within the network. In the POE computation

49



CHAPTER 5 5.6. POE COMPUTATION: QC MODEL

= Active power demand estimation
—e— Active power envelope

0.100
0.075)
0.050
0.025 I
0.000 1 !

~0.025

00500 <

~0.075

Active power [p.u.]

9 10 11 12

Child Node Index
Figure 5.12: Active POEs at child nodes 9-12 (PandaPower MultiVoltage, QC model, phase-shifter on
line (7,14)). Parameters: A8 = 0.8 rad, ap = ag = 5.0, B8 = 3.0, yp = 79 = 0.5, 7 = 0.1,
'Dmin = Qmin =0.0, Pmax = Qmax =0.5.
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Figure 5.13: Reactive POEs at child nodes 9—12 (PandaPower MultiVoltage, QC model). Same parame-
ters as Figure 5.12.

Child Node Qty Min Max  Size  Midpoint Dev.
9 P (MW) —5.03 7.97 13.00 0.11
Q (MVAr) —-3.66 5.79 9.45 0.84
10 P (MW) —1.14 0.00 1.14 2.59
Q (MVAr) —-0.83 0.00 0.83 0.70
11 P (MW) —1.11 096 2.07 2.53
Q (MVAr) —-0.81 0.69 1.50 0.37
17 P (MW) —6.65 10.92 17.57 0.49
Q (MVAr) —4.83 7.93 12.77 1.97

Table 5.10: Active and reactive POE metrics (PandaPower MultiVoltage, QC model, phase-shifter on line
(7,14)). Objective: 4.1317 x 10~L. Curtailable active-power budget: 0.1239 MW. Same parameters as
Figure 5.12.

model, the objective sums local utilities across all child nodes without any fairness constraint, providing
no incentive to distribute POEs equitably. A solution to this fairness issue is discussed in chapter 6.
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The phase-shift variables remain virtually zero (of the order of 1071° p.u.) when solving the QC-POE
computation model on both test cases, indicating that the phase-shifter is not activated. This suggests
that the usefulness of a phase-shifter depends not only on the network characteristics and loading scenar-
ios but also on the type of power flow equations used. Depending on the characteristics of the studied
network (e.g., meshed or radial, high-voltage or low-voltage,...), appropriate power flow equations and
network representations should be selected.

Knowing that some parameters of the POE computation model have a significant impact on the result
quality. Parameter tuning is therefore required to better understand these influences and, in particular, to
avoid large deviations between the computed POEs and the actual power requirements forecast by the
DSOs. Parameter sensitivity is examined in section 5.7.

5.7 QC-POE computation model: Parameter Sensitivity Analysis

To avoid numerical issues during the solving of the QC-POE model, the parameters are fixed to ap =
ag = 10 and 7 = 1. The sensitivity of the main metrics with respect to each remaining parameter is
illustrated in Figures 5.14-5.18. As a reminder, parameters ap and ag penalise the deviation of the active
and reactive POE barycentres from their respective forecast values, yp and g are quadratic regularisation
parameters on the active and reactive POE volumes. The term Vol —« Vol? is maximised at Vol = 1/(27),
so larger values of -y yield smaller optimal envelope sizes. G penalises generator re-dispatch and T penalises
the use of phase-shifter.

Regarding parameter ap, it can be seen on Figure 5.14 that all metrics are decreasing, i.e, active and
reactive components of the POEs and their distance to forecasts. This seems coherent as the optimal
POEs tend to become closer to the forecasted values if their deviation is increasingly penalized, at a cost
of having a reduced size.
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Figure 5.14: Evolution of the active and reactive POE volume, barycenter deviation from forecast, worst-
case redispatch cost, and objective value within the IEEE 14-bus network (QC-POE model, phase-shifter
on line (0,1)), as a function of parameter ap. Fixed parameters: ag = 10, 8 = 5.0, 7p = 79 = 0.2,
T=1.0.

In Figure 5.15, less intuitive dynamics are taking place. As the reactive envelope's distance to estima-
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tion is already close to zero, modifying the value of parameter ag modifies the solution without impacting
the objective function significantly. Parameters ap and ag have no noticeable impact on the worst-case
cost.
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Figure 5.15: Evolution of the active and reactive POE volume, barycenter deviation from forecast, worst-
case redispatch cost, and objective value within the IEEE 14-bus network (QC-POE model, phase-shifter
on line (0,1)), as a function of parameter a. Fixed parameters: ap = 10, 8 = 5.0, 7p = 79 = 0.2,
T=1.0.

Regarding the influence of parameter 3, depicted in Figure 5.16, it seems coherent that the envelopes’
size decreases, as the re-dispatch decreases. However, this decrease in re-dispatch remains relatively low
as the worst-case cost increases when 3 is increasing.

Finally, the influence of parameters «yp and «yq is depicted in Figure 5.17 and Figure 5.18, respectively.

It can be observed that, within the parameter range studied, i.e, vp, g € [0, 1], there is no significant
variation in the metrics’ values.
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Figure 5.16: Evolution of the active and reactive POE volume, barycenter deviation from forecast, worst-
case redispatch cost, and objective value within the IEEE 14-bus network (QC-POE model, phase-shifter
on line (0,1)), as a function of the redispatch cost parameter 3. Fixed parameters: ap = ag = 10,
Yp =70 = 0.2, 7=1.0.
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Figure 5.17: Evolution of the active and reactive POE volume, barycenter deviation from forecast, worst-
case redispatch cost, and objective value within the IEEE 14-bus network (QC-POE model, phase-shifter
on line (0, 1)), as a function of parameter «yp. Fixed parameters: ap = ag = 10, 8 = 5.0, 7o = 0.2,
T=1.0.
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Figure 5.18: Evolution of the active and reactive POE volume, barycenter deviation from forecast, worst-
case redispatch cost, and objective value within the IEEE 14-bus network (QC-POE model, phase-shifter
on line (0, 1)), as a function of parameter vg. Fixed parameters: ap = ag = 10, 8 = 5.0, 7p = 0.2,
T=1.0.
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Chapter 6

Future Perspectives

6.1 Preliminaries

The coordination procedure and, in particular, the POE computation model, rely on several simplifying
assumptions that constitute its main limitations. These include a restricted set of control actions, the
absence of N-1 contingency requirements, a sum-of-utilities objective that provides no fairness guarantee
across child nodes, and the lack of a mechanism to reallocate POEs once computed. Addressing these
limitations also raises regulatory questions.

