Bacha Seddik 
  

I am very grateful to my supervisor, Prof

In this thesis the detailed study of DC-DC converters for HVDC is addressed. A comprehensive review of the different conversion methods is first presented; where a classification is proposed and the main HVDC applications and requirements for each circuit are highlighted. Then, two converter topologies are studied in detail. One isolated circuit (the F2F-MMC) and one non isolated topology (the DC-MMC). For each circuit, the detail operation principles are analyzed and appropriate control methods are proposed. The grid integration of both converters is also addressed, studying the interconnection of two DC lines during normal and fault conditions. From this study, it is seen how, under normal conditions, both DC-DC converters can decouple both DC systems. It means that when a disturbance occurs on one DC grid, the other DC grid it is not disturbed. The capabilities of blocking DC fault currents for both topologies and the impact on the DC grid are also analyzed. It is observed that after the fault, both DC-DC converters stop the propagation of the fault current but generating a DC voltage disturbance on the healthy sub-grid due to the abrupt loss of power. A control method for decreasing this disturbance is proposed, using the internal converter energy. Finally, a general methodology to assess the comparison of diverse HVDC converter topologies is proposed. It is based on three performance indicators related with capital and operational expenditures. The methodology is analytic, except for the switching losses. The detailed analysis on the estimation of the switching losses is performed and a new method is proposed, however it requires the detailed model simulation of each circuit. The comparison methodology is applied to both DC-DC converters revealing the potential region of interest for each converter. The results show that the DC-MMC has a high potential for low voltage transformation ratio applications and medium frequency operation, while the F2F-MMC is more adapted to high voltage transformation ratios but is still a non-cost-effective solution.
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Résumé

Afin d'inclure des sources d'énergie renouvelable à grande échelle dans le système électrique et de transporter de grandes quantités d'énergie sur de longues distances, le réseau AC doit être mis à jour. Les réseaux de transmission HVDC apparaissent comme une solution prometteuse pour moderniser le système et répondre correctement aux besoins et exigences futurs. Le développement de tels réseaux peut se faire selon deux approches différentes. D'un côté, un système DC conçu totalement à partir de zéro suite à une standardisation de la technologie HVDC, et d'un autre côté, une évolution incrémentale utilisant les lignes HVDC existantes. La seconde approche semble plus raisonnable car elle permet de réutiliser des infrastructures. L'inconvénient est que les lignes existantes peuvent avoir des caractéristiques différentes. Ainsi, leur interconnexion nécessitera des convertisseurs DC-DC comme éléments d'interface. Ces structures permettent l'interconnexion de différents schémas HVDC et offrent des fonctionnalités comme l'adaptation de tension, le contrôle du flux de puissance et la protection.

Cette thèse aborde l'étude détaillée des convertisseurs DC-DC pour HVDC. Une revue complète des différentes méthodes de conversion est d'abord présentée. Dans ce chapitre, une classification est proposée et les principales applications et exigences HVDC pour chaque circuit sont mises en évidence. Ensuite, deux topologies de convertisseur sont étudiées en détail. Un circuit isolé (le F2F-MMC) et une topologie non-isolée (le DC-MMC). Pour chaque circuit, les principes de fonctionnement détaillés sont analysés et des méthodes de contrôle appropriées sont proposées. L'intégration au réseau des deux convertisseurs est également abordée, en étudiant l'interconnexion de deux lignes DC dans des conditions normales et de défaut. Cette étude montre comment, dans des conditions normales, les deux convertisseurs DC-DC peuvent découpler les deux systèmes DC. Cela signifie que lorsqu'un changement de point de fonctionnement se produit sur un réseau, l'autre réseau n'est pas perturbé. Les capacités de blocage des courants DC de défaut pour les deux topologies et l'impact sur le réseau sont également analysés. On constate qu'après le défaut, les deux convertisseurs empêchent la propagation du courant de défaut (un courtcircuit sur une liaison ne provoque pas de court-circuit sur l'autre liaison) mais génèrent une perturbation de tension sur le sous-réseau sain en raison de la coupure brutale de puissance. Une méthode de contrôle pour diminuer cette perturbation est proposée, en utilisant l'énergie interne du convertisseur. Enfin, une méthodologie générale pour évaluer la comparaison de différentes topologies de convertisseurs HVDC est proposée. Elle est basée sur trois indicateurs de performance liés aux coûts d'investissement et d'exploitation. La méthodologie est analytique, à l'exception des pertes en commutation. L'analyse détaillée de l'estimation des pertes en commutation est effectuée et une nouvelle méthode est proposée, cependant elle nécessite la simulation détaillée de chaque circuit. La méthodologie de comparaison est appliquée aux deux convertisseurs DC-DC, révélant la région d'intérêt potentielle pour chaque circuit. Les résultats montrent que le DC-MMC a un potentiel élevé pour les applications de rapport de transformation faible et le fonctionnement à moyenne fréquence, tandis que le F2F-MMC est plus adapté aux rapports de transformation forts mais est toujours une solution non optimisée du point de vu d'investissement.
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General Introduction Background

High voltage direct current (HVDC) technology has been recognized as a solution for long-distance bulk-power transmission, asynchronous AC system interconnections, interconnection of different regions requiring submarine and underground cables, and transmission of offshore wind power to shore [1], [2].

The main advantages of HVDC are the lower conduction losses on the DC lines compared to the AC counterpart (no skin effect, no proximity effect) and the absence of losses due to the reactive current [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF]. Thus, for the same amount of power, a DC line requires less space compared to the AC counterpart (see Figure i.1 (a)). This makes the DC systems interesting for upgrading of the actual AC grid [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF]- [START_REF] Van Hertem | Technical limitations towards a SuperGrid-A European prospective[END_REF], by converting existing AC lines into DC ones, or by building new lines using buried and submarine cables. This could be an attractive solution given the limited availability of right of way (ROW) for new transmission lines in some areas like in Europe [4].

(a) HVDC (top) and HVAC (bottom) overhead lines for the same power [START_REF] Abb | Overhead transmission lines for HVDC[END_REF] (b) HVDC and HVAC costs [START_REF] Abb | Why HVDC? Economic and environmental advantages[END_REF] xii

The drawback with HVDC systems, however, is the cost of the terminal stations needed to interface with the AC system. These stations are made of power electronics adding costs and losses. The tradeoff of the costly AC-DC stations and the interesting characteristics of the DC transmission, makes that the DC systems are more suitable to power transmissions beyond a critical distance known as the break-even distance [2], [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF], [START_REF] Van Hertem | Technical limitations towards a SuperGrid-A European prospective[END_REF], [START_REF] Jovcic | High Voltage Direct Current Transmission: Converters, Systems and DC Grids[END_REF]. Figure i.1 (b) illustrates the costs of the AC and DC transmission systems in function of the distance. From a certain point, the DC systems are economically more attractive. This point depends if the transmission is done on overhead lines (OHL) or through cable. For OHL the break-even distance is around 500-800 km, while for cable transmission systems this value is around 60-80 km [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF], [START_REF] Van Hertem | Technical limitations towards a SuperGrid-A European prospective[END_REF], [START_REF] Jovcic | High Voltage Direct Current Transmission: Converters, Systems and DC Grids[END_REF].

Nevertheless, the HVDC advantages make that more and more HVDC projects are being implemented in different locations, mainly to interconnect large renewable electrical sources (RES) that are placed far away of the load centers. For example in China, several long HVDC corridors are being implemented to interconnect the high amount of RES on the north-west of the country to the loads placed on the south-east [START_REF] Qin | Study on the development and reliability of HVDC transmission systems in China[END_REF], [START_REF] Xie | Reliability-Oriented Networking Planning for Meshed VSC-HVDC Grids[END_REF]. Similarly, in Europe several HVDC links are being placed to interconnect high amounts of offshore wind power to the continent and to interconnect different market and asynchronous areas [START_REF] Orths | The European North seas countries' offshore grid initiative-The way forward[END_REF]. Figure i.2 shows the existing and planned HVDC corridors in Europe. [START_REF] Gómez | Requirements for interconnection of HVDC links with DC-DC converters[END_REF] Going beyond point-to-point (P2P) links and creating HVDC grids as an overlay onto the existing AC system is interesting because it adds flexibility and allows to upgrade the congested AC grids [4], [START_REF] Highway | Europe's future secure and sustainable electricity infrastructure. e-Highway 2050 project results[END_REF]. This will be necessary for the massive integration of large RES into the system [START_REF] Orths | The European North seas countries' offshore grid initiative-The way forward[END_REF], [START_REF] Echeverr | Multi-modular cascaded DC-DC converter for HVDC grid connection of large-scale photovoltaic power systems[END_REF], [START_REF] Promotionproject | Progress on Meshed HVDC offshore transmission networks[END_REF]. HVDC grids can also bring ancillary services to the grid, for example providing frequency stability and inertia [START_REF] Silva | Provision of inertial and primary frequency control services using offshore multiterminal HVDC networks[END_REF] and angular stability [START_REF] Gonzalez-Torres | HVDC protection criteria for transient stability of AC systems with embedded HVDC links[END_REF], critical points to solve as the penetration of power-electronics interfaced electrical sources connected to the electrical grid increases. Besides, these grids allow the interconnection of different market areas [5], [START_REF] Orths | The European North seas countries' offshore grid initiative-The way forward[END_REF], including off-grid communities [START_REF] Bahram | Integration of small taps into (existing) HVDC links[END_REF].

Figure i.2. HVDC links on Europe

Although some multi-terminal projects interconnecting more than two AC-DC stations to the same DC system have been deployed (or to be done in the near future) [START_REF] An | Research and application on multi-terminal and DC grids based on VSC-HVDC technology in China[END_REF]- [START_REF] Li | Nanao multi-terminal VSC-HVDC project for integrating large-scale wind generation[END_REF], they are not an HVDC meshed grid. Indeed, the development of such a system presents several technical challenges [5], [START_REF] Van Hertem | Technical limitations towards a SuperGrid-A European prospective[END_REF], [START_REF] Koldby | Challenges on the Road to an Offshore HVDC Grid[END_REF], like interoperability [START_REF] Rault | Implementation of a dedicated control to limit adverse interaction in multi-vendor HVDC systems[END_REF], standardization [START_REF] Akhmatov | Technical guidelines and prestandardization work for first HVDC grids[END_REF], power flow control [START_REF] Haileselassie | Impact of DC line voltage drops on power flow of MTDC using droop control[END_REF], [START_REF] Wang | Power flow algorithms for multi-terminal VSC-HVDC with droop control[END_REF] and protection [START_REF] De Freitas | Assessment methodology and performance indicators for HVDC grid protection strategies[END_REF], [START_REF] Tang | Protection of VSC-multi-terminal HVDC against DC faults[END_REF]. Some of them will probably be addressed on the first full-scale demonstrator of a mesh HVDC grid forecasted to 2022 in Zhangbei, China [START_REF] Abb | ABB enables world's first HVDC grid in China[END_REF].

