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RESUME

L'intégration croissante des sources d'énergie renouvelable, ainsi que le développement rapide des
systémes de transport d’¢lectricité en courant continu haute tension (HVDC) et des réseaux
multiterminaux en courant continu (MTDC), ont introduit une complexité importante tant sur le
plan de la modélisation que sur celui du calcul dans 1’analyse des réseaux ¢€lectriques. La simulation
de ces systémes a grande échelle, a 1’aide d’outils de simulation des transitoires électromagnétiques
(EMT), est essentielle pour garantir un fonctionnement fiable, la validation des systémes de
contrdle et une intégration sécurisée au réseau. Toutefois, les plateformes EMT traditionnelles
peinent a gérer efficacement I’augmentation de la taille des systémes, la présence de nombreux
composants non linéaires et les exigences de modélisation détaillée des convertisseurs. De plus, le
processus d’initialisation a 1’état stationnaire demeure un goulot d’étranglement majeur : il est
souvent fastidieux, numériquement instable et coliteux en ressources de calcul, en particulier pour

les systémes intégrant des systémes de contrdle complexes ou des composants de type boite noire.

Pour répondre a ces limitations, cette thése propose des techniques de simulation avancées,
spécialement congues pour accélérer les simulations EMT et améliorer le processus d’initialisation
dans les réseaux MTDC a grande échelle. Tout d’abord, avant d’aborder I’initialisation EMT, une
nouvelle méthode hybride de calcul de flux de puissance AC—DC est proposée. Cette méthode est
adaptée a des modeles de simulation MTDC complexes, prenant en charge une diversité¢ de
stratégies de commande des convertisseurs et dépassant les limitations des approches classiques.
Elle offre également une grande flexibilité, ce qui lui permet de s'adapter aux nouveaux modeles
de systemes de contrdole sans modifier l'algorithme. Sur cette base, une méthodologie
d’initialisation unifiée, appelée méthode de 1’Interface de Découplage (DI), est développée pour
rationaliser I’initialisation EMT. En exploitant les résultats du calcul de flux de puissance pour
initialiser les systemes de contrdle sans nécessiter d’acces interne, la méthode DI permet une
convergence rapide et une transition stable vers la simulation temporelle. Les évaluations sur bancs
d’essai confirment sa supériorité par rapport aux méthodes d’initialisation existantes. De plus, cette
méthode est étendue avec succes aux environnements de simulation en temps réel, ou elle permet
une convergence accélérée, réduit les transitoires liés a I’initialisation et protége les composants

sensibles lors des tests Hardware-in-the-Loop (HIL).
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Consciente que les parcs €oliens basés sur des générateurs asynchrones a double alimentation
(DFIG) représentent souvent une source majeure de retard lors de I’initialisation, la thése introduit
une méthode spécifique appelée Interface de Découplage Hybride (HDI), congue pour ces
systemes. En découplant partiellement et en initialisant sélectivement les boucles de systémes de
controle critiques, la méthode HDI réduit considérablement les délais d’initialisation sans nuire a
la précision. Son efficacité est démontrée sur des modeles de parcs éoliens DFIG, aussi bien

agrégés que détaillés.

Par ailleurs, afin de surmonter la complexité intrinséque des simulations EMT a grande échelle,
cette thése explore des techniques d’accélération avancées applicables aux simulations EMT
génériques. Les méthodes sont évaluées en termes de faisabilité et de fidélité, aussi bien pour des
systémes HVDC de petite que de grande taille. Trois approches sont systématiquement étudiées :
la parallélisation basée sur les lignes de transmission (TLP), la parallélisation des systemes de
contrdle (CtrlP) et les solveurs séquentiels optimisés (OSeqCtrl). Chacune de ces méthodes,
évaluée individuellement et en configurations hybrides, montre des gains de calcul substantiels,
avec des facteurs d’accélération supérieurs a 20 par rapport aux approches EMT séquentielles

classiques.

En résumé, cette these propose un ensemble cohérent de méthodes qui améliorent les performances
de simulation EMT a toutes les étapes du flux de modélisation, en introduisant des formulations
robustes de calcul de flux de puissance AC-DC, un ensemble de techniques d’initialisation
efficaces, ainsi que des méthodes d’accélération évolutives. Ensemble, ces avancées permettent
des simulations EMT plus rapides, plus fiables et plus extensibles, contribuant a la planification, a

I’analyse et aux essais en temps réel des réseaux ¢€lectriques modernes.
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ABSTRACT

The increasing integration of renewable energy sources, alongside the rapid development of High
Voltage Direct Current (HVDC) systems and Multi-Terminal DC (MTDC) networks, has
introduced significant modeling and computational complexity in power system analysis.
Simulating these large-scale, control-intensive systems using Electromagnetic Transient (EMT)
tools is essential for reliable operation, control validation, and secure grid integration. However,
traditional EMT simulation platforms struggle to efficiently manage growing system size,
extensive nonlinear components, and the detailed modeling required for power converters. In
addition, the steady-state initialization process remains a major bottleneck, often cumbersome,
numerically unstable, and computationally demanding, especially in systems containing complex

control hierarchies or black-box models.

To address these limitations, this dissertation introduces advanced simulation techniques
specifically designed to accelerate EMT simulations and enhance the initialization process for
large-scale MTDC networks. First, prior to engaging in EMT initialization, a novel hybrid AC-DC
load-flow technique is proposed. This method is tailored for sophisticated MTDC simulation
models, accommodating diverse converter control strategies and extending beyond the limitations
of conventional AC-DC load-flow approaches. Its flexibility also allows adaptation to emerging

control models without changing the algorithm.

Building upon this, a unified initialization methodology called the Decoupling Interface (DI)
method is proposed to streamline EMT initialization. By leveraging load-flow results to initialize
control systems without requiring internal access, the DI method achieves rapid convergence and
stable transitions to time-domain simulation. Benchmark evaluations confirm its superiority over
existing initialization methods. Furthermore, the method is successfully extended to real-time
simulation environments, where it ensures faster convergence, reduces initialization-induced

transients, and protects sensitive grid components during Hardware-in-the-Loop (HIL) testing.

Recognizing that Doubly-Fed Induction Generator (DFIG)-based wind parks frequently cause
prolonged initialization delays, the dissertation introduces a specialized Hybrid Decoupling
Interface (HDI) method tailored to these systems. The HDI approach significantly shortens

initialization time without compromising accuracy by partially decoupling and initializing critical
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control loops. Its effectiveness is demonstrated on both aggregated and detailed DFIG wind park

models.

Furthermore, to overcome the inherent computational complexity of large-scale EMT simulations,
this dissertation investigates advanced acceleration techniques applicable to generic EMT studies.
The methods are evaluated in terms of their feasibility and fidelity for accelerating both small- and
large-scale HVDC systems. Transmission Line-based Parallelization (TLP), control system
parallelization (CtrlP), and Optimized Sequential Control Solvers (OSeqCtrl) are systematically
explored. Each technique is assessed individually and in hybrid configurations, demonstrating
substantial computational gains, with acceleration factors exceeding 20 times compared to

traditional serial EMT simulation approaches.

In summary, this dissertation contributes a cohesive set of methods that improve EMT simulation
performance across the whole modeling workflow, introducing robust AC-DC load-flow
formulations, a set of initialization techniques, and scalable acceleration methods. Collectively,
these developments enable faster, more reliable, and more scalable EMT simulations, supporting

the planning, analysis, and real-time testing of modern power systems.
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CHAPTER 1 INTRODUCTION

1.1 Context and motivation

The global transition toward cleaner energy has driven significant integration of renewable energy
resources into modern power systems. This shift presents complex challenges for planning,
operation, and protection, particularly as large-scale renewable generation, such as offshore wind
and solar farms, is increasingly located far from major consumption centers [1-3]. High Voltage
Direct Current (HVDC) technology, especially based on Voltage Source Converters (VSCs), has
emerged as a key enabler of such long-distance power transfer. Its ability to interconnect
asynchronous grids, support flexible power flow, and accommodate various control strategies has

led to the development of Multi-Terminal DC (MTDC) systems [4].

However, the sophistication and scale of MTDC grids introduce critical challenges in terms of
system modeling, simulation, and analysis. These systems involve a wide variety of converter
types, control modes, and dynamic interactions. These interactions have a very wide range of
frequencies. Consequently, Electromagnetic Transient (EMT) simulation has become an
indispensable tool for analyzing MTDC systems, particularly for studying fast transients, control

behavior, and fault response [5].

Despite their accuracy, EMT simulations are computationally demanding due to the small time-
steps required and the complexity of the system dynamics [6-8]. The challenge intensifies with
increasing network size, model fidelity, and the presence of inverter-based resources (IBRs) with
nonlinear control structures. In addition, preparing EMT simulations for execution, especially the
process of steady-state initialization, is often time-consuming and prone to instability, particularly
in large-scale systems and complex controls [9, 10]. In real-time applications, such as Hardware-

in-the-Loop (HIL) testing, the demand for fast and stable initialization becomes even more critical
[11].

To address these challenges, new methodologies are needed to enhance the efficiency and

robustness of EMT simulations. Specifically, methods are required that can:



e Provide a compact solution for initializing complex MTDC systems that:
o Accurately initialize MTDC components without relying on full model
transparency.
o Improve startup stability and mitigate initialization failures.
o Ensure fast startup in both offline and real-time environments.
e Discover various accelerations of EMT simulation and reduce computational burdens

through efficient simulation techniques.

This dissertation is dedicated to investigating such methods, aiming to improve the practicality and

scalability of EMT simulations for future power systems.

MTDC structure and terminology.
1.2 MTDC systems: definitions, structures, and project landscape

An MTDC (multi-terminal high-voltage direct current) system [12, 13] is a specific type of high-
voltage DC network used for large-scale electric power transmission. It consists of more than two
converter stations connected to a shared DC network, and is typically deployed to enable long-
distance power transfer, asynchronous interconnection, or integration of dispersed renewable

energy sources, such as offshore wind farms.
1.2.1 Categories of HVDC schemes

Practical HVDC schemes can be broadly categorized into (i) point-to-point links, (i1) back-to-back
AC-AC converters, and (ii1)) DC-DC interconnections, as illustrated in Figure 1.1. Point-to-point
links are the classical and most widespread configuration, widely used for bulk power transfer over
long distances, including submarine and overhead applications. Back-to-back converters, by
contrast, do not require a DC transmission line; instead, they connect two asynchronous AC
systems through a shared DC link within the same station, making them particularly attractive for
cross-border or regional interconnections. DC-DC interconnections are an emerging category,
enabled by VSCs, that allow coupling between distinct HVDC grids or between networks operating
at different voltage levels. Collectively, these configurations provide the foundation for long-
distance power transfer, asynchronous interconnection, and enhanced controllability beyond

conventional AC stability limits.
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Figure 1.1 Typical HVDC configurations.

1.2.2 DC network structure and pole arrangements

Figure 1.2 illustrates the monopolar arrangements used in practical HVDC and MTDC systems.
The symmetrical monopolar configuration, shown in Figure 1.2.(a), consists of two conductors

operated at equal positive and negative voltages with respect to ground (£V,./2). This

arrangement has no intentional return path and is commonly used in VSC-based submarine cable
projects, where the elimination of ground current and reduced insulation stress is advantageous.
Notable examples include the BorWinl offshore wind connection in Germany [14] and the recently

commissioned Greenlink interconnector [15] between the UK and Ireland.

The bipolar configurations, shown in Figure 1.2.(b) and Figure 1.2(c), operates with two poles at

+V,. referenced to ground. Under normal conditions, the positive- and negative-pole currents are

equal and opposite, so no ground current flows. If one pole is lost, the system can continue in
monopolar (unbalanced) operation, where the remaining pole transfers power through a return path.
Two return path options are typically considered. In the first case, shown in Figure 1.2.(b), a ground
or sea return is used, which is cost-effective and historically dominant in long-distance overhead
LCC projects such as the Québec—New England link [4] and the Xiangjiaba—Shanghai
interconnection [15] in China. Alternatively, a dedicated metallic return (DMR) conductor can be
employed to avoid ground currents, shown in Figure 1.2.(c), an example of a real project is Kimal

Lo Aguirre in Chile[16].
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Figure 1.2 Typical HVDC pole configurations.

1.2.3 Status and trends

Early MTDC deployments were few and mainly LCC-based. Flagship examples include the
Québec—New England [4] scheme, which was upgraded to a multiterminal bipole (+450 kV, ~1,480
km) in 1990, and India’s North-East Agra system (£800 kV) [4], built with two rectifier stations

and one inverter station in a double-bipolar arrangement since 2015.

By contrast, today’s operational VSC-based DC grids are concentrated in China. Notable MTDC
systems are Nan’ao [15] (in service since 2013; MMC, three terminals; £160 kV), Zhoushan [15]
(since 2014; five terminals; £200 kV; DC circuit breakers added in 2016), and the large-scale
Zhangbei grid [15] (commissioned 2021; +500 kV; four terminals; 16 hybrid DCCBs). China has
also piloted hybrid LCC/VSC at Wudongde [15] (commissioned 2021; LCC with MMC blocks).

In Europe and the North Sea basin, momentum is shifting from point-to-point links toward scalable
MTDC. Current programs include Bornholm Energy Island [17] (two HVDC links by 2030;
possible multi-vendor), Germany’s DC hubs [18] (common MTDC specs by four TSOs with
execution targeted for 2028—2034), France’s GiLa [19] (two £320 kV symmetrical monopoles with



an offshore wind tap), and the Ultranet [15] £380 kV/2 GW bipolar. The UK roadmap similarly
foresees multiple 2 GW/525 kV schemes and has launched the Aquila interoperability program
[20]. The U.S. Department of Energy’s Atlantic study [20] proposes a meshed offshore HVDC grid
to integrate ~30 GW by 2030.

This accelerating build-out explains the launch of the interOPERA initiative [21], which targets
“interoperability by design” for multi-vendor, grid-forming MTDC: establishing functional
frameworks and procurement models, delivering a real-time demonstrator, and de-risking pilot
tenders as early as 2027. The program explicitly addresses the gap between today’s single-vendor
point-to-point practice and the scalable, multi-terminal offshore grids needed to meet EU objectives

for 300450 GW of offshore wind by 2050.
1.3 Overview of MTDC components and their models.

Modern MTDC grids extend point-to-point HVDC into networks that interconnect multiple
converters over shared DC buses. This section summarizes the main MTDC building blocks and
the modeling choices adopted in this dissertation for AC-DC load-flow (LF), initialization, and
EMT studies.

e DC transmission lines/cables: These lines or cables form the physical medium for power
transfer between terminals. They can be overhead lines or submarine/underground cables,
depending on geography and voltage level, and are often modeled using wideband
frequency-dependent line models in EMT environments [22].

e DC Circuit Breakers (DCCBs): DCCBs enable fault isolation and network reconfiguration
in DC grids. Their fast interruption capability is essential for the protection of MTDC
systems, especially in meshed or multiterminal topologies. Various technologies exist, such
as mechanical, hybrid, and solid-state breakers, each with different interruption times and
current ratings [3, 8].

e DC-DC converters: In some configurations, DC-DC converters are used to interface
separate DC voltage levels or provide galvanic isolation between sub-grids. They enable
hierarchical or zonal operation in large-scale DC systems [23, 24].

e Supervisory control systems: Centralized or distributed control and monitoring platforms
manage power flow, enforce operational limits, and coordinate between converters. They

play an increasingly critical role in real-time optimization and fault recovery [25].



A representative MTDC layout is shown in Figure 1.3, highlighting the presence of various system
components including VSC stations, DC lines, and protection and control equipment. Among all
MTDC components, power converters and IBRs constitute the dominant share of computational
burden in EMT simulations. Consequently, they are the primary focus of the acceleration strategies

investigated in this research. The following subsections describe them and their modelling in detail.
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Figure 1.3 Example of a meshed MTDC network.
1.3.1 IBRs

Renewable energy sources, primarily wind parks (WPs) and photovoltaic (PV) systems, constitute
the majority of generation assets integrated into modern MTDC networks. Unlike conventional
synchronous generators, these resources interface with the grid through power electronics-based
inverters, commonly known as IBRs. Due to their nonlinear control systems, switching behavior,
and detailed internal dynamics, IBRs pose substantial modeling and computational challenges in

EMT simulations.

In the context of WPs, wind turbines are based on several types of technologies, categorized into

four main types depending on the generator architecture and the control approach employed [26].

A Type I wind turbine uses a Squirrel Cage Induction Generator (SCIG) directly connected to the
grid via a transformer. Soft starters are employed to mitigate inrush currents during startup and

synchronization. The operating speed of Type I turbines is fixed and determined by the gearbox



and the number of pole pairs in the generator. Although this design is simple, robust, and cost-
effective, it suffers from suboptimal energy extraction efficiency, especially at varying wind
speeds. Reactive power compensation is typically required through external capacitor banks. Some
enhanced configurations implement dual-winding or dual-generator setups to slightly improve

performance at different wind speeds.

Type II turbines employ a Wound Rotor Induction Generator (WRIG) with an externally connected
variable resistor inserted in the rotor circuit. The external resistance, controlled through a DC
chopper, allows for limited variable-speed operation by modifying the machine's torque-speed
characteristic, typically providing about 10% speed variability above synchronous speed. This
arrangement eliminates the need for slip rings by mounting the resistor on the shaft and optically
controlling it. However, the design still requires external capacitors for reactive power support, and

the additional rotor losses associated with the external resistance limit the achievable speed range.

Type III turbines are based on the DFIG concept. In this configuration, the stator is connected
directly to the grid, while the rotor is interfaced through a partial-scale back-to-back converter
operating at approximately 30-35% of the generator’s rated power. This structure allows
independent control of active and reactive power by regulating the d—q components of the rotor
current via vector control strategies. Type III turbines have historically dominated large-scale wind
farm installations, thanks to their favorable balance between cost, flexibility, and grid support
capabilities. While they remain widely deployed, especially in existing onshore fleets, recent large-
scale offshore and some onshore projects increasingly adopt Type IV turbines to meet more

stringent grid code and performance requirements [27].

Type IV turbines utilize a full-scale power converter that decouples the generator completely from
the grid. These designs can incorporate various types of generators, including SCIGs, WRIGs, or
Permanent Magnet Synchronous Generators (PMSGs). By interfacing through full-rated
converters, Type IV turbines offer wide operational speed ranges, enabling maximum power
extraction across a broad spectrum of wind conditions. They also provide complete decoupling of
active and reactive power control from the grid, making them ideal for weak-grid or islanded
operation. Despite their higher cost, Type IV turbines are gaining increased adoption due to their

superior flexibility, potential for gearless designs, and enhanced grid support functionalities.



In practical MTDC designs, wind parks typically consist of Type III or Type IV wind turbines.
Therefore, in MTDC studies, the focus should be exclusively on these two types. On the other
hand, photovoltaic (PV) systems can be integrated into MTDC networks through two main
approaches: (i) direct DC injection into the MTDC grid via appropriate DC-DC converters, or (ii)
AC coupling, where DC power is first converted to AC through a DC-AC inverter and then
interfaced with the MTDC network using an AC-DC converter.

In practical MTDC deployments, wind farms are primarily Type III or Type IV. Accordingly, this
dissertation focuses on these two types in MTDC studies. For example, the Nan’ao VSC-MTDC
project in China integrates DFIG-based wind farms (Type III) [28], In contrast, large Type-1V
(PMSG/full-converter) fleets are deployed in recent MTDC systems, such as the Zhangbei region
[29]). Both turbine types are therefore relevant to MTDC operation and EMT studies.

Photovoltaic (PV) plants can connect to MTDC networks in two ways: direct DC injection or AC
coupling. Direct injection uses a high-power DC-DC stage to elevate the PV system’s medium-
voltage DC output to the MTDC transmission level. While this approach reduces the number of
conversion stages, it demands advanced features such as galvanic isolation, bidirectional power
control, and coordinated DC fault management. At present, no commercial MTDC project has
deployed MMC-based DC-DC converters, which remain at TRL 4-6 and are limited to prototype
and pilot demonstrations[23]. Accordingly, this dissertation models PV and wind farm connections

using the established AC-coupled architecture.

1.3.2 Power converters

1.3.2.1 AC/DC converters

AC/DC converters are fundamental to HVDC and MTDC systems, serving as the interface between
the AC grid and the DC network. These converters fall into two primary categories: Current Source
Converters (CSCs) and VSCs, each offering distinct operational characteristics and modeling

challenges for EMT simulations.

CSC is the earliest large-scale HVDC system that employed thyristor-based CSCs, particularly the
Line Commutated Converter (LCC) topology. A notable example is the 320 MW, 80 kV HVDC
link commissioned in New Brunswick, Canada, in 1972 [30]. LCCs operate using 12-pulse

configurations composed of dual six-pulse bridges and rely heavily on strong AC systems for



proper commutation. Their performance is constrained by issues such as commutation failures,
harmonic distortion, and the requirement for extensive reactive power compensation and filtering

[31-33]. Figure 1.4.(a) illustrates the typical LCC structure.

CSC is the earliest large-scale HVDC technology, employing thyristor-based converters,
particularly the Line Commutated Converter (LCC) topology. One landmark project is the Eel
River Converter Station in New Brunswick, Canada, commissioned in 1972 [30], which was the
world’s first fully thyristor-based commercial HVDC back-to-back link. With a capacity of 320
MW at £80 kV, it demonstrated the feasibility of large-scale solid-state HVDC transmission and
earned recognition as an [EEE Milestone for its pioneering role. Another prominent example is the
Hydro-Québec—New York interconnection via the Chateauguay HVDC back-to-back station,
commissioned in the early 1980s [4]. This installation consists of two 500 MW LCC units (1,000
MW total) operating at £140 kV, enabling substantial cross-border power exchange while
providing asynchronous interconnection between the Québec and New York grids. Importantly,
the first operational MTDC project was also realized with LCC technology: the Québec—New
England interconnection, commissioned in 1992, which formed a three-terminal £450 kV scheme

linking Radisson, Nicolet, and Sandy Pond [4, 34].

Both point-to-point and multi-terminal projects illustrate the scalability of LCC technology, from

early proof-of-concept implementations to gigawatt-scale interconnections.

Capacitor Commutated Converters (CCC), shown in Figure 1.4.(b), were later introduced to
address some of the limitations of conventional LCCs, particularly in weak-grid environments
where commutation failures are more likely. CCCs incorporate series-connected commutation
capacitors between the converter valves and the converter transformer, which improve
commutation by providing leading reactive power, reduce the need for large reactive power
compensation banks, and enhance dynamic performance [35]. This topology was pioneered in the
1990s and deployed in several projects, such as the 500 MW Garabi HVDC interconnection
between Argentina and Brazil, commissioned in 1999 [4]. However, despite these improvements,
both LCC and CCC remain limited in terms of control flexibility and fault ride-through capabilities,

making them less suitable for meshed MTDC applications.
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Modern HVDC projects increasingly favor VSCs due to their ability to independently control
active and reactive powers, operate in weak or passive grids, and provide black-start capability [36-
39]. The simplest form, the two-level VSC (Figure 1.5), uses fully controllable semiconductor
switches with antiparallel diodes. However, due to high switching losses, electromagnetic
interference, and limited voltage scalability, two-level topologies are not widely used in high-

power applications [3].
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To overcome these limitations, multilevel topologies such as the Modular Multilevel Converter
(MMC) and the Diode Clamped Converter (DCC) have been introduced [3]. MMC:s, in particular,
offer improved waveform quality, scalability, and reduced filtering needs. Each MMC arm is
composed of several submodules (SMs), typically implemented using half-bridge or full-bridge

configurations, as shown in Figure 1.6.