This chapter explores research directions to tackle each of these limitations. In section 6.2, extensions
of the control action space are discussed. In section 6.3, N-1 security requirements are addressed, while
section 6.4 surveys additional power flow models developed in the literature and that could be suitable for
computing POEs. In section 6.5, a fair POE computation formulation is introduced, while section 6.6
proposes a secondary market for POE reallocation. Finally, section 6.7 highlights the regulatory implica-
tions of the proposed framework.

6.2 Control actions

Current POE computation models consider two control actions: (i) generator re-dispatch and (ii) phase-
shifter setpoint adjustment. In practice, system operators have access to a broader set of control actions.
However, many of these involve discrete decision variables. These include, among others, topology recon-
figuration [80, 81], the connection and disconnection of shunt reactors and capacitor banks [82, 83], and
on-load tap-changers’ setpoint modification [84, 85]. Including such actions into the POE computation
model is, however, incompatible with the robust reformulation proposed in subsection 3.2.5, which requires
all constraints to be convex. The introduction of integer variables would violate this requirement. There-
fore, continuous control actions should be first considered to extend the POE computation model. For
example, static VAR compensator and synchronous condensers can be modeled using continuous variables.

The static var compensator (SVC) is a shunt-connected var compensator used primarily to maintain
bus voltage magnitude, as mentioned in [86]. It continuously compensates for variations in reactive power
demand and can increase the transfer capacity of an electrical line. An SVC typically consists of a reactor
and multiple shunt capacitor banks, which are rapidly controlled using power electronic devices. This
enables the dynamic generation or absorption of reactive power, allowing for fast voltage regulation, as
detailed in [87].

Similarly, synchronous condensers (SC) are synchronous machines whose goal is to support system
voltage. It is essentially composed of a motor to which no load is connected [88]. The condenser is said
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to be overexcited when behaving like a capacitor, i.e, producing reactive power, and underexcited when
behaving like an inductor, i.e, consuming reactive power [89].

Whether the underlying technology consists of an SVC or an SC, the model is similar and can be
written as follows, as proposed in [90]:

Q5 < Q5 < Q5.

where parameters Qs,aﬁ € R depict the reactive power capacity limits of the SVC or SC connected
to node n, if any. The decision variable Qﬁ is the reactive power output of this device connected to node
n. If no such device is connected to node n, this variable is equal to zero. As this action affects reactive
power flow in the system, it cannot be implemented for the DC-POE computation model, which neglects
reactive power flows, but rather in the QC-POE computation model, described in subsection 3.4.1. In
particular, the reactive power balance constraint becomes:

Qioadin = Qgenn = > Qom +QF — Q, + Q5. Vn e No. (6.1a)

(nm)e&

Although discrete control actions cannot be directly included in the POE models, research on mixed-
integer AC-OPF formulations has produced methods to handle such variables. These approaches typically
proceed in two stages: (i) the integer variables are first relaxed to continuous ones and the resulting
model is solved, and (ii) the relaxed solution is then projected onto the nearest feasible integer values.
Notable examples include the relax—round-resolve framework of [91] and the homotopy-based relaxation
for discrete control variables proposed in [92]. Originally developed for AC-OPF, such methods could
potentially be adapted to include discrete actions into POE computation models.

6.3 N-1 criterion

A particularly critical criterion when operating a power system, especially in a transmission network, is the
N-1 criterion. This criterion ensures the resilience of the network, and, in particular, that it can still be
operated in a secure way after a contingency occurs. The current POE computation models only account
for security in the N-state. In order to account for the N-1 criterion, all security constraints, i.e, voltage
magnitude limits and thermal limits, should be respected even if one grid element is lost. This implies that
all constraints should be verified for all N-1 contingency cases.

Let ©2n.1 denote the set of all N-1 contingencies, where each ¢ € Q2.1 corresponds to the loss of a
single grid element (line, transformer, or generator). The base case (N-state) is denoted ¢p, and the full
contingency set is Q = {cp} UQp.1. The generic POE optimisation model should become:

max UPOE(§’,) —A (6.2a)
5° A

st.¥SCeSC WP eV, YeeQ, Jue F:

Security(Si,ad: Sgen: S™C VP uc)<o, (6.2b)
Cost(u) <A, (6.2¢)
Vel e V°, (6.2d)
stes”. (6.2¢)
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It should be noted that the robust reformulation of subsection 3.2.5 extends naturally to this formu-
lation. However, the vertex enumeration now runs over all three uncertain sets, i.e, W(?C), \IJ(VP), and
€2, which increases the number of constraints and can therefore significantly increase the computational
burden. In general, accounting for all possible outages might lead to a high computational burden. Typical
approaches to avoid this burden consider only a subset of possible relevant outages [93].

6.4 Power flow models

The power flow models presented in this thesis, i.e, the LACPF, DC, and QC models, already provide a
variety of options for POE computation models. Each model is suited to specific network characteristics.
As a reminder, DC power flow equations are particularly appropriate for transmission networks but com-
pletely neglect voltage magnitude constraints, since reactive power flows are neglected. Moreover, the
DC assumptions are generally not satisfied in distribution networks.

Additional power flow models could nonetheless be exploited depending on network characteristics and
the accuracy required. Beyond the already-presented LACPF, DC, and QC models, the DistFlow model
and a hybrid DC/DistFlow model might be leveraged.