While the solutions to these problems are being researched and the lessons learned from Zhangbei demonstrator come out, the installation of more P2P HVDC links will continue to increase. Therefore, it seems more reasonable to build such grids using the existing infrastructure. A stepwise evolution of HVDC grids will more likely to start first by the interconnection the individual P2P links to form local grids and then by their interconnection to evolve into a larger grid. Observing the European HVDC landscape of Figure i.2, this approach seems reasonable given the number and proximity of the different HVDC corridors.

The disadvantage with this approach is that each P2P link has different characteristics, like different HVDC technologies, manufacturers, grounding schemes and voltage levels. Therefore DC-DC power converters for utility networks [START_REF] De Doncker | Power electronics for future utility applications[END_REF]- [START_REF] Jovcic | Developing DC transmission networks using DC transformers[END_REF] will be needed as interface elements to allow their interconnection.

In consequence, DC-DC power converters are identified as key enabling technology for the development of HVDC grids [START_REF] Jovcic | Developing DC transmission networks using DC transformers[END_REF]. They provide different functionalities going beyond of making possible the interconnection of two DC systems [START_REF] Jovcic | Developing DC transmission networks using DC transformers[END_REF], [START_REF] Barker | Requirements of DC-DC Converters to facilitate large DC Grids[END_REF]. For example they can add power flow control, DC grid voltage regulation and fault isolation splitting the system into different protection zones.

Although several methods to achieve DC-DC conversion in low and medium voltage are well known [START_REF] Forouzesh | Step-Up DC-DC Converters: A Comprehensive Review of Voltage Boosting Techniques, Topologies, and Applications[END_REF]- [START_REF] Zhao | Overview of dual-active-bridge isolated bidirectional DC-DC converter for high-frequency-link power-conversion system[END_REF], the adaptation of these techniques to high voltage is not straightforward. HVDC converters require the association of several low voltage components, such as power semiconductor switches [START_REF] Belverde | Active voltage sharing of series connected strings of IGBT devices in bridge applications[END_REF] and/or low-voltage converters [START_REF] Franquelo | The age of multilevel converters arrives[END_REF], precluding the direct use of the classical conversion methods. Given the differences with the low and medium voltage environment, a study of the techniques specifically dedicated to HVDC is needed and it is the main objective of this thesis.

Problem statement and thesis scope

Although several DC-DC converters for HVDC have been proposed in the literature, they have not industrially deployed. In addition, the different proposals have not been categorized or classified. Therefore, the identification of the main techniques to build HVDC DC-DC converters is not straightforward. Also, without an appropriate categorization method, it is difficult to identify the main challenges and trends on recent research on the subject. Furthermore, most of the studies focus on the topology itself and there is a lack of studies that deal with their grid integration. This kind of studies is essential to understand the requirements of HVDC DC-DC converters and to identify the services that one particular converter could offer to the grid. For instance, the capability of blocking the propagation of DC faults, by stopping the DC fault current, is generally addressed from the constraints on the converter design and control aspects but the reported studies ignore the impact on the DC system.

Finally, a general methodology to assess the evaluation of the different solutions comparing their costs, losses and size have not been formally proposed. Thus the few studies that compare some topologies use different indicators making difficult the comparison of the different contributions on this area. This thesis address each of these subjects by different approaches. First, a detailed overview on the state of the art on DC-DC converters and their applications is done. This review is done from the scientific literature, since none of the different proposals has been constructed in a full-scale prototype or industrial solution. A classification of the different circuits is proposed, which allows to highlight the main trends and techniques to build HVDC DC-DC converters. Then, two promising topologies are selected for a detailed study.

The first topology is based on a DC-AC-DC conversion chain and has the possibility of including galvanic isolation between DC ports. The second retained topology is a nonisolated circuit, but it is based on a more direct DC-DC conversion chain (only a part of the total power is converted into AC).

Both converters are studied in detail following four steps: steady-state operation analysis, control design, analysis of the converter behavior when a DC fault occurs, and the simulation of the circuits in the interconnection of two HVDC P2P links on normal and fault conditions. From this detailed analysis, the capability of both circuits for interconnecting HVDC grids is evaluated.

Once the assessment of the case study with both circuits is done, a comparison is achieved regarding some performance indicators related to the cost, size and efficiency. The comparison of both circuits is done for different parameters, as DC transformation ratio and internal operating frequency, in order to identify the range of possible applications where each topology is more interesting. For this purpose, a general methodology for comparing modular multilevel DC-DC converters is proposed. It is based on three key performance indicators. All the process is analytical and depend only from the steady state operation of each circuit; except for the switching losses assessment that need the detailed model simulation of the circuits. These simulations take into account all the converter sub-modules and reveal some aspects about the converter switching phenomena.

Thesis outline

The organization of the thesis is as follows:

 Chapter 1 describes the state of the art on DC-DC converters and its applications. The proposed converter classification is presented, and two topologies are selected for further study: the Front-to-Front Modular Multilevel Converter (F2F-MMC) and the DC Modular Multilevel Converter (DC-MMC).  Chapter 2 describes the methodology to be used on the rest of the thesis, including the selected case study (interconnection of two HVDC P2P links), the appropriate modelling techniques, and the comparison methodology.  Chapter 3 addresses the detailed study of the F2F-MMC, including the mathematical description, steady state operation, control design, behavior under DC faults, and its simulation on the selected case study.  Chapter 4 addresses the detailed study of the DC-MMC. The same elements studied on Chapter 3 for the F2F-MMC are evaluated.  Chapter 5 presents the comparison of both circuits in terms of capital cost, size and efficiency obtained with the proposed methodology on Chapter 2. In this chapter, the validation of all the analytical expressions is also presented and an analysis on the converter switching losses is done.

Main thesis contributions

The main contributions of this thesis to the scientific community are:

 A complete overview of the state of the art on DC-DC converters for HVDC and their applications. The results of this work were published in an article of conference [START_REF] Páez | DC-DC Converters for HVDC Grids: A Survey[END_REF] and a peer-reviewed journal [START_REF] Páez | Overview of DC-DC converters dedicated to HVdc grids[END_REF].  The application of the well-known energy based control scheme of the MMC to the F2F-MMC.  The design of a suitable energy-based control for the DC-MMC.  The study of the interconnection of two DC systems with two different DC-DC converters.  The analysis of the impact on the DC system when using two different DC-DC converters to stop the propagation of DC faults.  A control method proposed for the F2F-MMC during DC faults in order to decrease the disturbances on the grid. This work has been published in an article of conference [START_REF] Páez | Study of the impact of DC-DC converters on the protection strategy of HVDC grids[END_REF].  A general comparison methodology applicable to several converters in literature.  The comparison of the F2F-MMC and the DC-MMC for different operating frequencies and DC transformation ratios. This work has been published in an article of conference [START_REF] Páez | Influence of the operating frequency on DC-DC converters for HVDC grids[END_REF]. 

Introduction

In order to establish a mapping based on the existing literature to build DC-DC converters dedicated to HVDC, a state of the art is provided in this chapter. The outcomes of this review have been already published in [START_REF] Páez | DC-DC Converters for HVDC Grids: A Survey[END_REF], [START_REF] Páez | Overview of DC-DC converters dedicated to HVdc grids[END_REF], an update is presented here.

Although several topologies has been proposed in literature to achieve DC-DC conversion in HVDC, there are few publications summarizing the different proposals [START_REF] Adam | Review of dc-dc converters for multi-terminal HVDC transmission networks[END_REF]- [START_REF] Schön | Comparison of the most efficient DC-DC converters for power conversion in HVDC grids[END_REF]. Their approach is oriented to specific circuits, thus making difficult to identify a trend or the general methods to build HVDC DC-DC converters.

This chapter gives an overview on this subject taking a different methodology: it proposes a classification of the different circuits grouping them by families according to their structure. This allows to omit the details of each converter and go directly for the identification of the common advantages and disadvantages of the different conversion methods.

Before presenting the proposed classification, a brief overview on the actual HVDC technology is presented. The main HVDC transmission schemes and AC-DC converter topologies are summarized.

Overview on actual HVDC technology 1.2.1 Transmission schemes

Figure 1.1 presents the main line configurations used in HVDC transmission [1], [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF], [START_REF] Alassi | HVDC Transmission Technology Review, Market Trends and Future Outlook[END_REF]. The choice of one scheme or another depends on the rating of each project, the required level of reliability, the cost, and the different regulations [START_REF] Alassi | HVDC Transmission Technology Review, Market Trends and Future Outlook[END_REF]. In the following, each configuration is briefly described.

 Asymmetrical monopole: In this scheme only a DC-pole rated to highvoltage (HV) is used. The return path is rated to low voltage (LV) and can be the earth itself or by a metallic return. In the first case earth electrodes are used on each conversion station. This is a cost effective solution since no conductor is used for the current return. However for environmental reasons, in some cases this technique is prohibited. When a metallic return path is used, the scheme is still interesting since the return conductor does not have HV insulation constraints.  Symmetrical monopole: In this case the full HV is shared between two DC poles which are symmetrically isolated to ground. Thus, the conversion stations are placed between a positive and a negative pole. The grounding of the system can be done on the AC side using high impedance reactors, or on the DC side using capacitors [START_REF] Sonnathi | Symmetrical VSC monopole scheme alternative grounding circuit arrangements[END_REF]. Therefore, there is no current flowing by the earth during normal operation.  Bipole: This scheme is the combination of two asymmetrical monopoles connected in series on the DC side. In this case two converters are used per station, each of them is interconnected between one DC pole (positive or negative) and the ground. The scheme can have a metallic return or not. During normal operation, there the current passing through the ground or the metallic return path is very low, since the operation of the bipole is normally balanced. Bipolar systems are interesting giving their redundancy. A switchgear allows to bypass each AC-DC converter for maintenance or in case of damage, and allows to keep the transmission of half of the power during all the maintenance/reparation works. When a metallic return is present, the bipolar scheme is redundant also for damages on the transmission line. In that case, the AC-DC station connected to the damaged pole is bypassed and the scheme becomes an asymmetrical monopole. 