The MMC synthesizes AC waveforms by inserting or bypassing SMs, which allows for fine voltage
resolution and low harmonic distortion. The SM capacitors maintain DC voltage stiffness, while
the arm inductors manage circulating and fault currents [40, 41]. Half-bridge SMs are favored due
to their simplicity and efficiency, though full-bridge SMs offer fault-blocking capability at the cost
of increased complexity [42, 43].
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Figure 1.6 Generic MMC circuit for N+1 levels: (a) half-bridge, (b) full-bridge SM.
As MTDC systems scale in size and complexity, accurate modeling and efficient simulation of
these AC/DC converters become crucial for system-level EMT analysis. Section 1.4 discusses
various MMC modeling approaches tailored to balance accuracy and computational performance

in such simulations.
1.3.2.2 DC/DC converter

In MTDC networks, DC/DC converters are essential for adapting voltage levels, providing
galvanic isolation, and enhancing operational flexibility. One prominent high-power
implementation is the MMC-based DC/DC converter, which comprises two MMCs interconnected
via an AC link. Each MMC functions as a voltage source converter, and the overall system
facilitates controlled, bidirectional power transfer between two DC grids. This architecture is well-
suited for large-scale, high-voltage applications and is increasingly explored for meshed MTDC
grids. However, MMC-based HVDC DC-DC converters are still at the R&D stage (TRL 4-6) [23],
with development limited to laboratory prototypes and pilot tests, and no utility-scale deployment

to date.
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Another noteworthy topology is the Dual Active Bridge (DAB) converter, which consists of two
H-bridge inverters connected via a high-frequency transformer. DABs offer several advantages,
including bidirectional power flow, galvanic isolation, and the ability to step voltages up or down.
The use of high-frequency AC significantly reduces transformer size, making DABs attractive for
compact and modular power conversion, particularly in medium-voltage DC systems, energy
storage interfaces, and emerging DC microgrid applications. Although established at lower power
levels, DAB converters for high-power MTDC applications are also considered to be at low TRL
(4-5) [23], and their extension to transmission-scale networks remains a promising research

direction.
1.4 Converter modeling approaches

Although various converter types can be employed in MTDC systems, as outlined above, this
section focuses exclusively on the MMC, given its widespread adoption and the inherent modeling
challenges it presents. MMCs are central to VSC-based MTDC networks due to their scalable
architecture, superior waveform quality, and operational flexibility. However, their complex
internal structure, comprising hundreds of submodules (SMs), nonlinear switching elements, and
multi-layered control systems, creates significant computational challenges for EMT simulation.
To address these issues, a range of modeling strategies has been developed, classified according to

their level of detail and intended application.

CIGRE technical brochure classifies MMC models into seven distinct types, shown in Figure 1.7.

Each is suited for different EMT study objectives [2, 4]:

e Type 1, Full Physics-Based Models: Include full electromagnetic and semiconductor-level
modeling. Though highly accurate, they are impractical for power system simulations due
to their computational demands.

e Type 2, Full Detailed Models: Represent each switch and nonlinear behavior. Used as
benchmark references or for internal fault studies, these require very small time-steps and
nonlinear solvers [40].

e Type 3, Switchable Resistance Models: Replace switches with two-value resistors, offering
reduced complexity while maintaining switch logic. However, both Type 2 and Type 3
models are generally not practical for large system studies, except in cases where converters

have a low number of switches, such as LCC converters [44].



14

Type 4, Detailed Equivalent Models: Substitute SMs with equivalent blocks or small
admittance subsystems [40, 45-48], often coupled via dependent sources. Advanced
versions incorporate node reduction and optimized solver techniques [49, 50].

Type 5, Average Value Models (AVM): Neglect switching details and model converter
behavior with controlled voltage/current sources[6, 7, 40]. Arm Equivalent Models (AEM)
simplify SM groups into capacitive equivalents [40, 51], and some include blocking state
and capacitor ripple effects [52-56].

Type 6, Phasor Models: Abstracted from AVM, these models facilitate control design and
system-level interactions [2].

Type 7, RMS Load-Flow Models: Serve as static models for initializing EMT systems using

steady-state power flow results [2].

Full physical-
based models

Type 2: Full o
£ detailed models %
5 %
& Type 3: Switchable %.
@ resistance models %
$ >

Type 4: Detailed %:q
equivalent models %
%
&
/ Type 5: Average value models \

/ Type 6: Phasor models

/ Type 7: RMS Load-flow models \

Figure 1.7 MMC modeling hierarchy for EMT simulations [2]




Table 1.1 Summary of MMC models for EMT studies.
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CIGRE Technical Brochure [2]

Other names across the literature

Type 2: Full Detailed Models

Model 1: Detailed IGBT-Based Model [40].
Detailed Model (DM) [6].
Traditional Detailed Model (TDM) [57].

Type 3: Switchable Resistance
Models

Type 4: Detailed Equivalent
Models

Model 2: Equivalent Circuit-Based Model [40].

Detailed Equivalent Model (DEM) [57].
Accelerated SM level model [58].
Enhanced Equivalent Model (EEM) [59].

Model 3: MMC Arm Switching Function [40].
Accelerated Model [57].
AEM [51].

Continuous model [60].

Arm level
Type 5: Average
Value Models
Converter
level

Model 4: AVM [40].
Average Model [58].

The choice of the MMC model depends heavily on the simulation objective. For example, detailed

models (Types 1-2) are best suited for converter design and SM-level studies, while simplified

models (Types 5—7) are more appropriate for system-level analysis where computational efficiency

is critical. Type 4 models often serve as a middle ground, balancing fidelity and performance.

Enhanced AVMs and AEMs have emerged as practical options for large-scale EMT studies,

offering key dynamic features without the burden of full switch-level representation. Table 1.1

Summarizes these models and their common aliases across the literature.
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1.5 Control systems in MTDC grids

Control systems are fundamental to the stable and efficient operation of MTDC grids. These
systems coordinate the behavior of AC/DC converters, regulate voltage and power flows, and
ensure proper interaction with connected AC networks. Control strategies vary depending on
system configuration, operational objectives, and converter technologies. The control systems are

divided into two categories; system level and control levels as explained below.
1.5.1 System level

At the system level, MTDC grids rely on DC voltage regulation schemes to balance power among

converters and maintain voltage stability. The three main approaches are:

e Master-Slave Control: A single converter (master) regulates the DC voltage, while other
stations inject or absorb power based on active power control. This method is simple but
less robust to converter outages [61].

e Voltage Margin Control: A decentralized variant of master-slave control, where multiple
converters are equipped to regulate voltage, but only one operates as the voltage controller
at a time based on voltage deviation [62].

e Droop Control: A decentralized control method where multiple converters share the voltage
regulation task proportionally, enabling redundancy and scalability [63, 64]. This approach

is especially beneficial for meshed and large-scale systems.

In addition to voltage regulation, MTDC systems may implement optimal power flow (OPF)
strategies, power oscillation damping, and fault ride-through. OPF-based controls combine
economic dispatch and dynamic constraints to optimize setpoints [65, 66]. While damping

controllers contribute to system stability under low-frequency oscillations [67-69].
1.5.2 Converter level

At the converter level [70], control systems are typically organized into hierarchical layers, as
illustrated in Figure 1.8. Although there are other control hierarchies, cascaded control will be used

in this research as it is more common and simpler for coordination.

Here, there are two control levels, upper and lower levels. The upper level contains outer and inner

controls. The outer control governs system-level objectives such as power flow, DC voltage, and
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AC frequency. The inner current control loops offer fast regulation of d-q axis components. The

lower-level controllers manage internal converter dynamics and include:

e Modulation schemes, such as Nearest Level Control (NLC), Phase Shift PWM, and Phase
Disposition PWM [2]

e (apacitor Balancing Algorithms (CBA) to maintain uniform capacitor voltage across
submodules [8, 71, 72]

e C(Circulating Current Suppression to minimize negative-sequence currents caused by arm

imbalance [73].

Operating Setpoints
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[ MTDC control ] yrd
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Figure 1.8 MMC control hierarchy.
Proper coordination between control layers is critical to ensure the converter's safe and stable
operation. Discrepancies in timing or tuning between these loops can result in internal voltage

instability or excessive switching loss. Moreover, the choice of control structure significantly
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impacts the behavior of EMT simulations, influencing model convergence, simulation time, and

numerical stability.

In summary, MTDC control systems span multiple layers of complexity and functionality.
Accurate modeling of these systems in EMT simulations is essential to capture their dynamic

performance and evaluate their impact under both steady-state and fault conditions.
1.6 Overview of existing acceleration methods

The computational demands of EMT simulations have spurred extensive research into acceleration
techniques aimed at improving simulation efficiency without compromising accuracy. These
techniques can be broadly categorized into three main classes: system equivalencing, simulation

strategies, and hardware acceleration.
1.6.1 System equivalencing

System equivalencing reduces the size of the simulated network by separating it into an internal
and an external system. The internal system, typically the focus of analysis, is modeled in full EMT
detail, while the external system is replaced by a simplified equivalent model. Three main types of

equivalents are commonly used:

e High-Frequency Equivalents (HFE): Designed to capture fast transients, often using
Frequency-Dependent Network Equivalents (FDNESs) or rational functions [74-81].

o Low-Frequency Equivalents (LFE): Focus on electromechanical oscillations (0-2 Hz) and
are often used with coherency-based methods or measurement-driven models [77].

e Wideband Equivalents: Combine both high and low-frequency behaviors to ensure fidelity

across a broader spectrum [82].

While these techniques can significantly reduce the simulation domain and computational load,
they also present notable limitations for large-scale EMT studies of MTDC and converter-
dominated grids. Frequency-domain equivalents often fail to represent non-simultaneous
disturbances accurately unless re-derived for each operating condition, making them less practical
for multi-scenario studies [83]. In systems with high penetration of IBRs, equivalencing may omit
critical converter—grid interaction modes or rely on aggregated models that under-represent

dynamic behavior under varying grid strengths [84]. Furthermore, hybrid EMT—phasor simulations
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that employ network equivalents can still struggle to capture all dynamic interactions across

operating scenarios, particularly in weak-grid or highly meshed conditions.

Given these limitations, this dissertation instead focuses on acceleration methods that retain the
full EMT representation of the studied network, ensuring all converter—grid dynamics are
preserved, while achieving computational speed-up through parallelization and optimized solver

strategies.
1.6.2 Hardware-based acceleration

Exploiting modern computational hardware is another cornerstone of acceleration. This includes

both multicore CPUs, FPGAs, and GPUs.
1.6.2.1 Multicore CPU parallelization

A range of techniques has been proposed to accelerate EMT simulations by leveraging multicore
CPU architectures. These methods primarily differ in how they achieve subsystem decoupling and

parallelism, and can broadly be categorized into algebraic, physical, and modular approaches.

Algebraic partitioning techniques, such as Node Splitting [85] and the Multi-Area Thévenin
Equivalent (MATE) method [86-88], divide the network into electrically bounded subdomains.
These subdomains are then solved in parallel, with equivalent sources used to preserve interface
conditions and ensure convergence. However, it has been recently demonstrated that MATE is

actually a method preceded and included into the Compensation method (CM) [89].

In CM, tightly coupled subsystems are artificially decoupled by removing selected network
couplings and injecting compensation currents or voltages to represent the removed interactions.
These compensation terms are updated iteratively until the coupled solution is recovered. This
algebraic approach enables parallelism even when natural separation is absent. Recent
developments, such as the iterative nonlinear CM [90], extended the method to handle strong
nonlinearities and has been validated in real-time environments, including HIL testing of HVDC

and distribution networks with both LCC and VSC converters.

Physical decoupling approaches exploit the natural propagation delays of transmission lines.
Transmission Line-Based Parallelization (TLP) is a notable example, where the inherent delay
between sending and receiving ends enables parallel computation without introducing numerical

inaccuracies. This principle is leveraged in multiple implementations. One such method, detailed
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in [91], applies Block Triangular Factorization (BTF) to isolate independent sub-networks. These
are then solved using a parallelized sparse matrix solver (KLU), enhanced with pivot validity
testing and partial refactorization, making it especially effective for nonlinear and time-varying
systems in multi-core CPU environments, all without requiring user intervention. Co-simulation
approaches offer another variant of transmission-line-based parallelism. For example, [92] assigns
subsystems connected via transmission lines to different simulation instances, which may use
distinct solvers or time steps. This allows for distributed or multi-threaded execution, increasing

flexibility and efficiency.

Beyond system-level decomposition, modular component-level parallelization also offers
significant speedups. Dynamic Linked Library (DLL)-Based Modular Parallelization [93] is
frequently used in MMC simulations, where identical or similar control loops, such as those for
converter arms or turbine modules, are executed concurrently across threads via dynamic linking,

enabling scalable performance.

1.6.2.2 FPGA Acceleration:

Field-Programmable Gate Arrays (FPGAs) have also been widely explored for EMT and MTDC
simulations. Their main advantage lies in deterministic, low-latency parallelism achieved through
hardware-level execution of numerical kernels. Unlike CPUs and GPUs, which rely on instruction
scheduling, FPGAs map simulation tasks directly to reconfigurable logic, enabling cycle-accurate
updates of state variables and precise emulation of switching events. Several EMT solvers for
MMC stations and MTDC grids have been implemented on FPGA platforms [94-96],
demonstrating real-time execution capability even for detailed submodule-level models. FPGAs
are also frequently used in HIL setups, where the tight timing requirements of power electronic

devices (e.g., IGBTs, MMC submodules) exceed the responsiveness of software-only solutions.

Despite these strengths, FPGA-based acceleration also faces significant challenges. Many FPGA -
based EMT implementations rely on fixed-point or single-precision arithmetic, which narrows the
dynamic range and introduces quantization errors; double-precision or adaptive mixed-precision
schemes are required for accuracy, but at the expense of greater resource consumption [97]. In
addition, the limited on-chip logic and memory of FPGAs restrict the size of models that can be
implemented and often necessitate simplified device representations or hybrid CPU-FPGA

partitioning to offload part of the computation [95]. Finally, FPGA development typically requires
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HDL coding and careful hardware—software integration, while communication bottlenecks (e.g.,
PCle latency in CPU-FPGA platforms) further reduce flexibility for frequent model modifications
[95].

1.6.2.3 GPU Acceleration

GPUs enable fine-grained parallelization, which is particularly suited for repetitive matrix
operations in EMT simulations. Applications include large wind parks [98, 99] and detailed
converter models. Building on this capability, more advanced frameworks have emerged that
combine domain partitioning with GPU acceleration. One example is hybrid CPU-GPU co-
simulation techniques, where different portions of the system are mapped to appropriate computing
resources. For instance, Shifted Frequency Phasor (SFP) methods have been used for MMCs on
GPUs with significant performance gains [100]. In [101] it has been, however, demonstrated that
dynamic phasor type methods (includes SFP) may actually suffer from performance issues when
compared to more robust EMT type methods. The dynamic phasor type methods also introduce

significant and unnecessary complexity in modeling.

In addition, GPU-based EMT approaches face several important limitations. Their performance
can be strongly affected by CPU-GPU data transfer overhead, since PCle communication is much
slower than on-device memory and must be carefully minimized. They are also constrained by the
limited global memory available on GPUs, which prevents caching all required matrices and leads

to performance degradation as model size increases [102].
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1.6.3 Simulation Techniques

Several simulation strategies have been proposed to increase computational efficiency through

intelligent algorithm design and solver adaptation:

e Variable Time-Step (VTS): Adapts the simulation time-step based on the transient
intensity, allowing longer steps during quasi-steady periods [103].

e Adaptive modeling: For example, using a simplified MMC model (e.g., AVM or DEM)
during startup before switching to a detailed model as proposed in [104].

e Co-Simulation: Capitalizes on the natural decoupling between subsystems, especially
across long transmission lines, to allow parallel or staged simulation. Three main
approaches exist:

o Multistep co-simulation: Different subsystems run with varying time steps to match
local dynamics [105-107].

o Multi-domain co-simulation: Combines EMT with Transient Stability (TS) or
Dynamic Phasor (DP) domains to optimize both speed and accuracy [108, 109].

o Hybrid co-simulation: Mixes multistep and domain-splitting strategies, sometimes
in combination with parallel computing [92, 110].

e Fast initialization techniques: Target to reduce or eliminate the lengthy delays associated
with settling startup transients by pre-loading steady-state conditions or implementing
targeted initialization strategies [5, 8, 104, 111-113]. Given their complexity and critical

role in EMT simulation, these techniques are discussed in detail in the following subsection.
1.6.4 Simulation initialization

Accurate EMT simulations require a reliable, steady-state starting point to correctly capture the
dynamic behavior of power system components. One basic approach is to start the time-domain
simulation from zero initial conditions and allow the system to settle naturally. While this method
might be feasible for simple circuits, it becomes impractical for realistic power system models. Not
only is the required simulation time excessive, but such an approach often fails to reach the correct
operating point. Instead, it may suffer from prolonged transient behavior, mismatched steady-state

trajectories, activation of protection systems, or undesired magnetic saturation.

Several initialization methods have been proposed to address these challenges:
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e Phasor-based initialization: This group of methods employs a phasor solution to obtain the
system's nominal frequency solution [114]. While simple and computationally light, it
performs poorly when nonlinearities, such as switching behavior in IGBTs, or intricate
control configurations are involved.

e EMT-based boundary value approaches: These methods reformulate the initialization as a
two-point boundary value problem solved directly within the EMT platform [115-118].
Despite their generality, they tend to be computationally expensive, may suffer from
convergence issues, and may not always guarantee a physically meaningful steady-state,
especially in stiff or ill-conditioned systems.

e Load-Flow (LF) based initialization: More recent strategies rely on conventional load-flow
engines to find the operating point of both the electrical network and embedded dynamic
models. This includes initializing auxiliary control blocks such as governors, exciters, or
converter controllers using steady-state operating points [5, 119]. The approach is

particularly useful when models are transparent and modular.

Apart from conventional power system models, the need for a robust initialization strategy becomes
even more critical in the context of HVDC systems and IBRs. Their sophisticated architectures and
tightly integrated control loops render conventional initialization approaches virtually infeasible.
In such systems, a well-structured initialization scheme is essential to ensure numerical stability,

simulation accuracy, and computational efficiency [5, 120-122].

Building on the load-flow-based initialization approach, further advancements have extended the
method by following the LF solution with a steady-state comprehensive solution of all control
system equations of an IBR. This enables comprehensive initialization of electrical, mechanical,
and control subsystems before starting the time-domain simulation. These enhanced methods have
been successfully applied to MMC models [111], photovoltaic (PV) systems [113], and full-scale
converter-based parks [112]. However, their effectiveness typically hinges on full access to internal
model parameters and control logic, an assumption that often does not hold in the case of

commercial or proprietary black-box models.



24

1.7 Problem statement and research gaps

EMT simulations, although essential for detailed analysis of MTDC systems, are computationally
demanding, especially as networks scale up and incorporate increasingly complex control schemes.
A primary challenge is achieving rapid and stable initialization, which is critical for both simulation
accuracy and computational efficiency. Existing initialization methodologies frequently encounter
convergence issues or excessive computation times, particularly in large-scale MTDC systems
featuring diverse technologies, intricate control designs, or black-box and grey-box modules.
Moreover, initialization techniques available in the literature are typically model-specific, lacking
unified or generalized frameworks suitable for different converter technologies and configurations.
Additionally, there is a notable scarcity of studies specifically addressing initialization methods for

real-time simulations.

Among existing initialization methods, those based on load-flow solutions have shown the greatest
promise. However, since MTDC systems encompass both AC and DC sub-networks, an integrated
AC-DC load-flow solution becomes essential to accurately determine the operating point prior to
initialization. Unfortunately, most EMT simulation platforms do not provide robust or flexible
solvers for AC-DC load-flow analysis. This limitation poses a significant barrier to effective
initialization, especially in hybrid systems featuring complex converter control strategies such as

multiple DC voltage regulators, adaptive droop characteristics, or a combination of V. and droop

converters. The lack of dedicated and generalized load-flow methods for unbalanced AC-DC
systems (i.e., MTDC networks operating with a DC pole out of service, where the system reverts
to monopolar operation with metallic or ground return) further exacerbates this challenge, leaving

a critical gap in the modeling and simulation workflow for modern MTDC networks.

Overall, while equivalencing, hardware acceleration, and simulation-strategy methods have
demonstrated speedups in various EMT contexts, their applicability to large-scale MTDC studies
remains insufficiently characterized. Strong AC/DC couplings, stiff converter dynamics, and
interacting voltage-control loops can limit effective decomposition and reduce parallel efficiency.
Co-simulation may introduce causality issues, latency, and energy-balance errors, unless power-
consistent interface schemes are carefully employed. Although significant parallel speedups have
been reported in the literature, many such demonstrations are based on highly detailed component-

level models that are not typically used in system-level MTDC studies. As a result, these findings
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may not translate directly to realistic MTDC applications involving multiple converters and
coordinated control systems. Solver-level optimizations, such as sparse matrix reordering, block
factorization, and controller re-sequencing, can improve simulation efficiency but have not been
systematically benchmarked for robustness under large disturbances. Standardized MTDC-
oriented benchmarks that jointly evaluate speedup and waveform fidelity, particularly for
converter—grid interactions, remain scarce. These gaps, combined with the central importance of

fast and reliable initialization, motivate the problem statement and methods developed next.
In summary, this dissertation explicitly addresses the following critical research gaps:

e Lack of robust, unified initialization methods suitable for EMT simulations, particularly
accommodating black-box and grey-box MTDC system models.

e Insufficient AC-DC load-flow methodologies that can accurately support steady-state
initialization of complex MTDC systems involving diverse control strategies.

e Limited exploration and validation of existing computational acceleration techniques
specifically tailored to MTDC networks. In addition, an absence of comprehensive
evaluations of hybrid acceleration approaches that integrate multiple techniques, potentially

leading to significant simulation speed improvements.

This dissertation aims to bridge these research gaps by proposing novel methodologies to enhance
the initialization, computational efficiency, robustness, and scalability of EMT simulations for

complex MTDC systems.
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1.8 Contributions

This dissertation addresses key challenges in the EMT simulation of large-scale hybrid AC-DC
systems, with a particular emphasis on MTDC networks. The overarching objective is to accelerate
EMT simulations of MTDC systems. The contributions are organized into two primary focus areas:

simulation initialization and computational acceleration.

The first area, simulation initialization, aims to enhance simulation efficiency by reducing or
eliminating the time typically wasted during the steady-state setup phase. The second area,
computational acceleration, focuses on significantly increasing simulation speed through

optimized methods and parallel execution strategies.

A suite of novel techniques is developed to improve EMT simulation efficiency, robustness, and
compatibility with black-box converter models. The main contributions of this dissertation are

summarized as follows.
1. AC-DC load-flow for hybrid MTDC systems

A novel hybrid AC-DC load-flow methodology is proposed to facilitate EMT simulation of MTDC
systems with detailed control requirements. The approach integrates a Newton-based solver for the
AC network with a fixed-point solver for the DC side, enabling accurate power flow calculations
across AC-DC converter stations. It supports a wide range of control modes, including P-, Vdc-,
V/f-, Pdec-droop, Vdc-droop, multi-droop, and emerging control strategies, thus accommodating
diverse control configurations. The method addresses key challenges in existing AC-DC load-flow
approaches. Importantly, its results can be directly used for steady-state initialization in time-

domain EMT simulations.
2. Initialization of Grid Forming-VSCs (GFM-VSCs)

A robust initialization strategy is developed for GFM-VSCs, enabling complete steady-state
initialization of their control systems. Two complementary methods are introduced. The first
extends an existing load-flow-based initialization approach and is suitable for white-box models,
as it relies on access to control parameters. The second is a time-domain technique based on
subsystem decoupling, referred to as the Decoupling Interface. This method enables the
initialization of isolated AC grids interconnected through GFM-VSCs, a scenario in which

conventional methods often fail. Notably, it is compatible with black-box models.
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3. Unified initialization of MTDC systems

Unlike existing methods, this contribution focuses on a system-level initialization. This
contribution presents a generalized initialization framework based on the DI method presented for
GFM-VSCs, applicable to hybrid AC-DC systems and black-box models. The proposed method is
validated on various MTDC benchmarks and shown to handle diverse converter types and system

configurations.
4. Real-time extension of DI initialization

To address the needs of HIL and real-time applications, the DI method is extended to real-time
simulation environments. The strategy leverages subsystem decoupling to suppress transients and
reduce startup delays. A real-time test on a modified CIGRE benchmark demonstrates significantly

faster initialization compared to traditional approaches.
S. Hybrid initialization strategy for DFIG wind parks

In the previous contributions on unified DI initialization [11], DFIG-WPs were the bottleneck for
initializing the entire MTDC system. A new initialization technique is proposed for DFIG-WP
models. The approach combines internal application of DI blocks with targeted steady-state
initialization of critical control segments. This significantly reduces initialization time while

preserving accuracy and stability.
6. Acceleration techniques for EMT simulation

This dissertation evaluates and proposes several acceleration strategies for MTDC simulation.

These include:

e Transmission line-based parallelization (TLP), which exploits propagation delays to
parallelize network segments.

e Control system parallelization (CtrlP), which distributes the solution of control equations
across CPUs.

e Optimized sequential control solvers (OSeqCtrl), which reduce solver delays without

compromising accuracy.