6.4.1 DistFlow model.

The DistFlow model is derived from the branch flow model, first introduced in [94], by neglecting the
phase angles of voltages and currents. This formulation is particularly suitable for radial networks, for
which the relaxation is always exact, but may not be exact for meshed networks [95]. Authors in [96]
illustrate its use in distribution system expansion planning. The DistFlow equations are:

Pi="2_ Pnn— D (P +Ryly)+P — Py, VneN,, (6.3a)
(m,n)eé&, (n.j)eéo

Q=Y Qma— Y (Quj+Xyly)) +QF - Q7 VneN,, (6.3b)
(m,n)e&, (nj)eé&o

V9 — V29 = 2(Ryj Poj + Xuj Quj) + Zi 177, V(n,Jj) € &, (6.3¢)

Py +Qpy < V79I, v (nJj) € &, (6.3d)

where Rp;, Xpj, and Z,; = ,/R%J- +Xr2u' are the resistance, reactance, and impedance magnitude of

branch (n, j), respectively, and V;;9, lﬁf denote the squared voltage and current magnitudes. Since the
DistFlow model does not represent voltage phase angles, phase-shifters cannot be included as a control
action with this model.

6.4.2 Hybrid DC/DistFlow model.

Authors in [97] propose a hybrid model applicable to both transmission and distribution systems, combining
the voltage magnitude and current equations of the DistFlow model with the phase-angle equations of
the DC power flow model. This allows both voltage magnitude and phase-angle bound constraints to be
enforced simultaneously. Phase-shifters (p,;) and static var compensators (Qy) are included as control
actions:
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Po="Y_ Pmn— Y (P+Ruyl})+P5 =P, VnenN,, (6.4a)
(m.m)e (nj)e€o
Q= > Qua— > (Quj+Xu ) +QF —Q; +Q5, VneN,, (6.4b)
(m,n)€& (nJj)€o
Py +Qn < V59N, v (nJj) €&, (6.4¢)
V59 = V3T = 2(Ryj Poj+ Xnj Quj) + Z3; 15 V(n,j) € &, (6.4d)
Py = Q‘fgf‘” V(nj) €L (6.4e)
o< py <0 V(n,j) € &, (6.4f)
6 <6, <6, VneN, (6.49)
Brer = 0, (6.4h)
V2 < vse < V2 VneN,, (6.41)
0< 159 < T, Y (nj) € E. (6.4))

6.4.3 Additional models.

Future library developments should include further well-established convex relaxations of the AC power
flow equations, enabling a broader comparison of models and a wider choice for users depending on their
network characteristics. A particularly relevant relaxation is the Semidefinite Programming (SDP) relax-
ation.

The SDP relaxation of the AC power flow equations is performed as follows. The complex voltage
vector v € CWI is lifted into a Hermitian matrix W = vvH e CWIXINI which is rank-1 and positive
semidefinite by construction. The power flow equations, which are quadratic in the voltages, become linear
in W. Relaxing the rank-1 constraint to W > 0 yields a convex SDP. Under certain network conditions,
the relaxation is exact, i.e, the optimal W has rank 1 and the true AC solution can be recovered, as
established by the zero duality gap result of [98]. The SDP relaxation is generally tighter than the convex
Distflow model, but it incurs a significantly higher computational cost [99].

6.5 A Fair POE Computation Model

As observed in chapter 5, the quality of the computed POEs can vary significantly across child nodes.
From a regulatory standpoint, such an approach may not be acceptable in practice without fairness guar-
antees for all child nodes. Several methods have been proposed in the literature to consider fairness
in optimisation problems. A particularly well-suited approach is the lexicographic max-min optimisation,
which has been widely studied in multi-objective optimisation [100].

Lexicographic approaches rank objective functions by order of importance rather than aggregating
them through weights. Once ranked, the most important objective is solved first as a single-objective
problem. The second objective is then optimised subject to the additional constraint that the first ob-
jective value is not degraded. This process is repeated iteratively. At each step, the optimal value of the
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previous objective is fixed as a new constraint, and the next objective is optimised [101].

To compute fair POEs, the proposed formulation applies this principle to the local utilities Uc(gc) of
child nodes. The variable ¢ € R™ acts as a lower bound on the minimum local utility across all child
nodes, so that maximising 1 raises the utility of the least-favoured node. Mathematically:

max ¢ — A (6.5a)
A

st.¥S CeSC yWP eV:, JuerF:

P < Uc(Se), VYeeNS. (6.5b)
Security(Si,ad. Sgen: s—€, VP, u) <0, (6.5¢)
Cost(u) <A, (6.5d)
Vel e V°, (6.5¢)
stes” (6.5f)

This problem is solved iteratively. At each iteration, 9 is maximised, effectively raising the utility of the
least-favoured child node. The resulting optimal value ¥* is then fixed as a lower bound in the subsequent
iteration, during which the child node(s) achieving ¥* are removed from constraint (6.5b) and their POEs
are fixed. The process terminates once all child nodes’ POEs have been determined.

6.6 Market-Based Reallocation of Operating Envelopes

POE allocations may not satisfy all DSOs, even when a fair allocation model is used. In particular, the
robust formulation requires that network security be guaranteed for all simultaneous realisations of power
exchanges within the POE bounds, including when all child nodes inject or withdraw at their extreme
values at the same time. This worst-case requirement becomes increasingly constraining as the number
of child nodes grows, resulting in tighter individual envelopes.

This motivates the introduction of a secondary market where DSOs connected to the TSO can trade
POE bounds among themselves. Any exchange on this market must maintain network security, introducing
a security-constrained market-clearing problem.

Each DSO, connected at a TSO's child node ¢ € ¢, is initially allocated a POE. Assuming that only
the active power bounds of the POE are exchanged, each DSO can submit an order to trade these bounds.
A buy order requests an expansion of the envelope, while a sell order proposes a reduction in exchange for
payment. The active power bounds of a POE allocated at child node c are depicted as [P, P.], while
[P, ﬁc] depicts the new bounds after market clearing.