AC-DC converters

The main converter technologies used in HVDC are divided in two categories: the Line Commutated Converter (LCC) (also known as Current Source Converter -CSC) and the Voltage Source Converter (VSC). The LCC technology is the most commonly used system, since it was technologically available earlier than the VSC. However, the apparition of the Modular-Multilevel Converters (a kind of VSC) has been a game changer, and VSC systems are becoming more popular displacing the applications of the LCC to very high power and ultra-high DC voltages.

LCC

The LCC is built using thyristor valves as shown in Figure 1.2. Since the thyristor is semiconductor device controllable only during the switch ON, the converters based in this technology rely on the AC waveform to achieve the thyristor turn OFF. Thus, they require a strong AC system and cannot achieve a black-start operation.

The LCC converters are rectifiers/inverters of 6 or 12 pulses and the power exchange is controlled by the thyristor firing angle. A DC smoothing reactor is needed to filter the DC current. As well, AC filters are needed since the AC side is affected by a high THD. More details on the LCC technology can be found in [START_REF] Jovcic | High Voltage Direct Current Transmission: Converters, Systems and DC Grids[END_REF]. On the LCC schemes the DC current polarity cannot be reversed, therefore the power inversion on the DC line is done by inverting the DC voltage, which make inconvenient the utilization of LCC technology for building multi-terminal DC systems [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF], [4], [START_REF] Van Hertem | Technical limitations towards a SuperGrid-A European prospective[END_REF].

VSC -2 Level

The apparition of IGBT valves allowed the development of the VSC HVDC technology. The first converters of this class are 2-Level converters as shown in Figure 1. [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF]. Since IGBTs can be switched ON and OFF, VSC technology has control advantages compared to LCC systems. The VSC technology offers black-start support and independent control of active and reactive power [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF]. The converter operation is based on a modulation of the IGBT valves turn-ON and turn-OFF, using PWM at medium frequency (around 1-2 kHz). Compared to the LCC, the AC filters are highly reduced but an AC reactor and a DC capacitor are still needed [1].

Since each converter valve is made by the series connection of hundreds of IGBTs [1], snubbers are needed to achieve voltage sharing between all the devices [START_REF] Belverde | Active voltage sharing of series connected strings of IGBT devices in bridge applications[END_REF]. Because the converter switching is done at medium frequency, the losses are around 1.4% which is higher compared to the LCC technology (0.8%) [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF].

VSC -MMC

The modular multilevel converter (MMC) apparition in 2003 [START_REF] Lesnicar | An innovative modular multilevel converter topology suitable for a wide power range[END_REF] revolutionized the HVDC industry. It has the advantages of the VSC-2 level (black-start, active and reactive power control), but avoiding the series connection of IGBTs. Additionally the switching losses are highly reduced given the low switching frequency on the semiconductors. Another advantage is that no AC or DC filtering is needed, neither the DC bus capacitor used in the 2-level VSC scheme [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF]. The MMC is made of arms which are made of a stack of sub-modules (SMs) and a reactor (Figure 1.4). Each SM is basically a power electronics bridge which is interconnected to a capacitor as shown in Figure 1.5. The actual technology of SMs, implements IGBT and Si diodes as semiconductor devices, however the use of other kind of semiconductors could be envisaged in the future. Although several SMs have been reported in literature [START_REF] Debnath | Operation, control, and applications of the modular multilevel converter: A review[END_REF], the half-bridge (HB) and full-bridge (FB) SMs are the main types. The function of the SM is to insert or bypass the capacitor. With an appropriate control method the capacitors are always charged to around the same voltage value [51]. Therefore, by controlling the insertion and bypass of each SM capacitor, a controlled stepped waveform is created (Figure 1.6 illustrates this process). This process creates a voltage difference on the arm reactors causing the circulation of a controlled current. The number of SMs present on one converter arm determines the number of levels. Thus, with enough number of SMs the AC waveform is practically sinusoidal and no filters are needed. This is the case of HVDC applications where hundreds of SMs are used per arm [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF], [START_REF] Jovcic | High Voltage Direct Current Transmission: Converters, Systems and DC Grids[END_REF], [START_REF] Peralta | Detailed and averaged models for a 401-level MMC-HVDC system[END_REF].

The high number of SMs makes that the created waveform has an apparent high frequency while each IGBT switches only a couple of times on each AC period (an average frequency of 130-200 Hz for example), which makes the switching losses very low [START_REF] Van Hertem | HVDC Grids: For Offshore and Supergrid of the Future[END_REF].

Another advantage of the MMC is its modularity. In principle the structure is easily scalable. If higher voltages are required, it is enough to add more SMs per converter arm. The modularity makes also easier the converter maintenance and reparation works. When a SM is damaged, it is bypassed by a mechanical switch (a number of SMs are added for redundancy) and the converter can still operate until the next maintenance operation when the damaged SMs are replaced.

One of the drawbacks of the converter is its complex control. However, it brings as well new degrees of freedom that can offer some other services to the grid [START_REF] Errigo | Assessment of the Impact of split storage within Modular Multilevel Converters[END_REF], [START_REF] Shinoda | Virtual capacitor control: Mitigation of DC voltage fluctuations in MMC-based HVDC systems[END_REF].

The advantages of the MMC make it interesting to be the AC-DC converter used in future HVDC grids [4]. More detailed information on the MMC can be found in [51].

Classification of DC-DC converters for HVDC

The proposed circuit classification is summarized in Figure 1.7. As a first classification criteria the galvanic isolation, i.e. the galvanic separation between DC input and output ports of the converter, is taken. The isolated topologies are presented in Section 1.3.1 and the non-isolated topologies in Section 1.3.2. The potential applications for each subfamily are addressed in Section 1. 4, where some of the main requirements for each case are highlighted. At the end of the chapter, two topologies are chosen for further study through the thesis, the justification of the choice is presented in Section 1.5. For explanation purposes throughout the chapter, voltage, power and DC transformation ratio characteristics are first defined according to [START_REF] Barker | Requirements of DC-DC Converters to facilitate large DC Grids[END_REF] (Table 1.1). *Power and transformation ratio characteristics were defined previously in [START_REF] Barker | Requirements of DC-DC Converters to facilitate large DC Grids[END_REF], the values for the voltage are assumed 

Isolated topologies

The isolated circuits rely on a DC-AC-DC conversion chain with two AC-DC conversion stages. The galvanic separation is done on the AC bus by magnetic coupling, using an AC transformer or coupled inductors.

Isolation may be needed mainly for safety and grounding reasons. In the first case having isolation is useful to prevent the apparition of HV on LV terminals, a very important aspect to take into account, especially in high transformation ratio applications. Concerning grounding, the isolated structures offer the possibility of having different grounding schemes on both DC grids to be interconnected [START_REF] Gómez | Requirements for interconnection of HVDC links with DC-DC converters[END_REF].

Although those tasks can also be achieved by other means than galvanic isolation, using an isolated structure allows to simplify the design and the safety assessment. Other advantages of these topologies are the easy voltage adaptation using the AC transformer ratio and the inherent DC-fault blocking capability, meaning that the propagation of the DC fault current between both DC systems is stopped. This can be achieved by blocking both AC-DC conversion stages.

The converters that use a transformer can be considered as different versions of the Dual Active Bridge (DAB) [START_REF] De Doncker | A three-phase softswitched high-power-density DC/DC converter for high-power applications[END_REF]. The proposed classification assumes that both DC-AC and AC-DC stages are identical, but combinations of different bridge types are also possible [START_REF] Cui | A High Step-Up Ratio Soft-Switching DC-DC Converter for Interconnection of MVDC and HVDC Grids[END_REF]- [START_REF] Milovanovi | Six-step MMC-based high power DC-DC converter[END_REF]. The few circuits that do not fit into the DAB category are based on the flyback/forward principles.

Two-Level High Voltage DAB

The Two-Level HV DAB topology consists of two two-level VSCs interconnected with a transformer (Figure 1.8). The converter standard operation is based on phase shift modulation at a fixed duty cycle. Modified modulation schemes can be used to improve the converter harmonic behavior [START_REF] Adam | Review of dc-dc converters for multi-terminal HVDC transmission networks[END_REF]. This converter presents several drawbacks for its utilization in HVDC. The high dv/dt imposed on the transformer, given the two-level operation, causes insulation and electromagnetic interference (EMI) issues. Furthermore, snubber circuits and/or active gate-driving are needed to avoid static and dynamic voltage sharing unbalances on the transistor valves [START_REF] Belverde | Active voltage sharing of series connected strings of IGBT devices in bridge applications[END_REF], increasing switching losses.

Cascaded Multi-Converter DAB

In the Cascaded Multi-Converter DAB circuits, the HV structure is built using lowpower, low-voltage DAB converters as elementary cells [START_REF] Carrizosa | DC transformer for DC/DC connection in HVDC network[END_REF]. This approach avoids the need of series connected transistors because each cell only blocks a portion of the total DC voltage. In addition, each cell only handles a fraction of the total power. The converter cells can be associated in different manners (Figure 1.9) [START_REF] Chen | DC/DC conversion systems consisting of multiple converter modules: stability, control, and experimental verifications[END_REF], [START_REF] Giri | Input-series and output-series connected modular DC-DC converters with active input voltage and output voltage sharing[END_REF]. If the cell terminals are connected in parallel, the DC line current is distributed among all the cells whereas the DC line voltage is shared when using a series connection. The former configuration is advantageous when high DC currents are required and the latter for high voltages. Both schemes can be combined to meet the requirements of different HVDC applications [START_REF] Engel | Comparison of the modular multilevel DC converter and the dual-active bridge converter for power conversion in HVDC and MVDC grids[END_REF], [START_REF] Lagier | A comparison of insulated DC-DC converters for HVDC off-shore wind farms[END_REF].