A hybrid strategy combining these methods is demonstrated to achieve over 20 times simulation

speedup in large-scale MTDC systems.
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1.9 Thesis outline

This dissertation is organized into seven chapters:

CHAPTER 1 introduces the research context, summarizes key literature, and outlines the main

contributions.

CHAPTER 2 presents a new hybrid load-flow methodology for MTDC systems, detailing the

formulation and verification of the proposed AC-DC LF solvers.

CHAPTER 3 introduces an initialization framework for GFM-VSCs and discusses techniques for

outer control initialization and time-domain recoupling.

CHAPTER 4 extends the DI-based initialization framework to broader MTDC configurations,
including real-time simulations. A unified and scalable methodology is developed and validated

on CIGRE test systems.

CHAPTER 5 proposes a hybrid initialization strategy for wind parks with DFIGs, addressing the

bottlenecks in convergence time through selective steady-state and decoupling techniques.

CHAPTER 6 investigates several acceleration techniques for EMT simulation. The feasibility and
performance of each method are assessed through benchmark systems, including the InterOPERA

MTDC network.

CHAPTER 7 concludes the dissertation and outlines future directions for research.
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CHAPTER 2 HYBRID AC-DC LOAD-FLOW ALGORITHM FOR
MTDC MODELS

2.1 Introduction and background

MTDC systems integrate alternating current (AC) and direct current (DC) networks, making
accurate LF analysis essential for system planning, operation, and stability assessment [123-125].
Beyond these conventional applications, LF solutions also play a crucial role in initializing EMT
simulations, ensuring stable startup while mitigating numerical instabilities [9, 11, 111, 126].
Despite its importance, unbalanced AC-DC LF analysis remains insufficiently addressed within
EMT platforms. While AC LF tools are widely available, most EMT simulators lack dedicated
AC-DC LF solvers, highlighting a critical gap in current methodologies. Furthermore, the
increasing complexity of converter control strategies, such as DC Droop and GFM controls,

necessitates flexible LF approaches that can accommodate diverse control modes.

The Modified Augmented Nodal Analysis (MANA) structure has proven effective for formulating
and solving conventional LF problems using Newton’s method, initially proposed in [5, 127, 128]
and further developed in [123, 124]. It has also been extended to microgrid applications [129] and
multifrequency LF analysis [130]. Additionally, a MANA-based formulation for DC distribution

networks has been proposed in [131].

AC-DC LF methods can be broadly classified into sequential methods [132, 133] and direct
methods [133-135]. Sequential methods solve AC and DC LF separately, iterating between them
until convergence. They offer ease of implementation and can readily incorporate different control
modes. In contrast, direct methods provide faster convergence but may introduce modeling

complexities, especially when integrating advanced control strategies.

A key trend in recent AC-DC LF research is simplicity: many studies leverage existing AC LF
solvers within EMT environments by representing the DC grid with AC-equivalent circuits. Both
sequential [136] and direct methods [135] use this idea, but they typically do not embed DC-voltage
droop laws and often struggle when multiple converters regulate 7, simultaneously. In contrast,
[134] propose a unified Newton—Raphson AC-DC power-flow that treats the DC grid as AC-

equivalent and permits multiple converters to regulate DC voltage concurrently. However, their

formulation does not explicitly model DC-voltage droop control, the DC regulation is enforced via
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voltage-control constraints rather than droop sharing, which limits direct applicability to MTDC

schemes that rely on droop for power-sharing and redundancy.

Overall, there is an inherent trade-off between simplicity and flexibility. While simpler
methodologies enhance compatibility with existing solvers, they may limit algorithm adaptability,

making it more challenging to model evolving and diverse control strategies.

This chapter introduces a new hybrid approach for unbalanced AC-DC LF analysis, combining a
Newton-based MANA AC LF engine [5, 127, 128] with a complementary fixed-point algorithm to
model various MTDC components. Here, unbalanced AC-DC load-flow refers to the operating
condition where one pole of a bipolar HVDC system is lost or intentionally grounded, forcing
monopolar operation with either metallic or ground return. The proposed method incorporates
adapted constraints, enabling seamless representation of multiple converter control strategies,
including DC Droop and multi-droop control [137], while addressing limitations of previous
research. It is directly adaptable to any EMT-type solver with multiphase load-flow capability,
which is a unique advantage. It is generic and is applied externally, by scripting, without accessing

or modifying the existing LF program.

The proposed approach is demonstrated on the InterOPERA test system [138], with results verified
through time-domain EMT simulations. Furthermore, the LF solutions are used to initialize EMT
simulations via the DI method [9], which is explained later in CHAPTER 4, bridging the gap

between steady-state analysis and dynamic EMT modeling.
2.2 The proposed hybrid AC-DC load-flow methodology

This research proposes a sequential hybrid algorithm to perform AC-DC LF analyses for MTDC
systems. The hybrid methodology involves decoupling the AC and DC sides of power converters,
representing each side by equivalent LF buses, as illustrated in Figure 2.1 . The AC and DC LFs
are conducted separately, i.e., decoupled AC and DC LFs, and the fixed-point algorithm updates

the AC and DC constraints for the next iteration.
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Figure 2.1 The proposed hybrid AC-DC LF schematics.
Figure 2.2 shows a high-level overview of the proposed algorithm. It comprises two primary
computational methods: Newton’s iterative method and the fixed-point method. Newton’s method,
implemented via a matrix-based method (MANA), efficiently handles complex and
computationally intensive tasks. It is used directly from the EMTP® software. Meanwhile, simpler
calculations, such as the coupling equations between AC and DC buses and the updating of
dependent constraints, are performed using a fixed-point iteration method, facilitating

computational simplicity and method flexibility.

The overall procedure involves nested iterations, with the master loop including both Newton’s
and fixed-point parts. In the Newton’s method part, the decoupled AC and DC LFs are performed
in a sub-loop, exploiting the efficiency provided by the existing MANA-based solver.

The fixed-point part solves the AC-DC coupling equation to ensure consistency between the
decoupled AC and DC LF solutions. Moreover, this part includes an optional step to update
discretized variables for more advanced controls. Iterative convergence of the coupled AC-DC
system is pursued until a steady-state solution is achieved. The following section details the
decoupled AC and DC LFs, while Section 2.4 outlines the specifics of the fixed-point iteration

process.
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Figure 2.2 Overview of the hybrid AC-DC load-flow process.
2.3 Decoupled AC and DC LFs

The decoupled AC and DC LF formulation is obtained by substituting the power converter with
two independent LF buses: an AC LF bus and a DC LF bus, as illustrated in Figure 2.3. At this
stage, solving the AC and DC subsystems separately does not yet yield the complete AC-DC LF

solution, but it provides the foundation for the subsequent coupled formulation.

ACLF BUS DC LF BUS

©

AC system e A et DC system

Figure 2.3 Decoupled AC and DC LF schematic.
2.3.1 Decoupled AC LF constraints

The AC LF computation leverages a multiphase LF algorithm based on MANA as presented in [5,
127, 128]. The AC-side representation of power converters employs standard LF bus types (s/ack,
PV, and PQ), which are selected according to the respective control mode. Table 2.1 provides

detailed guidance on selecting LF bus types for various converter control scenarios. The “Main



control mode” refers to the primary active-power or DC-side objective (e.g., V., P,.,

droop control).

Table 2.1 LF modelling for power converter’s AC side.

P

ac?

Grid Main control mode | Other control options LF model
component
y AC voltage PV
de Reactive power PO
GFM - Slack
AC voltage PV
Vdc-D
VSC c-roop Reactive power PO
A It PV
Pdc-Droop < .VO o8
Reactive power PO
P or P, AC .Voltage PV
Reactive power PO
AC voltage PV
Wind Park Reactive power i
Power factor PO
Q\V droop
AC voltage PV
Reactive power
PV Park -
ar Power factor PO
Q\V droop

2.3.2 Decoupled DC LF constraints and derivation
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or

Under steady-state conditions, DC systems can be represented analogously to AC systems

operating at zero frequency. Consequently, standard AC LF tools available within EMT simulators

can be utilized, provided modifications to the constraints are introduced. Specifically, three DC LF

constraints are introduced: DC voltage (Vdc-LF), DC power (Pdc-LF), and DC droop control (Ddc-

LF). These constraints effectively represent various DC-side converter control modes, as

summarized in Table 2.2, and serve as the foundation for advanced control strategies discussed in

subsequent sections.
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Table 2.2 LF modelling for the power converter’s DC side.

Grid component | Main control mode | Other control options LF model
GFM - Pdc-LF
AC volt
Vie S Vdc-LF
Reactive power
AC voltage
Vdc-D - Ddc-LF
VSC o-broop Reactive power ¢
P or P, AC 'Voltage Pde-LF
Reactive power
AC volt
Pdc-Droop _VO di Ddc-LF
Reactive power
DC-DC DC transformer Ideal transformer
converters Back-to-back VSCs | Each VSC will be modelled individually.
PV arrays MPPT - Pdc-LF

For practicality and intuitive physical interpretation, V. is associated with the real part of the peak

line-to-line voltage, as shown in Figure 2.4. Where the DC terminals are represented, for example,

by phases A and B, abandoning the third phase (phase C). Therefore, V,. can be represented

mathematically as:
Vdc:\/EXR(Vac) (01)

where Vac represents the line-to-line AC voltage phasor in RMS. Extracting the real side, V,, can

be written as:

Vdc :\/5

Vac

xcos(5) 0.2)

where ¢ is the angle of Vac as shown in Figure 2.4. This voltage phasor can be set as a reference;

therefore, O is set to 0.

vV

ac

Vdc =\/§

(0.3)

The equivalent value of V. is introduced into the conventional AC LF problem as conventional

Slack bus constraints, i.e, voltage magnitude and angle. The equivalent voltage magnitude is found

using (0.2) and the angle, J, is set to 0.
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Figure 2.4 DC system realization using an AC system: (a) schematic, (b) waveforms.

Furthermore, AC parameters are converted into DC equivalents via appropriate scaling factors:

1o =7 (7))

B (0.4)
= \/E‘IL‘COS(Q)

where /; and @ are the line AC current phasor in RMS and its angle, respectively. For power

conversions, P,. can be expressed as:
Fre =Vael ae (0.5)

Therefore, it can be rewritten using (0.3) and (0.4) as:

P = (B (v

=2 I I ‘ cos(6)

V(J c

. (0.6)
Vac

On the other side, referring to Figure 2.4, as we abandon a one-phase out of the three phases, the

total AC power can be found as:

P.=WV,

ac

fL ‘ cos(6) (0.7)
Therefore, by comparing (0.6) and (0.7), the relation between the P,. and P,_1is given by:

P, =2P (0.8)

C ac

Thus, the DC power constraint (Pdc-LF) can be equivalently represented using an adapted PQ bus,

with reactive power set to zero.



36

For DC-droop control, they are typically realized as either Vdc-Droop or Pdc-Droop (illustrated in
Figure 2.5.(a) and Figure 2.5.(b)). Pdc-Droop is usually added to converters with V. control to

coordinate their roles. Similarly, Vdc-Droop branch is added to converters with P,. control.

(a)
Pdc-Droop

(b)
Figure 2.5 The outer control schematic of: (a) Vdc-Droop control, (b) Pdc-Droop control.

The steady-state representations of these two types are identical and can be expressed as:
Pdc = ;cet +D(Vdscet - Vdc) (09)

Where P;and V" are the setpoints, and D represents the droop coefficient, which defines the

slope of the linear relationship between the P,. and V. as illustrated in Figure 2.6. Since all of

P V3¢, and D are constants, (0.9) can be rewritten by aggregating all constant terms together

in a single combined constant term as
P = (B + DV )= DV,

(0.10)
=F o bined -D Vdc

com

where
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pset =P + DV (0.11)

combined

1
...... J

Vdscet 77777 : Slope =1/D

> P

de

By
Figure 2.6 DC-Droop characteristics.

As clear from (0.10), the resulting P, has two parts: a fixed power represented by P and

combined °

a linearly dependent part on V. represented by -D. Therefore, the Ddc-LF can be modeled

straightforwardly as a combination of a fixed-power constraint with a fixed-current load on one

node.
2.3.3 Decoupled AC and DC LF procedure

As illustrated in Figure 2.7, equivalent basic LF bus constraints are given for each side of the power
converters as well as at the PCC of IBRs. The selection is based on Table 2.1 and Table 2.2. A
detailed algorithm for implementing the AC and the DC LF is illustrated in Figure 2.8. For the AC
LF part, it is a straightforward procedure where the multiphase MANA-based LF solver described

in [5, 127, 128] is used directly to compute the solution using Newton’s iterative method.

On the other hand, the DC LF looks similar but with an interface to convert the constraints to
equivalent AC ones using scaling factors, then converting the results back from the AC results to
their DC equivalent. The scaling factors can be applied automatically using a scripting language
available within EMT software. Both the AC and DC LFs are computed simultaneously, i.e., they

are computed together in a single MANA as a single decoupled system.
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Figure 2.7 Decoupled AC and DC LF implementation.
Finally, for EMT tools that do not support multi-frequency LF analysis, i.e., those unable to set LF
bus frequencies to zero, or close to zero, DC lines can be replaced with equivalent resistances. This
inherently eliminates the reactive power component associated with DC transmission, ensuring that
the load-flow solution remains physically consistent with the steady-state DC network behavior.
As aresult, DC-LF can be performed at the nominal AC system frequency (e.g., 50 or 60 Hz) while
maintaining accuracy through the same derived transformation factors in (0.3), (0.4), and (0.8),

without requiring modifications to the solver’s internal formulation.
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DC constraints for iteration AC constraints for iteration
(k) of the master loop (k) of the master loop

Convert DC constraints into their
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DCLF results for iteration AC LF results for iteration
(k) of the master loop (k) of the master loop

Figure 2.8 Decoupled AC and DC LF procedure.
2.4 The Fixed-point part

The synchronization and coherence between AC and DC calculations within the proposed hybrid
LF algorithm are ensured through updating procedures implemented via fixed-point iterations. This
iterative method was chosen for its simplicity and stable convergence behavior when applied to the
coupled AC-DC problem, enabling straightforward coordination between the two domains.

Another advantage is that it can be externally added with scripts to any existing software.
2.4.1 AC-DC coupling equations

The AC-DC coupling equations establish a direct connection between AC and DC LF buses
through power converters. Depending on the converter’s primary control mode, either the AC or
DC constraints are updated for the subsequent iteration (k +1) . Specifically, if the primary control
is situated on the DC side, the AC side constraints are dependent on the DC side, therefore the

dependent constraint should be updated here accordingly, and vice versa.
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For example, in a GFM-MMC, where control primarily occurs on the AC side, the corresponding

DC side constraint (£, ) is dependent on P, . Therefore, P,. should be updated by adding

converter losses to the calculation in the current iteration:

P;ff(kﬂ) =pP® 4 p® (0.12)

loss

A where B;ff **Dis the P, constraint for the (k +1)iteration of the master loop. Alternatively, if

the control is primarily on the DC side, the AC side should be updated accordingly using:

Pt _ }ng) _p® (0.13)

loss

The calculation of converter losses depends on the specific converter model utilized. For the MMC,
most EMT models used for large-scale systems are either Model 3 or Model 4 in [40]. Therefore,
in these models, MMC losses at iteration (k) are expressed using [43, 139]:

2
2Rarm K\ k
T3 (Ic(ic)) + P xevm (0.14)

Transformer losses

P(k) _ 3R§rm jf/‘k)

Conductionlosses

where R, is the total arm resistance and f;g;s) xryr 18 the transformer losses at iteration (k).

Other losses can also be incorporated into (0.14) to suit the level of detail required for a given LF
application. For example, additional components such as arm reactor losses and switching losses
of power electronic devices may be included. Standardized formulations for these losses are
provided in [140], which can be added to (0.14) for more comprehensive modeling. The selection

of which losses to represent depends on the desired modeling accuracy and the target application.

Another option is to use an approximated model, such as the quadratic models used in [134]:

2
—-(k
PY —a4b 7P

losses +ta

—(k
i

(0.15)
where a, b, and c are the coefficients for this model. Typical values for the coefficients are often
used to represent this model. In this chapter, the loss model in (0.14) is used for the LF calculations.
2.4.2 Update discretized variables

Due to the increasing sophistication and variability of converter control strategies, representing

converters through standard LF constraints can become challenging. To address this complexity,
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more intricate control modes are linearized and converted into basic AC or DC LF models, updating

discretized variables as required.

This dissertation demonstrates a practical implementation using a DC-droop control strategy with

multi-droop coefficients, proposed in [137]. A generic characteristic is illustrated in Figure 2.9.

AUV I .
¢ ' > P,
set set sel
-h Max PLS—OVO })dz: Iy LS-UVO s Max

AOV: Abnormal Overvoltage

LS-OVO: Limited sensitivity-Overvoltage Operation
SO: Sensitive Operation

LS-UVO: Limited sensitivity-Undervoltage Operation
AUV: Abnormal Undervoltage

Figure 2.9 Multi-droop characteristic [137].
This multi-droop control mechanism dynamically adjusts the droop coefficient based on the

measured V., altering droop sensitivity according to the instantaneous DC voltage level.

As depicted in Figure 2.9 and detailed in [137], the multi-droop characteristic is segmented into

three operational regions:

e Sensitive Operation (SO): The primary operational zone characterized by the highest

sensitivity and steepest slope.

e Limited Sensitivity (LS): Regions adjacent to SO, with reduced droop sensitivity for V.

DC voltages significantly above or below the normal operational range.

e Fixed Power Mode: Activated when P, reaches predetermined upper or lower operational

limits, thereby maintaining fixed power output.

To accurately represent these control strategies within the load-flow framework, corresponding

Ddc-LF are defined separately for each operational segment, as summarized in Table 2.3.
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Therefore, the droop coefficient is defined as a piecewise function that updates its discretized value

through the master loop, as shown in Figure 2.2.

Table 2.3 Piecewise realization of the multidroop characteristic in Figure 2.9.

Ddc-LF settings
= = Range
D Power setpoint Voltage setpoint
set set 0] U
D SO P dc Vdc Vdc > Vdc > Vdc
set set Max 0]
Dis_ovo FPrs_ovo Vie Vie  >Vae > Ve
set Max
0 P Max Vdc Vdc 4 Vdc
set set U uc
Dis_uvo FPrs_uvo Vie Vie >Vae > Ve
D Pset Vset VUC v Vmin
AUV AUV de de = Vae >V
set min
0 -P, Max Vdc Vdc 2 Vdc

2.4.3 Fixed-point procedure

As shown in Figure 2.10, the results of AC and DC LFs are first obtained for the current iteration
(k), then used to calculate updated values for the dependent constraints for the next iteration (k+1).
If applicable, the discretized constraints are also updated for the next iteration, and the process

repeats until convergence.

Convergence is determined by monitoring either the variation in AC/DC LF results or the change
in dependent setpoints across iterations. The algorithm terminates when these variations between
iterations fall below a predefined threshold. A maximum number of iterations is also specified to
prevent endless looping in case the convergence criterion is not met, thereby ensuring numerical

stability of the procedure.
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(e.g., update the Ddc-LF discretized
constraints for (k+1) iteration using the
piecewise function in Table 2.3)

DC and AC LF updated
constraints for iteration (k+1) of

the master loop

Figure 2.10 Fixed-point implementation flowchart.

2.5 Test cases

This section assesses the effectiveness of the proposed AC-DC LF methodology using the
InterOPERA system[138]. Developed as a European-funded benchmark, InterOPERA aims to
ensure interoperability among multi-vendor HVDC grids while facilitating the integration of
renewable energy sources. For this study, InterOPERA Variant 1, referred to as the "Meshed
offshore grid for wind export"[138], is used as the reference system for comparative analysis. The
AC-DC LF algorithm is evaluated under various scenarios, including MTDC system operation in

unbalanced conditions.

As depicted in Figure 2.11, the system consists of five MMC bipolar stations interconnected within
a meshed DC network. This infrastructure is designed to efficiently collect and transmit power
from offshore renewable sources to onshore receiving stations. It serves as a representative testbed
for evaluating the effectiveness of LF algorithms in large-scale MTDC networks across a range of

operating scenarios.
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Figure 2.11 InterOPERA’s variant 1 test system schematic.
2.5.1 EMT model description of InterOPERA

The Offshore VSC stations operate under V/f control [141], while the onshore stations implement
multi-droop control [137], is configured as shown in Figure 2.12. The droop coefficients, defined
in per-unit (pu) relative to a 525 kV and 1000 MW base, include a sensitive operation mode at 10
pu and a limited sensitivity mode at 25 pu. In addition to multi-droop regulation, onshore stations

apply secondary control to regulate reactive power with the reference set to zero.

Vdc (pu)
A

—

« — ‘ > L (pu)
~1.25 P =05 1.25

Figure 2.12 Multi-droop control settings for all onshore stations.
All MMC stations are modeled with a generic 401-level half-bridge MMC (Model 3) [40]. Each
pole is rated 1000 MVA (i.e., 2000 MVA per station) with an overload capability up to 1.25 pu.
Wind parks can be modelled by either DFIG or full-scale models; the latter is selected for this
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chapter. Wind-park operating points are set for testing purposes as follows: each turbine is rated
16.67 MVA and produces 15 MW active power. WP1 comprises 67 turbines; WP2 and WP3
comprise 40 and 47 turbines, respectively. All wind parks operate in reactive-power control with

the reference set to zero.

Table 2.4 consolidates the component data (line models, converter ratings and controls, wind-park
aggregation, and load representations) used in the simulations. While some of these details (e.g.,
EMT cable or converter models) are not directly required for solving the LF equations, they are
included here to provide a consistent description of the complete InterOPERA test system EMT
model. This ensures that the LF formulation can be directly mapped to the EMT implementation

used later in the study.

Table 2.4 Model types used in InterOpera variant 1

Aspect Details
Number of AC LF
15
buses
Load-flow Number of DC LF 10
buses
Convergence tolerance
for AC-DC LF (pu) 0.00001
Time-domain simulation | Simulation interval (s) 10
details (for LF validation) Time-step (us) 50

Generic 401-level, half-bridge, AVM,
(Model 4) [40]
Offshore stations operate in V/f control
MMC mode [141]
Component model Onshore stations operate in DC adaptive
Droop control mode [137], the
parameters are plotted in Figure 2.12

Generic aggregated full-scale converter

Wind parks wind park model.

2.5.2 LF implementation in EMT software

The proposed DC load-flow formulation can be implemented in any EMT-type program. In this
work, the implementation is carried out in EMTP®, where each DC bus is represented by two
phases: phase A and phase B correspond to the positive and negative DC terminals, respectively.
The unused phase terminal (phase C) is grounded through a high-value dummy resistance (e.g.,

1000 MQ) to maintain compatibility with the AC bus representation.
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As shown in Figure 2.13, the Pdc-LF bus is implemented in EMTP® by using a conventional PQO-
LF bus. The unused phase terminal is grounded through a dummy resistor, while the positive and

negative terminals enforce the DC power injection obtained from the LF solution.

DC+

Modelling in EMTP @ Pdc-LF

DC-

Figure 2.13 Pdc-LF implementation in EMTP®,
Similarly, Figure 2.14 shows the implementation of a Vdc-LF bus, where the LF slack bus is used
instead of a PO-LF bus, as described in Section 2.3.3. This allows the DC voltage to be fixed at the

LF solution value, while the current adjusts accordingly.

DC+

Vdc-LF
i Modelling in EMTP

DC-

Figure 2.14 Vdc-LF implementation in EMTP®.
For the Ddc-LF bus, the implementation follows the formulation in Section 2.3.3 and Equation
(0.10). As shown in Figure 2.15, it is realized by combining a Pdc-LF bus with a constant current
load that reflects the droop characteristic. Since conventional LF programs require at least one
slack bus in the system, a Vdc-LF bus (which contains a slack) with a high dummy resistance (e.g.,
1000 MQ) is connected. This ensures proper initialization in cases where only droop-controlled

buses exist (e.g., in the InterOPERA system).
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Figure 2.15 Ddc-LF implementation in EMTP®.
Each converter is assigned two LF buses, one on the AC side and one on the DC side, as shown in
Figure 2.16. The DC LF bus is defined between the pole and the neutral terminal, which allows the
representation of monopole and bipolar configurations. Consequently, a bipolar station is
associated with two AC LF buses and two DC LF buses, enabling the LF solution to account for

possible unbalanced operating conditions between the poles.