Let O denote the set of all submitted orders. Orders are partitioned along two independent dimen-
sions: by direction into buy orders B C O and sell orders S C O, and by the bound they concern into
lower-bound orders £ C O and upper-bound orders Y C O. Each order o € O is characterised by the
submitting DSO ¢, € /\/OC and a maximum traded quantity AP, € R". Buyers b € B additionally specify
a limit price mp, € RT, representing the maximum price they are willing to pay per unit, while sellers s € S
specify a limit price s € R™, representing the minimum price they are willing to accept per unit. Upon
clearing, each buyer and seller is assigned an accepted quantity ap and as, respectively.
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It is assumed that each order can be partially cleared to maximise social welfare. The accepted quantity
ao for each order o can be determined by solving Equation 6.6. This formulation is adapted from [102],
where Seculex, a capacity exchange market between customers sharing the same feeder, is presented:

max Z’R’b ab—Zws as (6.6a)

beB seS
st. 0 < a, < AP, VoeO, (6.6b)
PL=P.+> a— Y a, Vee NS, (6.6¢)
seESNL: beBNL:
Cs=C cp=C
P.=Pc—> as+ Y ap Vee NS, (6.6d)
seSNU: beBNU:
Ccs=C cp=C
P. < P, Vee NS, (6.6¢)
‘=[F. P (6.6f)

vs—CeSC yWP eV, JueF:

Security(Sfyaq. Sqens S™¢. VP, u) <0, (6.69)
Cost(u) < A%, (6.6h)
Vel e Ve, (6.61)
stes”, (6.63)

where A* € RT is the optimal worst-case cost determined by the TSO after solving the POE compu-
tation model.

The objective function maximizes social welfare as the difference between the aggregate willingness-
to-pay of buyers and the aggregate compensation required by sellers. Constraint (6.6b) enforces partial
clearing bounds. Constraints (6.6¢)—(6.6d) update the lower and upper POE bounds of each child node
based on the accepted quantities: a seller of a lower (resp. upper) bound tightens (resp. loosens) the en-
velope, while a buyer of a lower (resp. upper) bound loosens (resp. tightens) it. Constraint (6.6e) ensures

that each updated active POE [P, ﬁlc] remains non-degenerate, and the updated active POE set ﬁ/'c is
assembled in constraint (6.6f).

The final constraints require that, for all power exchanges within the updated POEs and all voltage
realizations within the VOEs, there exists a set of control actions ensuring both network security and a
worst-case operational cost no greater than A*. This guarantees that any reallocation of POE bounds
remains Jomtly feasible with the TSO'’s existing operational plan. Solving this problem yields the updated

POE set P and the residual order book @' C @ containing the uncleared quantities®.

1This formulation only accounts for active power bounds, whereas reactive power bounds are assumed to remain constant.
A more developed market-based formulation could account for both active and reactive power bounds.
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6.7 Regulatory Aspects

6.7.1 A novel coordination paradigm.

As reviewed in section 1.3, existing approaches generally rely on extensive data exchange, shared network
models, or centralised optimisation problems requiring full network visibility across operators. In contrast,
the proposed approach limits all inter-operator communication to a minimal set of interface variables, i.e,
POEs and VOEs, which preserves the operational independence of each entity. This decoupled architec-
ture has important regulatory implications. Since no sensitive network data needs to be shared beyond the
interface, the approach is inherently compatible with the strict confidentiality requirements that govern
regulated network operators under European law.

6.7.2 Respecting the independence of grid operators and regulators.

A key feature of the POE framework is that it preserves the independence of all participating entities at
every level. The TSO computes POEs without requiring knowledge of DSOs' internal network topologies,
generation portfolios, or load profiles. Symmetrically, DSOs operate within their assigned POEs without
needing visibility into the TSO's network and its operating conditions. This structural independence is
consistent with the unbundling requirements established under European law, which mandate clear oper-
ational separation between transmission and distribution system operators.

Beyond operator independence, the POE approach is particularly well-suited to Belgium’s multi-level
regulatory architecture, in which energy regulation is distributed across European, federal, and regional
authorities, each with distinct and non-overlapping competences. This structure is preserved naturally by
the POE framework, since each regulatory layer only needs to oversee the interface variables relevant to
its own jurisdiction.

At the European level, the Agency for the Cooperation of Energy Regulators (ACER), coordinates
national regulatory authorities on cross-border matters and network codes. Any new coordination product
involving inter-system power flows, such as POEs, must be compatible with these European network codes,
and in particular with the System Operation Guideline (SOGL) [64], which defines the operational security
requirements that TSOs must satisfy. ACER would therefore need to assess whether the POE framework
is compatible with existing codes or whether amendments are required. A European coordination would
be particularly critical if the proposed POE-based framework is to be generalized for the coordination of
TSOs, which need to be operated independently [103].

At the federal level, the Commission de Régulation de I'Electricité et du Gaz (CREG) is the Belgian
federal energy regulator. CREG oversees Elia, the Belgian TSO, and regulates the wholesale electricity
market. Any product that modifies the operational interface between the transmission and distribution sys-
tems, which would be the case of POEs and VOEs, falls within CREG's regulatory purview. CREG would
need to define the rules governing POE computation, allocation, and potential reallocation, as well as the
obligations of the TSO to provide non-discriminatory access to these products across all connected DSOs.

At the regional level, three regulators oversee distribution network operations in Belgium's three re-
gions: VREG in Flanders, CWaPE in Wallonia, and BRUGEL in Brussels. Each would be independently
responsible for ensuring that DSOs comply with their assigned POEs and that they operate their networks
securely within those bounds at a reasonable cost.

A critical observation is that the POE approach respects this multi-level structure: each operator
remains accountable exclusively to its own regulator, and no regulator would need access to another
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regulator’s jurisdiction to fulfill its role. The interface between regulatory layers is fully characterized by
the POEs and VOEs, which serve as the contractual boundary between regulatory domains. This com-
partmentalization is a significant advantage over centralized coordination approaches, which would require
cross-regulatory data sharing and potentially blur the boundary between federal and regional competencies.

6.7.3 Market-based reallocation and the risk of market power.

While the secondary market proposed in section 6.6 offers a promising mechanism for redistributing POE
bounds in a welfare-improving manner, it also introduces risks that must be addressed through appropriate
regulation.