For the converter operation, each cell is controlled as a standard DAB, with the additional constraint of a balanced distribution of cell voltages and currents [START_REF] Chen | DC/DC conversion systems consisting of multiple converter modules: stability, control, and experimental verifications[END_REF], [START_REF] Giri | Input-series and output-series connected modular DC-DC converters with active input voltage and output voltage sharing[END_REF], [START_REF] Lagier | A comparison of insulated DC-DC converters for HVDC off-shore wind farms[END_REF]. Medium frequency (MF) operation is possible in order to reduce the size and weight of the passive components and the transformer. Additionally, if properly sized, the circuit can operate under soft-switching conditions reducing losses.

The main advantages of this converter family are the modularity and scalability: the converter can be scaled in power, voltage (Figure 1.9 (a)) and current (Figure 1.9 (d)), using the same elementary cells. The different association variants allow to obtain high transformation ratios at high power (IPOS scheme). However the main issue of these structures is the high insulation requirement for the transformer, limiting their use to the medium voltage range.

Modular Multilevel DAB

The Modular Multilevel DAB converters are built connecting two MMCs through an AC transformer in a front-to-front (F2F) structure (Figure 1.10 (a)) [START_REF] Kenzelmann | Isolated DC/DC structure based on modular multilevel converter[END_REF]. Both MMCs are controlled to generate two phase-shifted AC waveforms at the transformer terminals to control the power transfer.

The generation of the AC voltages is done by the bypass or insertion of the SM capacitors in each converter arm. The SMs can be implemented with various bridge types giving different functionalities [START_REF] Debnath | Operation, control, and applications of the modular multilevel converter: A review[END_REF]. The most common types are: half bridge (HB) SMs and full bridge (FB) SMs. The stacks made of HBs generate unipolar voltages while those made of FBs can generate positive and negative voltages. The second option can be useful to improve the DC-fault management.

The SMs switch under hard-switching conditions but at low frequency, then the main source of losses in MMC-SMs based converters is from semiconductor conduction [START_REF] Jones | Calculation of power losses for MMC-based VSC HVDC stations[END_REF].

Diverse modulation schemes can be used to optimize the operation or the size of the converter. For example the use of a trapezoidal modulation or MF operation have been proposed to reduce the size of the transformer, passive elements and SM capacitors [START_REF] Gowaid | Quasi two-level operation of modular multilevel converter for use in a high-power DC transformer with DC fault isolation capability[END_REF], [START_REF] Lüth | High-frequency operation of a dc/ac/dc system for HVDC applications[END_REF]. Nevertheless, the design of a high-voltage high-power AC transformer working with non-sinusoidal waveforms at MF is challenging. Additionally, a tradeoff between size reduction and increase of switching losses has to be made [START_REF] Lüth | High-frequency operation of a dc/ac/dc system for HVDC applications[END_REF].

Since the Classical F2F-MMC requires two fully rated MMCs, its size and cost are considerable. The Hybrid versions [START_REF] Gowaid | Hybrid and Modular Multilevel Converter Designs for Isolated HVDC-DC Converters[END_REF] could represent an alternative to overcome these issues.

In these circuits [START_REF] Gowaid | The transition arm multilevel converter-A concept for medium and high voltage DC-DC transformers[END_REF]- [START_REF] Oates | The use of trapezoid waveforms within converters for HVDC[END_REF] some SMs are replaced by transistor valves (Figure 1.10 (b)), combining the advantages of the MMC and the two-level VSCs [START_REF] Davidson | Innovative concepts for hybrid multi-level converters for HVDC power transmission[END_REF]. The SMs act as wave-shapers providing soft switching conditions to the valves, and serve to control the dv/dt on the transformer. The transistor valves control the current paths and can prevent the simultaneous conduction of two same-leg converter arms, decreasing conduction losses. Because this operation is different to the classical MMC, each hybrid topology implements its own control and energy balancing methods. Since all the Modular Multilevel DAB topologies present the advantages of the MMC such as high modularity, reliability and availability, these structures are suitable for high voltage and high power applications. Another advantage is the high level of technological maturity of the SMs and semiconductor valves. However, since two fully rated MMCs are needed, even in the hybrid versions, this could be a non-optimal solution [START_REF] Schön | Comparison of modular multilevel converter based HV DC-DC-converters[END_REF].

Flyback/Forward based

Only a few publications propose isolated converters different to the DAB solutions [START_REF] Hu | Design of a Modular, High Step-Up Ratio DC-DC Converter for HVDC Applications Integrating Offshore Wind Power[END_REF], [START_REF] Zhang | The new family of high step ratio modular multilevel DC-DC converters[END_REF] (Figure 1.11). They are based on the principles of flyback and forward converters. In some circuits the adaption to high-voltage of the classical structures is achieved using one central coupled inductor and SMs to emulate high-voltage switches [START_REF] Zhang | The new family of high step ratio modular multilevel DC-DC converters[END_REF]. In other cases, modular isolated structures based on the arrangement of several coupled inductors are proposed [START_REF] Hu | Design of a Modular, High Step-Up Ratio DC-DC Converter for HVDC Applications Integrating Offshore Wind Power[END_REF].

Those structures have been proposed for high step-up voltage ratios. However, the high insulation requirements of the coupled inductors in the modular approaches, and the high current requirements in the centralized inductor circuits are challenging, potentially limiting these topologies to low power applications. 

Non-Isolated topologies

The range of non-isolated topologies is larger than in the isolated case. A first classification is made based on the presence of a transformer in the circuit resulting in two families: DC Autotransformer converters and transformerless converters.

DC Autotransformer

The HVDC Autotransformer type converters [START_REF] Schön | Comparison of modular multilevel converter based HV DC-DC-converters[END_REF], [START_REF] Lin | DC-DC Autotransformer With Bidirectional DC Fault Isolating Capability[END_REF], [START_REF] Schön | A new HVDC-DC converter with inherent fault clearing capability[END_REF] (Figure 1.12) use two HV DC-AC and AC-DC structures connected in series on the DC side and interconnected through an AC transformer on the AC side. This implementation is feasible with the existing HVDC converter technology: VSCs (two-level, three-level or MMC), VSC-LCC or VSC-diode rectifier [START_REF] Lin | DC-DC Autotransformer With Bidirectional DC Fault Isolating Capability[END_REF]. This solution differs from those of the DAB family in that only a fraction of the power flows through the AC link. This feature contributes to decrease the power losses and the transformer rating [START_REF] Schön | Comparison of modular multilevel converter based HV DC-DC-converters[END_REF]. The voltage rating of each individual converter is also decreased thanks to their series connection. Nevertheless, these benefits are gradually lost as the voltage transformation ratio increases [START_REF] Schön | Comparison of modular multilevel converter based HV DC-DC-converters[END_REF], therefore this structure is more appropriate for low and medium transformation ratios. In addition, the special insulation constraints (DC and AC) on the transformer could be a lock, mainly if the circuit operation is done at MF. 

Resonant Topologies

These converters are based on resonant LC tanks. The principle is to use the resonance as a step-up mechanism while achieving the soft switching of the semiconductors at the same time. According to the number of resonant tanks, this family can be subdivided into single-stage, if only one is used, or multiple stage, if several low power tanks are sequentially activated.

Resonant Single-Stage

In these converters (Figure 1.13) [START_REF] Chen | A step-up resonant converter for grid-connected renewable energy sources[END_REF]- [START_REF] Jovcic | LCL dc/dc converter for dc grids[END_REF] the DC-DC conversion is achieved using a DC-AC-DC scheme without isolation. Semiconductor bridges, implemented with series connected devices, are interconnected on their AC side through a main resonant tank. The topology in [START_REF] Jovcic | Bidirectional, high-power DC transformer[END_REF] features an LCL T network as the resonant element, whereas the converter in [START_REF] Chen | A step-up resonant converter for grid-connected renewable energy sources[END_REF] uses an LC parallel tank followed by a voltage doubler. All these converters were proposed for high transformation ratios. However, since only a central resonant tank is used and because of the operation of the converter, the passive components are exposed to very high electrical stresses. Since all the power passes through few resonant elements, their current and voltage ratings could be very high. These issues can potentially limit the operation to the medium power range at medium step transformation ratios. 

Resonant Multiple-Stage

In this subfamily (Figure 1.14) [START_REF] Chen | Analysis and comparison of medium voltage high power DC/DC converters for offshore wind energy systems[END_REF], [START_REF] Maneiro | Scalable shunt connected HVDC tap using the DC transformer concept[END_REF]- [START_REF] Veilleux | Marx dc-dc converter for high-power application[END_REF], the full rated central resonant tank is replaced by several low power resonant circuits, reducing significantly the complexity of the design and getting closer to a modular structure. In a sequential process each tank is activated and the power is consecutively transferred from one tank to the next one, until it is delivered to the HV converter terminal. The inverse process is used for step-down operation.

(a) Converter proposed in [START_REF] Chen | Analysis and comparison of medium voltage high power DC/DC converters for offshore wind energy systems[END_REF] (b) Converter proposed in [START_REF] Veilleux | Marx dc-dc converter for high-power application[END_REF] Figure 1.14. Some Multiple-Stage resonant converters.

In some topologies [START_REF] Maneiro | Scalable shunt connected HVDC tap using the DC transformer concept[END_REF], [START_REF] Veilleux | Marx dc-dc converter for high-power application[END_REF], the capacitors are charged connecting them in parallel across the low voltage DC bus and the power is released to the HV bus connecting them in series. Some other circuits create a low AC voltage from the LV DC terminals and the voltage is stepped up charging several capacitors [START_REF] Chen | Analysis and comparison of medium voltage high power DC/DC converters for offshore wind energy systems[END_REF]. Alternative versions have been proposed in [START_REF] Parastar | Multilevel Modular DC/DC Power Converter for High-Voltage DC-Connected Offshore Wind Energy Applications[END_REF] using different resonant cells.

All multiple-stage resonant converters are proposed for high transformation ratios without having strong electrical stress on the resonant elements, as it is the case of the single-stage circuits. The main issue of these topologies is the uneven distribution of currents or voltages in the semiconductor devices, making difficult to obtain a modular solution.

DC Modular Topologies

The circuits grouped in this sub-family adopt the fully modular approach of the MMC to the DC-DC conversion. Two trends are identified in literature: circuits which operation is similar to the MMC and those which operation principle is based on classical choppers.

