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Resumo

A tecnologia de Corrente Continua de Alta Tensdao (HVDC) desem-
penha um papel crucial na integragao de energia renovavel e na otimizagao
dos fluxos de poténcia em redes elétricas modernas. Este estudo de-
senvolve uma estrutura avancada de otimizacao para minimizar per-
das de poténcia em sistemas com enlaces HVDC incorporados, abor-
dando também os desafios impostos pelas interacoes de fluxos em laco.
Primeiramente, é proposta uma nova metodologia para identificar e anal-
isar cendarios de fluxos em laco, utilizando um algoritmo de Dijkstra
modificado para detectar de forma eficiente caminhos criticos em redes
malhadas de grande escala. Essa abordagem simplifica a andalise para
os operadores do sistema, permitindo uma mitigacao mais eficaz de cir-
culagoes indesejadas de poténcia. Com base nesses achados, o estudo for-
mula um problema de otimizacao que ajusta dinamicamente as injecoes
de poténcia HVDC para minimizar perdas na transmissao, especialmente
durante eventos de redistribuicao de poténcia causados por flutuacoes na
geracao renovavel. A metodologia considera condicoes do sistema, como
variagoes de carga e reconfiguracoes da rede de transmissao, garantindo
um desempenho robusto em diferentes cendarios operacionais. Simulagoes
nos sistemas de teste de 107 barras do Brasil e 57 barras do IEEE vali-
dam a eficacia da estrutura proposta, demonstrando reducoes significa-
tivas nas perdas de poténcia e maior eficiéncia da rede. Os resultados
fornecem aos operadores do sistema uma ferramenta abrangente para
otimizar a operacao de enlaces HVDC, mitigar problemas de fluxos em
laco e aprimorar a integracao segura de energia renovavel no sistema
elétrico.

Keywords— Sistemas de transmissao de poténcia, Otimizacao de
HVDC, Analise de fluxos em laco, Algoritmo de Dijkstra modificado,
Minimizacao de perdas de poténcia



Abstract

High Voltage Direct Current (HVDC) technology plays a crucial role in
integrating renewable energy and optimizing power flows in modern elec-
trical grids. This study develops an advanced optimization framework to
minimize power losses in systems with embedded HVDC links while also
addressing the challenges posed by loop flow interactions. First, a novel
method for identifying and analyzing loop flow scenarios is proposed,
utilizing a modified Dijkstra algorithm to efficiently detect critical loop
paths in large-scale meshed networks. This approach simplifies the anal-
ysis for system operators, enabling more effective mitigation of undesired
power circulations. Building upon these findings, the study further for-
mulates an optimization problem that dynamically adjusts HVDC power
injections to minimize transmission losses, particularly during power re-
distribution events caused by renewable generation fluctuations. The
methodology considers system conditions such as load variations and
transmission network reconfigurations, ensuring robust performance un-
der different operating scenarios. Simulations on the Brazilian 107-Bus
and IEEE 57-Bus test systems validate the framework’s effectiveness,
demonstrating significant reductions in power losses and improved grid
efficiency. The findings provide system operators with a comprehensive
tool for optimizing HVDC operation, mitigating loop flow issues, and
enhancing the secure integration of renewable energy into the power sys-
tem.

Keywords— Power transmission systems, HVDC optimization, Loop
flow analysis, Modified Dijkstra algorithm, Power loss minimization
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1 Introduction
1.1 Motivation

The integration of renewable energy sources has transformed mod-
ern power systems, introducing new operational challenges, particularly
in managing the variability of wind and solar generation. High Volt-
age Direct Current (HVDC) technology provides an effective solution
by enabling long-distance power transmission with enhanced controlla-
bility and lower losses compared to traditional AC transmission. How-
ever, when embedded within AC networks, HVDC links can also lead
to unintended power circulation and suboptimal power flows, potentially
increasing overall system losses. Addressing these challenges requires ad-
vanced optimization and control strategies to enhance system efficiency
and mitigate undesirable power flow effects.

Brazil’s interconnected power system provides a relevant case study,
featuring four HVDC transmission links that play a crucial role in trans-
ferring surplus renewable generation from the Northeast to major load
centers in the Southeast. The country’s long-term energy expansion plan
highlights the importance of HVDC in strengthening transmission capac-
ity and improving grid flexibility [1]. However, integrating HVDC links
has also led to operational challenges, including commutation failures and
complex interactions between AC and DC networks [2]. Additionally,
studies emphasize the necessity of adaptive HVDC control to mitigate
unwanted power circulation and excessive losses [3].

A significant example highlighting these challenges is the August 15,
2023 outage, where a series of transmission instabilities, triggered by
protection system malfunctions, led to cascading failures and widespread
power imbalances. During this event, wind generation dropped sharply
from 17,500 MW to 2,500 MW at 8:30 AM, requiring hydroelectric gener-
ation to compensate. However, due to the absence of a fast and efficient
control system interconnecting different regions, a significant portion of
the load was shed, exacerbating the impact of the disturbance. This event
underscores the critical need for enhanced power flow control mechanisms

10



to prevent large-scale disruptions.

Loop flow, a phenomenon where unintended circulating power flows
within the transmission network, represents another key challenge in sys-
tems with embedded HVDC links. These flows can lead to increased
losses and overloading of transmission lines [4]. In Brazil, loop flow
scenarios have been observed, requiring effective strategies to identity,
manage, and mitigate their adverse effects on grid efficiency [5].

To address these issues, this study proposes an optimization frame-
work designed to minimize transmission losses in AC systems with em-
bedded HVDC links. Unlike conventional approaches that primarily fo-
cus on adjusting HVDC setpoints to mitigate loop flow [3], the proposed
methodology dynamically optimizes power flows to enhance overall trans-
mission efficiency. By leveraging real-time adjustments to HVDC injec-
tions, the framework ensures better power redistribution during opera-
tional changes, such as load variations and transmission line reconfigu-
rations.

Furthermore, to support system operators in analyzing loop flow sce-
narios, this research incorporates a novel application of the modified Di-
jkstra algorithm. This algorithm efficiently identifies critical loop paths
without requiring prior knowledge of network topology, enhancing mon-
itoring and control capabilities. By combining optimization techniques
with advanced pathfinding methods from graph theory, the proposed ap-
proach contributes to a more efficient power grid, particularly in regions
with a high penetration of renewable energy and multiple HVDC inter-
connections.

In summary, this work presents an integrated methodology that opti-
mizes HVDC operations to minimize losses while also providing tools for
effective loop flow analysis. By improving power flow controllability, the
proposed framework enhances the efficiency of power systems, support-
ing the seamless integration of renewable energy sources and ensuring
stable grid operation.
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1.2 Literature Review and Previous Works

The circulation of power in closed loops within the grid, known as
loop flow, presents significant challenges to system efficiency and loss re-
duction. Various analytical methods have been developed to study this
phenomenon, leveraging statistical and dynamic approaches that account
for network impedance, voltage fluctuations, and phase angles. In the
context of HVDC systems, research has investigated power flow varia-
tions to better understand their impact on electrical network behavior.

More recently, graph theory has emerged as a powerful tool for mod-
eling and analyzing power system topologies. Studies have applied graph-
theoretical methods to address congestion management and optimal route
planning, demonstrating their effectiveness in improving network opera-
tion and identifying critical pathways [6,7]. Additionally, advancements
in static loop analysis and power flow tracing have enhanced system effi-
ciency [8,9]. However, conventional approaches often struggle to capture
the complex interactions in modern power networks, especially with the
increasing presence of HVDC links.

Building on these graph-theoretical applications, recent research has
focused on linear topologies and power system optimization [10,11]. For
instance, a graph-theory-based algorithm has been proposed for loop syn-
thesis, congestion analysis, and power loss allocation in AC networks [6].
These methodologies highlight the necessity for advanced dynamic anal-
ysis techniques, particularly as HVDC integration influences loop flow
characteristics. Studies have explored embedded HVDC control strate-
gies for renewable energy integration [3] and techniques for mitigating
power fluctuations [12]. Additionally, optimization approaches have been
introduced to improve system operation and minimize transmission losses
in AC/DC hybrid networks [13].

HVDC technology’s role in power flow optimization and renewable en-
ergy integration has received increasing attention. Research on HVDC
system complexity has examined topology design and control strate-
gies [14]. The cost-effectiveness of HVDC-based renewable energy in-
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tegration has been analyzed, reinforcing HVDC’s advantages for long-
distance power transfer [15]. Moreover, methodologies have been in-
troduced to minimize losses in embedded HVDC links, particularly by
optimizing back-to-back voltage source converters [16]. The challenges
associated with loss reduction in hybrid AC/DC systems further under-
score the importance of effective power flow management [17].

Several studies have explored strategies to improve power flow con-
trol and loss minimization in HVDC-integrated networks, including the
Brazilian power system [3]. A multi-objective optimization technique
using the salp swarm algorithm has been proposed to address economic
and environmental factors in HVDC operations [18]. Additionally, op-
timization models incorporating VSC (Voltage Source Converter) losses
in hybrid AC/DC configurations have been developed to improve power
flow solutions [19].

Computationally efficient optimal power flow approaches for hybrid
AC/DC grids have also been introduced, utilizing shift factors to enforce
VSC power flow constraints [20]. Metaheuristic optimization algorithms
have been explored to minimize fuel costs, pollutant emissions, voltage
deviations, and active power losses in hybrid AC/DC networks [21]. Fur-
thermore, extended AC optimal power flow models incorporating VSC-
MTDC systems have demonstrated that the effectiveness of VSC-MTDC
in loss reduction is highly dependent on system configuration [22].

The impact of renewable energy fluctuations on AC/DC grids with
VSC-HVDC has also been a focus, leading to optimal power flow mod-
els that leverage VSC capabilities to mitigate power fluctuations [23].
Collectively, these studies emphasize the need for advanced optimization
frameworks tailored for HVDC-integrated power systems.

Despite these advancements, a gap remains in methodologies that effi-
ciently identify, analyze, and mitigate loop flow in AC/DC networks. To
address this, this work extends previous research by introducing a modi-
fied Dijkstra algorithm specifically designed for loop flow identification in
HVDC-integrated systems. This algorithm integrates sensitivity analy-
sis to dynamically detect critical pathways affected by HVDC injections,
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offering a hybrid approach that combines graph-theoretical techniques
with the dynamic conditions of the network. By dynamically adapting
to load and generation variations, this methodology provides a more pre-
cise representation of critical network pathways and improves power flow
efficiency.

Given the rapid transformation of the Brazilian electrical grid and the
increasing integration of HVDC systems [2,3], challenges in power loss
reduction and power flow management persist. Despite notable advance-
ments in HVDC control and integration, these issues remain critical.
By addressing these limitations, this proposed methodology contributes
to broader efforts aimed at enhancing the efficiency and reliability of
HVDC-integrated power networks.

1.3 Ph.D. Thesis Statement

This Ph.D. Thesis proposes an analytical approach to identifying, an-
alyzing, and optimizing loop flow caused by HVDC links in electrical
power systems. The methodology integrates AC and DC systems by
employing Dijkstra’s algorithm to efficiently detect loop flow paths and
assess their impact on system stability. By pinpointing critical branches
affected by HVDC-induced loop flows, this approach enhances grid re-
silience and optimizes power flow distribution.

Building on this identification process, an optimization framework for
HVDC control is developed to minimize transmission losses while main-
taining system stability. The proposed methodology dynamically adjusts
power flow based on operational constraints and is validated through
simulations on the IEEE 57-Bus and Brazilian 107-Bus systems. A key
focus is the impact of HVDC placement and generation redistribution on
loss minimization, particularly under varying topological and renewable
energy conditions.
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1.4 Contributions

This study presents an advanced methodology for optimizing power
flow and reducing transmission losses in electrical grids with embedded
HVDC links. The main contributions of this work are as follows:

e Loop Flow Analysis and Key Path Identification: Develops
a tool for identifying critical pathways in the AC system affected by
HVDC-induced loop flows, pinpointing the most sensitive branches
and their impact on system stability.

e Optimization of System Losses: Introduces an optimization
framework that minimizes total transmission losses by dynamically
adjusting HVDC power injections, considering variations in network
topology and load conditions.

e Impact Assessment of Topological Changes: Evaluates the
effects of transmission line openings and network reconfigurations,
demonstrating the ability of HVDC control to mitigate negative im-
pacts and enhance system efficiency.

e Enhanced Decision Support for System Operators: Provides
a practical tool to assist system operators in managing loop flow
issues, improving operational planning, and ensuring grid reliability.

By integrating sensitivity analysis with a modified Dijkstra algorithm,
this methodology offers a novel and effective approach to loop flow man-
agement in HVDC-integrated power systems. The proposed framework
enhances grid resilience, optimizes power flow distribution, and provides
valuable insights for future research and practical applications in energy
transmission networks.

1.5 Ph.D. Thesis Structure

This Ph.D. Thesis is organized into six main chapters, each address-
ing different aspects of loop flow analysis and optimization in HVDC-
integrated power systems.
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Chapter [1| introduces HVDC technology in the Brazilian electrical
system, outlining the challenges related to loop flow and the research
objectives.

Chapter [2] explores the relationship between HVDC systems and the
Brazilian power grid, emphasizing operational challenges and the critical
role of HVDC in renewable energy integration.

Chapter |3| details the methodology for identifying and analyzing loop
flows through a modified Dijkstra algorithm, focusing on identifying crit-
ical paths and evaluating their impact on system stability.

Chapter |4| examines the effects of HVDC losses on loop flow, featuring
case studies to illustrate the phenomenon within various test systems,
including the impact on the IEEE 57-Bus and Brazilian 107-Bus systems.

Chapter 5| discusses the development of the optimization framework
aimed at minimizing transmission losses and managing HVDC-induced
loop flows, thereby enhancing overall grid efficiency.

Chapter [6] summarizes the key findings of the research, discusses its
limitations, and presents recommendations for future studies in the field
of power flow management and HVDC integration.
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2 Integration of HVDC Technology in the Brazilian Electrical
System

This chapter delves into the intricate relationship between HVDC sys-
tems and the Brazilian electrical system, with a particular focus on the
transmission network’s current state and its planned expansion. It be-
gins by outlining the fundamental principles of HVDC technology and
the various modeling techniques employed to simulate its behavior within
power systems. Subsequently, the chapter provides an overview of the
unique characteristics of the Brazilian electrical system, highlighting its
transmission network’s structure, operational challenges, and existing in-
frastructure. The discussion then transitions to the critical role of HVDC
transmission in facilitating long-distance power transfer, enhancing grid
stability, and integrating renewable energy sources.

2.1 Brazilian Interconnected System

The Brazilian electric power system consists of four interconnected
subsystems: South, Southeast/Midwest, Northeast, and North, as illus-
trated in Fig. [I] Each region has distinct characteristics in terms of
power generation and load demand [24].

Brazil’s HVDC network includes key transmission links [1]:

e Xingu (Pard) to Estreito (Minas Gerais): 4000 MW, 800 kV, 2300
km.

e Anapu (Pard) to Paracambi (Rio de Janeiro): 4000 MW, 2539 km.

e Porto Velho (Ronddnia) to Araraquara 2 (Sao Paulo): 7100 MW,
2375 km.

e [taipu to Ibiuna (Sao Paulo): Two 600 kV bipoles, each 3150 MW.