The most significant concern is excessive market power. In the proposed market, DSOs with large
initial POE allocations hold a structural advantage as sellers. They can offer flexibility that other DSOs
urgently need, potentially setting high prices. This issue is worsened due to the lack of liquidity on this
potential market, as only a small number of participants (i.e, DSOs) would bid on this market. Moreover,
DSOs with congested interfaces or large and variable loads may be systematically dependent on the market
to obtain sufficient operational flexibility, placing them in a structurally weak position. This asymmetry
can lead to welfare-reducing outcomes that the social welfare maximisation objective alone cannot prevent.

Regulatory responses to this risk should include at minimum: (i) price caps on sell orders to prevent
exploitation of structural advantages; (i) minimum POE guarantees imposed on the TSO, ensuring
that each DSO receives a baseline allocation before the market opens; (iii) transparency and reporting
obligations requiring all market participants to disclose their order books to the regulator; and (iv) market
monitoring by an independent authority to detect and sanction anti-competitive behaviour.
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Conclusions

This thesis addresses the challenge of coordinating transmission and distribution system operators in the
context of growing distributed energy resource penetration, which increasingly leads to security constraint
violations across multiple electrical networks. To tackle this challenge, a coordination framework is pro-
posed, in which power and voltage magnitude ranges, referred to as power operating envelopes (POEs)
and voltage operating envelopes (VOEs), are agreed upon at the interfaces between hierarchically orga-
nized network parts, called operational networks.

Two main contributions are delivered. The first contribution is the coordination procedure for TSO/DSO
coordination, which was developed in the context of this thesis and is formalised in [1], a scientific article
to which | contributed as co-author. In this thesis, a variant of this coordination procedure is presented in
detail and positioned with respect to the existing literature. The procedure establishes how VOEs are first
agreed bilaterally at network interfaces, how power exchange forecasts are communicated bottom-up, and
how POEs are subsequently computed top-down to guarantee that, for any operating point within the
envelope, the operator can maintain the static security of its network through available corrective actions.

The second contribution is the extension of the POE computation model introduced in [1] in several
directions. Phase-shifters are included as an additional control action. Experiments on test networks show
that their inclusion increases active POE size by up to 9.6%. A detailed representation of generator P-Q
capability curves is also introduced, replacing the simplified box constraints of the original model. Finally,
the linearised AC power flow model is replaced by a quadratic convex model, which provides a more accu-
rate convex representation of AC power flows. This POE computation model is called the QC-POE model.

The quadratic convex power flow equations allow for a better modelling than the linearized version
provided in [1]. The power flow equations are also modeled using the DC power flow equations, which yield
only active POEs. This POE computation model is called the DC-POE model and serves as a benchmark.
Active POEs are computed using the DC-POE computation model, while the QC-POE model extends the
analysis to active and reactive power simultaneously.

When both active and reactive power are considered, the experiments show that reactive POEs are
systematically larger and better centred around the forecasted power exchanges than their active coun-
terparts. This asymmetry stems from two effects. First, while the objective function assigns equal weight
to active and reactive POE volumes, reactive power adjustments are assumed costless, whereas active
re-dispatch incurs a penalty through parameter B in the cost constraint. The solver, therefore, freely
expands reactive envelopes without incurring any additional cost.

Second, the elliptical P-Q capability constraints create a direct coupling between active and reactive
operating ranges: reducing active power output unlocks additional reactive capacity, and the ellipse geom-
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etry ensures that reactive capacity vanishes entirely at maximum active output. This tends to push the
solver in the same direction, i.e, reducing generators’ active setpoints to exploit the full reactive power
range, and therefore producing large and well-centred reactive POEs at the expense of tighter active ones.

Another observation from the experiments is that POE quality might vary considerably across child
nodes, which is the consequence of the sum-of-utilities objective, which lacks fairness incentives. As pro-
posed in chapter 6, different POE computation formulations might be leveraged to include fairness.

Several limitations of this work motivate future research directions, detailed in chapter 6. On the
modelling side, the POE computation model currently considers only generator re-dispatch and phase-
shifter adjustments as control actions, excludes N-1 contingency requirements, and relies on an elliptical
capability curve that does not accurately represent synchronous generators. Moreover, the sum-of-utilities
objective provides no fairness guarantee across child nodes.

Finally, deploying this framework in practice raises significant regulatory challenges, as OEs do not yet
constitute a recognized product under existing European and national energy legislation. Addressing these
limitations simultaneously across modelling and regulation dimensions will be necessary for the framework
to reach full operational deployment. Nevertheless, by limiting inter-operator data exchange and preserving
the independence of each participating entity, the coordination procedure proposed in this thesis provides
a foundation for practical TSO/DSO coordination.
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Appendix A

Per-unit normalization

All optimisation problem parameters are normalized to per-unit quantities. The base voltage at each
bus is taken as the nominal phase-to-phase voltage Vg, while a common system base apparent power of
Sg = 100 MVA is considered for both test networks. The per-unit conversion formulae are as follows:

P
Pn,pu - ?;
Q
Qn,pu = 57;
V2
7n=-B
B SB
g = 28
5 V3 Vs
e reSB
I’e'pu = 78 = \/82
Xe XeSB
XE,pU = 78 = \/B2
/ o /e,max o \/gle,maxVB
e,max,pu — /B = SB
re.pu
Gepy= P4
“pu rez,pu + Xg,pu
Xe,pu
Bepy = ———P4
P rez,pu + Xe2,pu
V,
Vn,pu = VBn
n

where P, 5, and Qp py are the per-unit active and reactive power demand at node n, with P, in MW and
Qn in MVAr, Zg is the impedance base and /g the base current, each varying with the local nominal
voltage V. repy and Xepy are the per-unit series resistance and reactance of edge e, /e max pu IS the
per-unit thermal current limit, Ge py and Be p, are the per-unit conductance and susceptance, V;, p, is the
per-unit voltage magnitude at node n.
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Appendix B

Linearisation of the AC power flow
equations

The linearisation of the power flow equations can be performed in different steps. The power flow equations
considered take into account phase-shifters. For sake of clarity, the following table defines all parameters
and variables used in the linearisation:

Symbol Definition

N Set of buses; bus 0 is the slack (reference)

& Set of directed branches (n, )

Vi, eR Voltage magnitude at bus n [p.u.]