LF

PQ

| MMC
o]

Ddc-LF N

Neutral

Figure 2.16 AC-DC LF implementation in EMTP®.
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2.5.3 Scenarios and Results

The AC-DC LF analysis is conducted across two sets of test cases: the first set (Section 2.5.3.1)
examines the InterOPERA system under different operational conditions, while the second set
(Section 2.5.3.2) evaluates a modified version designed to assess cases with multiple Vdc-LF

constraints, which present challenges for conventional AC-DC LF algorithms [134].
2.5.3.1 InterOPERA scenarios

Scenario 1: Balanced system

In this scenario, all converter poles are operational, ensuring a balanced DC network. The proposed
AC-DC LF algorithm successfully converges within two master iterations. Figure 2.17 shows a
screenshot of EMTP® with AC-DC LF results, including DC bus voltages, pole currents, and
power injections. In the figure, the quantities Vdc plus, Vdc neg, and Vdc n correspond to the

Va

. with reference to the ground measured at the positive pole, negative pole, and neutral node,
respectively. Similarly, for the DC current of cables. As observed, all DC neutral data; voltage and
currents are zeros, confirming that the MTDC is the neutral voltages and currents are balanced.
Detailed data are presented in Table 2.5 for converters and IBRs. Here, all data reflect the AC and
DC LF buses, i.e., the measurements are taken at the PCC. Since the system is perfectly balanced,
only one converter pole per station is shown. Finally, to check the Onshore multidrop operating
point, Figure 2.18 illustrates the operating point mapping of onshore converters on the multidrop
characteristic. As shown, all onshore stations operate in the SO mode (operation modes are defined

in Section 2.4.2), i.e., operating within the green segment. The complete simulation setup for this

case 1s provided in the file Chapter 2/Scenariol.ecf, included in the supplementary material.
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I Idc_neg=-728.78 A
Q=0MVAR —_ *L ;‘?:7 )
Pdc = 396.55 MW Pdc=678.08 MW
L R gEra=
WPI = = — % [l
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Figure 2.17 A screenshot of EMTP® with AC-DC results of Scenario 1
Table 2.5 AC-DC LF results for scenario 1, balanced system.
Scenario 1 (pu)
MTDC Component
P F, dc Vdc I dc Pac Q
(Pole-to-neutral)
Offshorel station 0.397 1.031 0.385 -0.398 0.000
Offshore2 station 0.397 1.031 0.385 -0.398 0.000
Offshore3 station 0.349 1.030 0.339 -0.350 0.000
Onshorel station -0.678 1.018 -0.666 0.674 0.000
Onshore2 station -0.439 0.994 -0.442 0.437 0.000
WP1 - - - 1.005 0.000
WP2 - - - 0.600 0.000
WP3 - - - 0.705 0.000
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Figure 2.18 Operating points mapping for the onshore stations of Scenario 1

Scenario 2: Single pole disconnection

To evaluate the algorithm under unbalanced conditions, the negative pole of Offshore 2 is
disconnected. This contingency requires five master iterations before convergence is achieved,
compared to two in the balanced case. Figure 2.19 shows the EMTP® screenshot with AC-DC LF
results, while Table 2.6 summarizes the corresponding numerical values for all converters and
IBRs. As expected, the pole disconnection introduces an asymmetry between the positive and
negative poles of Offshore 2, which is directly reflected in the bus voltages, pole currents, and
power injections. The complete simulation setup for this case is provided in the file Chapter

2/Scenario2.ecf, included in the supplementary material.

The operating points of the onshore stations are shown in Figure 2.20. Notably, Onshorel-P
transitions from SO mode to LS-OVO mode to mitigate excessive voltage rise, while the remaining
onshore poles maintain their operation in SO mode (see Section 2.4.2 for mode definitions). This
demonstrates that the proposed AC-DC LF algorithm is capable of capturing both the imbalance

in pole operation and the associated control mode transitions required for stable system behavior.



51

V_plus=551.39 kV V_plus=542.84 kV
V_n=-343KkV ldc_plus=942.46 A V_n=0.27 kV
V_neg=-529.69 kV ldc_n=-437.07 A V_neg=-525.11kV
ldc_neg=-505.54 A
P = 1005 MW ] E’ﬁ > ﬁg,
=0 MVAR — " —
-0 Pdc=527.90 MW % Pdc=864.23 MW
WP1 = )
Pdc=527.83 MW d_plus=651.84 A Pdc=501.67 MW
P=600 MW — Idc_n=-201.73A
Q=0 MVAR Pdc=527.90 MW ldc_neg=-449.98 A
4@ & Idc_plus=960.41 A - > wl |
] Sl Idc_n=-462.82 A T e M I
WP2 5| ldc_neg=-497.44 A
—
ldc_plus=946.19 A
R Idc_n=-240.59 A
P=705 MW ldc_neg=-705.59 A
- — % . N
Q=0 MVAR Pdc=348.99 MW Idc_plus=636.15 A R H —
E :':: — Idc_n=20.84 A T Pdc=495.79 MW
_— el Idc_neg=-656.99 A
o1 x
WP3 ﬁ il — |
Pdc=348.97 MW .
Pdc=364.88 MW
V_plus=548.76 KV V_plus=543.76 kV V_plus=528.67 kV
V_n=0.19kV V_n=0.00 kv V_n=3.61KkV
V_neg=-530.95 kV V_neg=-525.74 kv V_neg=-514.51 KV

Figure 2.19 A screenshot of EMTP® with AC-DC results of Scenario 2



Table 2.6 AC-DC LF results for Scenario 2

Scenario 2 (pu
MTDC (pw)
Component P, Vae I, P 0
‘ (Pole-to-neutral) ‘ “
Offshorel-P 0.528 1.057 0.500 || -0.531 0.000
Offshorel-N 0.528 1.002 0.527 | -0.531 0.000
Offshore2-P 0.528 1.057 0.500 | -0.531 0.000
Offshore3-P 0.349 1.045 0.334 | -0.350 0.000
Offshore3-N 0.349 1.012 0.345 | -0.350 0.000
Onshorel-P -0.864 1.033 -0.837 | 0.857 0.000
Onshorel-N -0.502 1.000 -0.502 | 0.499 0.000
Onshore2-P -0.496 1.000 -0.496 | 0.493 0.000
Onshore2-N -0.365 0.986 -0.370 | 0.364 0.000
WP1 - - - 1.005 0.000
WP2 - - - 0.600 0.000
WP3 - - - 0.705 0.000
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Figure 2.20 Operating points mapping for the onshore stations of Scenario 2
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Scenario 3: Multiple Pole Disconnections

A more severe unbalanced condition is simulated by disconnecting the negative poles of Offshore
1 and Offshore 2 simultaneously. Under this contingency, the proposed AC-DC LF algorithm
converges in five master iterations. Figure 2.21 shows the EMTP® snapshot with AC-DC LF
results, while Table 2.7 summarizes the corresponding numerical values. The results reveal
significant asymmetry in bus voltages and pole currents, reflecting the increased stress imposed on
the onshore stations. The complete simulation setup for this case is provided in the file Chapter

2/8cenario3.ecf, included in the supplementary material.
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Figure 2.21 A screenshot of EMTP® with AC-DC results of Scenario 3
In particular, Onshorel-P reaches its power transfer limit and shifts into AOV mode, capping its
DC power injection at Paux (1.25 pu) to prevent converter overloading. At the same time, Onshorel -
N transitions into LS-UVO mode to counteract voltage reduction, thereby maintaining operational
stability. The operating points of the onshore stations are depicted in Figure 2.22, confirming the

combined occurrence of AOV and LS-UVO modes under this highly unbalanced condition.

These results demonstrate that the proposed algorithm is able to capture both the limiting behavior
of converters under overload conditions and the corrective control actions required to preserve the

stability of the MTDC system during severe contingencies.



Table 2.7 AC-DC LF results for Scenario 3

MIDC Scenario 3 (pu)
Component P, Vae I, P, 0
(Pole-to-neutral)
Offshorel-P 0.789 1.102 0.717 | -0.797 0.000
Offshore2-P 0.789 1.102 0.717 | -0.797 0.000
Offshore3-P 0.349 1.069 0.326 || -0.350 0.000
Offshore3-N 0.349 0.978 0.357 | -0.350 0.000
Onshorel-P -1.250 1.057 -1.184 | 1.235 0.000
Onshorel-N -0.127 0.967 -0.131 || 0.127 0.000
Onshore2-P -0.580 1.008 -0.575 | 0.577 0.000
Onshore2-N -0.219 0.972 -0.226 || 0.219 0.000
WP1 - - - 1.005 0.000
WP2 - - - 0.600 0.000
WP3 - - - 0.705 0.000
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Figure 2.22 Operating points mapping for the onshore stations of Scenario 3

2.5.3.2 Modified InterOPERA Scenarios

Existing studies [134] emphasize the need for an AC-DC LF methodology capable of addressing
multiple Vdc-LF constraints within a single DC network, an issue that challenges many
conventional AC-DC LF approaches. To explore this further, two additional test scenarios are

introduced.
Scenario 4: Multiple Vdc-LF Constraints

This scenario assesses the capability of the proposed AC-DC LF approach to manage multiple
Vdc-LF constraints concurrently. The modified InterOPERA system replaces both onshore stations

with Vdc-controlled MMCs. The algorithm successfully converges within three master iterations.

Figure 2.23 shows an EMTP snapshot of the AC-DC LF results under this scenario, while Table
2.8 summarizes the corresponding numerical values. The results demonstrate consistent
enforcement of the dual Vdc—LF constraints, confirming that the algorithm can maintain
convergence and system stability even when multiple converters impose DC-voltage control
simultaneously. The complete simulation setup for this case is provided in the file Chapter

2/Scenario4.ecf, included in the supplementary material.
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Figure 2.23 A screenshot of EMTP® with AC-DC results of Scenario 4
Table 2.8 AC-DC LF results for scenarios 4-5
MTDC Scenario 4 (pu) Scenario S (pu)
mponent
Co pone Pdc Vdc Pac Q Pdc Vdc Pac Q

Offshorel 0.397 1.013 || -0.398 || 0.000 | 0.397 1.013 || -0.398 | 0.000
Offshore2 0.397 1.013 | -0.398 || 0.000 | 0.397 1.013 || -0.398 | 0.000
Offshore3 0.349 1.012 || -0.350 | 0.000 | 0.349 1.011 || -0.350 | 0.000
Onshorel -1.079 | 1.000 1.068 0.000 | -0.795 | 1.000 | 0.789 0.000
Onshore2 -0.048 | 1.000 | 0.048 0.000 | -0.327 | 0.983 0.327 0.000

WP1 - - 1.005 0.000 - - 1.005 0.000
WP2 - - 0.600 | 0.000 - - 0.600 | 0.000
WP3 - - 0.705 0.000 - - 0.705 0.000

Scenario 5: Combination of Ddc-LF and Vdc-LF constraints

This scenario further evaluates the proposed AC-DC LF approach under a mix of DC droop and
voltage-controlled converters within the same DC network. Specifically, Onshorel is replaced with

a Vdc-controlled MMC, while Onshore2 remains under multi-droop control. These tests are
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maintained as balanced cases for clarity, though the method is also capable of addressing

unbalanced operating conditions.

Figure 2.24 provides an EMTP snapshot of the AC-DC LF results for this scenario, while Table
2.8 summarizes the corresponding numerical values. The results confirm that the algorithm can
consistently enforce heterogeneous control constraints across multiple converters and maintain
stable operation. This demonstrates the flexibility of the proposed approach in handling mixed DC
control strategies within large-scale MTDC systems. The complete simulation setup for this case

is provided in the file “Chapter 2/Scenario5.ecf™, included in the supplementary material.
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Figure 2.24 A screenshot of EMTP® with AC-DC results of Scenario 5

2.6 Verification through time-domain simulation

To verify the AC-DC LF results, a time domain simulation is conducted to compare the steady-
state results with those obtained in Table 2.6 and Table 2.8. For an efficient and healthy simulation,
the computed solutions are used for initializing the EMT simulations via the DI method [9] which
is presented in CHAPTER 4. The system is modeled in EMTP® software [5] using the component
models and configurations detailed in Table 2.4. The DI-based initialization is performed at a

recoupling time of t = 0.3 s.
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Figure 2.25 presents time-domain responses of onshore stations for scenarios 1-3, depicting

variations in V. and P,. across different scenarios. The results demonstrate a strong correlation

between the AC-DC LF calculations and time-domain simulations, validating the accuracy and

reliability of the proposed approach.
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Figure 2.25 Time-domain validation of Onshore 1 under different scenarios.
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For the modified InterOPERA system in Scenarios 4 and 5, the same validation procedure is
applied to ensure consistency between the AC—DC LF results and time-domain simulations. Figure
2.26 illustrates the time-domain responses of all Onshore converters under these scenarios. Since
the DC network remains balanced, the behavior of the positive and negative pole converters is

symmetrical, allowing for a single representative converter per station to be plotted.

The steady-state operating points obtained from the time-domain simulation show excellent
agreement with the AC—DC LF results presented in Table 2.5-Table 2.8, thereby confirming the
accuracy and consistency of the proposed methodology. This consistency across scenarios
highlights the capability of the AC-DC LF framework to accurately reproduce the dynamic

behavior of the system while maintaining fidelity to the underlying steady-state conditions.
2.6.1 Conclusion

This chapter introduced a novel unbalanced AC-DC load-flow method designed for EMT
simulations, leveraging the MANA-based conventional AC load-flow solver within a sequential
framework. Newton’s method is applied to both AC and DC networks, while a fixed-point iteration
ensures stable coupling. The method seamlessly integrates various converter control modes, such
as DC droop and multi-droop control, without requiring structural modifications to the MANA-

based solver.

The proposed approach was validated on the InterOPERA Variant 1 system across three different
scenarios, demonstrating its accuracy under diverse operating conditions. Additionally, time-
domain validation confirmed its capability to provide reliable initial conditions for large-scale
MTDC systems, reinforcing its practicality for unbalanced AC-DC studies within EMT

environments.
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Figure 2.26 Time-domain validation of onshore stations under Scenarios 4 and 5.
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CHAPTER 3 INITIALIZING GFM-VSC MODEL IN MTDC
SIMULATION

3.1 Introduction and background

Efficient and accurate initialization methods are essential for ensuring the stability and
computational efficiency of MTDC system simulations. EMT tools provide detailed
representations of MTDC networks but often face significant computational challenges due to the

complexity of modeling advanced converter controls and IBRs.

LF-based initialization techniques are generally effective for conventional AC systems and their
control, such as governors and exciters [5, 142]. However, it might become complicated when
applied to power electronic converters with complex control mechanisms. The intricate interactions
among converter controls and system components can lead to extended initialization times or

failure to converge, particularly in large-scale networks [9].

When an islanded AC system is integrated with a grid-forming voltage source converter (GFM-
VSC), conventional LF-based initialization methods become inadequate. This is because GFM-
VSCs rely on sophisticated control strategies that involve a large number of internal state variables,
while also coupling their operation to the DC side of the converter. These additional constraints go
beyond the assumptions of standard LF formulations, making it difficult to obtain a consistent
steady-state solution using conventional methods. GFM-VSCs are widely used not only in MTDC
applications but also in offshore wind farms connected via HVDC transmission, where they provide
grid-forming capability and system support. Without a robust initialization process, EMT

simulations may fail to converge or produce unstable and unrealistic results.

Full control initialization of GFM-VSCs is possible, as demonstrated in [111], where MMC models
are initialized in depth by solving all power and control system equations in steady-state. However,
this approach relies on complete knowledge of model parameters and detailed internal
representations. When dealing with black-box or grey-box models, where full access to system

details is unavailable, implementing such an approach becomes challenging.

This chapter provides an overview of LF-based initialization processes and highlights their
challenges when applied to GFM-VSCs. To address these limitations, two advanced initialization

methods are proposed: Outer Control Initialization in Steady-State (OCISS) and Decoupling
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Interface (DI). Both methods significantly reduce initialization time while ensuring stable and

accurate system behavior in EMT simulations.
3.2 Overview of load-flow-based initialization

LF-based initialization is a widely used technique for determining the steady-state operating point

of power systems. It comprises three primary steps shown in Figure 3.1.

Load-flow Steady-state solution Time-domain
solution and initialization initialization
Figure 3.1 LF-based initialization process.

3.2.1 Load-flow solution

The first step involves finding LF solution for the simulation model. MTDC has AC and DC
systems, which require implementing AC-DC LF. All details about this step are presented in
Chapter 2. LF results give insight into the steady-state operating point of LF buses. Therefore, for
expanding the solution for components other than LF buses, further steady-state analysis is

required.
3.2.2 Steady-state analysis and component initialization

Using the LF solution results, steady-state analysis determines the remaining electrical quantities
across the system, such as voltages, currents, and power phasors. This step covers all components
not directly included in the LF solution, including passive elements (e.g., lines, cables,
transformers) and conventional rotating machines with their associated controls, which are directly
initialized. To initialize the EMT model, all power system components, including sources, loads,
and passive devices, are replaced by their lumped equivalent representations derived from the
solved LF operating point. In other words, the LF constraints are no longer enforced (explicitly)
during the EMT simulation; instead, they are translated into physical equivalents that ensure the

system starts from the correct steady-state conditions.

For example, generator buses are typically initialized using equivalent source models that replicate
the power injections obtained from the LF results. These models can take the form of current
sources or voltage sources with internal impedance, depending on the simulation setup. Similarly,

load buses are represented using fixed admittances or equivalent current injections. These
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substitutions collectively ensure that the EMT simulation begins from a physically consistent and

electrically balanced steady-state operating point.
3.2.3 Time-domain initialization

Some components in EMT simulations, particularly power converters, IBRs, and systems governed
by advanced control schemes, require additional attention during initialization. Unlike passive
network elements that can be directly initialized from load-flow results, these devices rely on
dynamic control systems whose steady-state behavior depends on the correct adjustment of internal
variables such as integrator states, reference signals, and limit indicators. Both the electrical
quantities and the internal control states must be reconciled in steady state before the time-domain

simulation begins.

In this work, the term complex control refers to control architectures that contain several interacting
regulation loops, typically current, voltage, and power controllers, together with nonlinear
elements, limiters, or mode-switching logic. These interactions create strong couplings between
electrical and control variables, which means that the internal controller states depend on network
conditions. Their steady-state values cannot be directly assigned from load-flow results and must

instead be adjusted to obtain a stable starting condition.

Such controllers differ from conventional ones, such as exciters and governors, whose steady-state
references can be explicitly derived from load-flow quantities. For converters, multiple control
objectives act simultaneously, and the active limits or priority modes may change depending on
the operating point. If these internal states are not properly aligned at the start of the simulation,
the converter may begin from inconsistent electrical and control conditions, producing transients

that delay convergence or destabilize the network.

Time-domain initialization techniques are therefore applied as a necessary extension of load-flow-
based initialization. They provide a gradual transition between the operating point obtained from
the load-flow analysis and the dynamic simulation by allowing converter controls to settle into
their steady-state conditions before the main EMT run. These strategies are often applied locally
to specific subsystems, hereafter referred to as time-domain initialized subsystems (TDISs). This
approach ensures that both the network and the control systems start from physically consistent

conditions and that the simulation proceeds without unnecessary transients.
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One widely used implementation is the Load-Flow and Source Initialization (LFSI) technique. As
illustrated in Figure 3.2, LFSI imposes auxiliary voltage sources at the terminals of power
converters and IBRs during the startup phase of the simulation. These sources temporarily force
the terminal conditions to match the load-flow results, ensuring that the voltage phasors seen by
the control systems are consistent with their expected operating points. This controlled approach
allows converters, especially those in wind parks or other converter-dense systems, to ramp up
their control actions gradually, avoiding abrupt transients or power swings that could disturb the
surrounding network. Once the system stabilizes, the auxiliary sources are smoothly removed,

enabling a seamless transition to full dynamic simulation.

TDIS

’ Auxiliary Source }—

SW

)|

—1+ , DC
[ . network
N )

Figure 3.2 Time-domain initialization for a wind park.

3.2.4 Special initialization challenge in GFM-VSC

While LFSI proves effective for initializing many power electronic systems, it introduces conflicts
when applied to GFM-VSCs interfacing with islanded AC grids. The issue arises because LFSI
enforces steady-state conditions by temporarily imposing auxiliary voltage sources at converter
terminals. While this ensures an initial match with LF results, it disrupts the natural operation of

GFM-VSCs.

As shown in Figure 3.3, when GFM-VSC is connected directly with an auxiliary source with LF
phasors, the AC voltage seen by GFM-VSC will be dictated by the voltage, frequency and angle
of the auxiliary voltage source. Referring to Figure 3.3, the GFM-VSC measures the AC voltage

magnitude,

Va c

, from the auxiliary source rather than the actual system values. Because the

auxiliary source is set to match the control setpoint, the error signal (e) is zero, leading to an

incorrect initialization of the converter’s internal variables. As a result, referring to Figure 3.3, the
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reference direct-axis voltage £ ;ef is determined by both the integrator's initial condition and the

auxiliary source voltage:

EY =K h+|V (0.16)
where 4 is the initial condition of the integrator.
TDIS
| Aucxiliary Source l—
SW 1
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Fec o DC
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Figure 3.3 V/{-VSC schematic using LFSI for a neighboring IBR.
If the integrator is not initialized, meaning its initial condition is set to zero, £ ;ef will be incorrectly
assigned the magnitude of the auxiliary source voltage. Consequently, the corresponding reference

output voltage E ;ch also becomes inaccurate. Since the active and reactive powers delivered by
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the GFM-VSC are directly dependent on E;;’: , the converter will operate at an incorrect steady-

state condition. This mismatch creates a conflict between LFSI and the actual control response.

When the auxiliary source is removed after time 7., the GFM-VSC and the wind park will no

1

longer share the same operating point, causing a long transient period before reaching steady-state.

Two methods are proposed below for improving the time-domain initialization step. The first
method is outer control system initialization in steady-state (OCISS) involves initializing the main
PI controllers of GFM-VSC control by performing steady-state analysis. The second is a generic
method called DI. In both methods, all non-initialized converter control variables are rapidly and
automatically self-initialized through time-domain computations due to forcing from the steady-

state solution.
3.3 Outer control initialization by steady-state analysis

To resolve conflicts in time-domain initialization, OCISS is proposed as a method for determining
the initial conditions of the PI controllers in GFM-VSCs. This method does not replace LFSI but
complements it by ensuring that the control system starts from a physically consistent steady-state
condition. The required inputs for this initialization step include LF results and GFM-VSC model

parameters.

Figure 3.4 illustrates the AC-side representation of a GFM-MMC modelled using an AVM in pu

quantities, the full model derivation is presented in [40]. In this representation:

e E'Y denotes the internal voltage of the GFM-VSC

abc
o I4 isthe AC current phasor

o Zyand jX Larm/ 2 TEpresent the transformer and arm inductance impedances, respectively

_jm’ 2[;’ .]“)(Larm/2

+ | L |
> LF —ref
78 @Em

Figure 3.4 AC-side phasor representation of GFM-MMC via its AVM.
By applying Kirchhoff’s Voltage Law (KVL), the following equation is obtained:
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Vit ~Tae(Zur+ X 1 /2) = Eube (0.17)

From Figure 3.3, the internal voltage phasor can be expressed as:

"% re . re Vc
Enpe =(Edf +]qu)% (0.18)

Since E ;ef is always zero, by substituting (0.16) into (0.18) yields:

set
Vac

Efﬁ,fc = (Kl.h +

)% (0.19)

By substituting (0.17) into (0.19), E:;;fc can be eliminated, then the variable / can be expressed as:

1) 2150 5 (5 JX
h:_ — V _]ac Zr‘l‘ﬂ -
Ki{Vdc|: ree ( t 2

By using this equation, 4 can be directly calculated from LF voltage and current phasors. This 4 is

set
Vac

} (0.20)

used to initialize the integrator in Figure 3.3. Therefore, the GFM is correctly initialized, and if a
neighboring TDIS with an auxiliary source is connected directly with this GFM, such as a wind
park, the auxiliary source won’t cause the initialization conflict explained in section 3.2.4, ensuring
that the GFM-VSC starts from the appropriate steady-state condition when the EMT simulation

begins.