The Southeast/Midwest region, Brazil’s largest electricity consumer,
primarily relies on hydroelectric and thermoelectric generation, driven by
industrial activity and dense urban centers. The South follows a similar
energy mix, while the Northeast has significantly expanded wind and
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Figure 1: Brazilian electric power system, 2027 horizon. Adapted from [33].

solar power to meet growing demand and seasonal rainfall variability. In
contrast, the North, rich in hydroelectric resources, serves as a major
electricity exporter to other regions, with HVDC links playing a crucial
role in long-distance transmission. Figure [2| highlights these regional
differences, showcasing the Northeast’s high wind generation capacity,
the North’s role as a power exporter, and the Southeast/Midwest’s status
as the heaviest load center in the Brazilian electrical system.
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Figure 2: Load and generation rates of the Brazilian electric power system. Adapted from .
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2.2  Occurrence of Loop Flow in the Brazilian Electrical System

Loop flow, a consequence of transmission congestion, leads to inef-
ficiencies such as load shedding and mismanagement of resources. A
reduction in Northeast wind generation induces loop flow propagating
southward through HVDC lines and returning via AC lines. A planned
4 GW embedded HVDC system will connect Graga Aranha (Northeast)
to Silvania (Southeast) within five years.

A study by [25] analyzed loop flow using actual measurements. A drop
in Northeast wind generation at 8:30 a.m. reversed AC transmission flow
between the Northeast and Southeast by 11:00 a.m., with HVDC oper-
ation inducing loop flow until 12:30 p.m. (Fig. . This phenomenon
is particularly relevant when considering past events of large-scale trans-
mission instability in Brazil, such as the loop flow event in 2018.

Date: Nov 15,2018
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Figure 3: Loop flow in the Brazilian electrical power system. Adapted from [25].

The Northeast, with significant wind power, operates in parallel with
Southeast and North connections. Due to the intermittency of renewable
sources, abrupt reductions in wind generation can shift power flows un-
predictably, leading to loop flow issues that require enhanced grid control
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to prevent instability [26].

Brazil’s power system integrates hydro, wind, and solar energy, facing
challenges in transmission efficiency, load balancing, and reliability [27,
28]. While hydroelectricity remains the dominant source, its seasonal
variability demands advanced control strategies to integrate intermittent
renewables effectively [29,30]. The increasing share of wind and solar
generation has introduced new complexities, particularly in managing
power distribution across geographically distant regions.
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Figure 4: System generation behavior during the August 15, 2023 outage. Data source: [32].

Figure {4 further illustrates the impact of renewable intermittency on
large-scale disturbances. The August 15, 2023 outage, triggered by trans-
mission instability and protection system failures, mirrors key character-
istics of the 2018 loop flow event. In both cases, sudden reductions in
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wind generation led to shifts in transmission system loading, reinforc-
ing the importance of optimized HVDC operation to prevent cascading
failures and improve system resilience. These events highlight the need
for more advanced control mechanisms to mitigate the negative effects
of loop flow under increasing renewable penetration.

HVDC technology plays a critical role in addressing these challenges
by enhancing power flow controllability and reducing regional imbal-
ances [31]. However, seasonal fluctuations necessitate a flexible gener-
ation mix, with hydro and thermal power plants compensating for vari-
ations in renewable output. Additionally, the increasing penetration of
HVDC links introduces unintended power circulation, known as loop
flow, which can lead to inefficiencies and increased losses if not properly
managed.

As Brazil’'s power system evolves, strategic HVDC deployment and
advanced optimization techniques will be crucial for enhancing transmis-
sion efficiency, reliability, and renewable integration. The planned 2027
system expansion reflects these priorities, with an additional 4 GW of
embedded HVDC capacity set to become operational within the next
five years [33]. However, the integration of embedded HVDC links may
exacerbate loop flow issues, requiring robust identification and mitigation
strategies to avoid operational inefficiencies.

2.3 Models of HVDC

The models used in this work aim to analyze the impact of HVDC
systems on power flow optimization and control. One of the key aspects
studied in hybrid power networks is their role in improving stability,
voltage regulation, and reactive power support. Proper modeling of these
systems is essential to effectively manage power distribution, particularly
in scenarios with a high share of renewable energy. To achieve this, the
following steps are necessary:

e Model the electrical system components, including HVDC transmis-
sion links.
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e Formulate the complete power flow equations and associated con-
straints for network operation and control.

e Ensure convergence and reliability of the models used.

A fundamental aspect of HVDC modeling is defining how the con-
verters interact with the power grid. From the system’s perspective,
each HVDC connection point can be modeled as either a PQ or PV bus,
depending on the control mode of the converter. In this study, the HVDC
system is represented as a PV bus at connection points, as this config-
uration aligns best with the proposed power optimization methodology.
This choice ensures more accurate control over active power injection
while allowing reactive power compensation at the AC interface, improv-
ing system performance under varying load conditions.

Figures [f| and [ illustrate the PQ and PV bus representations in the
HVDC network.

P —
conv R PDC
|| Zeq ||
| Qconv -
—

Figure 5: PQ bus connected to the HVDC link.
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Figure 6: PV bus connected to the HVDC link.

The HVDC system can operate in three distinct control modes on
its DC terminal: constant voltage, constant power, and voltage droop
control. Each mode offers different trade-offs in terms of system stability
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and control flexibility. In this work, the PV representation of HVDC
connection points enables better power flow optimization by dynamically
adapting to load variations while maintaining voltage stability.

In a system with multiple converters, one operates as the DC slack

bus, ensuring power balance by compensating for transmission losses, as
described in Equation [T}

Ppci+ Ppea + ...+ Ppeny — Pper =0 (1)

where Ppc; represents the power injected at each DC terminal, and
Ppcr, accounts for transmission losses in the network.

Figure [7] illustrates the constant voltage control mode, which ensures
power balance within the DC system. The constant power mode, shown
in Fig. [} maintains a fixed power exchange, while voltage droop con-
trol, depicted in Fig. [0 allows flexible power sharing among converters,
adapting dynamically to network conditions.

Voc

VDCset

PDCmin PDCmax

Figure 7: Constant voltage mode.

The voltage droop method follows a similar principle to frequency
droop control in synchronous generators. Changes in DC voltage prompt
HVDC stations to adjust power transmission accordingly, distributing
power more efficiently across the network. Previous studies have vali-
dated this approach in line-commutated converter HVDC systems [34]
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Figure 9: Voltage droop mode.

and later in voltage-source converter HVDC systems for offshore wind
integration [35]. More recently, [36] proposed an optimized redistribu-
tion method to enhance AC grid frequency performance using a multi-
terminal HVDC system.

By modeling HVDC links as PV buses in this study, it is ensured bet-
ter alignment with the optimization framework for transmitted power.
This approach enhances power flow predictability and network resilience,
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particularly in the presence of renewable energy variability. The cho-
sen representation also facilitates seamless integration of HVDC into hy-
brid networks, making it a key component of the proposed optimization
methodology.
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3 Sensitivity-Based Loop Flow Analysis

The analysis of power injections and their effects on network flow
plays a fundamental role in ensuring the stability and efficiency of power
systems. This chapter presents a sensitivity-based approach for loop flow
analysis, focusing on the influence of power variations, particularly from
HVDC links, on AC network behavior. By quantifying the impact of
incremental changes in power injection on transmission paths, sensitivity
analysis provides a systematic method for identifying and assessing loop
flows.

3.1 Sensitivity analysis

Sensitivity analysis is a qualitative study designed to calculate sen-
sitivity factors that illustrate how changes in control variables influence
dependent variables within a system. In the context of power loop anal-
ysis, it is employed to assess how changes in power injection, particularly
from HVDC systems, affect the power flow across the network. This
type of analysis is used for understanding the interactions within the
grid, especially in systems where HVDC links are embedded.

As detailed in [37], sensitivity analysis typically evaluates how power
injection variations affect the flow between AC buses. This study focuses
on assessing the influence of HVDC variations by examining the power
injected into the network at buses connected to HVDC systems. The
analysis keeps these variations small at each simulation step to maintain
linearity and preserve the overall power balance of the system.

The system under consideration is characterized by a linear model rep-
resented as [ + Al = Y (V + AV). In this model, the current injection
vector is denoted as I, Al represents the variation in injection current
caused by HVDC perturbations, Y stands for the admittance matrix,
and V' symbolizes the voltage vector. Since the admittance matrix Y re-
mains constant throughout the sensitivity analysis, variations in injected
current result in changes to the voltage vector, subsequently influencing
power flow between the buses.
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Sensitivity analysis is conducted linearly, starting from the system’s
initial state. Notably, the sensitivity value remains linear in most cases,
deviating from linearity only when nearing voltage collapse whereas an-
alyzing branch power variations. This underscores the robustness and
effectiveness of utilizing sensitivity analysis in this context. Although
sensitivity analysis has long been a staple in the planning and operation
of electrical systems, it has yet to be applied to the domain of loop flow
identification, marking a novel application.

The analysis of AC power transmitted across branches concerning
HVDC link variations fundamentally relies on understanding the cumu-
lative effect of these variations at the points where the HVDC link is
connected. Specifically, on Buses k, this variation is positive, denoted as
0P, = Py + APpyvpc, whereas on Buses m, it is negative, expressed
as 0P, = P;, — APgypc. This analysis rigorously maintains the bal-
ance between positive and negative variations, ensuring the total power
balance within the system.

The ultimate goal of sensitivity analysis is to assess the consequences
of HVDC variation on power flow within the AC network. This analysis
allows the system operators to quantify the extent of influence exerted
by HVDC changes on the broader power transmission system, providing
valuable insights into loop flow.

In summary, sensitivity analysis emerges as a tool for investigating
loop flow, enabling operators to check the impact of HVDC variations on
the power flow of the AC network. This chapter establishes the founda-
tion for a deeper understanding of loop flow in power systems, promising
significant contributions to power system resilience and stability:.

3.2 Modified Dijkstra’s algorithm

This chapter presents a modified version of Dijkstra’s algorithm tai-
lored to identify the key path of loop flow induced by embedded High-
Voltage Direct Current (HVDC) links within the power system. Unlike
the traditional Dijkstra algorithm, which primarily considers the short-
est path based on weight, this modified version incorporates impedance,
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voltage, angular data, and power flow as part of its evaluation criteria.
Additionally, sensitivity values are integrated to represent the influence
of HVDC link transmission on each AC line in the power system. This
enhancement allows the algorithm to prioritize the most critical lines
within the network for monitoring and control, thus optimizing power
system operations and bolstering resilience against disturbances.

The motivation behind modifying the Dijkstra algorithm stems from
its application limitations in power systems, as discussed in [38]. The
traditional algorithm’s inability to handle digraphs effectively and its
challenges with adjacent vertices in shortest path scenarios have been
addressed by integrating sensitivity analysis and power flow considera-
tions in this research.

The graph-based representation of the results, following a comprehen-
sive sensitivity analysis, is crucial for efficient path identification and
evaluation. The key branches of a power system, identified as segments
with significant variations due to HVDC power level fluctuations, are
highlighted in these graphs. These branches, often representing bottle-
necks for system stability, require continuous monitoring. Identifying
and optimizing these key branches is fundamental for understanding and
mitigating the impact of loop flow within the power system.

Dijkstra’s algorithm is a well-known shortest path algorithm that de-
termines the minimum weight from a given starting node to all other
nodes in a graph. The algorithm operates iteratively, updating weights
based on the shortest known path at each step.

The process follows these steps:

e The starting node is initialized with a weight of zero, while all other
nodes are assigned an initial weight of infinity, representing an un-
known or unreachable state.

e At each iteration, the algorithm selects the node with the small-
est known weight (initially the starting node), updates its status as
"visited,” and explores its adjacent nodes.

e For each adjacent node, the algorithm calculates the new potential
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weight through the selected node and updates it if the new path is
shorter than the weight recorded previously.

e This process continues until all nodes have been visited, ensuring
that the shortest paths are determined efficiently.

In the context of power systems, the nodes in the algorithm represent
electrical buses, while the edges correspond to the sensitivity values that
quantify the impact of HVDC power variations on the AC grid. These
values influence the algorithm’s path selection, ensuring that the identi-
fied routes are not only the shortest in terms of lowest weight but also
the most relevant for maintaining system stability.

Tables [1l and [2 illustrate the execution of the standard and modified
Dijkstra algorithms, respectively. Each row corresponds to a bus in the
system, and each column represents an iteration of the algorithm, show-
ing how sensitivity values influence path selection.

Table 1: Iteration-by-iteration results of the standard Dijkstra algorithm.

Node Iteration 1 Iteration 2 Iteration 3 Iteration 4 Iteration 5 Iteration 6

A (0,A)

B (4,A) (3,C) (3,C)

C (2,A) (2,A)

D (10,C)

E (12,C) (8,B) (8,B)

F (10,D) (10,D)

G (14,D) (12,E) (12,E)

The modified version of the algorithm, as shown in Table [2] follows
a similar step-by-step execution but incorporates sensitivity-based path
selection. Instead of purely minimizing weight, the algorithm assigns
priority to paths based on their influence on power system stability.
Key modifications include:

e Assigning higher weights to branches with greater sensitivity to
HVDC fluctuations.
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e Prioritizing key branches early in the search process to ensure critical
paths are considered.

e Sclecting paths that minimize power flow losses rather than just
physical weight.

Table 2: Iteration-by-iteration results of the modified Dijkstra algorithm.

Node Iteration 1 Iteration 2 Iteration 3 Iteration 4

A (0,A)

B (4,A) (3,C)

C (2,A) (2,A)

D (10,C)

E (12,0) (12,C)

F (14,F) (14,F)

The results in Table |2 indicate a divergence in path selection com-
pared to the standard approach in Table [I], emphasizing the influence of
system sensitivity in defining optimal paths. While both algorithms iden-
tify shortest paths, the modified version prioritizes paths that have the
greatest impact on loop flow, making it more suitable for power system
applications.

Standard Modified

Figure 10: Dijkstra Algorithm visual example.
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Figure 10| provides a comparison between the standard and modified
versions of Dijkstra’s algorithm, illustrating the determination of the
shortest path between Buses A and F. Using the modified method, the
key path changes, now passing through the connection between Bus C
and E, identified as crucial in the initial step. The possible paths con-
necting points A and F are shown, with the key path highlighted in red
for each methodology.

3.3 Detailed description of the algorithm, Step by Step

Step 1: Initialize the Graph.

The graph is initialized based on the specified sensitivity values. It
is derived from the sensitivity matrix, which represents the variation in
power transmitted in the HVDC across all branches of the AC network.
Each row and column in this matrix corresponds to a bus, with rows
indicating the ” from bus” and columns indicating the "to bus.” Each non-
zero element in the sensitivity matrix signifies the sensitivity value of the
power variation between the respective buses, forming a unidirectional
edge.

Step 2: Identify the Most Sensitive Branch.

A sensitivity analysis is performed to identify the branch most affected
by HVDC variations.

For the graph shown in Fig. [L0], the branch with the highest sensitivity
is C-E, with a sensitivity value of 10.

Step 3: Initialize Cost Estimates.

Cost estimates are initialized, where the estimate for the initial bus
is set to zero, and all other buses are assigned an estimate of infinity,
designating them as open buses. Precedents for each bus are also assigned
in this step, tracking the preceding bus on the least-cost path.