0, € R Voltage angle at bus n [rad]; 6o = 0

Pnj, Qnj Active and reactive power flow on branch (n,J) [p.u.]
Pyen,n: Qgen.n Active and reactive generation at bus n [p.u.]

Onj Phase-shift angle on branch (n,J) [rad]

Py Py QY. Qy

Active and reactive power entering/leaving the network at bus
n

9nj bnj Conductance and susceptance of branch (n,J) [p.u.]

Poad.n» Qload.n Active and reactive demand at bus n [p.u.]

Shj Apparent power thermal limit on branch (n,J) [p.u.]

vV, Vy Voltage magnitude bounds at bus n [p.u.]

Py P Phase-shift limits; both zero for non-shifter branches

As a reminder, the branch flow equations are written as follows:

Pnj = gnj\/n2 -

ViV [gnj cos(8n — 6 + pnj) + bnjsin(6n — 6, + pnj)]. (B.1)

QRnj = _bnjvn2 - WV [gnj sin(0, — 6; + pnj) — by cos(8, — 0; + pnj)]- (B.2)

Nominal Operating Point and Nominal Flows The linearization is performed around the set-point:
V) =1 p.u. and 67 = 0 for all buses, and p%; = 0 for all branches. At this point, the effective angle
difference is 65, = 63 — 67 + p%; = 0, so the nominal branch flows are:

P,?J- = (Vno)2 9nj — Vno\/j0 [gnj cosQ + by sin O} =gnj —9nj =0,
Q% = —(V)? bnj — V2V [gnjsin 0 — bpj cos 0] = —bpj + byj = 0.
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Because the nominal flows vanish, the first-order Taylor expansion gives the total flows directly:

9P, 0P, 0P, 0P, 0Py
Vv, oV |vo 06, 09; |vo=1 7~ Opn;
50=0

\/O:IApnj'
8°=0

P

AV, +

A6, +
vO=1 —
§°=0

VO=1
60

AV +
1’

and identically for Q,;. The perturbations are AV, =V, —1, AV, =V, -1, A8, = 0,,, Appj = ppj. In what
follows, V,; and V; denote these voltage deviations from 1 p.u., and we drop the A notation hereafter.

Partial Derivatives Let 0,; = 0, — 6, + p,,; denote the effective angle difference. Differentiating (4.2)—
(4.3) with respect to each variable and evaluating at the set-point V9 = \/J-0 =1pu, 69 = GJQ =0 rad,

0% =0 rad (so 6%, = 0):

With respect to V), the partial derivatives become:

oP,; .
6\/nj oy = 2V,7O Inj — \/J-O [g,u- cos 6,%- + bpjsin 6,%} = 20nj — 9nj = Inj.
h =
§9=0
aan 0 0 <0 0
V. lvos = —2\/,7 bnj — VJ [gnj Ssin 6nj — b’U COSénj] = —anj + b,U' = _bnj-
h =
§9=0

With respect to Vj, the partial derivatives become:

0P, -

5 |yo_y =~V 9 €088+ bysin ] = —gu,
§°=0

0Qu -

BV |yoy = Vo 9nsin oy — bnj cos 8] = b,
§°=0

With respect to 6, (note 85,;/06, = +1), the partial derivatives become:

0P, |

8921 Vg VOV [gnjsin 69 — byj cos 8] = —by;,
5020

OQ |

69:J Vo1 —VOVP[gnj cos 63; + bpjsindy] = —gn.
5020

With respect to 6; (note 96,;/00; = —1), the partial derivatives become:

9P, -

56, |yo_y = V0 Lo sin 8y — bny cosdyy] = b
59=0

8Quy |

697 Vo1 VoV [gnj cos 6 + by sin 6] = g
59=0

With respect to p,; (note 96,;/0p,; = +1), the partial derivatives become:

0P, 0P,
Opnj |VO=1 T80, |voo1 ~Dniy
5%=0 5°=0
aan 8an
Boni |vo—1 88, |voo1 IV
pn_/ vP=1 n |V°=1
§%=0 8%=0
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With the convention d,; = 6, — 6; + p,;, the phase-shift has exactly the same sensitivity as 6,. Physi-
cally, a positive pp,; increases the effective angle difference and therefore increases Pp; (since b,; < 0 for
inductive branches, —b,; > 0).

Substituting the partial derivatives into the Taylor expansion, branch flow equations become:

Pnj = gnj(vn - VJ) - bnj(en - 9j + Pnj), (2_P)
Quj = —bnj(V = V}) — gnj (6 — 6; + p1)). (2-Q)

Branches without a phase-shifter satisfy P, = Pnj = 0, which forces pp; = 0 and recovers the standard
linearised AC flow equations. A single unified pair of equations covers the entire network.
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Appendix C

DC power flow equations

The DC formulation is one of the most widely used linear power flow models for real power flow analysis.
It has been exploited in different contexts, among others, unit commitment [70] and the transmission
switching problem [104]. High-voltage electrical networks often respect the required assumptions to apply
the DC formulation:

1. voltage angles differences between adjacent nodes are small;
2. the voltage profile is flat, meaning all voltage magnitudes are assumed equal;

3. the line resistances R, ; are negligible compared to the reactances X, ;, which implies that the line
susceptances B, ; can be approximated by: |B, | ~ |Xij|,V(n,j) €é&,.

Under these assumptions, branch flow equations (Appendix B) can be approximated as:
Pn,m = Bn,m : (9n - Qm) V(n, m) €&, (C.la)
(C.1b)

where 6, is the voltage phase angle at a node n, P, p, is the power flowing through an edge (n, m).

It is worth mentioning that, by applying the DC power flow assumptions on the linearized AC power
flow equations developed in Appendix B, i.e, voltage angles differences between adjacent nodes are small,
the voltage profile is flat, meaning all voltage magnitudes are assumed equal, the line resistances R, ; are
negligible compared to the reactances X, j, we can recover: P, &= —b,;(6, — 6;), and Qp; = 0.