DC Modular Multilevel (DC-MMC)

The so called DC-MMC converters (Figure 1.15) [START_REF] Kish | On the Emerging Class of Non-Isolated Modular Multilevel DC-DC Converters for DC and Hybrid AC-DC Systems[END_REF], [START_REF] Du | A Transformerless Bipolar Modular Multilevel DC-DC Converter with Wide Voltage Ratios[END_REF]- [START_REF] Vidal-Albalate | Modular multi-level DC-DC converter for high-power and high-voltage applications[END_REF] use chains of SMs to generate currents and voltages at different frequencies. Two superposed current loops are created, one AC and one DC, and the operation principle is to transfer the power between these loops as proposed in [START_REF] Ferreira | The multilevel modular DC converter[END_REF]. The AC component is used for equilibrating the energy stored in the SMs, while the DC component is used for power transfer between the DC ports. To mitigate the AC component from entering the DC buses two techniques can be used: the use of passive filters [START_REF] Ferreira | The multilevel modular DC converter[END_REF], [START_REF] Kung | A Modular Multilevel HVDC Buck-Boost Converter Derived from its Switched-Mode Counterpart[END_REF], [START_REF] Norrga | The polyphase cascaded-cell DC/DC converter[END_REF] or by control actions [START_REF] Du | A Transformerless Bipolar Modular Multilevel DC-DC Converter with Wide Voltage Ratios[END_REF], [START_REF] Klimczak | Double Wye Modular Multilevel Converter-Direct DC-DC Topology[END_REF], [START_REF] Vidal-Albalate | Modular multi-level DC-DC converter for high-power and high-voltage applications[END_REF].

(a) AC current blocking with filters [START_REF] Ferreira | The multilevel modular DC converter[END_REF] (b) AC current blocking with control [START_REF] Klimczak | Double Wye Modular Multilevel Converter-Direct DC-DC Topology[END_REF] Figure 1.15. Some DC-MMCs.

Concerning losses, these converters operate in hard-switching but like the MMC at low switching frequency, so the main source of losses is from semiconductor conduction. The increase of frequency for the AC current component can decrease the size of passives but at cost of increasing switching losses.

The DC-MMC structures have the advantages of modularity, high reliability and scalability. They could be a solution for high power and high voltage applications. Their main drawbacks are the rating of the filters, when they are required, and the potentially high AC circulating currents needed for the converter operation that could limit the use to low or medium range of transformation ratios.

DC Modular Based on Choppers

Modular topologies based on the classical choppers have been proposed for HVDC [START_REF] Hagar | Comparative evaluation of a new family of transformerless modular DC-DC converters for high-power applications[END_REF]- [START_REF] Zhang | The Modular Multilevel Converter for High Step-Up Ratio DC-DC Conversion[END_REF]. The principle is to replace some of the switches on the original converters by SMs. This replacement provides extended control features. An additional subdivision is proposed based on the employed energy storage mechanism: capacitive accumulation choppers and inductive accumulation choppers.

(a) Capacitive accumulation [START_REF] Yang | The Hybrid-Cascaded DC-DC Converters Suitable for HVdc Applications[END_REF] (b) Inductive accumulation [START_REF] Hagar | Comparative evaluation of a new family of transformerless modular DC-DC converters for high-power applications[END_REF], [START_REF] Zhang | The Modular Multilevel Converter for High Step-Up Ratio DC-DC Conversion[END_REF] 

Capacitive Accumulation Choppers

In these converters (Figure 1.16 (a)) the SMs are used as a variable capacitor for storing the energy. The principle is to charge and discharge the capacitors switching the SM stacks connection between the input and output DC terminals. The topologies in [START_REF] Yang | The Hybrid-Cascaded DC-DC Converters Suitable for HVdc Applications[END_REF] use series connected switching devices for this purpose. A dead time is required to accommodate the number of inserted SMs according to the voltage level of the DC terminal to be connected. The main converter valves are soft-switched whereas the SMs are hard-switched.

Inductive Accumulation Choppers

In these circuits (Figure 1.16 (b)) the SMs control the charge and discharge of a central inductor, used as storage element like in a classical chopper. The converter operation can be done creating a stair-case transition between the two states of the converter (inductor charging or discharging) [START_REF] You | A family of un-isolated modular DC/DC converters[END_REF], using interleaved insertion of SMs to operate at resonance [START_REF] Zhang | The Modular Multilevel Converter for High Step-Up Ratio DC-DC Conversion[END_REF], or at resonant discontinuous-conduction mode [START_REF] Hagar | Comparative evaluation of a new family of transformerless modular DC-DC converters for high-power applications[END_REF]. Soft-switching of the SMs can be achieved, but this causes AC circulating currents increasing conduction losses [START_REF] Zhang | The Modular Multilevel Converter for High Step-Up Ratio DC-DC Conversion[END_REF]. A compromise should be made to obtain an optimal operation point. These converters present modularity and are characterized by a high voltage transformation ratio at low power. Their main drawback is the large energy rating of the central inductor.

Possible applications 1.4.1 HVDC tapping

The possibility of tapping from HVDC lines is interesting to interconnect small off-grid communities [START_REF] Bahram | Integration of small taps into (existing) HVDC links[END_REF], [START_REF] Barker | Requirements of DC-DC Converters to facilitate large DC Grids[END_REF], [START_REF] Maneiro | Scalable shunt connected HVDC tap using the DC transformer concept[END_REF]. A small amount of power is extracted from a HVDC line, without perturbing the system, to provide electricity to low power load centers placed close to the line. The power needs vary from some hundreds of kWs up to some tens of MWs and typically less than 10% of the HVDC system rated power [START_REF] Bahram | Integration of small taps into (existing) HVDC links[END_REF]. A similar application could be to inject the power of small distributed energy sources into the HVDC line.

There are two connection schemes for the HVDC tapping that can be implemented with DC-DC converters, series and parallel (shunt), as presented in Figure 1.17. In the first case the converter is rated for the full HVDC current and acts as a variable voltage source connected in series into the HVDC line. In the second configuration the converter is rated for full HVDC voltage acting as a variable current source. Each configuration has its own advantages and drawbacks [START_REF] Bahram | Integration of small taps into (existing) HVDC links[END_REF]. The studied DC-DC converters in this chapter are more suitable for parallel tapping. Note that a solution to this application could be also the use of a DC-AC converter. However, since the focus of this thesis are DC-DC converters, this option is not considered. This application is characterized by a high transformation ratio, therefore isolation is needed in order to protect the MV AC grid. However, the required DC-DC converter can be non-isolated if the voltage stepping is done inside the converter and an external transformer is added after the inverter stage to provide the isolation. However this type of solution can be more challenging in terms of losses, since all the voltage stepping is done by means of power electronics.

The main requirements for a HVDC TAP DC-DC converter are presented in Table 1.2, highlighting the cost as the most critical one, due to the low return of investment of tapping low powers from an HV line.

Offshore windfarm to HVDC

In recent years the power rating and distance to shore of offshore windfarms has steadily grown [START_REF]The European Offshore Wind Industry-Key Trends and Statistics 2016[END_REF]. Since above certain limits HVDC transmission is a more economical alternative for those projects [2], this technology will be predominant in the coming years for this application.

Concerning the offshore collection grid, two schemes are possible: AC or DC as presented in Figure 1.18. In the first option a medium voltage (MV) AC grid is used to interconnect the wind turbines to the offshore AC-DC converter that interconnects the HVDC link. In the case of a DC collector, a MVDC grid is used and a DC-DC converter steps-up the voltage to the HVDC level. This option could reduce the capital cost and increase the efficiency of the farm [START_REF] Meyer | Control and design of DC grids for offshore wind farms[END_REF]. The development of a suitable DC-DC converter is essential for the implementation of such a scheme. The power requirements vary according to the size of the farm, from hundreds of MWs up to some GWs [START_REF]The European Offshore Wind Industry-Key Trends and Statistics 2016[END_REF]. A medium to high transformation ratio is needed to step-up the MVDC level at the collection grid to the HVDC level at the export line. Then, for safety reasons, isolation will be required to protect the MV collection grid.

Since the converter is placed on an offshore platform, size becomes the key design parameter to be optimized. Other important parameters are the efficiency to minimize the transmission losses and the reliability due to the high cost of repair operations offshore and the associated transmission downtime. These requirements are summarized in Table 1.2.

HVDC grid interconnection

HVDC VSC technology is considered as more suitable for the development of meshed HVDC grids, however the type of scheme has not been determined yet and several options exist: bipole, symmetrical monopole and asymmetrical monopole can be used, with different kinds of grounding [START_REF] Leterme | Overview of grounding and configuration options for meshed HVDC grids[END_REF]. The construction of these grids is likely to be done in several steps, starting with local small multi-terminal grids which might later evolve into larger regional grids [5]. The lack of an HVDC standardization and the time horizon of each project, makes that the different HVDC grids have different characteristics and then DC-DC converters would be necessary for their interconnection (Figure 1. [START_REF] Bahram | Integration of small taps into (existing) HVDC links[END_REF]). This application exhibits low transformation ratio requirements. Therefore isolation is not required for safety, if the suitable converters have fault blocking capability. Concerning the differences of the HVDC grid technologies, isolated structures can simplify the interconnection compared to the non-isolated converters. However non-isolated circuits can be used if they guarantee the interconnection during normal and fault conditions with a competitive efficiency.

Fault blocking capability is required in order to facilitate the protection of the grid, preventing the propagation of faults. In fact DC-DC converters can act as a firewall splitting a grid into different protection zones [START_REF] Páez | Study of the impact of DC-DC converters on the protection strategy of HVDC grids[END_REF], [START_REF] Rahman | DC fault protection strategy considering DC network partition[END_REF], avoiding the loss of the whole grid when a fault appears.

In case of a DC fault, the behavior of a fault blocking converter can be of two types. It can enter in blocked state until the fault is cleared, or it can contribute to control the fault current. In both cases the inductors present in the converter limit the fault current rise until the controller acts, blocking the converter or controlling the current.

Because the shutdown of an HVDC transmission system will generate an important impact on the electrical grid, reliability and fault blocking capability on the converter are critical. These requirements are highlighted in 

Potential converters for each application

The choice of a suitable topology for each application should consider several aspects, such as power and voltage ratings, voltage transformation ratio, losses, capital cost, size and weight, isolation between DC ports, DC fault blocking capability, reliability and redundancy, among others. Then, a detailed study made case by case and focusing in detail on each converter is required. The proposed approach in this chapter, on the contrary, goes for a systemic point of view. This allows to identify the potential converters for each application, giving a starting point for a subsequent detailed study oriented to each specific case.