The algorithm iteratively adjusts the cost estimates associated with
each open bus, as shown by Algorithm [1]

Algorithms [1| and [2| are presented in pseudocode to ensure clarity
and facilitate implementation across various programming environments,
enhancing accessibility for researchers. The pseudocode format follows
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a Python-like structure, chosen for its readability and wide familiarity
among researchers.

Algorithm 1: Dijkstra’s Algorithm
input : Graph G, Start Vertex s
output: Shortest Path from s to all other vertices

Function Dijkstra(G,s)

distances < dictionary with default value oo

previous_vertices <— empty dictionary

distances[s] < 0

priority_queue < new PriorityQueue

priority_queue.push(s,0)

while priority_queue is not empty do

current vertex < priority_queue.pop()

for each neighbor, weight in Glcurrent_vertez|.items() do

alt < distances|current_vertex] + weight

if alt < distancesneighbor] then
distances[neighbor] < alt
previous_vertices[neighbor] <— current_vertex
priority_queue.push(neighbor, alt)

end

end

end
path < empty list
current_verter < end_vertex
while current_vertex is defined do
path.insert(0, current_verter)
current_vertex < previous_vertices[current_vertex]
end
return path

Standard Dijkstra’s algorithm is adjusted to ensure that the shortest
paths pass through the most sensitive branch.

Step 4: Modified Dijkstra’s Algorithm.

The modified Dijkstra’s algorithm identifies the shortest path from
node A to node F, passing through the most sensitive branch C-E, as
shown in Algorithm [2 The algorithm determines the shortest path for
the first segment from A to C with a weight of 2. For the second segment
from E to F with a weight of 2.
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Algorithm 2: Modified Dijkstra’s Algorithm
input : Graph G, Start Vertex s, End Vertex t
output: Shortest Path from s to ¢ passing through the most sensitive branch

Function ModifiedDijkstra(G,s,t)

most_sensitive_branch < IdentifyMostSensitiveBranch(G)
from_msb,to_msb < most_sensitive_branch

pathl < Dijkstra(G, s, from_msb)

path2 < Dijkstra(G,to_msb,t)

combined_path < pathl + [to_msb] 4+ path2[1 :]

return combined_path

Step 5: Path Construction.

After processing all buses, the path is constructed by tracing back from
the destination bus to the initial bus, following the precedents assigned
in Step 3. In this process, branches with low sensitivity are filtered out,
ensuring that only the most sensitive branches to HVDC variations are
included in the final path.

Thus, the complete path from () - (¢) » (&) - (¥) found by the pro-
posed modified Dijkstra’s algorithm is shown in Fig. [I0, with a total
weight of 2 + 10 + 2 = 14. This path guarantees that the most sensi-
tive branch is included, optimizing network monitoring and control for
HVDC variations.

From a physical perspective, the traditional algorithm treats the power
grid as a static network, focusing solely on structural aspects. The im-
proved algorithm, however, views the grid dynamically, accounting for
real-time operational conditions. This dynamic approach considers the
impact of load changes, generation shifts, and HVDC power variations,
aligning the algorithm more closely with the actual operational realities
of a modern, integrated power system.

In summary, the proposed modified Dijkstra’s Algorithm is a powerful
tool that integrates sensitivity-based analysis and traditional pathfinding
techniques to identify and optimize the key path for loop flow analysis
within the power system. This innovative approach offers a more com-
prehensive understanding of loop flow and contributes to the enhanced
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resilience and stability of the power grid.

3.4 Numerical example of the loop flow identification

This chapter shows examples of the application of the loop flow iden-
tification process, using the IEEE test systems of 4, 14, 57, and 118
buses.

3.4.1 Identification of Loop Flow Paths in the IEEE 4-Bus Test System

The IEEE 4-bus test system was chosen as the first example due to
its small size, allowing for a clear analysis of loop flows. An HVDC link
was added to the system, connecting buses 2 and 4. Bus 1 was defined
as the swing bus, while bus 4 was modified to a PV-type bus. Figure
presents the single-line diagram of the adapted test system, and the
corresponding data is provided in Table [§]

(%]
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3) 5 3 —

| HVDC |

Figure 11: Adapted IEEE 4-bus test system.

Table [3| shows the results of the sensitivity analysis with the HVDC
link connecting buses 2 and 4. Given the system’s small size, it is pos-
sible to observe the return path of the excess power flow, which follows
the sequence: 4 — 3 — 2. Figure presents the data in graph form,
highlighting the identified branches. Using the methodology described
in Chapter [3], the same path for excess power flow is obtained, confirm-
ing the presence of a potential loop flow. In future stages of this study,
further analysis will determine whether loop flow is actively occurring.
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Figure 12: Graph representation of the IEEE 4-bus test system.

Table 3: Sensitivity analysis results for the IEEE 4-bus test system
From To Sensitivity
2 1 0.024469
3 2 0.225209
4 3 0.199807

3.4.2 Identification of Loop Flow Paths in the IEEE 14-Bus Test System

The second example used was the IEEE 14-bus system, a well-known
and widely used test system, and easy to visualize given its small number
of buses. An HVDC link was added to this system, connecting buses 2
and 9, while bus 1 is the swing bus. Figure 13| shows the single-line dia-
gram with the HVDC connection highlighted in green. The system data
and branch parameters are presented in Tables [I0] and [LT}, respectively.

The data of the sensitivity analysis of the power flow between branches
of the system with respect to the transmitted power is shown in Table
4. In the first case, a line opening was considered between buses 2 and
4, and in the second case, a line opening was considered in the branch
between buses 6 and 5.

Figure [14] shows the results of the sensitivity analysis in the form of
graphs and the most relevant path highlighted in red. Eight paths are
found connecting buses 2 and 9, which are:

1. [9-4-2]
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Bus 13

Bus 12 Bus 14

Bus 11

Figure 13: IEEE 14-Bus adapted test system with an HVDC connecting buses 9 and 2.

Table 4: ITEEE 14-Bus Results

Line opening 2 to 4 Line opening 6 to 5
From To Sensitivity | From To Sensitivity
1 2 0.0469 1 2 0.0236
1 5  0.0627 3 2 0.0433
2 3 0.0628 4 2 0.0782
2 4 0.0000 4 3 0.0405
2 5 0.0936 4 5 0.0863
3 4 0.0579 5 1 0.0366
4 5 0.0829 5 2 0.0567
4 7 0.0905 6 5 0.0000
4 9 0.0511 7 4 0.1286
5 6  0.0592 7 8 0.0000
6 11 0.0360 9 4 0.0725
6 12 0.0046 9 7 0.1286
6 13 0.0186 10 9  0.0006
7 8 0.0000 14 9  0.0005
7 9  0.0905 11 10 0.0004
9 10 0.0356 6 11 0.0001
9 14 0.0228 12 6  0.0000
10 11 0.0355 13 6  0.0000
12 13 0.0045 13 12 0.0000
13 14 0.0227 14 13 0.0000
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2. [9-4-3-2]

3. [9-4-5-1-2]
4. [9-4-5-2]

5. [9-7-4-2]

6. [9-7-4-3-2]
7. [9-7-4-5-1-2]
8. [9-7-4-5-2]

The most relevant path for a loop flow analysis, according to the
system sensitivity-based methodology proposed in this Ph.D. Thesis is
the fifth one, i.e. [9-7-4-2], which contains the most critical branches
defined during the identification step, shown in Table [} For case 01 the
path found is [9-4-5-2], which contains the most critical branch, 2 to 5.

3.4.3 IEEE 57-Bus System with HVDC Integration: Sensitivity Analysis and
Line Openings

The IEEE 57-Bus test system [43], representing the U.S. Midwest
Power system in the 1960s, was selected due to its complexity and widespread
use in power system research. Similar to the Brazilian power system, it
features a meshed electrical network, making it ideal for examining Loop
Flow phenomena using the modified Dijkstra Method proposed here. An
embedded HVDC link was added, connecting Buses 20 and 3, highlighted
in green in Fig. [I5] The system’s bus data and branch parameters are
detailed in Tables [12] and [13], respectively.

Two cases were created using the IEEE 57-Bus system. In Case 01, a
line opening between Buses 22 and 38 is considered, and in Case 02, a line
opening between Buses 38 and 48 is examined. These buses were chosen
for their location and because they are among the most sensitive in the
base case, with the branch between Buses 22 and 38 having a sensitivity of
0.2591 p.u., and the branch between Buses 38 and 48 having a sensitivity
of 0.1126 p.u.
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Figure 14: IEEE 14 bus with line opening between buses 6 and 5 graphs.

When these lines are opened, the power flow that was previously car-
ried by these branches must be redistributed throughout the system. This
redistribution can potentially overload other transmission lines, pushing
them closer to their thermal and power transmission limits. Such condi-
tions highlight the importance of the modified Dijkstra method, which
identifies critical paths and helps anticipate potential overloads or risks
of instability within the system.

The methodology presented here is crucial for visualizing how the sys-
tem reacts to these contingencies, providing insights into the operational
resilience of the system in the face of significant power flow changes due
to HVDC integration.

Table [5| ranks the key branches obtained from the sensitivity analysis
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Figure 15: IEEE 57-Bus test system with an HVDC connection between Buses 20 and 3.

for both cases, demonstrating how changes in system topology influence
sensitivity analysis results. The most sensitive branch is then used to
close the loop flow, guiding the selection of paths for further analysis.

The key paths identified by the modified Dijkstra algorithm for Case
01 and Case 02 are shown in Figures and [17], respectively. These
key paths represent the shortest paths that include the branches most
sensitive to HVDC variations. The red arrows in the figures highlight
the key path identified by the algorithm, while the green arrow marks
the connection point of the simulated HVDC.
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Table 5: Key Branches Sensitivity Analysis for IEEE 57-Bus System

Case 01 Case 02
From To Sensitivity From  To Sensitivity

Index Index
4 3 0.3283 20 21 0.2935
20 19 0.2562 21 22 0.2935
18 4 0.2388 22 38 0.2440
19 18 0.2388 4 3 0.2309
20 21 0.2282 15 3 0.1987
21 22 0.2281 20 19 0.1948
22 23 0.2233 18 4 0.1820
23 24 0.2227 19 18 0.1820
28 29 0.1929 45 15 0.1245
27 28 0.1883 44 45 0.1182

The modified Dijkstra algorithm differs from the traditional approach
by integrating sensitivity analysis, which allows it to identify paths that
are not only shortest in weight but also most critical in terms of system
dynamics.

In [6], tests conducted with the IEEE 57-Bus system identified loop
flows in the AC network. Loop number 15, as cited in the reference, in-
cludes the buses connected by the HVDC link simulated in this examples
(Buses 3 and 20). This specific path was chosen for comparison because
it encompasses the critical branches connected by the HVDC link. The

complete path identified by [6] was: (38) »(22) - (21) - (20) » (19) — (18) = (04) -
ONOMCHOMORMOMO)

For this study, the paths identified using the modified Dijkstra algo-
rithm were:

e Case 1: %%%%
e Case 2: %@%@%%%%@%

The inclusion of sensitivity analysis in the modified algorithm offers a
more dynamic and accurate reflection of the system’s operational reali-
ties, providing better tools for monitoring and controlling HVDC-induced
loop flows in complex power networks.
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Figure 16: Key path identified in Case 01 using the IEEE 57-Bus test system.

3.4.4 Sensitivity Analysis and Path Identification in the IEEE 118 Bus System
with Embedded HVDC Links

The IEEE 118 bus test case represents an approximation of the U.S.
Midwest Power system as it was in December 1962 [43]. This system
contains 19 generators, 35 synchronous condensers, 177 lines, 9 trans-
formers, and 91 loads. The HVDC was added connecting Buses 20 and
3, which were chosen due to the distance between them and the fact
that both buses have generation and load. This setup allows for the
analysis of power variation transmitted in the HVDC in both directions.
The system’s bus and branch data are presented in Tables [14] and [15]
respectively.

Due to the large number of interconnections between the buses in this
example, the use of sensitivity analysis to define the possible paths of the
loop flow is essential, since the number of branches that the loop forms
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Figure 17: Key path identified in Case 02 using the IEEE 57-Bus test system.

Table 6: IEEE 118 Bus sensitive analysis results

IEEE188 Base case Line opening 5 to 8
From To Sensitivity | From To Sensitivity
20 19 0.36859 19 20 0.39342
30 8 0.25702 15 19 0.30996
8 5 0.25702 16 17 0.23401
5 3 0.23393 12 16 0.21241
19 15 0.22187 3 5 0.20559
12 3 0.14914 14 15 0.19444
22 23 0.12892 17 30 0.1934
21 22 0.12678 65 68 0.19148
20 21 0.12564 68 69 0.18553
12 2 0.11697 12 14 0.1793

is substantially larger than in the previous example, making a ranking
necessary to define which branches are more influenced when variations
in the power transmitted in the HVDC occur.
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Figure 18: IEEE118 bus base case graphs.

The sensitivity analysis results are summarized in Table[6] In the base
case, a total of 14,380 paths were identified connecting Buses 3 and 20.
The most sensitive branches in this scenario were 20 to 19, 30 to 8, 8 to
5, and 5 to 3. Using the proposed methodology, the most critical path
was determined as:

(03) = (01)  (02) - (12)  (07) - (06)  (05) — (08) - (30)  (17) — (15)  (19) — (20).

Although multiple highly sensitive branches were identified, the algo-
rithm prioritizes the most critical path in the current step. However,
these additional sensitive branches can be utilized in future iterations to
define new priority paths, enabling the identification of alternative routes
under different operating conditions.

For the scenario with the line opening between Buses 5 and 8, a total

of 9,095 paths were found. In this case, the most sensitive branches were
20 to 19, 19 to 15, 17 to 16, and 16 to 12. The identified critical path for

44



108 101

110 103
106 142 93

Figure 19: Graphs of IEEE 118 bus line open between Bus 5 and 8.

this scenario was:

OO OMOMOMOMORMOMCD:

As in the base case, only the most critical path is selected for analysis,
but the identified sensitive branches can serve as key candidates for future
assessments, potentially revealing alternative paths based on changing
system conditions.

Figures [18 and [19] display the sensitivity graphs for HVDC variation.
The path identified by the algorithm is highlighted in red, while the
simulated HVDC is marked in green. Comparing the figures reveals
the impact of opening the line between Buses 8 and 5, which alters the
network configuration and the identified key path.

In Fig. 20, compared to Figures and [19, a filter is applied to
exclude branches with sensitivities below 5% of the maximum value, as
explained in [3.3] In Step 5, Path Construction, after identifying the
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Figure 20: Graphs of IEEE 118 bus line open between Bus 5 and 8, after the filter.

paths, branches with low sensitivity are filtered out, which reduces the
number of branches analyzed and enhances the efficiency of the overall
process. As a result, although the red lines appear to go through the
same nodes, the nodes have been repositioned to reflect only the most
critical connections. The resulting graph emphasizes the reduction in
the number of AC system branches, while the HVDC link continues to
connect buses 3 and 20, maintaining its role in the system.
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4 Analysis of HVDC Induced Loop Flow

The analysis of active power flow variation induced by HVDC trans-
mission employs the continuation method, which consists of two main
steps: prediction and correction. In the prediction step, a variation pa-
rameter, A, is introduced into the power flow equations to represent the
increase in power transmitted through the HVDC system. This parame-
ter increases incrementally until either the HVDC reaches its operational
limits or the power flow simulation fails to converge.