Launching DC load flows thus consists of solving the following linear set of equations [79]:

0,—06
Pom = n)( m, V(n, m) €&, (C.2a)
n,m
eref =0, (C2b)
Pload,n - 'Dgen,n = Z Pm,n - Z an,j + ID,?_, Vn e ./V‘o, (C.2C)

(m.n)eé&o (nJj)eé&o

where Pioad.n, Pgen.n € R are the load demand and generation at node n. P,jf € R is non-zero only at the
slack bus. 6, is the voltage phase angle and X, ,, the reactance of line (n, m). DC power flow models are
further detailed in [105, 106].
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Appendix D

Test Network Parameters

The DC and AC-OPF models rely on costs for generator dispatch, highlighting that some units are more
expensive to use than others. In the formulations proposed in this thesis, both quadratic and linear costs
are associated with the active power output of a given unit: parameter o, is the quadratic cost and
Bn is the linear cost. These costs are provided for the generators of the IEEE 14-bus network and the
PandaPower MultiVoltage network in Table D.1 and Table D.2, respectively. Each generator has active
and reactive power limits, provided in Table D.3 and Table D.4 for each test network.

The power flow models used in this thesis account for the electrical characteristics of the grid elements.
These characteristics include, among others, the line resistances and reactances (or line conductance and
susceptance), and the shunt susceptances. Their values are provided in Table D.5, Table D.6, Table D.7
and Table D.8.

Bus ap, Bn
0 0.043 | 20
1 0.25 | 20
2 0.01 | 40

Table D.1: Quadratic (a,) and linear (8,) cost coefficients of generators.
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Table D.2: Quadratic (a,, €/MW?) and linear (B,, €/MW) cost coefficients of all generators. The
constant term -y, = 0 for all units. Subscripts G; and G» distinguish the two generators connected to the
same bus; buses 1, 5, 6, 7, and 13 each host two generation units. Buses 16—26 contain small generators

Bus op Bn
0 0.0000 | 30.0000
1g, | 0.0040 | 10.0000
1lg, | 0.0147 | 18.5821
56, | 0.0060 | 14.0000
56, | 0.0060 | 14.0000
6G, | 0.0100 | 18.0000
66, | 0.0448 | 29.4750
76, | 0.0180 | 24.0000
76, | 0.0366 | 20.9573
8 0.0250 | 32.0000
12 | 0.0427 | 25.3179
135, | 0.0400 | 48.0000
136, | 0.0333 | 23.4086
14 | 0.0550 | 65.0000
16 | 0.0000 | 79.1209
18 | 0.0000 | 76.7936
23 | 0.0000 | 73.3515
24 | 0.0000 | 55.8392
25 | 0.0000 | 64.0016
26 | 0.0000 | 51.3141

with purely linear costs (a, = 0).

Table D.3: Active and reactive power limits of generators in the modified |IEEE 14-bus network.

Table D.4: Active and reactive power limits of generators in the PandaPower MultiVoltage network.

Bus Pmin (MW) 'Dmax (MW) Qmin (MVAI’) Qmax (MVAI’)
0 0.0 332.4 —150 150
1 0.0 140.0 —80 80
2 0.0 150.0 —-90 90

Bus Pmin (MW) 'Dmax (MW) Qmin (MVAF) Qmax (MVAF)
0 0.0 2500.000 —2000.000 2000.000
1 0.0 330.721 —191.969 191.969
5 0.0 274.177 —157.215 157.215
6 0.0 125.651 —69.108 69.108
7 0.0 141.842 —78.013 78.013
8 0.0 60.000 —30.000 30.000
12 0.0 78.537 —43.196 43.196
13 0.0 121.516 —64.334 64.334
14 0.0 40.000 —20.000 20.000
16 0.0 3.925 —1.570 1.570
18 0.0 4.037 —1.615 1.615
23 0.0 1.077 —0.431 0.431
24 0.0 2.527 —1.011 1.011
25 0.0 2.169 —0.867 0.867
26 0.0 4.670 —1.868 1.868
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# | n|m Ram (2) Xom () Cnm (nF)
0| 0] 1| 3532005 | 10.783732 | 768.4848
1|0 | 4 | 9.846967 | 40.649040 | 716.0881
2 | 1| 2 | 8563928 | 36.080033 | 637.4931
3 | 1| 3 | 10590547 | 32.134320 | 494.8576
4 | 1 | 4 | 10.379138 | 31.689630 | 503.5904
5 | 2 | 3| 12212573 | 31.170217 | 186.2993
6 | 3| 4 | 2433038 7.674548 0
715 ]110[41x10°] 86x10""° 0
8 | 5|11 |53%x107°|1.11x10™* 0
11| 8 [ 13 [55x107° | 1.17 x 107% 0
1219 [10[35x107°| 83x107° 0
1311 [12]196x107°| 86x107° 0

Table D.5: Line parameters of the modified |IEEE 14-bus network (series resistance, reactance, and
capacitance). The horizontal rule separates HV transmission lines from near-zero-impedance internal
connections.

# n m Rom (€2) | Xaom (2) | Cpm (nF)
0 1 2 1.885200 4.80000 264.00
1 2 3 1.256800 3.20000 176.00
2 3 5 1.885200 4.80000 264.00
3 2 5 0.942600 2.40000 132.00
4 4 5 1.571000 4.00000 220.00
5 1 4 1.885200 4.80000 264.00
6 7 8 0.096600 0.07020 409.50
7 8 9 0.096600 0.07020 409.50
8 9 10 0.096600 0.07020 409.50
9 10 11 0.096600 0.07020 409.50
10 11 12 0.096600 0.07020 409.50
11 12 13 | 0.096600 0.07020 409.50
12 13 14 0.096600 0.07020 409.50
13 7 14 | 0.096600 0.07020 409.50
14 15 16 0.007200 0.00256 21.12
15 16 17 | 0.007200 0.00256 21.12
16 17 18 0.007200 0.00256 21.12
17 18 19 | 0.007200 0.00256 21.12
18 19 | 20 | 0.007200 0.00256 21.12
19 15 | 21 0.010800 0.00384 31.68
20 | 21 22 | 0.010800 0.00384 31.68
21 22 | 23 | 0.090091 0.01680 1.32
22 | 23 | 24 | 0.090091 0.01680 1.32
23 | 22 | 25 | 0.090091 0.01680 1.32
24 | 25 | 26 | 0.090091 0.01680 1.32