To give an example for the implementation in any EMT software, Figure 3.5 present the control
schematic of V/F-MMC in EMTP®. The initial condition value calculated using (0.20) is assigned
to the Reset Value of the PI controller. This value is forced just at the first time-point by assigning
the reset interval “Reset Int” to this condition (t==0), which will return True only at the first time-

point.
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Figure 3.5 Implemnting OCSI in EMTP®.

3.4 Time-domain initialization using decoupling interface

The DI method is introduced as an alternative approach to replace the auxiliary voltage source
traditionally used in GFM-VSC time-domain initialization. This method is specifically designed to
eliminate startup control conflicts and minimize interactions between the islanded grid subsystem

(IGS) and the GFM-VSC, facilitating a more stable initialization process.

A high-level overview of the DI approach is depicted in Figure 3.6. The procedure begins by
isolating the IGS from its corresponding GFM-VSC through the introduction of interfacing
auxiliary sources (IASs). Once decoupled, the system undergoes time-domain simulation until it

reaches steady-state conditions.
Load-flow Steady-state solution
solution and initialization

Decouple the
IGSs and add

the TASs

| Start the decoupled simulation |

The rest of
[ 1GSs ] [ the system]
Y v &S operating
point

Time-domain
initialization

A

Recouple the system, disconnect the
IASs, and continue the simulation

Figure 3.6 The DI initialization method.
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After achieving steady-state, the system is seamlessly reintegrated by removing the IASs and
reconnecting the IGS, ensuring smooth initialization. To enhance automation and reduce user

intervention, IASs can be embedded within simulation models.
3.4.1 System decoupling

During the decoupling phase, all IGSs are disconnected from their respective GFM-VSCs, as

illustrated in Figure 3.7. This step involves the addition of two auxiliary sources:

e Equivalent Auxiliary Source: A standalone source that replicates the steady-state behavior
of the IGS by maintaining the same active (P) and reactive (Q) powers as determined in the

LF solution. Since the GFM-VSC regulates V. and the frequency, this source is typically

implemented as an AC current source to achieve accurate steady-state values for P and Q.
e Replicating Auxiliary Source: This source emulates the GFM-VSC’s AC-side behavior to
allow the IGS to initialize independently. It is designed as a dependent source that replicates

the AC voltage waveforms observed at the PCC, ensuring a consistent transition.

IGS

GFM-VSC
IASs =

¢ X
TIASs —

Replicating auxiliary ~ Equivalent auxiliary
source source

Figure 3.7 The DI initialization setup.

3.4.2 Decoupled simulation and recoupling

After decoupling, time-domain simulation is executed, where both the IGS and the GFM-VSC are
initialized separately. Once these subsystems achieve their steady-state operating points within a
predefined tolerance, the recoupling process is initiated. At this stage, the IASs are removed, and

the original MTDC network is fully restored. This structured approach ensures that the GFM-VSC
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and IGS reach stable conditions before complete system integration, mitigating transients and

ensuring a smooth simulation startup.
3.4.3 The DI method implementation in EMT tools

The DI method can be implemented in any EMT simulation tool using auxiliary sources and
switching devices. In this work, the method was realized in EMTP® software [5] by creating a DI
block that decouples an IGS from its corresponding GFM, inserts the auxiliary sources, and then
performs recoupling during time-domain simulation. The structure of this block is illustrated in

Figure 3.8.

At the start of the simulation, the switch SW_recoupling is open, thereby decoupling the IGS from

the GFM. Once the system reaches steady-state, this switch closes at the predefined instant 7},

which is chosen manually based on prior knowledge of the settling time required for the GFM to
reach steady state. In practice, this value can also be determined automatically by monitoring the
settling behavior of the GFM. This operation re-establishes the connection between the IGS and
the GFM. At the same time, the auxiliary sources are disconnected using switches such as
“SW disconnect”. In the case of the “Replicating Aux Source” source, which is a dependent
current source, explicit disconnection switches are not required. Instead, this source is configured

to automatically stop at 7.
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Figure 3.8 The DI implementation in EMTP®.

3.5 Performance evaluation

The DI method proposed in this study is implemented in EMTP® software [5], as explained in the
section above, and tested on the CIGRE BM4 benchmark [4], as shown in Figure 3.9. This model
of CIGRE MTDC benchmarks is selected as it focuses on collecting and integrating wind
resources. The BM4 model combines three HVDC subnetworks:

e A monopolar point-to-point (P2P) link (Cm-D1 and Cm-D2).
e A five-terminal bipolar MTDC system (Cb-D3, Cb-D4, Cb-D6, Cb-D7, and Cb-D9).
e A four-terminal monopolar MTDC system (Cm-D5, Cm-D10, Cm-D12, and Cm-D13).

The DI initialization method is compared against both the OCISS method and the LFSI method
described in Section 3.2.3. The components of BM4 are modeled as outlined in Table 3.1, where
T; represents the time required to disconnect the auxiliary sources from TDIS models (as detailed

in Section 3.2.3). The T; values are determined based on the default LFSI settings of each model in
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EMTP®, which also remain consistent for the DI and the OCISS methods. Both simulation cases

are available in the folder “Chapter 3/, included in the supplementary material.

Table 3.1 Model types used in BM4

Device Modelled by
Arm equivalent model (Model 3 in [40]),
MMC —
1,=02s
dc-dc converters Ideal DC transformers

. Aggregated DFIG models with controls,
Wind parks

1, =0.5s
Electrical loads Fixed impedances
Lines /cables Wideband models [22]

PQ «— » PQ

Cd-D5 E

—~/|— P controlled VSC ~ — | GFM-VSC — /I~ uvbcpcpoc —»PQ  Load

=\ V,Droop VSC  — \/\—Vd(. controlled VSC _@_ Transformer _I_ Bus

Figure 3.9 The CIGRE BM4 benchmark [4].
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For the DI approach, initialization is applied exclusively to the GFM-VSC links connecting the
islanded grids, as shown in Figure 3.10. The remaining system components, including other VSC
types and wind parks, retain the default LFSI-based initialization embedded inside the model. All
simulations use a 10 us time-step, and initialization is considered complete when power and voltage

deviations remain within 1% of the LF results.
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Figure 3.10 CIGRE BM4 [4] modeled in EMTP® with DI blocks on all GFM-MM(Cs.

3.5.1 Time-domain results and comparison

As CIGRE BM4 has three different types of subsystems: a P2P line, Bipolar MTDC, and a unipolar
MTDC, the results are presented and discussed for each subsystem individually. The time-domain
performance of the P2P system is illustrated in Figure 3.11. As shown in Figure 3.11 (a), the LFSI
method initially ramps up the power of the Cm-D1 converter but settles at an incorrect steady-state

operating point due to the influence of auxiliary sources applied to the wind park model, as the
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control conflict that is explained in the section 3.2.4. Consequently, the V. controlled VSC (Cm-

D2) in Figure 3.11 (b) receives inaccurate DC power, causing it to settle at an incorrect operating

point during the 7; interval. Once T; elapses and the auxiliary source is removed, the system enters

a correction phase and gradually converges to the correct operating point.
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(b) P of the Cm-D2.
Figure 3.11 Initialization comparison for the monopolar P2P line of BM4.
Once the T; period for the wind park elapses, the auxiliary sources are disconnected, allowing the
GFM-VSC control to correct its operating point and reach steady-state. After which, Cm-D2
follows. The LFSI approach achieves steady-state within 1.45 s of simulation. However, both the

OCISS and DI methods demonstrate significantly better performance, achieving steady-state

conditions in 0.15 s and 0.3 s, respectively.
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Figure 3.12, presents a sample of converter behaviours located within the bipolar MTDC
subnetwork. As observed, the LFSI method requires a significantly longer time to reach steady-
state. Specifically, the Vdc-controlled VSC (Cb-D6) in Figure 3.12.(b) takes 3.4 s to stabilize. This
delay is primarily attributed to the interaction between the bipolar system and the monopolar
system via the Cd-D5 DC-DC converter, which introduces power oscillations during initialization.
In contrast, both the OCISS and DI methods demonstrate superior efficiency, stabilizing the system

in a significantly shorter timeframe.

The initialization results for the monopolar system are presented in Figure 3.13. The GFM-VSC
Cm-DS5 is directly connected to an electrical load, meaning no auxiliary source is applied. However,
in the LFSI approach, the influence of its own auxiliary source remains observable until 0.2 s. In
contrast, both the DI and OCISS methods exhibit similar performance, successfully initializing the

monopolar MTDC system within 0.4 s.
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Figure 3.12 Initialization behaviors for the bipolar MTDC subnetwork of BM4.
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Figure 3.13 Initialization behaviors for the monopolar MTDC subnetwork of BM4.
Ultimately, the entire BM4 benchmark reaches steady-state with LFSI in approximately 3.4 s,

whereas OCISS and DI showed comparable behavior, achieving steady-state within 0.5 s, which
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can be seen as a significant improvement over LFSI. To analyze in depth, the computational details

should be monitored and analyzed to gain a comprehensive understanding of all methods.
3.5.2 Computational time gains

Table 3.2 provides a comparative analysis of initialization time and CPU execution time for the
LFSI, OCISS, and DI methods. The CPU time reflects the duration of the initialization phase, and

the computing time gain quantifies the acceleration achieved by each method relative to LFSI.

In this table, the CPU time refers to the total wall-clock duration required to complete the
initialization process, measured directly from the simulation platform for each method. The
computing time gain is then calculated as the ratio of the CPU time of the baseline method (LFSI)
to that of the alternative method. For example, 1714.8s /249.95 = 6.9, showing that DI achieves

nearly a sevenfold acceleration compared to LFSI, with a similar value observed for OCISS.

Both OCISS and DI demonstrate a 6.9 times reduction in initialization time compared to LFSI,
underscoring their superior efficiency. However, while both methods achieve comparable
performance, DI stands out as the most practical approach, as it does not require accessing the
models or model internal parameters, unlike OCISS. This makes DI the preferred method for

efficiently initializing complex MTDC systems.

Table 3.2 Computational efficiency comparisons

Initialization method

Measure
LFSI DI OCISS
Initialization interval (s) 34 0.5 0.5
CPU time (s) 1714.8 249.9 248.4
Computing time gain 1 6.9 6.9
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3.6 Conclusion

This chapter presented and analyzed two advanced initialization methods, Outer Control
Initialization in Steady-State (OCISS) and Decoupling Interface (DI), for grid-forming voltage
source converters (GFM-VSCs) in MTDC systems. While conventional load-flow-based
initialization is effective for traditional power system components, it struggles with the complex
control interactions of power electronic converters, particularly in islanded AC systems. LFSI, a
widely used time-domain initialization method, was shown to introduce conflicts in GFM-VSC

control loops, leading to prolonged transients and incorrect steady-state conditions.

The proposed OCISS method addresses this by explicitly initializing PI controller states using a
steady-state solution, ensuring consistency with LF results. On the other hand, the DI approach
provides a more generic and robust initialization technique, decoupling the GFM-VSC from its
surrounding system during the startup phase. DI eliminates initialization conflicts, accelerates

convergence, and enhances numerical stability.

Performance evaluations on the CIGRE BM4 benchmark demonstrated that both methods
significantly outperform LFSI, reducing initialization time by a factor of 6.9. While OCISS is
highly effective when model details are available, DI remains the most adaptable method,

particularly for black-box converter models where internal parameters are inaccessible.

Given the effectiveness of DI, the next chapter will expand its application to a more general MTDC
framework, integrating multiple converter types and addressing broader initialization challenges in

large-scale MTDC networks.
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CHAPTER 4 UNIFIED INITIALIZATION ALGORITHM OF MTDC
MODELS: OFFLINE AND REAL-TIME APPLICATIONS

4.1 Introduction and background

Efficient initialization remains a critical factor in the simulation of large-scale MTDC networks,
particularly when incorporating diverse converter types, control strategies, and black-box models.
While the previous chapter focused on the initialization of GFM-VSCs, this chapter expands the
scope to a generalized EMT simulation framework that accommodates a broader range of MTDC

system configurations.

Traditional LF-based initialization methods, despite their effectiveness in conventional AC
networks, face considerable challenges in complex MTDC grids. The presence of multiple
converter types, such as grid-following VSCs (GFL-VSCs), LCCs, IBRs, and hybrid DC/DC
converters, introduces diverse control constraints that must be properly handled. Additionally,
black-box and grey-box models restrict access to internal control parameters, necessitating
initialization strategies that do not rely on detailed model structures. In this work, the proposed
framework only requires the AC-DC LF results and knowledge of the control mode of power

converters, making it equally applicable to open and black-box models

To address these challenges, this chapter extends the Decoupling Interface (DI) method beyond
GFM-VSCs, establishing a unified initialization framework applicable to diverse MTDC
configurations. Previous works, such as [10], have proposed initialization methods for large AC—
DC systems, including black-box models. However, these approaches primarily focus on the AC
side and rely on Thevenin equivalents for system components, a process that is computationally
demanding and difficult to generalize for large-scale MTDC networks. In contrast, the proposed
framework fully integrates AC-DC initialization within the DI approach, ensuring a seamless and

computationally efficient startup process, even when internal model parameters are inaccessible.
The proposed framework is designed to:

e Support various converter types by adapting DI methodology for different control modes.
¢ Enable black-box model initialization without requiring detailed internal parameters.

e Enhance stability and computational efficiency for large-scale EMT simulations.
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The methodology is validated using CIGRE BM1 and BM7 benchmarks [4], demonstrating its

capability to streamline initialization across heterogeneous MTDC systems.

Beyond offline EMT simulations, this chapter also explores the extension of DI to real-time
applications. Real-time simulation imposes additional constraints, such as strict execution time
limits and the need for initialization techniques that minimize transient durations. Section 4.5
evaluates the DI method in a real-time simulation environment using the HYPERSIM® platform,
assessing its ability to maintain computational efficiency and ensure rapid steady-state
convergence. The results highlight DI’s potential as a robust and scalable initialization method for
large-scale MTDC systems under real-time constraints, offering a viable alternative to

conventional load-flow-based techniques.

The following sections provide a detailed formulation of the extended DI method, implementation
strategies, and performance evaluations, ensuring a scalable and adaptable initialization process for

complex EMT studies.

4.2 Unified DI methodology

The main difference between the DI method presented in CHAPTER 3 and the unified DI, is the
scope of application, the unified DI method is extended and adapted to all MTDC components, not
only for the GFM. Therefore, although there are some similarities in the flow chart’s main steps,

each step has different contents and details.

The key distinction between the DI method presented in CHAPTER 3 and the unified DI method
introduced here lies in their scope of application. The previous chapter focused exclusively on
GFM-VSCs within MTDC systems, whereas the unified DI extends the methodology to all
converter types and MTDC components, including grid-following VSCs, LCCs, hybrid DC/DC
converters, and IBRs. While the overall initialization sequence (decoupling, auxiliary sources, and
reconnection) follows the same high-level structure, the specific procedures within each step differ
significantly depending on the component type and control strategy. This ensures that the unified

DI framework is scalable and adaptable to heterogeneous MTDC networks.

The DI method, as illustrated in Figure 4.1, is structured to systematically divide the system into
distinct subsystems, where each subsystem contains only one TDIS. These subsystems are isolated

through appropriate decoupling sources, ensuring that each TDIS operates independently until
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reaching its steady-state conditions. Once the steady-state conditions are achieved, the subsystems
are gradually reconnected by removing the auxiliary sources, facilitating a seamless transition back
to the coupled system. This approach eliminates manual intervention by allowing the integration

of interfacing sources directly within the simulation models.

The following subsections outline the DI initialization process in detail.
4.2.1 Decoupling

All system components are categorized into two groups: TDISs and Initialized Subsystems (ISSs).
Subsystems containing power converters, such as IBRs with intricate control mechanisms, are
designated as TDISs. Conversely, ISSs include components that can be initialized directly from the
steady-state solution, such as transmission lines, transformers, and synchronous machines with

their respective control systems.

The decoupling process occurs at PCC, as shown in Figure 4.2, Here, power converters such as
VSCs and their corresponding IBRs (e.g., wind turbines) are assigned to distinct TDISs
(highlighted in grey), while the remaining system elements form the ISS group. This classification
ensures that components with high control complexity are effectively isolated during initialization,
blocking initialization transient from passing to other components and mitigating potential conflicts

between their transient behavior and the rest of the network.

solution and initialization

t Load-flow H Steady-state solution]

Decouple the
TDISs

[ Add interfacing ]

auxiliary sources

| Start the decoupled simulation |

( Isls1 J[ IslsM ][TDISl]-u[TDISN\

- J

Time-domain
initialization

y v v =SS operating
point

Recouple the subsystems together and
continue the simulation

Figure 4.1 The procedure of unified DI initialization.
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Figure 4.2 Decoupled MTDC system.

4.2.2 Adding interfacing auxiliary sources

To maintain steady-state conditions during initialization, Interfacing Auxiliary Sources (IASs) are

introduced at each decoupling point. These auxiliary sources are categorized into two types:

e Internal IAS (ITAS): Represented by a dependent source, this type of IAS dynamically
adjusts based on system interactions.
e External IAS (EIAS): An independent source that enforces steady-state conditions using

predefined constraints from the LF solution.

The EIAS plays a crucial role in sustaining the steady-state state of ISSs, ensuring that these
components remain stable while the adjacent TDISs are initialized. The appropriate EIAS type is

determined based on the LF constraints, as summarized in Table 4.1.

All EIAS phasors are derived from the LF results to maintain consistency with the system’s initial

conditions.

IASs are particularly vital in cases where ISSs must provide consistent boundary conditions to their
corresponding TDISs. Their correct implementation prevents unwanted transients and ensures a

smooth transition to time-domain simulation.
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Table 4.1 EIAS type selection

Side LF constraints EIAS
Vie DC voltage source
DC ~
ly., Py.,or P DC current source
AC 0 V AC voltage source
Por P 0,V,orQ AC current source

4.2.3 Decoupled simulation and recoupling

Once decoupling is complete, the system progresses to the time-domain simulation phase. During

this phase:

e All ISSs retain their steady-state conditions.

e Each TDIS undergoes a controlled transition toward steady-state by ramping its internal
variables.

e The initialization process ensures that TDIS variables evolve from a consistent initial state

rather than abrupt, undefined conditions.

After all TDISs achieve their steady-state conditions within a predefined tolerance, the recoupling

phase begins. At this stage:

e [ASs are removed, restoring the original network topology.

e TDISs and ISSs are seamlessly reconnected to form the complete MTDC system.

This structured approach minimizes initialization transients, ensuring a stable and computationally

efficient transition from steady-state analysis to full EMT simulation.
4.3 Internal interfacing auxiliary source selection

The control systems of IBRs often rely on several variables measured at the PCC. While some of
these variables are explicitly controlled, others are utilized internally for auxiliary calculations.
These latter variables, referred to as disturbance variables, play a crucial role in the initialization

process.

Since the performance of the control system depends on the accuracy of these disturbance
variables, they must reach their steady-state values as quickly as possible. However, in many cases,

these variables exhibit slow dynamic behavior, as they reflect the external system's transient
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response. Their delayed convergence can introduce initialization inconsistencies, prolonging the

system’s initialization period.

To overcome these challenges, this section proposes a methodology for selecting IIASs based on
disturbance variables. The objective is to accelerate the response of the outer control loop, typically
the slowest control component, by ensuring that TDISs receive an accurate replica of steady-state
values for disturbance variables. This is achieved using a dependent source, which replicates the

expected steady-state behavior and stabilizes the initialization process.

By employing this approach, the outer control dynamics of the TDIS align more closely with the
intended steady-state conditions, reducing transient response complexity and expediting the

system's transition to a stable operating state.
4.3.1 Determination of disturbance variables

To effectively identify the relevant disturbance variables for a given control mode, the error
expression of the outer control loop can be formulated concerning the manipulated control
variables. This provides a systematic framework for determining which variables influence

initialization stability and accuracy.

A more detailed analysis of this procedure is presented for VSCs and their common control modes,
as illustrated in Figure 4.3. Additionally, a sensitivity analysis is performed for grid-connected
converters, allowing a comparative assessment of how the outer control response differs from the

original uninitialized case.

It is important to emphasize that this framework does not require direct access to the converter’s
internal control equations. In practice, the only information required is the specified control mode

(e.g., P, V,., GFM,..etc), which is always available even for black-box vendor models. As a rule

of thumb, once the control mode is known, the corresponding disturbance variable can be directly
identified, regardless of whether the internal control structure is exposed or hidden. The derivations
in this section therefore serve as illustrative examples based on typical control implementations,
while the overall framework remains general and applicable across both open and black-box

models.
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4.3.1.1 P-Controlled VSC initialization

The P-VSC control configuration is widely employed in MTDC systems, where the d-axis regulates
active power, while the g-axis manages either voltage magnitude or reactive power. The schematic

representation of this control structure is provided in Figure 4.4.

Typically, P-VSCs incorporate either a DC voltage limiter to maintain voltage within acceptable
thresholds or a droop control mechanism for power-sharing among multiple converters. However,

these two control strategies are mutually exclusive, only one can be applied at a time.
In the subsequent demonstrations, the following assumptions have been considered:

e The positive power flow direction is from DC to AC side.

e The VSCislosslessP,. =P, =P.

e The control system uses vector control, i.e., v, =0.

e The current control is very fast, and the current matches its reference immediately /¥ =1, .

From these assumptions, the expressions of P,(Q, and AC-DC power balance are given by

P == led +vqiq == vdld = le;e‘f (0.21)
Q=v, iy —vyi, =—vgi, =—vil? (0.22)
s | = Vel 0.23)

VSC Control mode

| |
Islanded Grid connected

d-axis q_axis

[ [ ] |
V/if P v, DC Droop VorQ

Figure 4.3 The common VSC control modes.
A basic control schematic for the P-VSC is illustrated in Figure 4.4. In this scheme, the d-axis

channel governs active power P, whereas the g-axis channel manages either the AC voltage



88

magnitude |Vac| or the reactive power Q. Typically, this control strategy is complemented by a

Vdc-limiter [2] to maintain the DC voltage within its permissible range. Alternatively, a droop
control mechanism may be introduced when coordinating multiple P-VSCs, allowing power-
sharing adjustments by modifying reference values. However, it is important to note that a P-VSC

can operate with either the Vdc-limiter or droop control, but not both simultaneously.

K

Pdroop|

Vil dc-droop

Pnff

bllZ.

»
>

(a) d-axis (b) g-axis
Figure 4.4 Outer control schematic of P-VSC.
In Figure 4.4.(a), the active power reference is compared with the measured value, and the error is
processed by a PI controller to generate the reference d-axis current igef . Similarly, the g-axis loop
in Figure 4.4.(b) compares either the reactive power or AC voltage magnitude with their setpoints,

and the PI controller produces the reference current igef . Both loops operate within a dq frame

established by the PLL, while the optional Vdc-limiter and DC droop functions adjust the active
power reference when the DC voltage deviates from nominal. In practice, these control loops are
implemented with additional details in EMT simulation tools. To illustrate this correspondence,

Figure 4.5 shows the actual EMTP® implementation of the P-controlled MMC.
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Figure 4.5 Outer control of grid-connected VSCs as modeled in EMTP®.

Diving into the details, as depicted in Figure 4.4.(a), the manipulated variables (outputs) of the

system are the direct and quadrature components of the reference current, i;ef and ;”?f , respectively.

Applying the previously established equations (0.21) and (0.22), the error expressions for the

manipulated variables are formulated as follows:
AP = P* —y,i"Y (0.24)
AQ =0 +v,ir! (0.25)

These expressions remain valid under the assumption that the influence of DC droop control or
Vdc-limiter is negligible. Notably, the only variable appearing in the control input-output

relationship that is not directly regulated by the converter isv,. Consequently, v, serves as the

disturbance variable in this simplified control loop.

When the DC droop control mechanism in Figure 4.4.a s activated, equation (0.24) modifies to:

AP = [Pset + fdroop (Vdc )] N vdigef (026)
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Here, fi00p (V) denotes the functional dependency on DC voltage. Consequently, both v, and

V. should be considered disturbance variables in this control scenario. Similarly, when utilizing

c

an activated Vdc-limiter, both v, and V,, influence the control behavior.

To ensure accurate initialization, the IIAS placed on the left side of the VSC in Figure 4.2 should

be selected as a dependent voltage source, replicating the waveform of v, .. Meanwhile, the IIAS

on the right side should be assigned to a steady-state value, represented as V., where the

superscript ‘SS’ signifies that it corresponds to the system's steady-state condition. The selection
of IIAS sources is adaptable across different TDIS types that exhibit similar outer control
behaviors. For instance, AC-side IIAS configurations can be applied effectively to wind and PV

parks, whereas DC-side ITAS configurations can be specifically tailored for PV arrays.