The tangent vector method [44] plays a key role in determining the
direction and sensitivity of the system’s state variables concerning the
variation in A. The tangent vector (TV) provides insights into the ex-
pected change in power flow as A increases, as expressed in Eq. .

The power flow equation with the inclusion of A\ is defined as:

Pi(V,0) — Py (V,0,\) — Pavpo(A) =0, (2)
where:

e P.(V,0) denotes the active power at bus k, dependent on voltage
magnitude V' and phase angle 6.

e P.,,(V,0,)) is the active power flow between buses k£ and m, which
also depends on V', 8, and .

e Pyypc(N) represents the power transmitted through the HVDC link
as a function of A.

The variation parameter A is determined using the equation:

P
alTian) )

where:

e p is a predefined step coefficient that controls the magnitude of the
parameter increment.
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e ||T'V]| is the norm of the tangent vector, ensuring A is scaled appro-
priately according to system sensitivity.

The tangent vector T'V is derived from the following expression:

oP
- (1), ()
O\
where:

e J is the Jacobian matrix of the power flow equations, containing
the partial derivatives of active power P and reactive power () with
respect to the state variables.

° % and g—? represent the sensitivity of the active and reactive power

flows to changes in \.

The prediction step, guided by the tangent vector, efficiently estimates
the direction and magnitude of the next state in the continuation method.
This approach is particularly valuable in identifying critical points in the
power system, such as those leading to loop flows.

In the correction step, the method adjusts the voltage and power val-
ues to satisfy the power flow equations for the new value of A. This
adjustment refines the estimated system state, leading to a valid and
convergent solution. The continuation method, illustrated in Fig. [21]
identifies the power flow reversal point, which is essential for analyzing
HVDC-induced loop flows. The figure was generated through simula-
tions of the Brazilian 107-Bus system, analyzing the variation in power
transmitted on the AC line between buses 360 and 325, which will be
further examined in this paper.

This method utilizes the tangent vector to enhance the efficiency and
accuracy of loop flow analysis, offering a detailed approach to managing
the complexities of power system dynamics, particularly when integrating
HVDC transmission links.

The correction process, informed by the prediction, plays a crucial role
in accurately determining changes in the transmission direction. This
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Figure 21: Analysis of HVDC Induced Loop Flow.

process, integral to the Newton-Raphson method, ensures robust con-
vergence and enhances the overall reliability and stability of the power
system during HVDC-induced variations.

4.1 Impact of HVDC Losses on Loop Flow

Loss analysis is crucial in optimizing loop flow, as HVDC transmission
systems face various losses, including resistive, converter, and transmis-
sion losses. These losses can be categorized as linear or quadratic based
on their relationship with transmitted power [45].

Linear converter losses arise from the AC/DC conversion process, re-
maining relatively constant and unaffected by transmission levels. Ex-
amples include hight switching losses in converter valves and losses in
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transformers [46].

Resistive losses, exhibiting a quadratic behavior, arise from the resis-
tance in the transmission line, including conductor resistance, grounding
resistance, and contact resistance.

The total losses of the HVDC transmission can be modeled by (),
where:

PDClosses =0 + f}/A (5)

o represents the fixed losses of the embedded HVDC link, and v indicates
the coefficient of losses related to the power transmitted by the HVDC,
A, as specified in (2).

In contrast, quadratic transmission losses increase as transmitted power
increase. These losses, varying with the square of transmitted power,
result from leakage reactance, dielectric losses, and losses in insulating
materials.

Equation @ indicates the sum of losses in the AC line of the system,
where, m € ¢, and ¢;. is the list of adjacent busses of bus k, Vi and
V., are the voltage magnitude of the AC buses, G}, is the value of the
conductance of the AC line km.

PACipes = Z Z ka(VkQ + Vn% — 2Vj,Vincos(Oxm)) (6)
kK m
Minimizing losses in transmission systems with embedded HVDC is
essential to enhance efficiency and reduce costs. Various measures can be
taken, such as selecting optimal transformer designs, improving converter
efficiency, and implementing advanced control strategies.

APt AV  dVy  dViVicos(Oum)
) _;;2ka(d/\ T ) )+ (D)

Equation shows the variation of active power concerning the power
change in the HVDC. When the function’s derivative equals zero, it
marks the minimum point for losses. The transmission loss coefficient
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Figure 22: Total losses.

of HVDC, denoted by +, shifts this minimum point to the left on the
graph, as depicted in Fig. 22]

Analyzing system losses aids in identifying the moment of loop flow
occurrence. Figure 22| visually represents total losses in the system for
different loss values adopted in the HVDC during increased power trans-
mission. When HVDC loss is considered 0%, shown in blue in Fig. 22|
the losses in the system are exclusively those in the AC system. In this
simulation, the increase in power transmitted by the HVDC link incurs
lower losses than the AC system. Therefore, the total losses should al-
ways decrease, but at a point, they start to rise again due to Loop Flow.
This occurs because the extra power transmitted on the HVDC link cir-
culates through the AC system, returning to the point of origin and its
surroundings. The minimum point of the curve indicates the beginning
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of loop flow. Adopting higher loss values for HVDC transmission shifts
this point to the left because HVDC losses are linear and increase pro-
portionally with transmitted power.

Figure 23| displays the power transmitted on the line connecting Buses
18 and 19 of the IEEE 57 bus system. Flow inversion occurs when the
power transmitted in the HVDC exceeds 0.11 pu, indicating a local effect
of loop flow. Whereas Fig. indicates the effect globally, Fig.
provides insight into the local impact of loop flow. This comprehensive
approach ensures a thorough understanding of loop flow dynamics, aiding
in the efficient management and optimization of HVDC transmission
systems, as mentioned in Contribution 2 in Chapter [1]
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Figure 23: Active power flow between Buses 18 and 19 with HVDC between Buses 3 and 20.

4.2 Case Study: Loop Flow in an IEEE 57-Bus System

This chapter presents examples of loop flow analysis using the IEEE
57 bus test system. In this scenario, HVDC is introduced between Buses
3 and 20, with Bus 20 in the central region, as shown by Fig. [I5]

Through the identification process, the key branch for analysis is the
one between Buses 20 and 21. Figure illustrates the variation of

52



=
)
a

(=]
[N

©
3

©

S

1=}

a
L

(=]
T

o
o
o

Power transmitted from bus 20 to bus 21 (p.u.)

o

0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9
Power transmitted on the HVDC (p-u.)

(=)

Figure 24: Active power flow between Buses 20 and 21 with HVDC between Buses 3 and 20.

transmitted power in the embedded HVDC link and its impact on power
between the branches. In this context, Py, where km is a subscript
denoting the specific pair of buses under consideration, represents the
power at the analyzed bus. For this example, Py, refers to the power
flow between Buses 20 and 21.

The flow direction between Buses 20 and 21 undergoes a reversal when
the simulated transmission in the HVDC exceeds 0.126 pu. Beyond this
threshold, loop flow induced by the HVDC becomes apparent, and its
magnitude steadily rises until it reaches the limit value of 0.95 pu, as
outlined in Contribution 3 in Chapter [1]

Figure [24] also illustrates that adopting a power reference direction in
a branch can result in a negative initial value. However, the methodol-
ogy continues to identify variations in flow direction, transitioning from
negative to positive in this scenario.

4.3 Impact of System Conditions on HVDC-Induced Loop Flow

In this chapter, the IEEE 57-Bus system was used, and new load
and generation conditions were created; the HVDC is connected between
buses 20 and 3. Table [7] summarizes the changes made in each case,
whereas Fig. [25/shows the difference of the transmission curves of active
power in the line between buses.
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Table 7: Simulated cases of the IEEE 57-Bus system
Case Changes
1 Base case
2 Increase of generation at Bus 12 and load at Bus 38, by 1.0 pu
3 Increase of generation at Bus 12 and load at Bus 21, by 1.0 pu
4 Change of 0.5 pu of load from Bus 12 to Bus 20

0.2 T T T T T T T T T

Case 1
meme=Case 2|
M ssnsennn Case 3
= = =Case 4

1 | ] | 1 ] L 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Power transmitted on the HVDC (p.u.)

Figure 25: Comparison between cases.

Figure 25| illustrates the significant impacts on the maximum achiev-
able transmission value on the line, before causing a flow reversal on
the analyzed line, due to changes between the cases outlined in Table
[7. In the base case, loop flow initiates with 0.126 pu transmitted on the
HVDC line. In case 4, involving a load shift of 0.5 pu from Bus 12 to
20, the value increases, and the loop flow initiates with 0.23 pu. This
variation can be used as an alert, and an additional safety parameter
for the operator, as detailed in Contribution 4 in Chapter [I] Identify-
ing key paths that require monitoring during HVDC power variations
makes the modified Dijkstra’s algorithm particularly useful for real-time
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applications and contingency planning.

4.4 Case Study: HVDC Loop Flow in the 107-Bus System

The 107-Bus test system represents the South-Southeast and Mato
Grosso regions of the Brazilian National Interconnected System. Data
for the 107-Bus system used in this study were extracted from [47]. The
system data and branch parameters are presented in Tables [16] and [17]
respectively.

This system was selected due to the high number of generation units
and loads in the region, which features many connections and a meshed
transmission network. An HVDC link was introduced between buses 325
and 535, as depicted in Figures 26| and 28] These buses were chosen for
their strategic location and because they are connected to generation,
enabling sensitivity analysis in both directions of HVDC power trans-
mission.

The inclusion of an HVDC link in this system is critical for investigat-
ing the effects of power transmission in loop flow scenarios. The study
focuses on identifying and analyzing these loop flow events, which are
caused by power transmission through the HVDC and can significantly
impact the performance and stability of the meshed network. This anal-
ysis aims to pinpoint sensitive areas that require enhanced monitoring
and control.

The study analyzes loop flow within this system and determines when
it occurs. Using the modified Dijkstra algorithm, a path is identified
that passes through the line connecting buses 360 and 325, a path that
traditional methods, such as the shortest impedance method [6], would
not detect. After identifying the branch with the highest sensitivity and
the loop flow path it forms, highlighted in red in Fig. [28, the study
examines the moment of flow reversal in this line, which occurs after 5.2
p.u., when the power flow crosses zero and reverses direction, as shown
in Fig. 27/ In Fig. [27], the purple arrow represents the HVDC link, illus-
trating the direction and magnitude of HVDC power transmission during
the analysis. Monitoring these highly sensitive lines is crucial because

95



535

S YAY)

S.SIMAO

ITUMBIARA

AVERMELHA
500KV 500KV il
536 05— 210
A.VERMELHA 303 ITUMBIARA
440kV UHE @ 500KV
S.SIMAO
500 18
UHE HVDC UHE
AVERMELHA ITUMBIARA
320 )
EMBORCACAQ
500kV
100
MARIMBONDO
500KV T 1
213 N.PONTE
MARIMBONDO 500kV
20 345kV
UHE
MARIMBONDO
396 @ 301
305 V.GRANDE UHE
ARARAQUARA UHE 345kv JAGUARA
V.GRANDE 326
JAGUARA
345KV
12 131
UHE M.MORAES
L.C.BARRETO Sy 2
103 UHE
CAMPINAS 134 M.MORAES
500KV L.C.BARRETO
123 345kV @ 16
CAMPINAS | UHE
345KV
P.CALDAS ELENAS
500kV FURNAS
\ 345KV
120 138
P.CALDAS ITUTINGA
345KV 345kV
1503
ITAJUBA
500KV
1504
ITAJUBA
138KV
104
crauLsTA BN
500kV 140
106 ADRIANOPOLIS
ADRIANOPOLIS 345KV

Figure 26: Detail of the Brazilian 107-Bus Test System with embedded HVDC.

they are significantly affected by HVDC power transmission variations,
depending on load and generation conditions.

The 107-Bus test system provides a robust framework for examining
these phenomena, offering insights into the complexities of managing a
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meshed transmission network with significant renewable generation and
load variations. The integration of the HVDC link and the modified
Dijkstra algorithm highlights critical areas for system stability and oper-
ational efficiency, emphasizing paths that are most affected by loop flows
and thus prioritizing resources for effective power flow management.
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5 Loss Minimization Framework

This chapter details the optimization formulation aimed at minimizing
transmission losses through the embedded HVDC link. This formulation
is essential to improving the efficiency of HVDC systems, particularly
in the context of long-distance and high-capacity power transmission
applications, such as those being implemented in the Brazilian electrical
system. For a detailed discussion on HVDC losses, refer to Chapter [4.1]

Let the power generated by the i-th generator of the system be denoted
by PG;. The total real power generated can be modeled as follows:

PG, = PGy + APG, (8)

Where PG is the base generation and A PG; represents the variation
in generation.

The objective function is to minimize the total losses in the system.
This can be expressed as:

Minimize: Ltotal = LAC + LHVDC (9)

The constraints of the optimization problem include the power balance
equation, which is defined as:

Vie 7% " Ve (G + jBim) — Vi Grm+

Vk‘Vmka COS ekm + ‘/kaBk:m sin 9km+ (10)
jv}kam - ijVmBk‘m COS ek‘m+
JViVin G sin 0y, — Sgvpe = 0 VEk

Figure 29 illustrates the power balance at Bus k.
The optimization constraints for the system include the limits on the
HVDC power flow and the power generated:

Prvpe < Pavpe < Prvpe (11)
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Figure 29: Power balance on Bus k.

PG, < PGy < PGy, (12)

Additionally, the voltage magnitude at each bus must be within spec-
ified limits:

Vi <Vi <V (13)

This formulation provides a framework for optimizing power transmis-
sion by minimizing losses and ensuring system reliability and efficiency.

5.1 Proposed Methodology

This study examines the power system’s response to two critical fac-
tors: topological variations and load changes. The methodology focuses
on the role of HVDC control in minimizing system losses by dynamically
optimizing power flows. By analyzing the impact of transmission net-
work reconfigurations and varying demand levels, the approach evaluates
HVDC'’s effectiveness in reducing losses and improving system efficiency
under different operating conditions.

To clearly present the optimization process, a pseudocode representa-
tion is provided in Algorithm [3] While the simulations were conducted
using MATLAB, the use of pseudocode enhances clarity and ensures the
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methodology is easily understood and reproducible by a broader audi-
ence, regardless of the specific programming environment used.

Algorithm 3: HVDC Optimization for Loss Minimization

Input : Power system data (Bus, generation, load, topology)
Output: Optimized HVDC power transfer minimizing system losses

Function HVDCOptimization (System Data)

Initialize Ppyq. = 0, min_loss = 00, Phydcopt = 0
Define constraints (max Pyqc, step size)

Run initial AC power flow analysis and compute losses

for step =1 to max_steps do
Redistribute power from renewable to dispatchable generators in steps of

step_size

for Puq. = 0 to max_Py, in increments of step_size do
Set HVDC injections: Py(source) = Phyde, Py(target) = —Pryde
Run AC power flow and compute losses
if losses < min_loss then

‘ Update min_loss, Phydc_opt

end

end

end
Apply optimized Phyqc opt and evaluate final losses
return Optimized HVDC settings and loss reduction

5.2 Case Studies on HVDC Controlled Power Flow

This chapter presents the simulations and case studies conducted to
analyze the effects of HVDC control optimization under varying loading
and topological conditions. The analysis focuses on two test systems: the
IEEE 57-Bus system and the Brazilian 107-Bus system. The primary ob-
jective is to investigate the impact of HVDC control on reducing system
losses, particularly in scenarios involving the integration of renewable
energy energy and network reconfigurations.