Table D.6: Line parameters of the PandaPower MultiVoltage network.
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# [l n][m[ Gwm(S Bom (S) Ba (S)

0 0] 1 [2743x1072| —-8375x1072 | 2414 x 1074
1] 0| 4 |5620x1073| —2.324 x1072 | 2.250 x 10~*
2 | 1] 2 |6228x1073| —2.624x 1072 | 2.003 x 107*
3| 1] 3 [9252x103| —2.807x1072 | 1.555x 107*
4 | 1 | 4 ]9334x1073 | —2.850 x 1072 | 1.582 x 10~*
51 2] 3 |1.090x102| —2.781x 1072 | 5.853 x 10~°
6 | 3|4 |3754x1072|—-1.184x 1071 0

7] 5 10| 4517 x10% | —9.474 x 103 0

8 | 5 |11 | 3.503x10% | —7.336 x 103 0

11| 8 | 13| 3.291 x 103 | —7.001 x 103 0

12| 9 | 10| 4313x10% | —1.023 x 10* 0
13|11 | 12| 5.780 x 103 | —5.178 x 103 0

Table D.7: Per-line admittances of the modified IEEE 14-bus network: series conductance G,n =
Raom/(R2,, + X2..), series susceptance Bpm = —Xpm/(R2,, + X2,,), and shunt susceptance B3I =
27f Com €nm (f = 50 Hz).

Table D.8: Per-line admittances of the PandaPower MultiVoltage network. Horizontal rules separate

# n m Gnrn (S) Bnm (S) thln (S)

0 1 2 [ 7.089x1072 | —1.805 x 10T | 8.204 x 10~°
1 2 3 | 1.063 x 107! | —2.707 x 107! | 5.529 x 107>
2 3 5 | 7.089x 1072 | —1.805 x 107! | 8.294 x 10~°
3 2 5 1.418 x 1071 | —3.610 x 1071 | 4.147 x 107>
4 4 5 | 8507 x1072 | —2.166 x 107! | 6.912 x 10~°
5 1 4 | 7.089 x 1072 | —1.805 x 107! | 8.294 x 10~>
6 7 8 6.774 x 100 —4.923 x 100 | 1.286 x 10~ %
7 8 9 6.774 x 10° —4.923 x10° | 1.286 x 1074
8 9 | 10 | 6.774 x 10° —4.923 x 100 | 1.286 x 10~*
9 | 10 | 11 | 6.774 x 10° —4.923 x10° | 1.286 x 1074
10 | 11 | 12 | 6.774 x 100 —4.923 x 10° 1.286 x 10~*
11 | 12 | 13 | 6.774 x 10° —4.923 x10° | 1.286 x 1074
12 | 13 | 14 | 6.774 x 100 —4.923 x 10° 1.286 x 10~*
13| 7 | 14 | 6.774 x 10° —4.923 x 10° | 1.286 x 1074
14 | 15 | 16 | 1.233 x 102 —4.384 x 10T | 6.635 x 10°°
15 | 16 | 17 | 1.233 x 102 —4.384 x 10! | 6.635 x 10
16 | 17 | 18 | 1.233 x 102 —4.384 x 101 | 6.635 x 107
17 | 18 | 19 | 1.233 x 102 —4.384 x 101 | 6.635 x 10
18 | 19 | 20 | 1.233 x 102 —4.384 x 101 | 6.635 x 107
19 | 15 | 21 | 8.220 x 101! —2.923 x 101 | 9.953 x 10
20 | 21 | 22 | 8.220 x 10t —2.923 x 10! | 9.953 x 1076
21 | 22 | 23 | 1.073 x 10! —2.000 x 10° | 4.147 x 107
22 | 23 | 24 1.073 x 101! —2.000 x 10° | 4.147 x 1077
23 | 22 | 25 | 1.073 x 10! —2.000 x 10° | 4.147 x 107
24 | 25 | 26 1.073 x 101! —2.000 x 10° | 4.147 x 1077

high-voltage, medium-voltage, and low-voltage sections.
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Appendix E

Internship and Collaboration

This thesis was carried out as part of a Master’s internship within the Smart Grid Lab of the Montefiore
Institute at the University of Liége, under the supervision of Professor Damien Ernst. The Montefiore
Institute is the Department of Electrical Engineering and Computer Science of the Faculty of Applied Sci-
ences, and is one of Belgium’s leading research centres in power systems, machine learning, and artificial
intelligence. The Smart Grid Lab, which is part of this institute, hosts about 20 doctoral and post-doctoral
researchers.

The research activity of the Smart Grid Lab covers two different fields. The first is the energy transi-
tion, with a focus on the integration of distributed energy resources, and the application of optimisation
and machine learning techniques to power system control and planning. The second, more recently devel-
oped, direction concerns the application of artificial intelligence to the defense sector.

The work presented in this thesis was conducted in the context of active collaborations with industrial
partners. As mentioned in the preface, the research was carried out in close partnership with Réseau
de Transport d'Electricité (RTE), the French transmission system operator, and Gérédis Deux-Sévres, a
French distribution system operator.

The sustained engagement of the Smart Grid Lab with industrial actors is a defining feature of its
research culture. In this spirit, a spotlight presentation of the work developed during this internship was
delivered to the R&D team of RTE during an internal PhD day organised by the company [107]. This
occasion provided a valuable opportunity to initiate discussions on the practical deployment challenges
associated with TSO/DSO coordination frameworks.

At the academic level, this work also benefited from the longstanding collaboration between the Smart
Grid Lab and the Intelligent Electrical Power Grids (IEPG) group at Delft University of Technology (TU
Delft, Netherlands). This partnership, rooted in shared research interests in power system control and
optimisation, provided complementary scientific perspectives that contributed to the development of the
coordination framework presented in this thesis. A presentation offering insights into the mathematical
formulation developed during this internship was delivered in this context and is referenced in [108].
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