To evaluate the impact of the selected IIASs on the initialization speed, an analytical sensitivity

assessment is conducted for the P-VSC control mode.

Utilizing equations (0.21) and (0.22), the sensitivity of the manipulated variables to the controlled

variable is expressed as:

A Lf) Py (0.27)
dP v, v, dP '
.ref

dy _ 1f, Qdy (0.28)
do Va v, dO

where dz';ef / dP represents the speed of response (i.e., initialization rate). From equations (0.27)
and (0.28), it is evident that the AC-side system dynamics are dictated by the derivatives dv, /dP
and dv, /dQ, respectively. These derivatives exhibit positive slopes, which contribute to reducing
the ramping time of the outer control. By implementing the selected IIASs, the dependent AC
voltage source maintains v, at its steady-state value, v’ sets dv,/dP =0, ensuring that the outer
control sensitivity remains fixed at digef / dP = 1/ vy . Consequently, the outer control response

becomes linear and accelerates initialization, improving upon the original ramping behavior [9].
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4.3.1.2 Vdc-controlled VSC (Vdc-VSC)

The control schematic for the Vdc-VSC is illustrated in Figure 4.6. This control mode is primarily

used as a DC slack bus, regulating the DC voltage to maintain system stability. Similar to the P-
VSC, the controlled outputs in this scheme are the current reference components, i’ and i;ef . For

the d-axis, applying the AC—DC power balance equation from (0.23) results in the following error

expression:

.ref
AVdy, =Vid -y, =y ~ 2 (0.29)
I dc
The g-axis control structure follows the same principles as in the P-VSC case, where the error term

is derived as a function of the manipulated variable, as previously expressed in (0.25). In equation

(0.29), both v, and 7, serve as disturbance variables, influencing the system’s response.
Consequently, in the ITAS framework depicted in Figure 4.2, the left-side dependent source is

assigned tov’;

“he » While the right-side dependent source is allocated to 7, .

0 Va

Qset N - N

T
A
-ref
ref ld‘ I/a’;ef

V.

dc |Va<‘ |

(a) d-axis (b) g-axis

Figure 4.6 Outer control schematic of Vdc-VSC.
To assess the impact of the selected IIASs on initialization speed, equation (0.23) can be utilized

to derive the expression for the manipulated variable igef :

l;ef — Vd‘ildc (030)
d

From equation (0.30), the sensitivity of i ff to variations in the controlled variable V., is expressed

as:
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dif’ Iy Vae dlie Vaelae dvg

5 (0.31)
dVdC Vd Vd dVdC Vd dVdC
Further refinement leads to:
dl-gef _ I, . Vae Alge Valye dvy dP 0.32)

dVdC Vd Vd dVdC Vﬁ dP dVdC

The first term, (7, /v, ), represents the linear response of the Vdc-VSC outer control. The second

term accounts for the DC-side dynamics, which influences the outer control response. Notably, the

term dl,. /dV,, exhibits a negative slope, thereby reducing the initialization speed. The third term
encapsulates the combined effects of AC and DC dynamics. Since dv,/dP and dP/dV,,. exhibit

positive slopes, they further contribute to a reduction in response speed.

By applying the DI initialization, the IIASs will effectively fix 7, and v, at their steady-state
values, ensuring that dl,./dV,., dv,/dP, anddP/dV,, approach zero. Consequently, the outer
control behavior becomes linear, enabling rapid ramping of the Vdc-VSC to its steady-state
operating point.

4.3.2 Grid forming VSC (V/{-VSC)

The V/{=VSC control mode is predominantly utilized in MTDC grids to integrate passive loads or
weak AC networks. The control schematic for this mode is depicted in Figure 4.7. In this scheme,

the d-axis voltage regulates the AC voltage, while an oscillator maintains the frequency stability.
The manipulated variable in this configuration is £ ff , which represents the internal reference

voltage, while |Vac| denotes the magnitude of the AC voltage at the PCC. A high-pass filter (HPF)

is typically incorporated to dampen high-frequency components and improve control stability
[143]. To connect the abstract control description with its practical realization, Figure 4.8 illustrates

the EMTP® implementation of the V/f-VSC outer control used in the MMC models.
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Figure 4.7 Outer control for V/f-VSC.
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Figure 4.8 V/f-VSC outer control as modeled in EMTP®,
The subsequent analyses and demonstrations are conducted in phasor domain. To establish the

governing equations, Kirchhoff’s Voltage Law (KVL) is first applied to the converter’s AC side:
Vy+ jVy=E)f =+ jl,)Zeq (0.33)

where Z.,represents the equivalent impedance of VSC at the AC side, encompassing the

transformer impedance and the equivalent arm inductance. Using this formulation, the magnitude

of the AC voltage can be written as:

Vel =[P + 7| =

Ef —(I;+ JI)Z e (0.34)

Finally, utilizing (0.34), the error expression in terms of the manipulated variable becomes:
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A|Va6| = |Va6|ref -

Ef —(I,+ jI,)Z e (0.35)

Since neither i; nor i, influence the DC side, they are identified as the disturbance variables in
this outer control scheme. Given that no DC-side variables affect this control mechanism, the IIASs
should interface i}, on the AC side and either 7 or V. on the DC side. However, V. is the

preferred choice since it is actively utilized in the modulation processes, leading to a slightly

improved performance [9, 126].
4.3.3 Ramping speed comparison with the Thevenin method

This section evaluates the impact of dl,./dV,, , from equation (0.32), on the initialization speed

of TDISs. The proposed IIAS-based approach is compared against a ramp-up technique that
incorporates a Thevenin equivalent method, as described in [10]. This approach, referred to as the
Thevenin Equivalent Approach (TEA), introduces a unified auxiliary circuit to facilitate TDIS

decoupling from the rest of the system.

Under TEA, the Vdc-VSC is isolated from a point-to-point HVDC system, as depicted in Figure
4.9 (a), and compared with the DI-based approach proposed in this chapter, Figure 4.9 (b). From
Figure 4.9 (a), applying Kirchhoff’s Voltage Law (KVL) to the DC side yields:

Vi =LacZn =Vac (0.36)
The relationship fordl . /dV,, can then be derived as:

g _ -1 (0.37)
dVdc Zth

Substituting this into the equation (0.32) while considering dv, /dP =0, since in this test case, the

AC part is connected to an ideal source representing an infinite bus, the sensitivity expression

becomes:

dif/ Ly Ve 1

- " (0.38)
AV vy vy Zy,

This equation highlights that the sensitivity depends on two variables, V,.and /,..Assuming a

lossless operation, the AC—DC VSC power is given by:
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P=vSiY =v, I, (0.39)

Rearranging for 7, :

I, = Vie=Vae _ Vi ~Vae Ve —Vae)

c (0.40)
Z th Z th

The term (+V,;, —V,.) is introduced to simplify the expression. Since ¥, and Z,, are constants,

1, is approximately equal to /;, when V. =V’ . Thus, equation (0.40) can be rewritten as:

58 Vscs -V, c
Ly = o+ =4 (0.41)
th
By combining (0.39) and (0.41), we obtain::
yire —y, (1;@ " MJ (0.42)
th
Differentiating equation (0.42) gives:
diif Iy 2V + Vi (0.43)

SS SS
dVy. Va Zyvg

From this, it can be observed that the sensitivity diff / dV,. in the TEA method varies with V..

In contrast, as discussed in (0.32), the DI-based IIAS stabilizes this sensitivity at a constant value:

iy _ 13

0.44
dVdC V;,S ( )
Z th | + — Y,
~H Y o) oY
sS
I/th dc T
(a) Thevenin auxiliary circuit. (b) DI's ITAS

Figure 4.9 Ramping Vdc-VSC test with Thevenin auxiliary circuit and the DI's IIAS.
Figure 4.10 compares the sensitivities of (0.43) and (0.44), showing that the TEA-based approach

experiences a deceleration in response speed as the system reaches its steady-state. On the other
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hand, the DI method, with its IIAS-based initialization, simplifies implementation by eliminating
the need to compute individual Thevenin equivalents, thereby significantly reducing computational

overhead. Furthermore, the DI method improves the overall TDIS outer control initialization

process.
-ref
di
SSs SS
av, i Vie - = DI
v, Z,v; —TEA
SSs
L R
SS
Va
? 14
ss dc
0 Vdc /:\
2 152, +Ve
VSS — dc“™ th dc
ISS dc 2 I
_% ,,,,,,,,,,,,,,, L - -
o
d

Figure 4.10 Outer control sensitivity comparison of Vdc-VSC.

0 2 4 6 8 10
Time (s)
Figure 4.11 Vdc-VSC ramp-up comparison of TEA and DI's IIAS in time-domain.
A direct time-domain comparison of both approaches is presented in Figure 4.11, with test
parameters obtained from the point-to-point HVDC line in [111]. The results demonstrate that the
DI-based IIAS enables the Vdc-VSC to achieve initialization 50 times faster than the TEA method.
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4.4 Performance evaluation

The proposed DI method has been implemented EMTP® [5] and tested on MTDC grid benchmarks
proposed by CIGRE [141]. The implementation utilizes a dedicated library, where each control
mode and LF constraint is encapsulated within a predefined block. The DI block is constructed by
integrating IIAS, EIAS, and switching mechanisms necessary for the decoupling and recoupling
processes. Through scripting, the LF results are automatically mapped to the auxiliary sources and
other relevant simulation parameters. Consequently, the DI method can be seamlessly applied at
the PCC with a simple drag-and-drop operation, making it compatible with any EMT-based

simulation tool.

The selected benchmark systems encompass a variety of network scales and complexities. As
illustrated in Figure 4.12, the largest test case, BM7, incorporates multiple sub-benchmarks (BM1—
BM4) [141]. BM7 therefore covers monopolar and bipolar HVDC systems, both VSC- and LCC-
based. The bipolar configuration relies on ground return without a DMR. The BMI1 model
corresponds to the first quarter of BM7, as highlighted in Figure 4.12, and serves as a standalone
benchmark. Among these, BM1 and BM7 have been chosen as representative cases for medium-

and large-scale MTDC networks. The corresponding system models are detailed in Table 4.2.

Table 4.2 Model types used in BM7

Device Modelled by
Electrical sources and grid| Detailed synchronous machines with controls &
equivalents some ideal voltage sources
MMC Arm equivalent model
LCC Detailed model with thyristors
DC-DC converters Front-to-front MMCs and ideal DC transformers
Wind parks Aggregated DFIG models with controls
PV parks Aggregated models, some with controls
Electrical loads Fixed impedances
Lines /cables Wideband models

As listed in Table 4.2, wind parks are represented by aggregated DFIG models available in EMTP®.
The mechanical dynamics are captured by a two-mass shaft system, which includes initialization
routines to align the rotor and shaft states with the load-flow solution. In addition, the DFIG models

feature built-in initialization for critical control components such as the PLL, ensuring stable
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synchronization at startup. This DFIG model with integrated initialization is consistently employed
in all methods and test scenarios, providing a uniform representation of wind parks throughout the

study.
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Figure 4.12 CIGRE BM7 benchmark including BM1-BM4.
The DI initialization method is benchmarked against the LFSI technique, as described in Section
3.2.3. Both methods are implemented within EMTP® to ensure a direct comparison. The
initialization process is considered complete when the system reaches steady-state, defined by

power and voltage deviations remaining within 1% of the LF results.
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4.4.1 Implementing the proposed method in EMT software

To demonstrate the applicability of the proposed DI method, the EMT implementation is organized
as a modular workflow that allows seamless integration with existing simulation models. Each DI
block is encapsulated within a predefined subcircuit, enabling direct placement at the point of
common coupling without requiring modifications to the main system model. As illustrated in
Figure 4.13, DI blocks are positioned on both the AC and DC sides of the converter. Although the
method is implemented and tested in EMTP®, its structure is generic and can be applied in any
EMT-type simulation platform, since it only relies on basic circuit elements such as controlled

sources and switches.

From the starting of simulation till the recoupling instant (7} ), the auxiliary sources are connected

to enforce the load-flow solution, after which the original network elements are reconnected in a

controlled manner. The value of 7; is selected based on the expected settling time of the controlled

converter, typically determined from prior knowledge of its dynamic response. As discussed in
CHAPTER 3, this time can also be obtained automatically by monitoring the settling behavior of
the TDIS during the decoupled simulation phase.

The detailed realization of the AC-side DI block is shown in Figure 4.14.(a) and (b), while the

corresponding DC-side implementations are provided in Figure 4.15.(a) and (b).

By construction, the same DI library can be reused across different control modes, providing
flexibility for a wide range of operating scenarios. In practice, the method allows users to initialize
complex MTDC test cases, such as CIGRE BM1 and BM7, through a straightforward drag-and-
drop operation. Once the DI blocks are placed, the remainder of the process is automatic, reducing
modeling effort and setup time. This makes the method particularly well suited for large-scale EMT

studies and for benchmarking against alternative initialization schemes
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Figure 4.13 The unified DI method implementation in EMTP®
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4.4.2 CIGRE BMI initialization results

The BM1 system is partitioned into seven TDISs and four ISSs for initialization. Figure 4.16 shows
a screenshot of modelling CIGRE BM1 in EMTP® with DI blocks inserted for each TDIS on AC
and DC sides. This simulation case is available in the folder “Chapter 4/BM1/”, included in the

supplementary material.

As illustrated in Figure 4.17, the DI method successfully initializes the system in under 0.3 s,
whereas the LFSI method requires 0.9 s to achieve steady-state. A key difference appears in the
synchronous machines: although they start from their correct steady-state conditions, startup
transients from the converters propagate through the AC side and excite the machines. Under LFSI,

this interaction prolongs the machine settling time to about 9 s before a new steady-state is reached.

e SR

Figure 4.16 CIGRE BM1 modeled in EMTP® with DI blocks at AC and DC sides.
Figure 4.17 and Figure 4.18 compare the initialization performance of V/f-VSC (Cb-Al) and Vdc-
VSC (Cb-A2) for both methods. The results indicate a significant improvement when applying DI,
particularly in reducing initialization transients. However, for P-VSC (Cb-A5), the gain from DI
over LFSI is negligible. This observation aligns with the sensitivity expression in (0.27), which

shows that P-VSC initialization speed is influenced by dv, /dP , a factor linked to the strength of

the AC network.



103

In BMI1, Cb-AS5 is connected to a robust AC grid via SM-AS, which has a 4 GW capacity. This

leads to an almost negligible sensitivity (dv, /dP ), ensuring that LFSI achieves fast initialization

in this case.
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Figure 4.17 Initialization comparisons for the VSCs, BM1 case.
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Figure 4.18 Initialization comparisons for the machines, BM1 case.
Regarding the AC components in BM1, synchronous machines are directly initialized in EMTP®

from LF, meaning they are treated as ISSs in the DI method. Consequently, both initialization
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techniques ensure that synchronous machines start from the same steady-state condition between

0 to 10 ms. However, a key distinction arises in the DC subsystem initialization.

Under LFSI, transients in the DC part propagate and impact the synchronous machines through
Cb-AS5 and Cb-A1 VSCs. These disturbances trigger electromagnetic transients, which eventually
transition into electromechanical oscillations. Due to this phenomenon, oscillations persist for an

extended period before fully settling.

In BM1, Cb-AS5 is connected to a robust AC grid via SM-AS, which has a 4 GW capacity. This

leads to an almost negligible sensitivity (dv, /dP), ensuring that LFSI achieves fast initialization

in this case.

Regarding the AC components in BM1, synchronous machines are directly initialized in EMTP®
from LF, meaning they are treated as ISSs in the DI method. Consequently, both initialization
techniques ensure that synchronous machines start from the same steady-state condition between

0 to 10 ms. However, a key distinction arises in the DC subsystem initialization.

Under LFSI, transients in the DC part propagate and impact the synchronous machines through
Cb-AS and Cb-A1 VSCs. These disturbances trigger electromagnetic transients, which eventually
transition into electromechanical oscillations. Due to this phenomenon, oscillations persist for an
extended period before fully settling. On the other hand, the DI approach prevents these

interactions. Consequently, the machines start and preserve their steady-state operating points.
4.4.3 CIGRE BM?7 initialization results

The BM7 benchmark consists of 44 VSCs, making its initialization a complex and computationally
demanding task. Figure 4.19 shows a screenshot of modelling CIGRE BM7 in EMTP® with DI
blocks inserted for each TDIS on AC and DC sides. This simulation case is available in the folder

“Chapter 4/BM?7/”, included in the supplementary material.
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BMY7

o

Figure 4.19 CIGRE BM7 modeled in EMTP® with DI blocks at AC and DC sides.
As depicted in Figure 4.20 and Figure 4.21, the LFSI method fails to correctly initialize BM7. This
failure is attributed to the presence of multiple converter types and control interactions across both

AC and DC networks, which complicate system stabilization.
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Figure 4.20 Initialization comparisons of V. at LCC inverter, Original BM7 case.
Conversely, the DI method successfully initializes BM7, achieving the correct steady-state
operating point as verified by time-domain simulations. It is crucial to emphasize that the
initialization procedure must not alter the steady-state solution of a stable system. The successful
initialization using DI confirms that incorrect initialization could lead to significant time-domain
transients, potentially delaying or even preventing the system from converging to its correct steady-

state as determined by the LF solution.
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Figure 4.21 Initialization comparisons of P at LCC rectifier, original BM7 case.
To facilitate a reasonable LFSI-based initialization for BM7 in EMTP®, the CIGRE benchmark

authors [4] introduced modifications to the model. However, these modifications caused
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discrepancies between the steady-state operating points obtained from LF and time-domain
simulations. Specifically, based on AC-DC LF results, the DC-DC converters (Cd-A2 and Cd-B2)
collectively provide a 2.5 GW LCC network (BM2). However, in time-domain simulation, these

components contribute zero power, leading to inconsistencies in initialization.

To enable a fair comparison between DI and LFSI, specific adjustments were made to stabilize

LFSI, including:

e Replacing synchronous machines with ideal voltage sources.

e Sequentially initializing BM2's LCCs: LCCs are first started independently, reaching
steady-state at 1 s, after which BM1 and BM4 are reconnected through Cd-A2 and Cd-B2
converters.

e Limiting the ramping rate of the DC-DC converters to 5 pu/s when reconnecting LCC with

BM1 and BM4.

With the DI method, none of these modifications are required. The BM7 system is naturally
partitioned into 39 TDISs and 16 ISSs under DI. The slowest simulation behaviors are illustrated
in Figure 4.22 and Figure 4.23, where LFSI-based initialization transients persist until 3.6 s,

whereas DI achieves steady-state in only 0.3 s.
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Figure 4.22 Initialization comparisons of P at LCC rectifier modified BM7 case.
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Figure 4.23 Initialization comparisons of Cb-D6’s Power, modified BM7 case.

4.4.4 Computational time gains

Table 4.3 presents a comparison of the initialization and CPU execution times for LFSI and DI

methods. The initialization time gain G, , is defined as the ratio of LFSI to DI execution times:

init

G'nit =ILFst /tDI (0.45)

L

where #; pq; and f; represent the CPU times of the LFSI and DI methods, respectively. This metric

quantifies the computational efficiency improvements achieved by DI over LFSI.

As shown in Table 4.3, BM1 and BM7 (modified version) were successfully initialized using DI,
whereas LFSI failed to initialize BM7 in its original form. In BM1, LFSI required 9 s of simulation
time, while DI achieved steady-state in just 0.3 s, leading to an impressive speedup of 20.3 times.
Similarly, in the modified BM7 case, DI reduced the initialization time to 0.3 s, compared to 3.6 s

required by LFSI, resulting in a 16-fold improvement.

Regarding CPU execution time, LFSI required 170.9 s for BM1 and 659.4 s for the modified BM7,
whereas DI drastically reduced these times to 8.4 s and 41.1 s, respectively. The DI method not
only achieves a faster transition to steady-state but also significantly reduces computational

overhead, making it a more scalable and efficient approach for initializing large MTDC systems.
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Table 4.3 Computational efficiency, DI method versus LFSI

Measure Initialization method BM1 BM7 BM7*
Simulation interval (s) LFSI 9 Failed to initialize || 3.6
DI 0.3 0.3 0.3
CPU time (s) LFSI 170.9 Failed to initialize || 659.4
DI 8.4 52.7 41.1
Time gain G, DI 20.3 - 16

*Modified BM7 system model
4.5 Application of the DI method in real-time simulation

Although real-time simulation environments operate in strict synchronization with the real clock,
initialization of large-scale MTDC systems within them may still be slow if not properly managed.
This challenge is particularly evident when the system includes multiple converter-based devices
and IBRs, whose control interactions can cause prolonged transients before steady-state is reached.
While users may tolerate short delays during initialization, excessive waiting times can hinder

scenario-based testing and reduce the effectiveness of analysis in real-time environments.

More critically, improper or prolonged initialization may lead to incorrect operating points or
unstable behaviour. In complex hybrid AC-DC systems, for example, transients introduced during
startup can activate protection schemes or trigger the disconnection of sensitive components, such
as wind turbines. Such failures not only compromise the validity of the simulation but can also

interrupt HIL experiments or delay controller tuning procedures.

To address these limitations, this section demonstrates how the DI method can be effectively
extended to real-time applications. The method's ability to isolate subsystems and mitigate
transients enables stable and rapid initialization, making it well-suited for real-time testing of

MTDC systems under realistic and demanding operating conditions.

The DI method is evaluated using a modified version of the CIGRE BM1 benchmark system shown
in Figure 4.24. In this variant, the simplified AC equivalent is replaced with a detailed two-area
power system. Two-area systems are widely used as benchmark models for small-signal and
transient stability studies, since they introduce inter-area oscillations and multiple synchronous

machine dynamics. This addition increases the realism and complexity of the test case, providing
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a more stringent benchmark for assessing initialization methods under real-time simulation

constraints. The system is modeled and simulated using HYPERSIM®.
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Figure 4.24 Modified CIGRE BM1 with a two-area power system
The DI methodology was implemented using controlled voltage and current sources to emulate the
auxiliary sources used in the decoupled phase. Controlled switches were used to isolate subsystems
and manage the transition back to the original topology during the recoupling step. The recoupling
was programmed to occur at t = 5 s, once the monitored subsystems reached predefined steady-

state criteria.

The system components used in the real-time simulation reflect the diversity of elements present
in MTDC networks. These include Vdc-controlled and P-controlled MMC-based VSCs, wind and
PV parks, and synchronous machines with their respective controls. Specific configurations and
models used are summarized inTable 4.4. The two-area AC grid, added to increase complexity, is

detailed in Table 4.5 and reflects realistic long-distance interconnection scenarios.
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Table 4.4 Model types used in BM1

Device Modelled by

Detailed synchronous machines with controls & some ideal

Electrical sources and grid

equivalents voltage sources
MMC Arm equivalent model (model 3)
DC-DC converters Front-to-front MMCs and ideal DC transformers
Wind parks Aggregated DFIG models with controls
PV parks Aggregated models, some with controls
Electrical loads Fixed impedances
Lines /cables Wideband models
Simulation time-step 50 ps

Table 4.5 Two area power system specifications

Synchronous Generators Loads Lines
Active | Reactive Active Reactive
Length
Label | power power | Label power power Label K
MW) | (MVAR) (MW) (MVAR) (km)
Gl1 700 185 >0 2
Load 7 P7=967 QL=100 6-7 10
G2 200 235 AP7=400 | QC=387 7-8 110
8-9 110
9-10 10
G3 719 176 —
Load9| Po=1767 | QL7100 [ 10-11 25
QC=537
G4 700 202 7-Ba-B4 50

To assess the performance of the DI method in the real-time environment, it is compared against
the Partial Steady-State Initialization (PSSI) method, which is commonly used in some commercial
platforms. The PSSI method first performs a conventional AC load-flow to initialize synchronous
machines, passive elements, and other components that can be directly solved from steady-state
equations. More challenging devices, such as converters, HVDC links, IBRs, or black-box models,
are left uninitialized, and a time-domain simulation is then executed until the residual transients
naturally dissipate. This approach is efficient and widely adopted for conventional AC systems,
where the main part of the network is properly initialized from LF and the remaining uninitialized
portion is not significant. However, in large-scale MTDC networks, the situation is different: a
substantial share of the system consists of converters and IBRs with complex dynamics, making
PSSI less effective. In such cases, prolonged convergence times, sometimes exceeding 100 s, can

occur, and transients may propagate into sensitive components. These limitations underscore the
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need for alternative methods, such as the DI approach, which provides direct control over

subsystem interactions during initialization.