To replicate the real-world effects observed in the Brazilian power sys-
tem during the 2018 event, where a reduction in wind power generation
led to unintended loop flows in the transmission network specific gener-
ators were designated as renewable energy sources in these simulations.
The study implements a renewable energy case by redistributing power
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generation between distant buses to simulate the effect of declining wind
generation in one region while increasing dispatchable hydroelectric gen-
eration elsewhere to maintain system balance.

In this scenario, power generation is progressively reduced at a se-
lected bus, representing a wind power plant, while a corresponding in-
crease occurs at another bus, representing a hydroelectric plant capable
of compensating for the shortfall. A total power redistribution of 2 pu
is applied in 40 controlled steps of 0.05 pu, allowing a gradual and sys-
tematic assessment of system behavior under dynamic conditions. This
approach provides insights into how HVDC control can mitigate the ad-
verse effects of renewable generation fluctuations and prevent loop flow
issues.

5.2.1 Application to the IEEE 57-Bus Test Network

The IEEE 57-Bus system is the first test case used to evaluate the
effectiveness of HVDC optimization in reducing power losses under vary-
ing operating conditions [43]. This system, with its well-structured and
moderately complex network, provides an ideal starting point for validat-
ing the proposed methodology before applying it to larger, more intricate
systems.

By first analyzing the IEEE 57-Bus system, this study establishes a
controlled baseline to assess how HVDC control influences system per-
formance. An HVDC link is introduced between Buses 3 and 8, as illus-
trated in Figure [30] strategically positioned to optimize power transfer
and minimize losses. Compared to the previous study in Chapter [3.4.3],
the HVDC link location has been modified to highlight the effect of gener-
ation redistribution on system performance. The findings from this case
study will later be compared with the results from the Brazilian 107-Bus
system, ensuring that the insights gained are applicable to networks of
different scales and complexities.

The analysis focuses on variations in topology and load conditions to
quantify the impact of HVDC control on system losses. The objective is
to demonstrate the robustness of the proposed approach and its ability to
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Figure 30: IEEE 57-Bus test system with an embedded HVDC link.
enhance system efficiency in a smaller network with fewer redundancies.

5.2.2 HVDC Response to Different Demand Scenarios

To assess the adaptive capabilities of HVDC control under varying
demand, load profiles within the IEEE 57-Bus system were modified.
Specifically, three cases were examined: Case 1 (low load, 0.8 pu), Case
2 (moderate load, 0.9 pu), and Case 3 (nominal load, 1.0 pu). These sce-
narios allowed for the evaluation of HVDC control’s impact on system
losses across different operating conditions. A simulated power redis-
tribution between Buses 2 and 9, representing a decrease in renewable
generation at Bus 2 and a corresponding increase in dispatchable genera-
tion at Bus 9, was used to analyze the HVDC system’s dynamic balancing
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Figure 31: HVDC link power transmission variation across different load conditions.

Figure illustrates the power variation in the HVDC link across
the three load scenarios. It highlights how HVDC optimization adjusts
power flow to reduce losses and improve operational efficiency compared
to cases without HVDC control.

Figure |32 presents the difference in system losses across the load cases.
The results show that the loss reduction effect becomes more pronounced
as the event progresses. In Case 1 (low load), the initial loss difference
is 0.176 pu, increasing to 0.204 pu. Without HVDC optimization, losses
would be 15.9% higher, reinforcing the importance of optimized HVDC
operation in enhancing efficiency.

5.2.3 HVDC Performance Under Structural Grid Modifications

Using the IEEE 57-Bus system as a model, two case studies were es-
tablished to analyze the impact of topological changes on HVDC control.
In Case 01, the system’s response to the opening of the line connecting
Buses 22 and 38 is investigated. This analysis, along with Case 02, which
focuses on the opening of the line between Buses 38 and 48, examines

64



Case 1
3 Case 2 ||
Case 3

N
fo]

N
o

Loss Difference [pu]
N N
N N

N

=
®

=
o

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Redistributed Power [pu]

Figure 32: System loss differences with HVDC optimization under different load conditions.

how HVDC control adapts to different network configurations. The se-
lection of these lines is justified by their location in areas of high system
sensitivity, as identified in the base configuration. By evaluating power
redistribution under these line-opening scenarios, this study quantifies
HVDC control’s effectiveness in mitigating adverse effects and optimiz-
ing power flow to minimize losses. The results demonstrate HVDC’s
crucial role in maintaining grid stability and optimizing power transfer
despite network modifications.

Figure [33|shows the HVDC link power transmission response to differ-
ent line opening cases, highlighting its adaptability in redirecting power
flows.

Figure [34] illustrates the differences in system losses for different topo-
logical configurations. When the transmission line between Busses 38
and 48 is open, the loss difference initially measured at 1.72 pu increases
to 2.33 pu. Without HVDC control, system losses rise by 35.75%, demon-
strating the effectiveness of HVDC in mitigating inefficiencies caused by
network topology changes.
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Figure 34: System loss differences with HVDC optimization under various line opening cases.
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5.2.4 HVDC Optimization in the Brazilian 107-Bus Network

The second system used in this study is the Brazilian 107-Bus system,
which represents the South-Southeast and Mato Grosso regions. This
system is utilized to evaluate the interaction between renewable energy
sources, such as wind farms, and HVDC control optimization. Two sce-
narios are analyzed: load variation and topology variation.

Although the actual Brazilian power system in this region does not
currently feature significant wind generation or HVDC links, these ele-
ments are introduced in the simulation to assess their potential impact on
system performance. The study incorporates wind power generation to
replicate renewable energy integration challenges and includes an HVDC
link to explore its capability in mitigating transmission issues.

An HVDC link is introduced between Buses 325 and 535, highlighted
in purple in Figure 26 These buses are strategically selected based on
their locations and connectivity to generation sources, enabling a detailed
sensitivity analysis of HVDC power transmission in both directions.

The analysis focuses on how variations in topology and load conditions
influence system losses, comparing scenarios with and without HVDC op-
timization. The objective is to assess the potential of HVDC technology
to minimize power losses and enhance system efficiency under different
operating conditions.

5.2.5 Impact of Load Conditions on HVDC Loss Minimization

This study evaluates the impact of HVDC optimization on system
losses under varying load conditions by modifying the load profiles of the
Brazilian system. Three distinct cases are considered: Case 1 represents
low load conditions (0.7 pu), Case 2 reflects moderate load conditions
(0.85 pu), and Case 3 corresponds to nominal load conditions (1 pu).
The analysis examines how HVDC control adapts to these cases, mitigat-
ing losses and improving system performance under different operational
stresses. By comparing results across these load profiles, the study pro-
vides insights into the effectiveness of HVDC optimization in enhancing
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grid resilience and efficiency under diverse demand conditions.

The power redistribution event was carried out between Buses 303
and 16, simulating the effect of a drop in renewable generation at Bus
303 and compensation by Bus 16 with dispatchable generation. This sce-
nario allows for analyzing how HVDC control responds to an unexpected
reduction in renewable power injection and its ability to balance power
flows efficiently.
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Figure 35: Variation of transmitted power in the HVDC link, diferent loads cases.

Figure (35| illustrates the difference in power transmission through the
HVDC link when HVDC control is applied to minimize system losses,
compared to the scenario where control is not applied. This comparison
highlights the adaptive response of HVDC control in redistributing power
flow to improve overall system efficiency.

Figure [36| presents the difference in system losses across the three load
cases. The loss difference increases throughout the event since the com-
parison is made between cases with and without HVDC control. Without
HVDC optimization, power distribution is less efficient, leading to higher
losses as the event progresses. The results demonstrate the effectiveness
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Figure 36: Difference in system losses using HVDC optimization.

of HVDC in dynamically adjusting power flows to minimize system losses
under varying demand conditions.

In Case 3, which represents the nominal system power condition, the
initial loss difference is 0.203 pu, increasing to 0.229 pu by the end of the
event. Without HVDC control, losses would be 12.8% higher, highlight-
ing the significant impact of optimized HVDC operation in improving
system efficiency.

5.2.6 Impact of Grid Reconfiguration on HVDC Power Transfer

This analysis examines the impact of different transmission network
configurations by simulating the opening and closing of specific transmis-
sion lines. It evaluates how HVDC control adapts to these changes and
optimizes system losses. The objective is to assess the role of HVDC in
maintaining efficiency under varying topological conditions.

The study analyzes power redistribution under various line opening
scenarios to determine HVDC control’s effectiveness in mitigating ad-
verse effects. By adjusting power flows, HVDC redistributes loads effi-
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ciently and maintains system stability despite network reconfigurations.
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Figure 37: Transmitted power variation in the HVDC link for different line opening cases.

Figure |37 shows the variation in HVDC power transmission under dif-
ferent transmission line opening scenarios. The figure exhibits a staircase-
like pattern, which reflects the step-by-step nature of the HVDC control
strategy. At each step, the system losses is evaluated, and the transmit-
ted power through the HVDC link is recalculated based on the updated
network conditions. This iterative adjustment allows the HVDC link to
dynamically compensate for topological changes, mitigating the impact
of transmission constraints and improving overall system performance.

Figure presents system loss differences across different topologi-
cal configurations. As transmission lines open, losses increase due to
power flow redistribution. HVDC optimization significantly mitigates
these losses, demonstrating its role in preserving system efficiency and
reducing power dissipation.

In the most critical scenario, where a major transmission corridor
opens, the initial loss difference is 0.208 pu, increasing to 0.237 pu. With-
out HVDC control, losses rise by 13.94%), underscoring HVDC’s role in
improving grid resilience and optimizing power distribution under vary-
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Figure 38: System loss differences with HVDC optimization across various line opening cases.
ing transmission conditions.

5.3 Publications Derived from This Thesis

The research conducted in this Ph.D. Thesis has led to the following
scientific publications:

e Published: Analysis of Loop Flow in Electrical Power Systems with
Embedded HVDC Using a Modified Dijkstra Algorithm, Sustainable
Energy, Grids & Networks, 2025. [DOI: 10.1016/j.segan.2024.101597]

e To be submitted: Mitigating Loop Flow, Minimizing Power Losses
in HVDC Systems.

These publications contribute to the academic and professional com-
munity by providing new methodologies for analyzing and optimizing
power flow in systems with embedded HVDC links. The findings pre-
sented support further research on transmission efficiency, loop flow mit-
igation, and loss optimization in modern power grids.
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6 Conclusion

This Ph.D. Thesis has presented a comprehensive analysis of loop flow
scenarios in power systems with embedded HVDC links and proposed
methodologies for their identification, mitigation, and optimization. The
research was structured into two main studies: the first focusing on the
identification and analysis of loop flow paths using a modified Dijkstra
algorithm, and the second on optimizing power losses in AC transmission
systems by leveraging HVDC injections as control variables.

The first study introduced a novel approach for identifying key paths
within a loop system, allowing for the detection of potential loop flows.
By applying a sensitivity analysis, this method effectively pinpointed the
most critical branches within the system and assessed their influence on
power flow variations. One of the key findings of this research was the
identification of an optimal loss minimization point, beyond which losses
begin to increase again, signaling the onset of loop flow. The ability to
predict such scenarios provides system operators with a powerful tool for
improving operational planning and mitigating adverse effects caused by
uncontrolled power redistribution.

Building upon these insights, the second study developed an optimiza-
tion framework aimed at minimizing AC system losses through HVDC
power injections. By treating these injections as control variables, the
methodology effectively reduced transmission losses while indirectly mit-
igating loop flow effects. Since loss minimization follows a parabolic
trend, with its lowest point corresponding to the threshold before signif-
icant loop flows emerge, the study demonstrated that explicitly incorpo-
rating loop flow constraints would be redundant. Instead, the proposed
optimization approach inherently addresses the issue, offering a practical
and computationally efficient method for system operators.

The proposed methodologies have significant implications for the op-
eration and planning of modern power systems. The modified Dijkstra
algorithm provides a systematic way to analyze loop flow paths and iden-
tify potential weak points in the system, enabling operators to anticipate
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and respond to changes in power flow direction. Additionally, the HVDC
loss optimization framework enhances system efficiency, particularly in
scenarios with high renewable energy penetration and dynamic loading
conditions.

Despite its advantages, the approach has certain limitations. While
it effectively captures the primary factors influencing loop flow and loss
optimization, it does not explicitly account for transient stability con-
straints, long-term thermal limits, or complex HVDC control dynamics.
Future research could integrate these aspects into the framework to de-
velop a more holistic system assessment. Moreover, the methodology
primarily focuses on steady-state analysis, and incorporating dynamic
system responses could further enhance its applicability. Considering
multi-HVDC embedded systems to evaluate methods for detecting and
mitigating loop flows and optimizing losses is yet to be explored.

Overall, this Ph.D. Thesis contributes to the field of power system op-
timization by providing innovative methodologies for loop flow identifica-
tion and loss minimization in HVDC-integrated networks. The insights
gained from this work support the development of more resilient, effi-
cient, and adaptive transmission systems, paving the way for enhanced
grid stability and reliability in the face of evolving energy landscapes and
increasing renewable energy integration.
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A Appendix - Test systems data

In this chapter, the data of the test systems is presented.