For this identification, it is proposed to take into account the voltage and power ratings in addition to the transformation ratio of each converter family as starting point, then a brief comparison of the different potential solutions is presented. The results of this identification process are presented in Figure 1.20, highlighting the modular structures and those that need series connection of semiconductors. Then the main characteristics for each family are summarized in Table 1.3 andTable 1. Regarding fault blocking capability, there is a lack of capability to block faults when they appear on the HV terminals. The Resonant Multi-Stage circuits do not have this feature while the Modular Inductive Choppers will need FB-SMs, increasing cost. Nevertheless, in HVDC Tapping it is more important to stop faults when they appear on the LV side in order to prevent the loss of the main HV line. If HV-side faults occur, AC circuit breakers can be used on the LV AC grid.

The non-modularity of the Resonant Multi-Stage circuits makes difficult a practical implementation. On the contrary, Inductive Choppers, based on MMC SMs have a higher degree of industrial maturity. Nevertheless, the design of the required inductor and the potential cost of the converter are a limiting factor.

Parameter

Modular inductive accumulation choppers

Resonant Multiplestage

Bi-directionality Yes

No, step-up [START_REF] Chen | Analysis and comparison of medium voltage high power DC/DC converters for offshore wind energy systems[END_REF], [START_REF] Parastar | Multilevel Modular DC/DC Power Converter for High-Voltage DC-Connected Offshore Wind Energy Applications[END_REF], [START_REF] Veilleux | Marx dc-dc converter for high-power application[END_REF] No, step-down [START_REF] Maneiro | Scalable shunt connected HVDC tap using the DC transformer concept[END_REF] HVDC From the potential converter families identified for this application only the Cascaded DAB can provide galvanic isolation. If non-isolated circuits are used, a careful study must be done in order to guarantee the safety of the collection grid against the apparition of HV in case of a fault.

Concerning fault blocking capability and step-up operation, the Cascaded DAB has these characteristics inherently, the Resonant Single-Stage solutions need a proper resonant tank design, while the DC-MMCs, DC-Autotransformer, and Modular Capacitive Accumulation Choppers need FB SMs.

The high transformation ratio and high power requirements of this application represent a particular challenge for the design of a suitable converter due to the high currents on the MV side.

The Cascaded DABs will need an IPOS configuration to share the current, then important insulation requirements are expected for the AC transformers of the structure. This makes a medium frequency design challenging, key for the required size reduction of offshore applications.

The DC-MMCs operating at high ratios require considerable high AC circulating currents to balance the internal energy of the converter, causing high conduction losses. In the same way, the DC-Autotransformer loses its advantages at high ratios because more power will transit on the AC side increasing the power rating and the size of the AC transformer. 

HVDC grid interconnection

The suitable isolated DC-DC converters for the interconnection of two HVDC grids are different versions of the Modular Multilevel DAB. The advantage of these circuits, given the isolation, is that both AC-DC stages are independent. Then, each side can be designed individually, for example taking a FB-MMC and a HB-MMC on each side can be used to interconnect one LCC and one VSC line [START_REF] Gómez | Requirements for interconnection of HVDC links with DC-DC converters[END_REF], [START_REF] Omran | Interconnection between different DC technologies at multi-terminal HVDC network[END_REF]. In the same manner the interconnection of bipole and monopole systems is simplified [START_REF] Schön | High power HVDC-DC converters for the interconnection of HVDC lines with different line topologies[END_REF].

Their fault blocking capability is inherent. If both AC-DC stages are blocked when a fault is detected the fault is stopped. The presence of galvanic isolation can even facilitate the control of the fault current, in that case only the AC-DC stage on the faulty side is blocked and the healthy side can still control the current fixing the AC voltage on the transformer.

All these advantages come at the cost of two full rated AC-DC stages and the need of a bulky, high-power high-voltage transformer. In order to reduce its size and decrease the SM capacitor ratings, MF operation could be necessary, adding complexity to the design of such a transformer.

As alternatives, the non-isolated converters with fault blocking capability seem interesting. Even with the lack of galvanic isolation, these circuits can offer the required safety to stop the propagation of faults, and can even be used to interconnect HVDC-VSC grids with different line topologies [START_REF] Schön | High power HVDC-DC converters for the interconnection of HVDC lines with different line topologies[END_REF]. Those circuits can even have a better utilization factor of the semiconductors for low transformation ratios compared to the isolated structures [START_REF] Schön | Comparison of modular multilevel converter based HV DC-DC-converters[END_REF].

From non-isolated circuits, the modular ones require FB-SMs to fully accomplish the fault blocking requirements for HVDC grid interconnection, increasing costs and losses. The Resonant Single Stage implementation seems less practical due to the lack of modularity and the required complex design of a HV high power resonant tank.

Topology selection

The study of the art developed above allowed to identify the main families of DC-DC converters for the interconnection of HVDC grids. Some of them are totally modular while others require the series connection of hundreds of semiconductors. Given the difficulties associated to the series connection of semiconductors, the topologies that avoid this need are preferred. Thus, three families are considered particularly interesting for further study during the thesis: Modular Multilevel DABs, DC-MMCs, and DC-Autotransformer.

Only the Modular Multilevel DABs provide a galvanic isolation between DC ports. Although galvanic isolation seems not be indispensable for low transformation ratio applications like the interconnection of HVDC grids, there is not a general consensus about if this characteristic is required or not. The answer to this question is far to be straightforward and requires detailed studies involving the transmission system and the various coupling phenomena.

From the different circuits on the Modular Multilevel DABs family, there is one circuit that can be implemented with the actual mature technology: the Classical F2F-MMC [START_REF] Kenzelmann | Isolated DC/DC structure based on modular multilevel converter[END_REF] (Figure 1.21 (a)). In fact this converter is the interconnection of two MMCs. Thus, if the operating frequency is kept at 50/60 Hz and the modulation is kept the same of the industrial AC-DC MMC, this structure could be implemented in the near future.

The F2F-MMC is retained for further study during the thesis even if, as it will be seen, to be an attractive solution a medium frequency operation is required and therefore the AC transformer design will be a lock. In any case, this converter serve as point of reference when comparing other solutions since it is built with two very well-known converters (MMCs). In the thesis the F2F-MMC will be compared with a non-isolated topology in terms of its internal characteristics, operation principles, capital cost, efficiency, and behavior when interconnecting two DC systems in normal and fault conditions.

Concerning the non-isolated converter, the simplest topology in terms of added elements like transformer, filters, or passive elements is considered. Therefore the DC-Autotransformer is not a choice since it requires an AC transformer with special insulation constraints (AC and DC withstand). A type of DC-MMC is selected, which implements inductors as a passive filter [START_REF] Norrga | The polyphase cascaded-cell DC/DC converter[END_REF] (Figure 1.21 (b)). As observed, this structure is (at least topologically) very similar to the MMC, therefore there are few technological locks to have an industrial solution. However, the open questions in terms of control and other aspects should be first solved, which will require a considerable research effort. 

Chapter conclusions

An overview of DC-DC converters dedicated to HVDC applications has been presented. A classification of the different circuits was proposed according to their structural similarities. This helped to identify the main methods for achieving DC-DC conversion in HVDC, highlighting the main advantages and drawbacks of each proposition. In addition, the main HVDC applications for each family were identified.

From the state of the art it was observed that recent research focuses on modular designs, avoiding as much as possible the use of series connected semiconductors. Indeed, the connection of hundreds of transistors in series is difficult. Modularity offers easy scalability and higher reliability. However, progress with the development of HV switches can open the door to new HV structures.

The proven advantages of the DAB and the MMC have inspired almost all the converter proposals. The use of MMC arms seems to be a common characteristic to reach HV withstanding and the DAB approach appears as the main way to create galvanically isolated HV DC-DC converters.

Galvanic isolation seems necessary to guarantee the safety on high transformation ratio applications and can simplify the interconnection of HVDC grids. The non-isolated structures may be more suitable for low ratio applications. However the final choice will depend of the future HVDC grid codes. Some circuits combine ideas from different converter families, for example the hybrid topologies combining the 2 -level VSC and MMC features. This technique can also be used with other families in order to create new topologies, in order to solve the issues present on the existing ones or for specific application requirements.

The analysis of the possible HVDC applications for each family was based on three main applications. The main characteristics to be optimized in a DC-DC converter design for each application is different. For HVDC tapping, it will be the converter cost while for offshore windfarms the size is the key factor. For the interconnection of HVDC grids, the converter has to demonstrate fault blocking capability and high reliability.

This work has served to identify the main challenges to be solved for each topology and also to highlight their potential applications. Together with the proposed circuit classification it forms a preliminary step towards the design of new DC-DC converter topologies suitable for HVDC.

Finally, the study of the art presented in this chapter allowed to select two topologies for a detailed study.

Introduction

The detailed study of the selected DC-DC converters is addressed with two different approaches. By one hand, their application in the interconnection of DC grids will be studied to identify the capabilities of both circuits to accomplish the requirements of the interconnection of HVDC grids. This part of the study will include dynamic simulations on a defined case study under normal and fault conditions. By the other hand, the circuits are evaluated in terms of its investment costs and efficiency. In this part, some key performance indicators are defined and a general methodology to calculate them is proposed. This will include the circuit design and the power losses assessment.

With the results of these two approaches, a comparison between both DC-DC converters can be done.

In this chapter the methodology to develop each of these stages is presented. In the sub-sequent chapters, each circuit is first studied separately and then a comparison is done in the last thesis chapter.

The organization of the chapter is as follows:

1. Definition of a case study for the interconnection of two HVDC grids. 2. The modelling approach for the considered DC-DC converters 3. Hypothesis for the dynamic and static studies. 4. Main control frameworks. 5. A general methodology to compare different modular multilevel DC-DC converters, defining some performance indicators.