To illustrate the comparative performance between DI and PSSI, Figure 4.25 to Figure 4.31 present
the initialization waveforms for several key components of the system. Figure 4.25 and Figure 4.26
shows the active and reactive power of the Vdc-controlled VSC (Cb-A2), which reflects transients
from other parts of the network. The DI method suppresses these disturbances effectively,

achieving a smooth transition, while the PSSI method results in prolonged oscillations.
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Figure 4.25 Bus Cb-A2 Active power.
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Figure 4.26 Bus Cb-A2 Reactive power.
Figure 4.27 and Figure 4.28 highlight the performance of a P-controlled VSC (Cb-A4), showing
similarly improved stability and faster steady-state with DI. Because all VSCs either regulate or
interact with the DC link, their collective initialization dynamics are effectively reflected in the DC
voltage profile. Figure 4.29 illustrates this behavior at bus Cb-A2, where the voltage trajectory
serves as a holistic indicator of system-wide convergence. Any mismatch in control response,
instability, or delayed subsystem behavior becomes immediately apparent in this signal, making it
a valuable metric for evaluating initialization strategies. With the DI method, the system transitions
smoothly to steady-state, and the recoupling event at t = 5 s is clearly identifiable without
disturbance. In contrast, the PSSI method exhibits a pronounced voltage overshoot, underscoring

the DI method’s superior capability to maintain voltage stability and ensure controlled

initialization.
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Figure 4.29 DC voltage at bus Cb-A2
Figure 4.30 and Figure 4.31 illustrate the initialization behavior of the synchronous generator G2,
which operates as the slack bus in the two-area system. Under the PSSI method, the generator
experiences substantial active and reactive power oscillations that persist for nearly 100 s. These
oscillations not only highlight the prolonged settling time but also reflect the propagation of
disturbances from the DC side into the AC grid during initialization. In contrast, the DI method
ensures a smooth startup, with the generator quickly stabilizing at its steady-state power levels
within a few seconds and exhibiting minimal overshoot. This clearly demonstrates the DI method’s
ability to decouple subsystems effectively and protect critical components from cross-area

transients during the initialization phase.
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4.6 Conclusion
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This chapter introduced the DI method, a novel initialization approach designed to enhance both

computational efficiency and stability in large-scale MTDC systems. By leveraging load-flow

results, the DI method effectively initializes complex control systems while mitigating interactions

between subsystems, ensuring a rapid and precise transition to steady-state in time-domain

simulations. Unlike traditional techniques, DI does not rely on access to internal control structures,

making it especially suitable for black-box models and varied converter control modes.
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The performance of the DI method was evaluated using the CIGRE BM1 and BM7 benchmarks
within an EMT simulation framework. The results showed that DI drastically reduced initialization
time compared to the LFSI method, achieving speedup factors of 20.3 and 16 for BM1 and BM7,
respectively. Moreover, DI successfully addressed initialization failure scenarios encountered in
BM7, which could not be stabilized using LFSI due to complex converter interactions and system

nonlinearities.

To further demonstrate the practicality and adaptability of the DI method, this chapter also
presented its extension to real-time simulation environments. Using a modified version of the BM1
benchmark featuring a two-area AC system, the DI method was implemented in a real-time
simulation platform. It significantly outperformed the Partial Steady-State Initialization (PSSI)
method by achieving complete system convergence within 5 s, compared to over 100 s with PSSI.
The DI method also mitigated large transients during recoupling and protected sensitive
components, such as wind farms and synchronous generators, from unstable behaviors and

protection-triggered disconnections.

The robustness, flexibility, and scalability of the DI framework make it a promising candidate for
initializing modern hybrid AC-DC systems in both offline and real-time EMT simulations.
However, analysis of DI performance revealed that the initialization of certain inverter-based
resources, particularly DFIG-based wind parks, constitutes the main bottleneck due to their
relatively slow convergence toward steady-state conditions. Consequently, further enhancement of
DI initialization speed could be achieved by specifically targeting and accelerating DFIG
initialization. This topic will be explored in detail in the following chapter, which introduces a
dedicated strategy for expediting the initialization of DFIG-based wind parks to further enhance

overall system initialization performance.
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CHAPTER 5 HYBRID INITIALIZATION STRATEGY FOR DFIG-WP
MODELS

5.1 Introduction and background

As demonstrated in CHAPTER 4, the DI method significantly enhances the initialization speed and
stability of large-scale MTDC systems. Nevertheless, one remaining challenge arises in the
initialization of DFIG wind park (DFIG-WP) models. These models tend to require the longest
initialization times among system components, typically up to 0.3 s of simulation interval, thereby

limiting the overall efficiency gains of the DI methodology.

To address this challenge, this chapter introduces a novel hybrid initialization method specifically
designed for DFIG-WP simulation models. The Hybrid Decoupling Interface (HDI) method
combines the strengths of the conventional DI method with a non-iterative steady-state calculation
of a strategically selected subset of critical control equations. Leveraging LF results, this hybrid
approach efficiently initializes both electrical and control variables, significantly expediting the

DFIG-WP initialization process without compromising stability or accuracy.

Implemented and evaluated within EMTP®, using only external components and scripts, the HDI
method demonstrates substantial computational improvements, achieving up to a 100 times
reduction in initialization time compared to conventional methods. Furthermore, it maintains
compatibility with aggregated and detailed WP models, making it highly versatile for practical
applications and compatible with commercial wind turbine packages. This chapter presents the
HDI strategy, including its theoretical basis, practical implementation, and comprehensive

performance validation through case studies.
5.2 Overview of initialization burden in DFIG models

The DFIG-WP model, shown in Figure 5.1 (a) features a complex hierarchical control system. It

can be categorized into three main control loops:

e Turbine mass model.
e WP controller.
e DFIG bridge controllers.
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Figure 5.1 Aggregated DFIG-WP model: (a) power layout, (b) control architecture.
The turbine mass model [144] is the slowest among the three, as it represents the mechanical
dynamics of the generator. Its correct initialization is essential since errors can lead to torque-speed
mismatch, prolonged transients, or even simulation failure. In EMTP®, this loop is initialized
reliably using steady-state analysis, obtained during the second stage of the LF-based initialization

procedure, as depicted in Figure 3.1.

The WP controller (WPC) governs the reactive power or voltage at the PCC. Acting as the master
control loop of the WP, it defines the reactive power reference for the converter bridge controllers.
Due to its supervisory role, the WPC has extremely slow dynamics and is often left uninitialized

in the steady-state stage. Instead, it converges gradually through time-domain simulation, the last
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step in Figure 3.1. While this strategy is sufficient for small-scale or simplified systems, it often

results in prolonged convergence times or instability in large-scale or detailed EMT models.

The converter bridge control, comprising the Rotor Side Converter (RSC) and Grid Side Converter
(GSC), poses the most significant initialization challenge. These controllers typically implement
cascaded control loops, as shown in Figure 5.1.(b). Fast inner current control loops regulate the d—
q axis currents. Outer loops then supervise higher-level objectives such as DC-link voltage, active
power, or reactive power. In parallel, synchronization modules such as PLLs provide the rotating
reference frame needed by the controllers. Stable operation requires precise coordination among
these elements. However, standard LF-based initialization provides only terminal voltage and
current phasors, which are insufficient to determine internal controller states such as integrator

values, feedforward terms, or the memory states of PI controllers.

Without proper initialization, the converter bridge may produce inaccurate reference signals or
unstable control actions during simulation startup. This manifests as electromagnetic transients,
leading to long convergence times or, in some cases, numerical instability and simulation failure.
For this reason, converter bridge initialization is typically deferred to the time-domain stage of the

LF-based procedure, as described earlier in Section 3.2 and illustrated in Figure 3.1.

As demonstrated later in this chapter, the proposed hybrid initialization approach mitigates this
issue by eliminating the need to initialize each controller loop individually. Instead, it strategically
combines partial steady-state initialization with selective decoupling, enabling a fast and stable

startup even in detailed EMT models.
5.3 The proposed HDI method

The proposed method consists of two main steps. First, the DI technique is applied internally within
the wind turbine model at selected locations, as detailed in this section. Second, a targeted steady-
state initialization is performed for key control components to prevent incorrect behavior during

startup; this is presented in the following section.
5.3.1 Wind-turbine decoupling

As previously discussed, the converter bridge control is composed of multiple cascaded control
loops (Figure 5.1.(b)), each with distinct time constants. These dynamic layers create significant

challenges during initialization, particularly when interacting with the machine model.
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To mitigate such transients, the DI method, presented in CHAPTER 4, is applied internally within
the DFIG schematics. The internal insertion of DI blocks suppresses startup oscillations, prevents
unwanted interactions between control loops and the power circuit, and accelerates the time-
domain initialization. Two critical spots are identified for the decoupling, corresponding to the

main sources of interaction during startup:
e Spot 1 — AC-side decoupling at location A (Figure 5.2):

The machine—converter block is first isolated from the rest of the power system by inserting a DI
block at location A. At this point, an AC DI block is used with P and Q constraints, as described in
Section 4.3.1.1. This confines the initialization process to a localized segment, preventing dynamic

interaction between the machine—converter set and the external grid.
e Spot 2 — (Optional) DC-side decoupling at location B:

The coupling between the machine and the converter bridge is the second source of transients. A

DC DI block is inserted at location B, applied across the DC link to address this. In this setup, the

RSC and GSC are treated as two separate converters, one constrained with P,;. and the other with

V,. . Each converter is decoupled using a standard DI block, as outlined in CHAPTER 4.

In this specific configuration (special case), the two DC DI blocks are directly connected, without
any intervening lines or components. Thus, the dependent sources mimic the behavior of the
independent ones. To simplify the setup, the dependent sources can be removed entirely and
replaced with independent ones. This yields a simplified schematic, as shown in Figure 5.3, which
1s applicable in this special case. By decoupling at location B, the RSC is seen as part of the rotor,

while the GSC can be seen as a shunt-connected converter.
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Figure 5.3 Simplified DI configuration within DFIG converter bridge.
However, according to the test cases, both the RSC and GSC were fast enough that decoupling at
location B had no measurable impact. Thus, decoupling at location B is offered as an optional step
for systems where the RSC or GSC exhibit slow dynamics. This step is not employed in the current

work to maintain simplicity.
5.3.2 Other considerations

Applying the DI technique internally, as described above, effectively suppresses the sources of

initialization transients. However, the DI method was originally designed for black-box models,
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where it is typically applied only at the PCC. This restriction stems from the requirement that the
entire control system must remain within the initialization framework, referred to as the TDIS in

Section 4.2.1.

If control elements are located within the initialized part of the DI block, ISS, as explained in
Section 4.2.1, a critical limitation arises. Specifically, when a controller's feedback signal is
sourced from within the ISS, it becomes identical to its setpoint, resulting in a zero-error signal.
This condition effectively “freezes” the controller output at an incorrect value, preventing the

control loop from functioning as intended.

In our case, internal application of the DI method results in some feedback signals falling within
the ISS, as illustrated in Figure 5.2. In particular, at location A, the initialized region includes
feedback paths (highlighted in red) that belong to active control loops. Their presence within the
ISS corrupts the initialization of the associated controllers. Figure 5.1. (b) highlights the three

affected PI controllers, which are:

e The WPC.
e The outer active power controller of the RSC.

e The outer reactive power controller of the RSC.

These controllers rely on fixed feedback signals during initialization, preventing them from
responding as intended. In other words, this setup disables both the WPC and the outer loops of the

RSC controller during the initialization phase.

To overcome this issue, we propose a hybrid DI approach that incorporates a partial steady-state
calculation to support the correct initialization of these vulnerable controllers. This method restores
proper control behavior without requiring full-time-domain convergence. The technical details of

this hybrid strategy are presented in the following section.
5.4 Partial steady-state control initialization

This section presents simplified initial condition calculations for selected controllers. Here, the
focus is on simplified and approximated initialization, as any small discrepancies are expected to

be corrected during the subsequent time-domain simulation.

The targeted control modules are the controllers whose feedback signals reside within the ISS and

are thus prone to freezing when the DI method is applied internally. In this work, only three
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controllers meet this criterion: the WP controller and the RSC's outer active and reactive power
controllers, since the steady-state initialization is applied only to a subset of the WP controller

loops.
5.4.1 WPC

The WPC, shown in Figure 5.1. (b), requires explicit initialization, as it receives Qpcc as a feedback
signal from the PCC. By inserting a decoupling interface at Location A in Figure 5.2, the PCC

becomes part of the ISS created by the red current source.

The WPC regulates the reactive power exchanged at the PCC by computing a reactive power
reference for the stator side of each DFIG unit. To initialize this controller, the reference output

must be set to match the stator’s steady-state reactive power, which is derived from the LF solution:
Hyp =g (0.406)

Where Hy, is the initial condition of WPC and (g is the reactive power at the stator of the

machine. Therefore, WPC can be directly initialized from the LF solution.

5.4.2 RSC’s outer control g-axis channel

The g-channel of the RSC controller, shown in Figure 5.1. (b), regulates the grid-side active power

(P,q )» by computing the reference value of the rotor g-axis current (/, ;f{ ). Consequently, this PI

controller can be initialized by determining the steady-state value of / qr;f . Where F,,;, is measured

at the location shown in Figure 5.4.

P grid > Qgrid

>

GSC
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AC

Figure 5.4 DFIG wind turbine schematic.
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Since the control is based on vector-oriented principles, the active power injected by the rotor side

of the machine ( P ) can be written as:

Po=—V I (0.47)

gR 4R

Where VqR and [, are the g-axis rotor voltage and current, respectively. All quantities are

expressed hereafter in pu. Under steady-state conditions, the reference current value at the g-axis

(1 ;f{) can be set equal to the actual rotor g-axis current:

J Ry 3 (0.48)

q
Vg

Using the generic DFIG relationships from [144], the rotor active power can be expressed as a

function of the grid-side power 7, :
Py =—sF (0.49)

where s denotes the machine’s slip. The stator-side active power ( £ ) is expressed as:

P .
p, =24 (0.50)
1-s

Substituting (0.49) and (0.50) into (0.48) gives:

—sP, grid

P, = (0.51)

1-s

To simplify the expression, we approximate ¥,z ~ sV in steady-state conditions, where V is the
stator voltage. This is valid when rotor quantities are referred to the stator side. Then (0.48) can be

substituted in (0.51) and rewritten in terms of / ;f{ as:

X P .
_ ref _ grzd
Hpgey, = 1gr A (0.52)

where Hpgq, represents the initial value that should be set to the PI controller. Note that this

approximation assumes all rotor quantities are referred to the stator side.
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5.4.3 RSC’s outer control d-axis channel

The d-channel of the RSC controls the reactive power at the grid side (Qgriz). The outer control of

this channel finds the reference value of the rotor d-axis current (/ ;f{ ). Consequently, this PI

controller can be initialized by determining the steady-state value of / ;,f{ .

This formula is derived in [145] as

| ody
0, = [mj(zds Ll (0.53)

In this expression, @ denotes the synchronous electrical angular frequency, A, is the stator d-axis
flux linkage, L, represents the stator leakage inductance. The term L), refers to the magnetizing
inductance in the dq frame, while L, denotes the mutual inductance between the stator and the

rotor circuits.

In steady-state, all machine variables in this formula are time-invariant [145] and can be written

as.
0, =K, +K,I"d (0.54)

where K, and K, are constants. More details can be found in [145]. Finally, the initial condition

of the PI controller (RSC’s outer - d-axis controller) can be written as:
Hpscq =1 = K3+ K40 (0.55)

These machine constants can be either calculated using (0.53) or can be obtained practically by a

simple test.
5.5 Implementation in EMT software

The proposed method can be implemented in any EMT-type software using the same steps
described earlier. First, the P-constrained DI block, Figure 4.14.(a), is inserted at Location A of the
DFIG model shown in Figure 5.2. Figure 5.5 provides a screenshot of the DFIG wind-turbine model
in EMTP, highlighting the location where the DI block is added.
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Figure 5.5 EMTP® schematic of DFIG model with DI at machine terminals.
Secondly, the three selected PI controllers described in Sections 5.4.1-5.4.3 are initialized by
assigning their initial values according to (0.46), (0.52), and (0.55) as shown in Figure 5.6. These

values are automatically computed using scripting.
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Figure 5.6 EMTP® PI controller showing LF-based integral initialization.

5.6 Performance evaluation

This section evaluates the performance of the proposed initialization method by comparing it to a
conventional LF-based initialization approach used as a baseline. The comparison focuses on two
key aspects, namely the simulation interval required to reach steady-state convergence and the total

CPU runtime.

To assess the effectiveness of the proposed method, two test cases were considered based on the

EPRI system in Figure 5.7 from EMTP® software:

e A.TestCase 1: A simplified WP system using an aggregated DFIG model.
e B. Test Case 2: A large-scale WP composed of 45 individual DFIG units grouped into three

feeders.

In both cases, the simulations are conducted using the EMTP® software [5], with an Average Value

Model for converters. The simulations use a 50 ps time step, and a steady-state condition is defined
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as the point at which waveform variations remain within 1% of the LF reference values. All cases
are executed on an Intel(R) Core (TM) 17-13800H processor, ensuring consistent computational
conditions for performance comparison. Both simulation files are provided in the folder “Chapter

5/, included in the supplementary material.

DFIG partk  Bys 2 Bus |
100 km
A —
System
50 km Bus 3 75 km Equivalent
— — :L;@
Bus4
50 km 50 km
- —

50 MVA
120/25kV

@ 50 MVA
&

120/25kV

Bus 5 Bus 6

First Load Second Load
30MwW | 3oMw L
15MVA 5 I15MVA

Figure 5.7 Single-line diagram of EPRI benchmark system.
Further simulation and modeling details, including the number of nodes, control devices, and model

configurations, are summarized in Table 5.1

Table 5.1 Simulation and model details for test cases I and 1I.

Simulation detail/ model Test case 1 Test case 2
WP model Aggregated WP Detailed WP
Control structure Aggregated control Individual control system per

wind turbine
Aggregated equivalent detailed system using PI lines

Collector system

PI line (Figure 5.10)
Simulation nodes 12 122
Control devices 122 12121
Time-step (us) 50
Electrical source model Voltage sources with impedance
Transmission line model Constant parameter model

Until steady-state is reached

Simulation interval (1% criterion)
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5.6.1 Test case 1: 120 kV system with aggregated DFIG park model

The 120-kV/60-Hz EPRI benchmark system, using an aggregated DFIG-WP model, is simulated
to study the independent impact of initialization strategies on simplified models. Its topology is
shown in Figure 5.7 [146]. In the baseline LFSI method, an auxiliary source is connected at the
PCC during the early stage of simulation and disconnected at t=0.5 s. The measurement setup is
illustrated in Figure 5.8, where active and reactive power are recorded at two locations:
LFSI External (PCC, including the auxiliary injection) and LFSI WP Internal (measured inside
the wind-park model). For steady-state assessment, the same criterion as in the previous chapters

is applied, namely, within £1% of the LF results.

In contrast, all auxiliary sources are removed earlier in the proposed HDI method, with recoupling
triggered at t=0.15 s. Figure 5.9 presents the active and reactive power at the PCC for both methods.
The times to reach steady state are 0.65 s and 0.15 s for LFSI and HDI, respectively, corresponding
to 3.76 s and 0.92 s of computation time. From an EMT perspective, HDI achieves a fourfold

reduction in computational cost while maintaining stability. A summary is given in Table 5.2.
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Figure 5.8 Measurement points for active/reactive power under LFSI initialization.
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Table 5.2 Comparison of LFSI and HDI methods from a computational perspective

Initialization Simulation . .
Test Case method interval (s) Computation time (s)
1 LFSI 0.65 3.76
HDI 0.15 0.92
5 LFSI 12.67 6760 (=1.87 hours)
HDI 0.15 78.6 (=1. 3 minute)
1F ,, i
—~ L D
2 os b T
Z0.8H ! ,/"’ 7
< I s ——LFSI External
§ '.\l-"\v.’ —-—--LFSI_WP Internal
RN0.6 i --—--HDI .
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Figure 5.9 Park-level results, test 1: (a) P at PCC, (b) Q at PCC, LFSI vs HDI.
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5.6.2 Test case 2: 120 kV system with detailed DFIG park model

This test case evaluates the proposed initialization strategy on a fully detailed DFIG-WP model.

This test case is taken from EMTP®. The system comprises 45 individual DFIG units, connected

to the PCC transformer through three feeders containing 18, 12, and 15 turbines, respectively. The

layout of the WP, including the internal feeder configuration and transformer connections, is shown

in Figure 5.10.
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Figure 5.10 Test 2: single-line diagram of detailed DFIG-WP (three feeders, 45 turbines).

In both the LFSI and proposed HDI methods, initialization is applied individually to each wind

turbine, ensuring full electrical decoupling and preventing machine-to-machine interactions during

startup. However, the two methods differ fundamentally in how they handle the initialization of

internal controller states, particularly in DFIG outer loops responsible for regulating active and

reactive power.
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Figure 5.11 Feeder-level results, test 3: (a) P, (b) Q across feeders, LFSI vs HDI.
The impact of these differences can be observed at the feeder and WP levels. Figure 5.11 presents
the initialization performance for each feeder, showing the active and reactive power responses
under both methods. Notably, both LFSI and HDI start from the same steady-state operating point,

consistent with the LF solution. However, in the LFSI case, once the auxiliary sources are
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disconnected at ¢ = 0.5 s, the effects of improper controller initialization begin to surface. The
absence of pre-initialized values for the WP and the d-axis current references within each DFIG

leads to control mismatches and uncoordinated responses across feeders.

Each feeder exhibits distinct reactive power transients under LFSI, ranging from steep overshoots
to prolonged drifts, as the controllers attempt to recover and stabilize in the time domain. These
discrepancies are especially amplified in feeders located farther from the PCC, where the electrical

distance further challenges the system's ability to self-correct.

——LFSI
—---HDI

Time (s)
(a)

Time (s)

(b)
Figure 5.12 Park-level results, test 3: (a) P at PCC, (b) Q at PCC, LFSI vs HDL

In contrast, the HDI method, through its partial steady-state initialization, ensures consistent

internal control states from the outset. As a result, all feeders exhibit fast, coordinated, and smooth

convergence of reactive power, regardless of their location in the network.
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Figure 5.12 illustrates the overall system response. Subfigure (a) shows the total active and reactive
power at the PCC under both initialization methods, with the response consistent with the behavior
observed in the aggregated test case (Test Case 1). Subfigure (b) highlights a more pronounced
difference in reactive power convergence. Under LFSI, the response is characterized by delayed
settling exceeding 12 s, accompanied by visible oscillations and slow ramping. This slow response
is due to improper initialization of the d-axis current controllers and the WPC. While the initial
conditions were consistent with the LF solution, the absence of correctly initialized control states

causes reactive power to deviate significantly as the system evolves dynamically.

In contrast, the HDI method ensures stable operation, matching the behavior of the aggregated
system, and reaches steady-state within a 0.15 s simulation interval. As summarized in Table 5.2,
the CPU times corresponding to these initialization intervals are 6760 s and 78.6 s for LFSI and

HDI, respectively, representing a nearly 100 times improvement in computational speed.
5.7 Conclusion

This chapter presented a hybrid initialization method for DFIG-based wind parks (WPs),
combining decoupling interfaces with partial steady-state control initialization. The approach
specifically targets controllers affected by the internal DI application, including the WPC and the
outer loops of the RSC. By selectively initializing key PI controllers and applying DI only at critical

points, the proposed method achieves fast and stable simulation startup.

Case studies demonstrated that the hybrid method significantly improves initialization accuracy
and reduces computational burden. In aggregated and detailed test systems, the method consistently
reduced the simulation interval required to reach steady-state and achieved up to 100 times
reduction in computational time compared to traditional LFSI. The results confirm that the

proposed strategy offers a robust, scalable solution for initializing large-scale WP EMT models.
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CHAPTER 6 ADAPTING AND EVALUATING ACCELERATION
TECHNIQUES TO MTDC SIMULATION MODELS

6.1 Introduction and background

As HVDC and MTDC systems continue to grow in complexity, the computational demands of their
EMT simulations increase accordingly. While some acceleration methods are specifically tailored
to HVDC applications, many of the most impactful techniques are general-purpose, aimed at
enhancing EMT performance across a broad range of power system models. This chapter focuses
on the application and evaluation of such generic acceleration strategies within HVDC and MTDC

simulation contexts.