A.1 IEEE 4 bus adapted

Table 8: IEEE 4 bus adapted data

Number Tipe V A Pl QI Pg Qg Qmax Qmin

1 3 1.000 00 0.0 0.0 0.0 00 999.9 -999.9
2 2 0950 0.0 40.0 125 90.0 -16.0 90.0 -20.0
3 0 0900 0.0 50.0 16,5 0.0 0.0 50.0 -999.9
4 2 0900 0.0 20.0 125 10.0 0.0 30.0 -20.0

Table 9: IEEE 4 bus adapted branch data

From To Rpu Xpu Tap Tmn Tmx step
1 2 0.0200 0.1000 0.0 0.0 0.0 0.0
2 3 0.1000 0.2000 0.0 0.0 0.0 0.0
3 4 0.1000 0.2000 1.0 0.8 1.2 0.05
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A.2 1EEE 14 bus

Table 10: IEEE 14 bus data

Number Type V A Pl QI Pg Qg Qmax Qmin

1 3 1.060 0.0 00 0.0 2324 -169 0.0 0.0
2 2 1.045 -498 21.7 12.7 166.0 424 50.0 -40.0
3 2 1.010 -12.72 942 190 0.0 234 40.0 0.0
4 0 1.019 -10.33 478 -39 00 0.0 0.0 0.0
5 0 1020 -878 76 16 00 0.0 0.0 0.0
6 2 1070 -14.22 112 75 0.0 122 240 -6.0
7 0 1062 -13.37 0.0 00 00 0.0 0.0 0.0
8 2 1090 -13.36 0.0 0.0 00 174 240 -6.0
9 0 1.056 -14.94 295 16.6 0.0 0.0 0.0 0.0
10 0 1051 -1510 9.0 58 0.0 0.0 0.0 0.0
11 0 1.057 -14.79 35 1.8 0.0 0.0 0.0 0.0
12 0 105 -15.07 6.1 16 0.0 0.0 0.0 0.0
13 0 1.050 -15.16 13.5 58 0.0 0.0 0.0 0.0
14 0 1.036 -16.04 149 5.0 0.0 0.0 0.0 0.0

Table 11: IEEE 14 bus branch data

From To Rpu Xpu  Line charging

1 2 0.01938 0.05917 0.0528
0.05403 0.22304 0.0492
0.04699 0.19797 0.0438
0.05811 0.17632 0.0374
0.05695 0.17388 0.0340
0.06701 0.17103 0.0346
0.01335 0.04211 0.0128

0.0 0.20912 0.0

0.0 0.55618 0.0

R AW N
O | O | T &~ | W
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From To Rpu Xpu  Line charging
5 6 0.0  0.25202 0.0
6 11 0.09498 0.19890 0.0
6 12 0.12291 0.25581 0.0
6 13 0.06615 0.13027 0.0
7 8 0.0  0.17615 0.0
7 9 0.0  0.11001 0.0
9 10 0.03181 0.08450 0.0
9 14 0.12711 0.27038 0.0
10 11 0.08205 0.19207 0.0
12 13 0.22092 0.19988 0.0
13 14 0.17093 0.34802 0.0
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A.3 1IEEE 57 bus

Table 12: IEEE 57 bus data

Number Type V A Pl Ql Pg Qg Qmax Qmin
1 3 1.040 0.0 55.0 17.0 1289 -16.1 0.0 0.0
2 2 1010 -118 30 &880 00 -0.8 500 -17.0
3 2 098 -597 410 21.0 40.0 -1.0 60.0 -10.0
4 0 0981 -732 0.0 00 0.0 0.0 0.0 0.0
5 0 0976 -852 130 4.0 0.0 0.0 0.0 0.0
6 2 0980 -865 750 2.0 0.0 0.8 250 -8.0
7 0 0984 -758 0.0 00 0.0 0.0 0.0 0.0
8 2 1.005 -4.45 150.0 22.0 450.0 62.1 200.0 -140.0
9 2 0980 -9.56 121.0 26.0 0.0 2.2 9.0 -3.0
10 0 098 -1143 5.0 20 0.0 0.0 0.0 0.0
11 0 0974 -10.17 0.0 00 0.0 0.0 0.0 0.0
12 2 1.015 -1046 377.0 24.0 310.0 128.5 155.0 -150.0
13 0 0979 -979 180 23 0.0 0.0 0.0 0.0
14 0 0970 -9.33 105 53 0.0 0.0 0.0 0.0
15 0 0988 -7.18 220 50 0.0 0.0 0.0 0.0
16 0 1.013 -88 430 3.0 0.0 0.0 0.0 0.0
17 0 1.017 -539 420 80 0.0 0.0 0.0 0.0
18 0 1.001 -11.71 272 9.8 0.0 0.0 0.0 0.0
19 0 0970 -13.20 33 06 0.0 0.0 0.0 0.0
20 0 0964 -1341 23 1.0 0.0 0.0 0.0 0.0
21 0 1.008 -12.89 0.0 0.0 0.0 0.0 0.0 0.0
22 0 1.010 -12.84 0.0 0.0 0.0 0.0 0.0 0.0
23 0 1008 -1291 6.3 2.1 0.0 0.0 0.0 0.0
24 0 0999 -1325 0.0 00 0.0 0.0 0.0 0.0
25 0 0982 -1813 6.3 32 0.0 0.0 0.0 0.0
26 0 0959 -1295 0.0 0.0 0.0 0.0 0.0 0.0
27 0 0982 -1148 93 05 0.0 0.0 0.0 0.0
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Number Type V A Pl Ql Pg Qg Qmax Qmin
28 0 0997 -1045 46 23 0.0 0.0 0.0 0.0
29 0 1.010 -9.7% 170 26 0.0 0.0 0.0 0.0
30 0 0962 -1868 3.6 1.8 0.0 0.0 0.0 0.0
31 0 0936 -1934 58 29 0.0 0.0 0.0 0.0
32 0 0949 -1846 1.6 0.8 0.0 0.0 0.0 0.0
33 0 0947 -1850 3.8 19 0.0 0.0 0.0 0.0
34 0 0959 -14.10 0.0 00 0.0 0.0 0.0 0.0
35 0 0966 -13.86 6.0 3.0 0.0 0.0 0.0 0.0
36 0 097 -13.59 0.0 00 0.0 0.0 0.0 0.0
37 0 098 -1341 0.0 00 0.0 0.0 0.0 0.0
38 0 1.013 -1271 140 7.0 0.0 0.0 0.0 0.0
39 0 0983 -1346 0.0 0.0 0.0 0.0 0.0 0.0
40 0 0973 -13.62 0.0 00 0.0 0.0 0.0 0.0
41 0 099 -14.05 6.3 3.0 0.0 0.0 0.0 0.0
42 0 0966 -1550 7.1 44 0.0 0.0 0.0 0.0
43 0 1.010 -11.33 2.0 1.0 0.0 0.0 0.0 0.0
44 0 1017 -11.86 120 1.8 0.0 0.0 0.0 0.0
45 0 1.036 -9.25 0.0 00 0.0 0.0 0.0 0.0
46 0 1.050 -11.89 0.0 0.0 0.0 0.0 0.0 0.0
47 0 1.033 -12.49 29.7 11.6 0.0 0.0 0.0 0.0
48 0 1.027 -1259 0.0 0.0 0.0 0.0 0.0 0.0
49 0 1.036 -1292 180 85 0.0 0.0 0.0 0.0
50 0 1.023 -13.39 21.0 10.5 0.0 0.0 0.0 0.0
51 0 1.052 -12.52 180 5.3 0.0 0.0 0.0 0.0
52 0 0980 -1147 49 22 0.0 0.0 0.0 0.0
53 0 0971 -12.23 20.0 10.0 0.0 0.0 0.0 0.0
54 0 099 -11.69 41 14 0.0 0.0 0.0 0.0
55 0 1.031 -10.v8 6.8 34 0.0 0.0 0.0 0.0
56 0 0968 -16.04 7.6 22 0.0 0.0 0.0 0.0
57 0 0965 -16.56 6.7 2.0 0.0 0.0 0.0 0.0
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Table 13: IEEE 57 bus branch data

From To Rpu Xpu Tap

20,0083 0,028

-

0,0298 0,085

0,0112 0,0366

0,0625 0,132

0,02 0,102

0,0339 0,173

4
5
6 0,043 0,148
7
8
9

0,0099 0,0505

10 0,0369 0,1679

11 0,0258 0,0848

12 0,0648 0,295

13 0,0481 0,158

0,0132 0,0434

15 0,0269 0,0869

15 0,0178 0,091

16 0,0454 0,206

(ev] Henll Hen) Hen) Hen) Heo] ool N o) Nen) Hen) Rev] Hev) Heo) Neo) Han) Ran)

17 0,0238 0,108

15 0,0162 0,053

)

18 0 0555 097

18 0 0,43 0,978

e

6 0,0302 0,0641

8 0,0139 0,0712

12 0,0277 0,1262

— = —_ =
HO\]U‘%%C«OH)—‘P—‘C@&@@@©OO®CDH>H>OO[\DH
—_
W

13 0,0223 0,0732

—_
[\
—_
w

0,0178 0,058

—_
(N
—_
=

0,018 0,0813

—
[\
—_
~J

0,0397 0,179

—_
W~
—_
ot

0,0171 0,0547

OO OO OO

—_
oo
—_
Ne

0,461 0,685
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From To Rpu Xpu Tap
19 20 0,283 0,434 0
21 20 0 0,7767 1,043
21 22 0,0736 0,117 0
2223 0,0099 0,0152 0
23 24 0,166 0,256 0
24 25 0 1,182 1
24 25 0 1,23 1
24 26 0 0,0473 1,043
26 27 0,165 0,254 0
27 28 0,0618 0,0954 0
28 29 0,0418 0,0587 0
7 29 0 0,0648 0,967
25 30 0,135 0,202 0
30 31 0,326 0,497 0
31 32 0,507 0,755 0
32 33 0,0392 0,036 0
34 32 0 0,953 0,975
34 35 0,052 0,078 0
35 36 0,043 0,0037 0
36 37 0,029 0,0366 0
37 38 0,0661 0,1009 0O
37 39 0,0239 0,0379 0
36 40 0,03 0,0466 O
22 38 0,0192 0,0295 0
11 41 0 0,749 0,955
41 42 0,207 0,352 0
41 43 0 0,412 0
38 44 0,0289 0,0585 0
15 45 0 0,1042 0,955
14 46 0 0,0735 0,9
46 47 0,023 0,068 0
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From To Rpu Xpu Tap
47 48 0,0182 0,0233 0O
48 49 0,0834 0,129 0
49 50 0,0801 0,128 0
50 51 0,1386 0,22 0
10 51 0 0,0712 0,93
13 49 0 0,191 0,895
29 52 0,1442 0,187 0
52 53 0,0762 0,0984 0O
53 54 0,1878 0,232 0
54 55 0,1732 0,2265 0
11 43 0 0,153 0,958
44 45 0,0624 0,1242 0
40 56 0 1,195 0,958
56 41 0,553 0,549 0
56 42 0,2125 0,354 0
39 o7 0 1,355 0,98
57 56 0,174 0,26 0
38 49 0,115 0,177 0
38 48 0,0312 0,0482 0
9 55 0 0,1205 0,94
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A.4 1IEEE 118 bus

Table 14: ITEEE 118 bus data

N Type V A Pl Ql Pg Qg Qmax Qmin
1 2 095 10.67 51.0 270 0.0 0.0 150 -5.0
2 0 0971 11.22 20.0 9.0 0.0 00 0.0 0.0
3 0 0968 11.56 39.0 100 0.0 0.0 0.0 0.0
4 2 0998 1528 30.0 120 -9.0 0.0 300.0 -300.0
5! 0 1.002 15.73 0.0 0.0 0.0 0.0 0.0 0.0
6 2 0990 13.00 52.0 220 0.0 00 500 -13.0
7 0 0989 12,56 19.0 2.0 0.0 00 0.0 0.0
8 2 1.015 20.77 0.0 0.0 -28.0 0.0 300.0 -300.0
9 0 1.043 28.02 0.0 0.0 0.0 0.0 0.0 0.0
10 2 1.050 35.61 0.0 0.0 450.0 0.0 200.0 -147.0
11 0 098 12.72 70.0 23.0 00 0.0 0.0 0.0
12 2 0990 12.20 47.0 100 8.0 0.0 120.0 -35.0
13 0 0968 11.35 340 160 0.0 0.0 0.0 0.0
14 0 0984 11.50 140 1.0 0.0 00 0.0 0.0
15 2 0970 11.23 90.0 300 0.0 0.0 300 -10.0
16 0 0984 1191 250 100 0.0 0.0 0.0 0.0
17 0 099 13.74 11.0 3.0 0.0 00 0.0 0.0
18 2 0973 1153 60.0 340 00 0.0 500 -16.0
19 2 0963 11.05 45.0 250 0.0 0.0 24.0 -8.0
20 0 0958 11.93 18.0 3.0 0.0 00 0.0 0.0
21 0 0959 1352 140 8.0 0.0 00 0.0 0.0
22 0 0970 16.08 10.0 5.0 0.0 00 0.0 0.0
23 0 1.000 21.00 7.0 3.0 0.0 00 0.0 0.0
24 2 0992 20.89 0.0 0.0 -13.0 0.0 300.0 -300.0
25 2 1.050 2793 0.0 0.0 220.0 0.0 140.0 -47.0
26 2 1.015 29.71 0.0 0.0 314.0 0.0 1000.0 -1000.0
27 2 0968 1535 62.0 130 -90 0.0 300.0 -300.0
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N Type V A Pl Ql Pg Qg Qmax Qmin
28 0 0962 13.62 17.0 7.0 0.0 00 0.0 0.0
29 0 0963 12.63 24.0 4.0 0.0 00 0.0 0.0
30 0 0968 18.79 0.0 0.0 0.0 00 0.0 0.0
31 2 0967 12.75 43.0 270 7.0 0.0 300.0 -300.0
32 2 0964 14.80 59.0 230 00 00 420 -14.0
33 0 0972 10.63 23.0 9.0 0.0 00 0.0 0.0
34 2 098 11.30 59.0 26.0 0.0 0.0 24.0 -8.0
35 0 0981 10.87 33.0 9.0 0.0 00 0.0 0.0
36 2 0980 10.87 31.0 170 0.0 0.0 24.0 -8.0
37 0 0992 11.77 0.0 0.0 0.0 00 0.0 0.0
38 0 0962 16.91 0.0 0.0 0.0 00 0.0 0.0
39 0 0970 841 270 11.0 00 0.0 0.0 0.0
40 2 0970 735 200 23.0 -46.0 0.0 300.0 -300.0
41 0 0967 6.92 37.0 100 00 0.0 0.0 0.0
42 2 098 853 37.0 23.0 -59.0 0.0 300.0 -300.0
43 0 0978 11.28 180 7.0 0.0 00 0.0 0.0
44 0 098 13.82 16.0 8.0 0.0 00 0.0 0.0
45 0 0987 15.67 53.0 220 00 0.0 0.0 0.0
46 2 1.006 18.49 28.0 100 190 0.0 100.0 -100.0
47 0 1.017 20.73 34.0 0.0 0.0 00 0.0 0.0
48 0 1.021 19.93 200 11.0 0.0 0.0 0.0 0.0
49 2 1.025 2094 87.0 30.0 204.0 0.0 210.0 -85.0
50 0 1.001 1890 17.0 4.0 0.0 00 0.0 0.0
51 0 0967 16.28 17.0 8.0 0.0 00 0.0 0.0
52 0 0957 15.32 18.0 5.0 0.0 00 0.0 0.0
53 0 0946 14.35 230 11.0 0.0 0.0 0.0 0.0
54 2 095 1526 113.0 320 480 0.0 300.0 -300.0
55 2 0952 1497 63.0 220 0.0 0.0 230 -8.0
56 2 0954 15.16 84.0 180 0.0 0.0 15.0 -8.0
b7 0 0971 16.36 12.0 3.0 0.0 00 0.0 0.0
58 0 0959 1551 12.0 3.0 0.0 00 0.0 0.0
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N Type V A Pl Ql Pg Qg Qmax Qmin
59 2 098 19.37 277.0 113.0 155.0 0.0 180.0 -60.0
60 0 0993 23.15 78.0 3.0 0.0 00 0.0 0.0
61 2 0995 24.04 0.0 0.0 160.0 0.0 300.0 -100.0
62 2 0998 2343 770 140 00 0.0 200 @ -20.0
63 0 0.969 22.75 0.0 0.0 0.0 00 0.0 0.0
64 0 0984 2452 0.0 0.0 0.0 00 0.0 0.0
65 2 1.005 27.65 0.0 0.0 391.0 0.0 200.0 -67.0
66 2 1.050 27.48 39.0 180 392.0 0.0 200.0 -67.0
67 0 1.020 24.84 28.0 7.0 0.0 00 0.0 0.0
68 0 1.003 27.55 0.0 0.0 0.0 00 0.0 0.0
69 3 1.035 30.00 0.0 0.0 5164 0.0 300.0 -300.0
70 2 0984 2258 66.0 200 00 00 320 -10.0
71 0 0987 22.15 0.0 0.0 0.0 00 0.0 0.0
72 2 0.980 20.98 0.0 0.0 -12.0 0.0 100.0 -100.0
73 2 0991 2194 0.0 0.0 -6.0 0.0 100.0 -100.0
74 2 0958 21.64 680 270 00 00 90 -6.0
75 0 0967 2291 470 11.0 00 0.0 0.0 0.0
76 2 0943 21.77 68.0 36.0 0.0 0.0 230 -8.0
77 2 1.006 26.72 61.0 28.0 0.0 0.0 70.0 -20.0
78 0 1.003 26.42 71.0 260 00 0.0 0.0 0.0
79 0 1.009 26.72 39.0 320 00 0.0 0.0 0.0
80 2 1.040 28.96 130.0 26.0 477.0 0.0 280.0 -165.0
81 0 0.997 28.10 0.0 0.0 0.0 00 0.0 0.0
82 0 0989 2724 540 270 00 0.0 0.0 0.0
83 0 098 2842 20.0 100 00 0.0 0.0 0.0
84 0 0980 30.95 11.0 7.0 0.0 00 0.0 0.0
85 2 098 3251 240 150 0.0 0.0 230 -8.0
86 0 0987 31.14 21.0 100 0.0 0.0 0.0 0.0
87 2 1.015 31.40 0.0 0.0 4.0 0.0 1000.0 -100.0
88 0 0987 3564 48.0 100 0.0 0.0 0.0 0.0
89 2 1.005 39.69 0.0 0.0 607.0 0.0 300.0 -210.0
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N Type V A Pl Ql Pg Qg Qmax Qmin
90 2 098 3329 78.0 420 -8.0 0.0 300.0 -300.0
91 2 0980 33.31 0.0 0.0 -10.0 0.0 100.0 -100.0
92 2 0993 3380 65.0 100 00 0.0 9.0 -3.0
93 0 0987 30.79 12.0 7.0 0.0 00 0.0 0.0
94 0 0991 28.64 30.0 160 0.0 0.0 0.0 0.0
95 0 0981 27.67 42.0 31.0 00 0.0 0.0 0.0
96 0 0993 2751 38.0 150 0.0 0.0 0.0 0.0
97 0 1.011 27.88 15.0 9.0 0.0 00 0.0 0.0
98 0 1.024 2740 34.0 8.0 0.0 00 0.0 0.0
99 2 1.010 27.04 0.0 0.0 -420 0.0 100.0 -100.0
100 2 1.017 28.03 37.0 18.0 252.0 0.0 155.0 -50.0
101 0 0993 29.61 220 150 00 0.0 0.0 0.0
102 0 0991 3230 5.0 3.0 0.0 00 0.0 0.0
103 2 1.001 2444 23.0 16.0 40.0 0.0 40.0 -15.0
104 2 0971 21.69 38.0 250 0.0 0.0 230 -8.0
105 2 0.965 20.57 31.0 26.0 0.0 0.0 23.0 -8.0
106 0 0962 20.32 43.0 160 00 0.0 0.0 0.0
107 2 0952 1753 28.0 12.0 -22.0 0.0 200.0 -200.0
108 0  0.967 19.38 2.0 1.0 0.0 00 0.0 0.0
109 0  0.967 18.93 8.0 3.0 0.0 00 0.0 0.0
110 2 0973 18.09 39.0 30.0 0.0 0.0 23.0 -8.0
111 2 0980 19.74 0.0 0.0 36.0 0.0 1000.0 -100.0
112 2 0975 1499 25.0 13.0 -43.0 0.0 1000.0 -100.0
113 2 0993 13.74 0.0 0.0 -6.0 0.0 200.0 -100.0
114 0 0.960 14.46 8.0 3.0 0.0 00 0.0 0.0
115 0 0.960 14.46 22.0 7.0 0.0 00 0.0 0.0
116 2 1.005 27.12 0.0 0.0 -184.0 0.0 1000.0 -1000.0
117 0 0974 10.67 20.0 8.0 0.0 00 0.0 0.0
118 0 0949 2192 33.0 150 0.0 0.0 0.0 0.0
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Table 15: IEEE 118 bus branch data