Case study

The actual developments on HVDC transmission are related to point to point (P2P) interconnectors. There are some projections focused on Multi Terminal DC (MTDC) structures [4], [START_REF] Orths | The European North seas countries' offshore grid initiative-The way forward[END_REF], [START_REF] Highway | Europe's future secure and sustainable electricity infrastructure. e-Highway 2050 project results[END_REF], [START_REF] Akhmatov | Technical guidelines and prestandardization work for first HVDC grids[END_REF], [START_REF] Siemaszko | Implementation and experimental set-up of a Modular Multilevel Converter in a Multi Terminal DC/AC transmission network[END_REF], but there are relatively few industrial projects (mainly in China [START_REF] An | Research and application on multi-terminal and DC grids based on VSC-HVDC technology in China[END_REF]- [START_REF] Li | Nanao multi-terminal VSC-HVDC project for integrating large-scale wind generation[END_REF]). Since the evolution of the actual system into a MTDC grid is incremental [START_REF] Akhmatov | Technical guidelines and prestandardization work for first HVDC grids[END_REF], at some point it will require the interconnection of the existing P2P systems [START_REF] Gómez | Requirements for interconnection of HVDC links with DC-DC converters[END_REF]. Thus, the proposed case study is based on P2P links.

The selected case study is the interconnection of two Voltage Source Converter (VSC) HVDC P2P links as presented in Figure 2.1. In this network, a four terminal radial HVDC grid is formed, where the entire DC system is in fact partitioned into two sub-grids by the DC-DC converter.

Under the supposition of adding a new device (the DC-DC converter) into an existing system (both HVDC P2P links) it is fair to assume that the control of each link is retained at it was before the interconnection, i.e. for each link one AC-DC station controls the DC voltage whereas the second AC-DC station controls the power flow. In that case the DC-DC converter will serve to control the power exchange between both DC grids without having a control on the DC voltage. It should be noted, however, that the studied DC-DC converters can also provide DC voltage regulation. Thus, some more complex grid control strategies could be implemented, for example using a droop based scheme [START_REF] Carrizosa | Hierarchical control scheme for multi-terminal high voltage direct current power networks[END_REF].

Additionally to the power flow control capability, the DC-DC converter should be capable of decoupling the two DC systems being interconnected. This means that when a disturbance appears on one DC grid it should be transparent to the second DC grid. The reason behind this concept is that adding a new device on the existing system should not compromise the system reliability. To study the decoupling of both DC systems, it is proposed to study the system under normal conditions and under DC faults. In the first case, the DC voltage disturbance generated on each individual P2P link when there is a variation on the power on the other P2P link is analyzed. In the second case the system is evaluated when a strong disturbance appears on one P2P link: a DC fault. In this case the DC-DC converter capability of preventing the propagation of the fault current between both DC grids is assessed. The disturbances on the healthy sub-grid after the fault are also evaluated.

To simplify the case study, mainly under faults, it is assumed that both DC links have the same line architecture: an asymmetrical monopole configuration. The main difference between them is their respective DC voltages which are 640 kV and 500 kV.

The considered AC-DC converter stations on each link are Modular Multilevel Converters (MMCs). They are modelled with a reduced average model per arm. The related explanations of this modelling approach are detailed later in the chapter.

The control of the stations will be done using a cascaded control approach, with explicit control of the converter energy. This control is based on the works of A. Zama and K. Shinoda [51], [START_REF] Shinoda | Control and Energy Management of MMC-based Multi-Terminal HVDC Grids[END_REF]. The control of the Front to Front MMC (F2F-MMC) is based on the same principles, then understanding the control approach proposed in Chapter 3 for the F2F-MMC is sufficient to have a vision of how each AC-DC station is controlled.

Finally, the AC systems are modelled as ideal AC voltage sources with an equivalent AC impedance and the DC cables are modelled using a wide band cable model. The cable models used in this thesis are the wide band models proposed on the Besthpaths European project [START_REF] Bestpaths | BestPaths Project[END_REF]. The physical cable parameters are found on Figure 2.2, while the lengths of each cable are showed in Figure 2.1. 

Arm modelling

Several models have been proposed in literature to describe the behavior of modular multilevel converters [START_REF] Peralta | Detailed and averaged models for a 401-level MMC-HVDC system[END_REF], [START_REF] Ajaei | Enhanced equivalent model of the modular multilevel converter[END_REF]- [START_REF] Zhang | Average value MMC model with accurate blocked state and cell charging/discharging dynamics[END_REF]. The majority of these models have been developed for the MMC, however the same approaches are applicable to model DC-DC converters that are based in the arrangement of sub-modules (SMs). Thus, this approach can be applied to model the F2F-MMC [START_REF] Taffese | Modelling of DC-DC converters based on front-to-front connected MMC for small signal studies[END_REF], [START_REF] Jovcic | Dual Channel Control with DC Fault Ride Through for MMC-based, Isolated DC/DC Converter[END_REF], and the DC-MMC [START_REF] Kish | Modeling techniques for dynamic and steady-state analysis of modular multilevel dc/dc converters[END_REF].

Different categories and model classifications can be established according to different criteria like number of state variables, time or frequency domain, control laws or implementation techniques [51]. According to the CIGRE [START_REF] Wachal | Guide for the development of models for HVDC converters in a HVDC grid[END_REF], the main type of models for HVDC converters are: According to the type of phenomena to be studied, the device under study, the usage, the needed accuracy and the accepted complexity, one or other modelling technique is more appropriate [START_REF] Bacha | Power electronic converters modelling and control with case studies[END_REF]. Given the large amount of state variables and power switching devices in a high-voltage (HV) converter, the use of models Type 1, Type 2 and Type 3 is precluded due the large computational efforts that would be required. Type 4 models are adequate when the study focus is the behavior of the individual SMs. For example, when analyzing the energy balancing mechanisms between SMs or to estimate the converter power losses. Type 5 reduced order models, i.e. reducing the number of modelled state variables in the system, are useful for describing the converter dynamics and its operation principles. Finally, models of Type 6 and Type 7 are more appropriate for system level studies.


In this thesis, models of Type 4 and Type 5 are retained. The first kind of models will be used to estimate the converter switching losses, while the second one for studying the power exchange mechanisms inside the circuit and to develop the appropriate control laws. Type 5 models will be also used when simulating the proposed case study. In the following sub-sections each model is briefly explained starting with the definition of a Type 5 model for a Half-Bridge (HB) SM arm, subsequently the blocked state is included. Afterwards a Type 4 model for the HB-SM arm is defined and finally the discussed models are extended for the Full-bridge (FB) SM case.

Reduced order average model 2.3.1.1 Model without blocked state

When all the voltages on the SM capacitors in one arm are balanced and all the arm SM capacitors are identical, the number of state variables associated to the SM capacitor voltages can be reduced to one per arm. In the same way all the switching function variables, i.e. the bypass/insertion orders for the individual SMs, can be averaged to one control variable [51].

Under these simplifications one converter arm can be described with one equivalent voltage source which represents the voltage generated by the inserted SMs, one equivalent current source to represent the charge and discharge of the SM capacitors, and one equivalent capacitor. This model is presented in Figure 2 

Modelling the blocked state

The previously described model is useful for describing the converter operation under normal operation, i.e. each SM in the arm is in insertion or bypass state. Both states are achieved in the HB-SM by turning ON one of the SM transistors (Figure 2.4). However, there is also a state where both transistors are turned OFF which cannot be modelled with the model of Section 2.3.1.1. In this thesis, this state is called "blocked state". The term blocked, when it refers to the SM state, should not be confused with the capability of blocking faults or stopping the arm current flow. This capability depend of the SM topology and the current polarity (see Section 2.3.3 on the FB-SM).

The modelling of the blocked state is needed for analyzing some of the converter operation modes, like energization or behavior under DC faults. In order to upgrade the reduced average model to simulate the blocked state, some proposals have been suggested in literature [START_REF] Ajaei | Enhanced equivalent model of the modular multilevel converter[END_REF], [START_REF] Zhang | Average value MMC model with accurate blocked state and cell charging/discharging dynamics[END_REF]. The model proposed in [START_REF] Zhang | Average value MMC model with accurate blocked state and cell charging/discharging dynamics[END_REF] is presented in Figure 2.5. In this model, the arm equivalent voltage source is in series with an IGBT-diode pair ᵃ -ᵃ and a second branch is added with an antiparallel diode ᵃ . Comparing with one individual SM (Figure 2.4), it is seen that the pair ᵃ -ᵃ represents the SM upper IGBT-diode pair ᵃ -ᵃ and the diode ᵃ represents the SM diode ᵃ . A similar model including an IGBT representing ᵃ was proposed in [START_REF] Ajaei | Enhanced equivalent model of the modular multilevel converter[END_REF]. However, including this additional transistor in the model is not needed accordingly to [START_REF] Zhang | Average value MMC model with accurate blocked state and cell charging/discharging dynamics[END_REF]. The model working principle is to turn ON ᵃ during normal operation (ᵃᵅᵅ = 0), and to turn OFF ᵃ when the converter is in the blocked state (ᵃᵅᵅ = 1). In that way, during normal operation, the arm current flows through the equivalent voltage source charging or discharging the equivalent capacitor ᵃᵃ"ᵅ. On the blocked state, the arm current flows by diodes ᵃ or ᵃ accordingly to the current polarity. If the current is negative, it circulates by ᵃ simulating the effect of flowing only by diodes ᵃ on the real arm. In that case, the voltage seen by the arm is very low (the forward voltage drop of ᵃ ). If the arm current is positive, it circulates by ᵃ affecting the charge of ᵃᵃ"ᵅ, simulating the effect of flowing by diodes ᵃ on the real arm, charging the SM capacitors. In that case the voltage seen by the arm is equal to the sum of all the SM capacitor voltages ᵅ (ᵅ = 1). When the arm is not blocked the modulation index takes the value ᵅ from the converter control. Table 2.1 summarizes the previously described actions. It should be noted that this model is valid when the block action is applied to all the arm SMs. It cannot simulate the behavior of the arm when blocking some SMs and keeping operational the rest of them. To simulate this case, the models proposed in [51], [START_REF] Zama | A novel modular multilevel converter modelling technique based on semi-analytical models for HVDC application[END_REF] are more suitable. However for the study of the DC-DC converters in this thesis, it is assumed that a blocking action affects all the SMs in the arm, meaning that the arm is totally blocked. Thus, the model described above is adequate.

Arm State

Current polarity

Real Arm Model

Conducting Device Arm Voltage Conducting Device Arm Voltage Blocked (ᵆᵆ-ᵆ, = ᵼ) ᵅ < 0 ᵃ ~ 0 ᵃ ~ 0 ᵅ > 0 ᵃ ᵅ (ᵅ) = ᵃ ᵅ Unblocked (ᵆᵆ-ᵆ, = ᵼ) ᵅ < 0 ᵃ or ᵃ ᵅ (ᵅ)ᵅ (ᵅ) = ᵃ ᵅ ᵅ ᵅ > 0 ᵃ or ᵃ ᵃ ᵅ ᵅ

Semi-analytic detailed models

While the previously developed models are adequate to analyze the converter operation principles and to perform system studies, detailed models are needed to estimate the converter losses or to analyze the effect of the SM capacitor voltage balancing mechanisms.