One effective approach is Transmission Line-Based Parallelization (TLP), which exploits the
inherent propagation delays in transmission lines to partition the network into decoupled
subsystems that can be simulated concurrently [92]. TLP has demonstrated strong potential for

enabling distributed simulation without compromising accuracy.

A key finding of this chapter is that control systems constitute a major share of the computational
burden in HVDC simulations. To address this, two control-oriented acceleration methods are
investigated. The first is Control System Parallelization (CtrlP), which distributes control
computations across multiple processors. This includes implementations based on the Functional
Mock-up Interface (FMI), allowing modular and scalable simulation of complex control

architectures [147].

Beyond parallel execution, modifying the control system solution method itself offers further
opportunities for performance improvement. Conventional control solvers often rely on a
sequential approach that introduces artificial one-time-step delays to break feedback loops.
Although this technique is not mathematically rigorous, it can still provide acceptable results in
some cases, particularly with small integration time steps. However, in large-scale systems
dominated by IBRs and power electronics, it may introduce numerical instabilities. Such stability

issues, particularly in sensitive control subsystems, have been documented in [148].

To overcome this limitation, simultaneous solvers using Jacobian-based iterations have been
proposed to eliminate these delays [148]. However, the computational cost of iterative Jacobian

methods can become prohibitive when scaling up to large MTDC networks. As a more efficient
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alternative, non-iterative Jacobian (NIJ) approaches [148] have been developed, using linearization
at each time step to resolve feedback interactions without iteration. While NIJ achieves a good
trade-off between accuracy and performance, further efficiency gains can be obtained through
reduced Jacobian formulations which lower computational demands while maintaining numerical
robustness [149]. To that end, Optimized Sequential Control Solvers (OSeqCtrl) have been
introduced [150], specifically targeting systems with dense control structures. These solvers
enhance computational efficiency by selectively optimizing the order and execution of control
tasks, demonstrating significant simulation speedups without compromising numerical stability.

They do not require user intervention and should be used with caution.

This chapter evaluates the performance of TLP, CtrlP, and OSeqCtrl, which have been proposed
in the literature. In this work, the methods are not re-developed but rather applied and
systematically assessed in the context of MTDC systems. Each technique is first tested, profiled,
and analyzed on a small-scale point-to-point HVDC model, then applied to the InterOPERA
benchmark system [138], which serves as a representative large-scale MTDC network.
Furthermore, hybrid approaches that combine both network-level and control-level acceleration

techniques are explored to assess their combined benefits.

6.2 Parallel computing

6.2.1 Transmission Line based Parallelization, TLP

In large-scale EMT simulations, network parallelization leverages the natural decoupling effect of
transmission lines, where propagation delays allow different network segments to be simulated in

parallel. This approach can significantly reduce the computational burden.

In [92], the FMI is used as an interoperability standard with a master-slave configuration to create
a co-simulation setup of multiple simulation instants. This allows parallel execution of decoupled
subsystems using transmission line propagation delays. Therefore, it is particularly effective for
networks involving long transmission lines and multiple IBRs, where the computational load can
be offloaded across parallel simulation instances. The communication protocol for synchronizing
parallel instances is established using low-level primitives. This setup enables efficient and scalable

simulations without compromising accuracy.



138

6.2.1.1 Performance evaluation

The TLP technique introduced in [92] is applied to the test system modelled using EMTP® [5] as
illustrated in Figure 6.1. The benchmark model features a bipolar MMC-based point-to-point
HVDC link, incorporating two MMCs for the collection and export of offshore wind power. A

detailed description of the system components and simulation parameters is provided in Table 6.1.
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system and ¢
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Figure 6.1 Bipolar point-to-point HVDC test system.
The system is partitioned into three subsystems using the existing transmission lines as natural
decoupling boundaries. As shown in Figure 6.2, the system is decoupled using master—slave FMI
configurations, implemented with Functional Mock-up Units (FMUs). Each FMU is simulated in
parallel on a dedicated CPU core within EMTP® [5].

Mater FMU
CPU 1
Slave FMU Slave FMU
CPU 3 CPU2
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Figure 6.2 TLP application on the HVDC system in Figure 6.1.
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Simulations were executed on an Intel® Xeon® Gold 6258R processor. The computational
performance is summarized in Table 6.2, which compares the TLP-enhanced simulation to the
default serial execution (Ser). Both configurations employ the same control solver in EMTP®,
which implements the Non-Iterative Jacobian (NIJ) method [5]; thus, the simulations are labeled

as TLP_NIJ and Ser NIJ, respectively.

Table 6.1 Simulation and model details for the HVDC system in Figure 6.1.

Aspect Details
Grid equivalents Voltage sources with impedance
Generic 401-level, half-bridge, arm equivalent model
MMC (Model 3) [141]
C ¢ GFM-MMC operates in V/f control mode. More
Oﬁsgglen details about V/f and Vdc-control can be found in [2].
Wind parks Generic aggregated DFIG models with controls.
P Contains 1200 wind turbines, 1.5 MW each.
Wideband models [22]
Lines /cabl
fnes fcables DC cable: 70 km, +640 kV
Total number of 318
simulation nodes
Simulation Total number of 3617
details control devices
Simulation interval (s) 10
Time-step (us) 50

Decoupling the system using TLP allows the simultaneous execution of control and power system
tasks across processors. This intrinsic parallelism yields significant gains in computational
efficiency. Notably, the control system experiences the most pronounced improvement, with a
speedup factor of 2.1 compared to Ser NIJ. The power system solution also benefits, achieving a
speedup factor of 1.5. Since the control system accounts for approximately 87% of the total
simulation time, its acceleration is the primary driver of overall performance, culminating in a total

simulation speedup factor of 2.0. The accuracy of TLP is thoroughly validated in Section 6.4.2.

The results highlight that TLP is especially effective in systems where control computations
dominate. However, its potential impact can be even greater in models where the power system
equations constitute a more significant portion of the load. Given the current control-heavy
computational profile, the following sections focus on further accelerating the control system

solution to unlock additional performance gains.
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Table 6.2 Computational performance comparison, TLP

TLP_NIJ
. Ser NIJ . ..
Equations simulation time s) simulation time (s) | Speedup factor
3 CPUs
Power 27.1 18.1 1.5
system
Control 188.5 87.7 2.1
system
 Total 215.6 105.8 2.0
simulation

6.2.2 Control system parallelization, CtrIP

While the TLP method proves highly effective in systems rich in transmission lines, it is often
insufficient on its own for achieving optimal performance in large-scale EMT simulations,
particularly when control systems introduce a substantial computational burden. In both compact
and large-scale HVDC networks, solving control system equations, especially those associated
with IBRs, represents a major share of the overall simulation cost. As a result, accelerating the
control system solution becomes essential for enhancing simulation efficiency. This chapter

focuses on generic IBR models.

An effective strategy for addressing this challenge is the parallel execution of control systems, as
explored in [147] using a co-simulation-based framework. EMT simulators typically alternate
between solving power system and control system equations, introducing a one-step time lag
between the two domains. In MTDC systems, control architectures are often modular and
repetitive. For example, each MMC in Figure 6.1 hosts an identical control system. Because these
control modules operate independently at each discrete time step, their solutions can be parallelized
across multiple CPU cores. Assigning each control instance to a dedicated processor (e.g., using
four CPUs) allows the workload to be distributed effectively, resulting in a noticeable reduction in

simulation time. This same principle applies to IBR systems composed of multiple units.

To facilitate applying this concept, [147] proposes the use of the FMI standard within a master-
slave architecture. In this configuration, each control module is encapsulated as a slave FMU, with

a central master responsible for coordinating synchronization across simulation steps.

Some IBRs also feature internally decoupled control branches, which opens further opportunities

for parallelization. For example, the DFIG model in Figure 6.3 includes separate control loops for
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the RSC, GSC, and pitch control. These branches can be simulated in parallel to improve
performance. However, to maintain balanced CPU usage, it may be advantageous to group the
more computationally demanding RSC and GSC controls together, as illustrated in Figure 6.3.(b).

This ensures a more even distribution of the computational load across available processors.
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Figure 6.3 (a) DFIG model and its (b) Control system.

6.2.2.1 Performance evaluation

The effectiveness of the CtrlP approach is evaluated using the system shown in Figure 6.1 within
the EMTP® simulation environment [5]. In this setup, the control systems of each MMC converter
are assigned to separate CPU cores, while the wind park controller is partitioned and distributed
across two slave FMUs. This parallel configuration utilizes a total of six CPU cores, with all

simulations employing EMTP®’s default (N1J) control solver [148].
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As reported in Table 6.3, CtrlP delivers a substantial boost in computational performance. The
control system runtime is reduced dramatically, from 188.5 s to 37.5 s, representing a 5.02 speedup
in control-related computations. This improvement directly translates into a significant reduction
in overall simulation time, which drops from 215.6 s in the serial NIJ case (Ser NIJ) to just 64.6 s
with CtrlP. This results in a total simulation speedup of 3.33 across the six-core setup. The accuracy

of the CtrlP implementation is confirmed through validation in Section 6.4.2.

Table 6.3 Computational performance comparison, CtrlP

. Ser NIJ simulation CrP .s1mulat10n Speedup
Equations Time (s) Time (s) factor
6 CPUs
Power system 27.1 27.1 1.00
Control system 188.5 37.5 5.02
Total simulation 215.6 64.6 3.33

6.3 Optimized control solvers

As shown in the previous sections, control systems represent a major source of computational
overhead in EMT simulations. Their complexity and the presence of nonlinear feedback loops
make them particularly demanding, often creating a bottleneck that limits overall simulation speed.
Although both TLP and CtrIP offer substantial performance gains, the control solution process

itself remains a limiting factor, underscoring the need for further optimization.

To address this, reduced Jacobian matrix techniques have been proposed in [149], along with an
enhanced version introduced in [150], both of which significantly improve computational
efficiency without compromising time-step accuracy. In particular, [150] presents also an
optimized sequential control strategy, referred to as SEQ+DFSOpt, which minimizes artificial
delays and their impact on accuracy through improved ordering of the control solution process. In

this work, this technique is referred to as OSeqCitrl.

The OSeqCtrl method is evaluated in the following section. It delivers substantial performance
gains while maintaining acceptable accuracy across the test cases used in this study. However,
because its accuracy is not universally guaranteed, especially in systems with highly sensitive
control dynamics, OSeqCtrl is best applied as an optional or localized solution, where its use can

be targeted to specific subsystems or regions.
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6.3.1 Performance evaluation

To assess the performance of OSeqCtrl, it is applied to the system shown in Figure 6.1, with results
summarized in Table 6.4. The table compares the computational performance of the standard serial
NI1J approach (Ser NIJ) against OSeqCtrl, breaking down the CPU times spent solving both control

and power system equations.

The results demonstrate dramatic improvements. OSeqCtrl reduces the control system computation
time by a factor of 14.7 compared to NIJ, effectively reducing the control system's share of the
total simulation time to just 30%. This substantial reduction leads to an overall simulation speedup
of 5.4, all achieved using a single CPU. The method’s accuracy is confirmed in Section 6.4.2,

supporting its viability as a high-performance control solver for EMT applications.

Table 6.4 Computational performance comparison, OSeqCtrl

1
. Ser_NIJ simulation ‘Ser_(?Seq-C tr Speedup
Equations ~ time (s) Simulation time (s) factor
1 CPU
Power system 27.1 27.1 1
Control system 188.5 12.8 14.7
 Total 215.6 39.9 5.4
simulation

6.4 Evaluation on large-scale MTDC system

This section assesses the performance of the previously discussed acceleration techniques in the
context of a large-scale MTDC network. The evaluation is conducted using the InterOPERA
system [138], a benchmark topology developed under a European-funded initiative aimed at
ensuring interoperability among multi-vendor HVDC grids and supporting the integration of

renewable energy sources.

For this study, Variant 1 of the InterOPERA system, titled "Meshed Offshore Grid for Wind
Export", is selected as the test case. As illustrated in Figure 6.4, the system includes five bipolar
MMC converters connected through a meshed DC transmission network. This layout is designed
to efficiently gather and deliver power from offshore wind farms to onshore terminals, offering a
practical and technically relevant scenario for evaluating both HVDC grid control strategies and

EMT simulation acceleration methods.
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The system is implemented and simulated in EMTP® [5], and its configuration and parameters are

detailed in Table 6.5.

Table 6.5 Simulation and model details for InterOPERA Variant 1

Aspect

Details

Grid equivalents

Voltage sources with impedance

Generic 401-level, half-bridge, arm equivalent
model (Model 3) [141]

MMC Offshore stations operate in V/f control mode [2]
Onshore stations operate in DC Droop control mode
Component [138].
model Generic aggregated DFIG models with controls.
Wind parks
Contains 1200 wind turbines, 1.5 MW each.
Lines /cables Wideband models [22].
Loads Fixed impedance.
Total n}lmber of 1016
simulation nodes
Simulation | Total number of control
. . 9754
details devices
Simulation interval (s) 10
Time-step (us) 50
Offshore 1-P Onshore 1-P
R — R
Offshore 1-N ]Z[]Z[ g Onshore 1-N
DC BUS
= e I e o

WP3

==
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grounding > 1!
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Figure 6.4 InterOPERA’s Variant 1 test system schematic
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6.4.1 Computing time gains

This section evaluates the simulation speed improvements achieved by the proposed acceleration
strategies. Simulations were performed on an Intel® Xeon® Gold 6258R processor. Initially, the
three core methods, TLP_NIJ, CtrlP, and Ser OSeqCtrl, are assessed individually and compared

against the baseline case, Ser NIJ. Following that, two hybrid configurations are introduced:

e TLP+CtrlP, which integrates the TLP and CtrlP techniques using the N1J solver, and
e TLP OSeqCtrl, which combines TLP with the optimized OSeqCtrl solver.

In the TLP_NIJ setup, the system (as illustrated in Figure 6.4) is distributed across 8 CPU cores

with the following allocation:

e Wind parks: 3 CPUs.
e DC network: 1 CPU.
e MMCs: 4 CPUs (Note: Offshore 1 and Offshore 2 MMCs share a single CPU, due to the

absence of a decoupling transmission line delay between them.)

As shown in Table 6.6, TLP_NIJ delivers a significant performance boost, reducing simulation

time by a factor of 5.6.

The CtrlP method parallelizes the control system across 16 CPUs, allocating 10 CPUs for the MMC
controllers and 6 for the wind park controllers, maintaining the same structure discussed in Section

6.2.2. This configuration achieves a 4.33 times speedup, as indicated in Table 6.6.

Replacing the NIJ solver in the serial baseline with OSeqCtrl, i.e., in the Ser OSeqCtrl setup,
results in a 4.13 reduction in CPU time, despite utilizing only one CPU, highlighting the solver's

efficiency.
The hybrid approaches provide even greater acceleration:

e TLP+CtrlP, using 24 CPUs and combining both parallelization techniques with the NIJ
solver, achieves a 7.23 speedup.

e The most effective configuration, TLP_OSeqCtrl, leverages both the system-level
parallelization of TLP and the solver-level optimization of OSeqCtrl. This setup, running
on 8 CPUs, achieves the highest acceleration factor of 23.65, offering the most substantial

reduction in total simulation time by minimizing both interdependencies and solver delays.
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Table 6.6 Performance evaluation of simulation techniques

Simulation technique | Number of CPUs| CPU time (s) | Acceleration factor
Ser NIJ (Ref) 1 615.6 -
TLP_NIJ 8 109.9 5.60
CtrlP 16 142.1 4.33
Ser_OSeqCtrl 1 149.2 4.13
TLP+CtrIP 24 85.2 7.23
TLP_OSeqCtrl 8 26.0 23.65

6.4.2 Error analysis

To assess the accuracy of the proposed acceleration methods, a DC fault scenario is simulated on
the InterOPERA system (Figure 6.4) using EMTP® [5]. Detailed simulation parameters are
provided in Table 6.7. The fault event is cleared by tripping the affected pole of DC Cable 1.

Table 6.7 Key parameters of the fault simulation scenario

Parameter Details
Fault Resistance (Q) 1
Fault location Mid-point of DC( Pc(z)l:ﬁfvt, ;il)%ég)ed in Figure 6.4.
Fault type Pole to ground
Fault instant (s) 0.8
Fault clearing time (ms) 5
Time-step (ns) 10

Figure 6.5 presents the DC fault current contributions, specifically, the /,. values from Onshore
1-P and Onshore 2-P, for both the baseline (Ser NIJ) and all accelerated configurations.
Additionally, Figure 6.6 displays the corresponding DC voltage (V. ) at the Onshore 1-P terminal.
All evaluated techniques closely replicate the transient behavior of the baseline case, demonstrating

a high degree of accuracy.

To better observe any discrepancies, both figures include zoomed-in plots of the fault’s initial
moments, where differences are typically most pronounced. Across all methods, the results confirm

minimal deviation from the reference solution.

Notably, as shown in Figure 6.6, switching from NIJ to OSeqCtrl introduces no observable

deviation: the responses of Ser NIJ and Ser OSeqCitrl are identical, as are those of TLP_NIJ and
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TLP_OSeqCtrl. Among all configurations, the setups involving TLP, namely TLP NIJ,

TLP_OSeqCtrl, and TLP+CtrlP, exhibit slightly higher, yet still negligible, deviations compared

to the other methods.
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Figure 6.5 DC fault current from onshore converters: (a) Onshore 1-P, (b) Onshore 2-P.
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Figure 6.6 DC voltage response at Onshore 1-P terminals (7, ) during the fault event.

6.5 Conclusion

This chapter presented a comprehensive evaluation of three acceleration techniques for EMT
simulation of HVDC systems: TLP, CtrlP, and the OSeqCtrl. These methods were assessed based
on their achievable performance gains, with simulations conducted on both a compact HVDC test

system and the large-scale InterOPERA MTDC benchmark.

In the small-scale system, each method yielded notable improvements: TLP achieved a speedup of
up to 2.0, CtrlP reached 3.33, and OSeqCtrl provided the highest speedup of 5.4 on a single CPU.
However, the scalability of each technique varied. The number of decoupling transmission lines
inherently limited TLP's performance, while CtrlP offered better scalability at the cost of increased
CPU usage. OSeqCtrl delivered significant gains with minimal hardware requirements but requires

careful use due to potential accuracy limitations in certain cases.

On the large-scale InterOPERA system, all methods demonstrated even greater performance
improvements. TLP reached a speedup of 5.6, CtrlP 4.33, and OSeqCtrl 4.13. To further enhance
simulation speed, two hybrid strategies were tested. The most effective was the TLP_OSeqCtrl
configuration, which combined system-level and solver-level acceleration to achieve a maximum

speedup of 23.65.
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All proposed techniques maintained high fidelity, as verified through detailed DC fault simulations.
These findings confirm the potential of combining network and control-level acceleration strategies

to significantly improve the efficiency of EMT simulations for large-scale HVDC systems.
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CHAPTER 7 CONCLUSION

7.1 Summary of dissertation

This dissertation focuses on advancing electromagnetic transient (EMT) simulation practices for
large-scale hybrid AC-DC systems, particularly Multi-Terminal DC (MTDC) networks. The
research addresses two critical challenges that currently limit the practicality of EMT simulations
for future power systems: the lack of robust initialization techniques suited to complex systems
with generic or black-box IBR models. The main target of this work was on MTDC systems, but

its results are also applicable to other generic and arbitrary systems.

The work begins with a review of MTDC system components and their modeling aspects,
highlighting the challenges posed by the widespread integration of inverter-based resources (IBRs),
offshore wind parks (WPs), and the adoption of modular multilevel converters (MMCs). The
computational burden introduced by detailed power electronic converters and nonlinear control

structures forms the foundation for the subsequent research developments.

The first major contribution is the development of a hybrid AC—DC load-flow methodology that
balances simplicity, versatility, and the ability to handle complex hybrid AC-DC configurations.
Most existing EMT platforms generally lack flexible AC-DC load-flow (LF) solvers for
initialization of time-domain computations, often providing only conventional AC LF tools.
Moreover, most existing AC-DC LF algorithms suffer from severe limitations, such as an inability
to accurately handle systems with multiple Vdc-controlled converters or hybrid combinations
involving both DC droop and Vdc-controlled. To address these gaps, a hybrid method is proposed,
combining an adapted Newton-based multiphase AC LF solver for both AC and DC networks with
a fixed-point iterative approach. The proposed method supports a wide range of control modes,
including P-control, Vdc-control, DC droop-control, and V/f control, and introduces novel
extensions such as adaptive droop characteristics. Special emphasis is placed on enabling the
initialization of unbalanced hybrid grids and supporting systems with multiple interacting Vdc-

regulated VSC terminals.

Building upon the load-flow framework, the dissertation then focuses on one of the most
challenging aspects of EMT initialization: the steady-state initialization of Grid-Forming Voltage
Source Converters (GFM-VSCs). GFM-VSCs actively regulate AC voltage and frequency, making

their startup particularly sensitive to initial conditions. A dedicated initialization methodology is
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developed, which involves a steady-state resolution of outer control loops and the introduction of
a subsystem decoupling approach called the Decoupling Interface (DI) method. This method
effectively isolates GFM-controlled subsystems, enabling stable and accurate initialization even in

complex or islanded configurations.

Following the successful demonstration of the DI concept for GFM-VSCs, the method is
generalized into a unified initialization framework applicable to broader MTDC systems. The
generalized DI approach supports black-box models, accommodates various converter types and
control modes, and ensures fast and robust initialization across hybrid AC-DC grids. Validation
on industry benchmark systems confirms the method’s ability to reduce initialization time and

improve simulation stability significantly.

Further contributions extend the application of the DI method to real-time simulation
environments. A real-time-compatible variant of the DI initialization strategy is proposed and
validated through real-time simulation software. By suppressing startup transients and minimizing
initialization delays, the method facilitates efficient real-time EMT simulations, demonstrating

significant time savings compared to conventional startup procedures.

Recognizing that DFIG-based wind parks present a major bottleneck in the initialization of large-
scale MTDC systems, this dissertation proposes the Hybrid Decoupling Interface (HDI) method to
expedite time-domain initialization for DFIG models. The HDI strategy is specifically tailored for
the initialization of DFIG wind parks, which typically suffer from slow convergence using
conventional EMT techniques. By combining selective steady-state initialization of critical control
channels with internal DI-based subsystem decoupling, the HDI method significantly improves
convergence speed while maintaining stability and accuracy. This targeted approach enables

practical and robust EMT initialization even for highly detailed commercial wind park models.

Finally, this dissertation investigates unconventional acceleration methods for EMT simulation and
evaluates their applicability, feasibility, and effectiveness for HVDC systems and MTDC
networks. Each method is first studied individually, with performance assessments conducted on
both small-scale HVDC systems and large-scale MTDC networks. Furthermore, hybrid strategies
combining multiple acceleration techniques are proposed and demonstrated, highlighting their

potential to achieve substantial simulation speedups without compromising accuracy. These
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findings contribute to advancing scalable and efficient EMT simulation practices for complex

future power systems.
7.2 List of publications
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7.3 Future work

While this dissertation addresses key challenges in EMT simulation and initialization of MTDC

systems, several directions remain open for future exploration:

Full Newton-Based Load-Flow Algorithm: The present hybrid AC-DC load-flow relies
on a Newton formulation for the AC network and a fixed-point method for the DC grid. A
natural extension is to develop a unified Newton-based solver for the entire AC-DC system,
which could improve convergence robustness, particularly in large-scale or weakly meshed
MTDC networks.

Extension to Diverse Grid-Forming Controls: The initialization framework can be
further enhanced by accommodating a wider range of GFM control strategies, such as droop
control, virtual synchronous machine, or combined Vdc—V/f modes. This would expand the
applicability of the proposed methods to converter-dominated grids with heterogeneous
control philosophies.

Digital-Twin-Based Models for EMT: Detailed models of devices such as MMCs and
other IBRs impose significant computational costs. Future work could investigate the
development of reduced-order or data-driven digital twin models that replicate the dynamic
behavior of these devices with high fidelity. Embedding such twins into EMT platforms

offers a promising avenue to accelerate simulations without sacrificing accuracy.
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