From To Rpu Xpu Tap
1 2 0.03030 0.09990 0.0
1 3 0.01290 0.04240 0.0
4 5 0.00176 0.00798 0.0
3 5 0.02410 0.10800 0.0
5 6 0.01190 0.05400 0.0
6 7 0.00459 0.02080 0.0
8 9 0.00244 0.03050 0.0
8 5 0.00000 0.02670 0.985
9 10 0.00258 0.03220 0.0
4 11 0.02090 0.06880 0.0
5 11 0.02030 0.06820 0.0
11 12 0.00595 0.01960 0.0
2 12 0.01870 0.06160 0.0
3 12 0.04840 0.16000 0.0
7 12 0.00862 0.03400 0.0
11 13 0.02225 0.07310 0.0
12 14 0.02150 0.07070 0.0
13 15 0.07440 0.24440 0.0
14 15 0.05950 0.19500 0.0
12 16 0.02120 0.08340 0.0
15 17 0.01320 0.04370 0.0
16 17 0.04540 0.18010 0.0
17 18 0.01230 0.05050 0.0
18 19 0.01119 0.04930 0.0
19 20 0.02520 0.11700 0.0
15 19 0.01200 0.03940 0.0
20 21 0.01830 0.08490 0.0
21 22 0.02090 0.09700 0.0
22 23 0.03420 0.15900 0.0
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From To Rpu Xpu Tap
23 24 0.01350 0.04920 0.0
23 25 0.01560 0.08000 0.0
26 25 0.00000 0.03820 0.960
25 27 0.03180 0.16300 0.0
27 28 0.01913 0.08550 0.0
28 29 0.02370 0.09430 0.0
30 17 0.00000 0.03880 0.960
8 30 0.00431 0.05040 0.0
26 30 0.00799 0.08600 0.0
17 31 0.04740 0.15630 0.0
29 31 0.01080 0.03310 0.0
23 32 0.03170 0.11530 0.0
31 32 0.02980 0.09850 0.0
27 32 0.02290 0.07550 0.0
15 33 0.03800 0.12440 0.0
19 34 0.07520 0.24700 0.0
35 36 0.00224 0.01020 0.0
35 37 0.01100 0.04970 0.0
33 37 0.04150 0.14200 0.0
34 36 0.00871 0.02680 0.0
34 37 0.00256 0.00940 0.0
38 37 0.00000 0.03750 0.935
37 39 0.03210 0.10600 0.0
37 40 0.05930 0.16800 0.0
30 38 0.00464 0.05400 0.0
39 40 0.01840 0.06050 0.0
40 41 0.01450 0.04870 0.0
40 42 0.05550 0.18300 0.0
41 42 0.04100 0.13500 0.0
43 44 0.06080 0.24540 0.0
34 43 0.04130 0.16810 0.0
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From To Rpu Xpu Tap
44 45 0.02240 0.09010 0.0
45 46 0.04000 0.13560 0.0
46 47 0.03800 0.12700 0.0
46 48 0.06010 0.18900 0.0
47 49 0.01910 0.06250 0.0
42 49 0.07150 0.32300 0.0
42 49 0.07150 0.32300 0.0
45 49 0.06840 0.18600 0.0
48 49 0.01790 0.05050 0.0
49 50 0.02670 0.07520 0.0
49 51 0.04860 0.13700 0.0
51 52 0.02030 0.05880 0.0
52 53 0.04050 0.16350 0.0
53 54 0.02630 0.12200 0.0
49 54 0.07300 0.28900 0.0
49 54 0.08690 0.29100 0.0
54 55 0.01690 0.07070 0.0
54 56 0.00275 0.00955 0.0
55 56 0.00488 0.01510 0.0
56 57 0.03430 0.09660 0.0
50 57 0.04740 0.13400 0.0
56 58 0.03430 0.09660 0.0
51 58 0.02550 0.07190 0.0
54 59 0.05030 0.22930 0.0
56 59 0.08250 0.25100 0.0
56 59 0.08030 0.23900 0.0
55 59 0.04739 0.21580 0.0
59 60 0.03170 0.14500 0.0
59 61 0.03280 0.15000 0.0
60 61 0.00264 0.01350 0.0
60 62 0.01230 0.05610 0.0

95



From To  Rpu Xpu Tap
61 62 0.00824 0.03760 0.0
63 59 0.00000 0.03860 0.960
63 64 0.00172 0.02000 0.0
64 61 0.00000 0.02680 0.985
38 65 0.00901 0.09860 0.0
64 65 0.00269 0.03020 0.0
49 66 0.01800 0.09190 0.0
49 66 0.01800 0.09190 0.0
62 66 0.04820 0.21800 0.0
62 67 0.02580 0.11700 0.0
65 66 0.00000 0.03700 0.935
66 67 0.02240 0.10150 0.0
65 68 0.00138 0.01600 0.0
47 69 0.08440 0.27780 0.0
49 69 0.09850 0.32400 0.0
68 69 0.00000 0.03700 0.935
69 70 0.03000 0.12700 0.0
24 70 0.00221 0.41150 0.0
70 71 0.00882 0.03550 0.0
24 72 0.04880 0.19600 0.0
71 72 0.04460 0.18000 0.0
71 73 0.00866 0.04540 0.0
70 74 0.04010 0.13230 0.0
70 75 0.04280 0.14100 0.0
69 75 0.04050 0.12200 0.0
74 75 0.01230 0.04060 0.0
76 77 0.04440 0.14800 0.0
69 77 0.03090 0.10100 0.0
75 77 0.06010 0.19990 0.0
77 78 0.00376 0.01240 0.0
78 79 0.00546 0.02440 0.0
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From To  Rpu Xpu Tap
77 80 0.01700 0.04850 0.0
77 80 0.02940 0.10500 0.0
79 80 0.01560 0.07040 0.0
68 81 0.00175 0.02020 0.0
81 80 0.00000 0.03700 0.935
77 82 0.02980 0.08530 0.0
82 83 0.01120 0.03665 0.0
83 84 0.06250 0.13200 0.0
83 85 0.04300 0.14800 0.0
84 85 0.03020 0.06410 0.0
85 8 0.03500 0.12300 0.0
86 87 0.02828 0.20740 0.0
85 88 0.02000 0.10200 0.0
8 89 0.02390 0.17300 0.0
88 89 0.01390 0.07120 0.0
89 90 0.05180 0.18800 0.0
89 90 0.02380 0.09970 0.0
90 91 0.02540 0.08360 0.0
89 92 0.00990 0.05050 0.0
89 92 0.03930 0.15810 0.0
91 92 0.03870 0.12720 0.0
92 93 0.02580 0.08480 0.0
92 94 0.04810 0.15800 0.0
93 94 0.02230 0.07320 0.0
94 95 0.01320 0.04340 0.0
80 96 0.03560 0.18200 0.0
82 96 0.01620 0.05300 0.0
94 96 0.02690 0.08690 0.0
80 97 0.01830 0.09340 0.0
80 98 0.02380 0.10800 0.0
80 99 0.04540 0.20600 0.0
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From To Rpu Xpu Tap
92 100 0.06480 0.29500 0.0
94 100 0.01780 0.05800 0.0
95 96 0.01710 0.05470 0.0
96 97 0.01730 0.08850 0.0
98 100 0.03970 0.17900 0.0
99 100 0.01800 0.08130 0.0
100 101 0.02770 0.12620 0.0
92 102 0.01230 0.05590 0.0
101 102 0.02460 0.11200 0.0
100 103 0.01600 0.05250 0.0
100 104 0.04510 0.20400 0.0
103 104 0.04660 0.15840 0.0
103 105 0.05350 0.16250 0.0
100 106 0.06050 0.22900 0.0
104 105 0.00994 0.03780 0.0
105 106 0.01400 0.05470 0.0
105 107 0.05300 0.18300 0.0
105 108 0.02610 0.07030 0.0
106 107 0.05300 0.18300 0.0
108 109 0.01050 0.02880 0.0
103 110 0.03906 0.18130 0.0
109 110 0.02780 0.07620 0.0
110 111 0.02200 0.07550 0.0
110 112 0.02470 0.06400 0.0
17 113 0.00913 0.03010 0.0
32 113 0.06150 0.20300 0.0
32 114 0.01350 0.06120 0.0
27 115 0.01640 0.07410 0.0
114 115 0.00230 0.01040 0.0
68 116 0.00034 0.00405 0.0
12 117 0.03290 0.14000 0.0
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From To  Rpu Xpu Tap
75 118 0.01450 0.04810 0.0
76 118 0.01640 0.05440 0.0

A.5 Brazilian 107 Bus test system

Table 16: System data - Brazilian 107 Bus test
system

N Type V A Pl Ql Pg Qg Qmax Qmin
12 1 1.000 -24.0 110.0 0.0 300.0 -203.0 420.0 -540.0
16 1 1.000 -26.0 110.0 0.0 800.0 -134.0 480.0 -720.0
18 2 1.020 -24.0 110.0 0.0 995.7 -401.0 600.0 -546.0
20 1 1.010 -22.0 110.0 0.0 900.0 -321.0 640.0 -640.0
21 1 1.000 -62.0 310.0 0.0 160.0 -25.8 84.0  -80.0
22 1 1.000 -20.0 110.0 0.0 150.0 -20.6 126.0 -120.0
35 1 1.000 -27.0 110.0 0.0 200.0 -50.0 180.0 -180.0
48 1 1.000 -43.0 110.0 0.0 0.0 -461.0 1200.0 -1080.0
86 0 1.033 -43.0 110.0 66.0 0.0 0.0 0.0 0.0
100 0 1.056 -28.0 110.0 0.0 0.0 0.0 0.0 0.0
101 0 1.069 -36.0 110.0 0.0 0.0 0.0 0.0  -200.0
102 0 1.059 -43.0 110.0 0.0 0.0 0.0 0.0  -100.0
103 0 1.072 -43.0 110.0 0.0 0.0 0.0 0.0 0.0
104 0 1.061 -52.0 110.0 910.0 0.0 0.0 0.0 235.0
106 0 1.050 -53.0 110.0 0.0 0.0 0.0 0.0  -100.0
120 0 1.041 -41.0 110.0 180.0 0.0 0.0 0.0 90.0
122 0 1.067 -42.0 110.0 200.0 0.0 0.0 0.0 38.0
123 0 1.035 -46.0 110.0 450.0 0.0 0.0 0.0 175.0
126 0 1.037 -43.0 110.0 290.0 0.0 0.0 0.0 95.0
131 0 1.027 -27.0 110.0 0.0 0.0 0.0 0.0 0.0
134 0 1.027 -26.0 110.0 0.0 0.0 0.0 0.0 0.0
136 0 1.028 -33.0 110.0 54.0 0.0 0.0 0.0 23.0
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N Type V A Pl Ql Pg Qg Qmax Qmin
138 0 1.036 -44.0 110.0 72.0 0.0 0.0 0.0 34.0
140 0 1.023 -54.0 110.0 700.0 0.0 0.0 0.0 250.0
210 0 1.048 -28.0 110.0 0.0 0.0 0.0 0.0 0.0
213 0 1.050 -29.0 110.0 93.0 0.0 0.0 0.0 39.0
216 0 1.049 -28.0 110.0 53.0 0.0 0.0 0.0 25.0
217 0 1.050 -32.0 110.0 364.0 0.0 0.0 0.0 58.0
218 0 1.025 -40.0 110.0 600.0 0.0 0.0 0.0 200.0
219 0 1.028 -39.0 110.0 0.0 0.0 0.0 0.0 0.0
220 0 1.052 -32.0 110.0 0.0 0.0 0.0 0.0 0.0
225 0 1.000 -35.0 110.0 0.0 0.0 0.0 0.0 0.0
228 0 1.016 -41.0 110.0 86.0 0.0 0.0 0.0 34.0
231 0 1.013 -49.0 310.0 89.7 0.0 0.0 0.0 31.9
233 0 1.039 -36.0 110.0 0.0 0.0 0.0 0.0 0.0
234 0 1.027 -39.0 110.0 1000.0 0.0 0.0 0.0 350.0
300 1 1.020 -19.0 110.0 0.0 700.0 -184.0 392.0 -440.0
301 1 1010 -19.0 110.0 0.0 300.0 -129.0 140.0 -140.0
302 1 1.020 -18.0 110.0 0.0 400.0 -125.0 150.0 -150.0
303 1 1.020 -24.0 110.0 0.0 200.0 -279.0 600.0 -600.0
305 1 1.000 -22.0 110.0 0.0 300.0 -60.5 120.0 -120.0
320 0 1.049 -24.0 110.0 0.0 0.0 0.0 0.0 0.0
325 0 1.046 -24.0 110.0 0.0 0.0 0.0 0.0 0.0
326 0 1.033 -26.0 110.0 274.0 0.0 0.0 0.0 104.0
360 0 1.047 -22.0 110.0 0.0 0.0 0.0 0.0 0.0
370 0 1.049 -25.0 110.0 0.0 0.0 0.0 0.0 0.0
396 0 1.041 -26.0 110.0 0.0 0.0 0.0 0.0 0.0
500 1 1.020 -22.0 110.0 0.0 800.0 -118.0 540.0 -540.0
535 0 1.035 -26.0 110.0 0.0 0.0 0.0 0.0 0.0
536 0 1.023 -29.0 110.0 700.0 0.0 0.0 0.0 150.0
800 1 1020 -7.0 210.0 0.0 1100.0 138.8 800.0 -800.0
808 1 1.020 3.5 2100 0.0 1150.0 113.3 600.0 -600.0
810 1 1.020 -4.0 210.0 0.0 1200.0 -72.0 532.0 -400.0
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N Type V A Pl Ql Pg Qg Qmax Qmin
814 0 1.000 -38.0 210.0 735.4 0.0 0.0 0.0 191.0
824 0 1.038 -17.0 210.0 0.0 0.0 0.0 0.0 0.0
834 0 0994 -29.0 210.0 134 0.0 0.0 0.0 4.2
839 0 0999 -6.4 210.0 0.0 0.0 0.0 0.0 0.0
840 0 098 -9.4 210.0 159.0 0.0 0.0 0.0 36.0
848 0 0999 -55 210.0 94.0 0.0 0.0 0.0 18.0
856 0 1.035 -11.0 210.0 0.0 0.0 0.0 0.0 0.0
895 0 1.044 -35.0 210.0 0.0 0.0 0.0 0.0 0.0
896 0 1.028 -4.3 210.0 0.0 0.0 0.0 0.0 0.0
897 0 1.040 -3.0 210.0 0.0 0.0 0.0 0.0 0.0
898 0 1.012 -2.1 210.0 0.0 0.0 0.0 0.0 0.0
904 1 1.020 -15.0 210.0 0.0 700.0 -236.0 475.0 -475.0
915 1 1.020 -13.0 210.0 0.0 700.0 -109.0 465.0 -516.0
919 1 1.000 5.75 210.0 0.0 700.0 88.63 220.0 -148.0
925 1 1.020 -0.12 210.0 0.0 950.0 72.93 420.0 -440.0
933 0 1.038 -18.0 210.0 0.0 0.0 0.0 0.0 0.0
934 0 1.000 -18.0 210.0 237.0 0.0 0.0 0.0 59.0
938 0 1.043 -37.0 210.0 0.0 0.0 0.0 0.0 0.0
939 0 1.000 -40.0 210.0 1149.0 0.0 0.0 0.0 53.06
955 0 1.058 -24.0 210.0 0.0 0.0 0.0 0.0 0.0
959 0 1.033 -35.0 210.0 0.0 0.0 0.0 0.0 100.0
960 0 1.000 -38.0 210.0 844.74 0.0 0.0 0.0 469.1
964 0 1.037 -31.0 210.0 0.0 0.0 0.0 0.0 0.0
965 0 1.000 -33.0 210.0 755.6 0.0 0.0 0.0 56.24
976 0 1.012 -34.0 210.0 0.0 0.0 0.0 0.0 0.0
995 0 1.050 -19.0 210.0 0.0 0.0 0.0 0.0 0.0
1015 0  1.002 -40.0 210.0 70.0 0.0 0.0 0.0 2.0
1030 0  1.052 -21.0 210.0 0.0 0.0 0.0 0.0 0.0
1047 0 1.017 -1.2 2100 0.0 0.0 0.0 0.0 0.0
1060 0 1.043 -8.1 210.0 0.0 0.0 0.0 0.0 0.0
1210 0  1.000 -36.0 210.0 1228.0 0.0 0.0 0.0 425.0
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N Type V A Pl Ql Pg Qg Qmax Qmin
1503 0 1.061 -50.0 110.0 0.0 0.0 0.0 0.0 0.0
1504 0 1.026 -53.0 110.0 145.0 0.0 0.0 0.0 63.0
2458 0 1.000 -6.6 210.0 403.0 0.0 0.0 0.0 126.0
4501 0  1.030 -61.0 310.0 314 0.0 0.0 0.0 7.1
4521 0  1.037 -66.0 310.0 0.0 0.0 0.0 0.0 0.0
4522 0  1.037 -68.0 310.0 0.0 0.0 0.0 0.0 -20.0
4523 1 1.010 -61.0 310.0 0.0 50.0 -10.8  30.0  -42.0
4530 0  1.048 -73.0 310.0 0.0 0.0 0.0 0.0 0.0
4532 0  1.048 -73.0 310.0 0.0 0.0 0.0 0.0 0.0
4533 0  1.018 -73.0 310.0 754 0.0 0.0 0.0 16.1
4542 0  1.030 -72.0 310.0 0.0 0.0 0.0 0.0 0.0
4552 0  1.013 -80.0 410.0 12.6 0.0 0.0 0.0 1.2
4562 0  1.019 -88.0 410.0 23.8 0.0 0.0 0.0 7.4
4572 0  1.016 -85.0 410.0 18.0 0.0 0.0 0.0 6.4
4582 0 1.026 -91.0 410.0 85.5 0.0 0.0 0.0 21.8
4592 0  1.020 -67.0 310.0 0.0 0.0 0.0 0.0 0.0
4596 1  1.000 -68.0 310.0 0.0 230.0 -39.0 160.0 -160.0
4623 0  1.023 -71.0 310.0 128.24 0.0 0.0 0.0 40.76
4703 0 1.007 -74.0 310.0 182.0 0.0 0.0 0.0  129.75
4804 1 1.000 -75.0 310.0 0.0 50.0 -19.0 59.0  -86.0
4805 0 1.028 -78.0 310.0 0.0 0.0 0.0 0.0 0.0
4807 0 1.028 -80.0 310.0 128.9 0.0 0.0 0.0 36.3
4862 0  1.051 -78.0 310.0 0.0 0.0 0.0 0.0 -30.0
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Table 17: Branch data - Brazilian 107 Bus test
system

De Para Rpu Xpu Tap

86 48  0.00000 0.71475 1.000
86 122 0.00000 1.91300 1.000
86 122 0.00000 1.91300 1.000
100 20 0.00000 1.26400  1.000
100 101  0.17200  2.72000  1.000
100 101  0.17100  2.70000  1.000
100 210 0.20900 2.93500 1.000
100 213  0.00000 2.35700  1.000
100 535 0.15300  2.40000  1.000
101 102  0.15600  2.46000 1.000
101 103  0.15200 2.39000  1.000
102 120 0.00000  2.40300 1.000
102 1503 0.11000 1.91100  1.000
103 123  0.00000  2.41900 1.000
104 103  0.19600  3.10000  1.000
104 1503 0.05000 0.82000  1.000
106 104 0.15200 2.39000  1.000
106 104 0.15200 2.39000 1.000
106 140 0.00000  2.92300 1.000
106 140 0.00000  2.66800  1.000
122 103 0.10500 1.61900  1.000
123 120 0.35900  3.94500 1.000
126 86  0.10900 1.82600  1.000
126 86  0.10900 1.82400  1.000
126 120  0.60000  5.95000  1.000
126 120 0.60600  6.02000  1.000
131 22 0.00000 8.83330  1.000
134 12 0.00000 1.33500 0.999
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From To Rpu Xpu Tap
134 131 0.09200 1.01000  1.000
134 396 0.32000 3.50900 1.000
136 16 0.00000 1.53600  1.000
136 120 0.43600 4.30000 1.000
136 120 0.43600 4.30000  1.000
136 131 0.34800 3.42000 1.000
136 134 0.37500 4.13000 1.000
136 138 0.64900 6.46000 1.000
136 138 0.55800  6.19000  1.000
140 138 0.65200 6.50000 1.000
140 138 0.55800  6.19000  1.000
210 18 0.00000 0.66667  1.000
210 217 0.00000 1.72000 1.000
210 217  0.00000  1.72000 1.000
210 370 0.14700  2.32000  1.000
213 216 0.21900 2.42000 1.000
216 396 0.12900 1.41400 1.000
217 216 0.56500  6.24800  1.000
217 218 0.50700 5.61000  1.000
217 218 0.50700 5.61000  1.000
218 234 0.43000 4.79900 1.000
218 234 0.43000 4.79900 1.000
219 234  0.03500 0.43300 1.000
219 234 0.03500 0.43300 1.000
220 35  0.00000 4.49650 1.025
220 217 0.22600  2.39600  1.000
220 219 0.72600 7.70400 1.000
225 217 0.00000 2.72100 0.955
225 217 0.00000 2.93800 0.955
225 231  4.10000 19.76000 1.000
225 231 1.27000 13.62000 1.000
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From To Rpu Xpu Tap
228 219 0.00000 3.59500  1.000
231 4501 4.51000 21.69000 1.000
231 4501 1.49000 16.09000 1.000
233 210  0.28000  3.99300 1.000
233 320 0.27000 3.87300  1.000
234 233 0.00000 1.11300 1.000
234 233 0.00000 1.00000  1.000
320 210 0.12500 1.93700  1.000
320 300 0.00000 1.35670  1.000
320 360 0.08200 1.25600  1.000
325 301 0.00000 2.63250 1.000
325 326  0.00000 2.16000 1.000
325 326  0.00000 2.16000 1.000
325 360 0.10000 1.51900  1.000
325 370 0.28000 4.84000  1.000
326 134  0.07000 0.76100 1.000
326 396  0.24000 2.74000 1.000
360 302 0.00000 1.93670 1.000
370 303 0.00000 1.05750 1.000
370 535 0.09311 1.37580  1.000
396 305 0.00000 2.20000 1.025
535 500  0.00000 1.02500 1.000
536 535 0.00000 1.53300 1.000
536 535 0.00000 1.42000 1.000
814 895 0.03200 1.14600 0.9695
814 895 0.03100 1.16510 0.9695
824 800 0.00000 1.68000 1.024
824 933 0.01000 0.12400 1.000
824 933 0.01000 0.12600 1.000
834 934 244400 12.65200 1.000
839 840 0.00000 6.64000 1.000
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From To Rpu Xpu Tap
839 840 0.00000  6.29000  1.000
839 898 1.13000  6.99000  1.000
839 1047 1.22000  7.69000  1.000
839 2458 0.22000  1.09000  1.000
839 2458 0.17000 1.03200 1.000
856 810  0.00000  1.05000  1.000
856 933  0.05200 0.65400  1.000
856 1060 0.05600  0.69700 1.000
895 122 0.30800  3.95800  1.000
895 122 0.30800  3.95800  1.000
896 897  0.05000 0.73000  1.000
897 808 0.00000 1.02000 1.024
898 848 0.00000 6.36000 1.000
898 1047 0.15000 0.89100  1.000
933 895 0.20000  2.55300  1.000
933 955 0.16200  2.04800  1.000
933 959  0.20000  2.69000  1.000
934 933 0.03100 1.20700 0.9766
934 1047 3.04500 15.73800 1.000
934 1047 3.04100 15.71800 1.000
938 955  0.25562  2.92240 1.000
938 959 0.12700 1.60300 1.000
939 938 0.03100 1.15000 0.9621
939 938 0.03200 1.16300 0.9621
939 938 0.00000 1.27700 0.9621
939 1015 1.27100 6.56200 1.000
939 1015 1.28300 6.56400 1.000
955 964 0.18772  2.34670  1.000
959 895 0.05000 0.44000 1.000
960 834 2.21000 11.47500 1.000
960 959 0.03200 1.16300 0.9961
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From To Rpu Xpu Tap
960 959 0.03100 1.16600 0.9961
960 1015 1.89200 9.77600  1.000
960 1015 1.89500 9.70400 1.000
964 976 0.07330 0.91640 1.000
965 964 0.02000 1.21100 0.9687
965 964 0.02000 1.23300 0.9687
976 995 0.28200 3.85200  1.000
995 904 0.00000 1.15380  1.000
995 964 0.16433 3.03390 1.000
995 1030 0.07300 0.92100 1.000
995 1060 0.17200 2.17200  1.000
1030 915 0.00000  2.06550  1.000
1030 955  0.04700  0.59700  1.000
1047 919 0.00000 1.70220 1.025
1060 897 0.07600 1.17100 1.000
1060 925 0.00000 1.51500 1.024
1210 976  0.03000  1.21900 1.007
1210 976  0.03900 1.13800  1.007
1210 976 0.03600 1.21700  1.007
1503 1504 0.00000  5.20000  1.000

2458 896  0.00000 1.27000 0.9927

4501 4522  3.76000 20.68000 1.000

4501 4522 1.64000 12.46000 1.000

4521 4523 0.00000 20.71000 1.000

4522 4521 1.53000 7.60000 1.000

4522 4532  3.25000 17.92000 1.000

4522 4532  3.25000 17.92000 1.000

4522 4623 0.00000  7.95000 1.000

4522 4623 0.00000  7.95000 1.000

4532 4530 0.00000 14.30000 1.000

4532 4533 0.00000  8.60000 1.000
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From To Rpu Xpu Tap

4532 4533 0.00000  8.60000 1.000
4532 4533 0.00000  8.60000 1.000
4532 4542 1.62000 9.68000  1.000
4533 4596 0.00000 3.76350 1.000
4542 4552  1.83000 10.93000 1.000
4552 4572 1.40000 8.38000 1.000
4562 4572 0.94000 5.59000 1.000
4562 4582 1.24000  7.38000  1.000
4592 21  0.00000 6.40000 1.000
4592 4542 1.00000 6.17000  1.000
4623 4533 17.06000 45.50000 1.000
4703 4533 0.90000 2.31000  1.000
4703 4533 0.90000 2.31000  1.000
4805 4804 0.00000 13.33300 1.000
4805 4807 3.08900 8.13400 1.000
4805 4807 3.08900 8.13400 1.000
4862 4532 2.57000 23.68000 1.000
4862 4532 2.57000 23.68000 1.000
4862 4807 0.00000  4.05000 1.000
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