Given the high amount of SMs in a HV structure, an exact model describing the IGBTdiode dynamics on each SM is prohibited. However, detailed semi-analytic models have been reported in literature [51], [START_REF] Zama | A novel modular multilevel converter modelling technique based on semi-analytical models for HVDC application[END_REF] to address this kind of studies.

The model described in [START_REF] Zama | A novel modular multilevel converter modelling technique based on semi-analytical models for HVDC application[END_REF] uses an equivalent circuit and a set of equations to describe the dynamics of each SM. The same idea can be applied to the models developed in Section 2.3.1. Figure 2.6 shows a semi-analytic detailed model. As it is seen, the same equivalent circuit developed in the previous sections is used replacing the equivalent capacitor by a set of equations to determine the relations between arm and individual SM variables. Two variants are possible: modelling the blocked state ( Semi-analytic detailed model of one arm based in the proposal of [START_REF] Zama | A novel modular multilevel converter modelling technique based on semi-analytical models for HVDC application[END_REF] Compared to the circuit proposed in [START_REF] Zama | A novel modular multilevel converter modelling technique based on semi-analytical models for HVDC application[END_REF], the circuit on Figure 2.6 (b) has the drawback that it cannot simulate the behavior of having some SMs on the stack in blocked state and some others in nominal operation. However as has been already mentioned in the previous section, in this thesis this possibility is not considered, so the proposed model is appropriate.

The set of equations required for the model are defined as proposed in [START_REF] Zama | A novel modular multilevel converter modelling technique based on semi-analytical models for HVDC application[END_REF]. For an ᵅ th SM in the stack, the capacitor voltage is given by the solution of Eq. (2.5). Where ᵅ and ᵃᵅᵅ are binary signals representing the SM control signal and the global arm blocking order. When ᵅ = 1 the SM is in insertion state and when ᵅ = 0 it is bypassed. When ᵃᵅᵅ = 0, the SMs are unblocked and when ᵃᵅᵅ = 1 are in blocked state.

ᵃ!ᵅ (ᵅ) ᵃ!ᵅ = 1 ᵃ (ᵅ . (1 -ᵃᵅᵅ) . ᵅ (ᵅ) + ᵅ (ᵅ) . ᵃᵅᵅ) (2.5)
The equivalent voltage source on Figure 2.6 (b) is the sum of all SM capacitor voltages if the converter is blocked, (equivalent to have ᵅ = 1 on the model on Section 2.3.1.2), or equal to the sum of the capacitor voltages of the inserted SMs, if it is unblocked:

ᵅ (ᵅ) = ᵃᵅᵅ ᵅ (ᵅ) = + (1 -ᵃᵅᵅ) ᵅ (ᵅ) . ᵅ (ᵅ) = (2.6)
The set of Eqs. (2.5)-(2.6) describes the model of Figure 2.6 (b). If no blocked state modelling is required (Figure 2.6 (a)), these equations become:

ᵃ!ᵅ (ᵅ) ᵃ!ᵅ = 1 ᵃ ᵅ . ᵅ (ᵅ) (2.7) ᵅ (ᵅ) = ᵅ (ᵅ) . ᵅ (ᵅ) = (2.8)
Finally, the sum of all capacitor voltages in the stack is:

ᵅ (ᵅ) = ᵅ (ᵅ) = (2.9)
Which is the voltage on the equivalent arm capacitor of the reduced average model under the assumption of all SMs having the same capacitor value (see Appendix A.1 for more details on the average model deduction).

It should be mentioned that additionally to the semi-analytic models here presented, there are also full analytic models [START_REF] Bacha | Power electronic converters modelling and control with case studies[END_REF]. In those models, the blocked state is not modelled adding switching elements like diodes and transistors, but the arm current polarity is taken into account in the development of the equations. Further details about this modelling technique applied to the MMC are found in [51], [START_REF] Zama | Procede de simulation d'un convertisseur modulaire multiniveaux y compris dans l'etat bloque[END_REF].

Model extension to Full-bridge sub-module case

An arm implemented with FB-SMs is interesting since when it is on the blocked state, the arm generates a voltage equal to the sum of all installed SMs (ᵅ = 1) independently of the arm current polarity. If this voltage is equal to the external voltage imposed to the arm the current flow is stopped. This feature is useful in some topologies to provide fault blocking capability, for example for the DC-MMC (see Chapter 4 -Section 4.5), but it comes at the cost of two extra semiconductors, which increases the SM cost and the conduction losses. It should be noted that if the SM capacitors are not charged enough, the current is stopped only after the transient during which the capacitors are charged is over.

The models developed in the previous sections were obtained in literature for HB-SM arms. In the case of FB-SMs, some considerations should be done. First, on nominal operation the FB-SM has an additional state comparing to the HB-SM. Indeed, while the HB-SM has three states: bypass, insertion and blocked, the FB-SM has a fourth state: insertion of negative voltage. The different states of the FB-SM are showed in Figure 2.7.

The reduced average model developed in Section 2.3.1.1 is still valid for the FB-SM case if it is assumed that the negative insertion never occurs. Nevertheless, this state can be easily included into that model by allowing the modulation index ᵅ to have negative values. Then, when the value is negative, it represents that ᵅ SMs are being inserted with negative polarity. Consequently the equivalent voltage source generated by the arm will be negative. [START_REF] Xinkai | Fast electromagnetic transient simulation models of full-bridge modular multilevel converter[END_REF] Concerning the blocked state behavior, the model presented in Section 2.3.1.2 is no longer valid for the FB-SM case. However, a model has been proposed for the FB-SM arm in [START_REF] Xinkai | Fast electromagnetic transient simulation models of full-bridge modular multilevel converter[END_REF]. In this model, two equivalent voltage sources and two IGBT-diode pairs are used (Figure 2.8). Accordingly to the sign of the modulation index in normal state (ᵃᵅᵅ = 0), the left or right branches are activated by turning ON the respective transistor. When the arm is blocked (ᵃᵅᵅ = 1), both transistors are turned OFF letting the current flow by either of the two branches according to the current polarity and the voltage generated by the arm. Table 2.2 summarizes the behavior of the presented model in comparison with the real arm.

Arm State

Current polarity

Real Arm Model

Conducting Device Arm Voltage Conducting Device Arm Voltage Blocked (ᵆᵆ-ᵆ, = ᵼ) ᵅ < 0 ᵃ -ᵃ * - ᵅ (ᵅ) = ᵃ * -ᵅ ᵅ > 0 ᵃ -ᵃ * ᵅ (ᵅ) = ᵃ * ᵅ Unblocked (ᵆᵆ-ᵆ, = ᵼ) ᵅ < 0 ᵃ -ᵃ or ᵃ -ᵃ or ᵃ -ᵃ or ᵃ -ᵃ ᵅ (ᵅ)ᵅ (ᵅ) = ᵃ or ᵃ ᵅ ᵅ ᵅ > 0 ᵃ -ᵃ or ᵃ -ᵃ or ᵃ -ᵃ or ᵃ -ᵃ ᵃ or ᵃ
* Devices conducting until the capacitors are charged. Then, the current flow is stopped and no device conducts The equivalent circuit of Figure 2.8 can also be used for building a detailed semianalytic model using the set equations described in Section 2.3.2. Figure 2.9 presents this model. The only difference with the equations described for the HB-SM case, is that for the FB-SM the variable ᵅ is no longer binary, but now has three possible values. When ᵅ = 1 the SM is in insertion state, when ᵅ = 0 bypassed and when ᵅ = -1 in negative insertion state.

Modular Multilevel DC-DC converters operation

A Modular Multilevel DC-DC converter is made by an assembly of SMs, arms and passive elements such as filters or AC transformers. It can be described by the diagram of Figure 2.10, where an arm is highlighted. To define the converter operation and find the power exchange mechanisms inside the structure, related equations have to be established. The idea is to build the state equations of the system using as state variables the arm currents and the arm equivalent capacitor voltages. Using circuit analysis, state equations for the arm currents can be found:

[ᵆ] ᵃ! ᵃ!ᵅ [ᵆ* ] = -[ᵆ][ᵆ* ] + [ᵆ][ᵆ7 ] + [ᵆ][ᵆ ] (2.10)
Where ᵆ* represent the currents on all converter arms, ᵆ7 the voltage on the SM stacks, and ᵆ the DC grid voltages:

ᵆ* = [ ᵅ ᵅ ⋯ ] (2.11) ᵆ7 = [ ᵅ ᵅ ⋯ ] (2.12) ᵆ = [ᵃ ᵃ ] (2.13)
On Eq. (2.10) ᵆ and ᵆ are matrices representing the circuit inductances and resistances. This includes the arm impedances and additional inductive and resistive passive elements like reactors, AC transformer equivalent impedances or passive filters. The matrices ᵆ and ᵆ represent the relation of the arm voltages and DC bus voltages with the arm current dynamics. Since the studied topologies in this thesis (F2F-MMC and DC-MMC) do not include other capacitors than the SM ones, Eq. (2.10) does not include capacitive impedances.

To complete the converter mathematical description, the dynamics of the arm equivalent capacitors and its relation with the arm variables is added:

ᵃ! ᵃ!ᵅ ᵆ7 = [ᵆ.][ᵆᵆ&ᵆ2] -[ᵆ* ] (2.14) ᵆ7 = [ᵆ.] ᵆ7 (2.15) 
Where ᵆ. and ᵆᵆ&ᵆ2 are diagonal matrices including the modulation indexes and the equivalent capacitors of all arms, and ᵆ7 is a vector containing the arm equivalent capacitor voltages.

ᵆ. = ⎣ ⎢ ⎢ ⎡ ᵅ 0 ⋯ 0 0 ᵅ ⋮ ⋮ ⋱ 0 0 ⋯ 0 ⎦ ⎥ ⎥ ⎤ (2.16) ᵆᵆ&ᵆ2 -= ⎣ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎡ 1 ᵃᵃ"ᵅ 0 ⋯ 0 0 1 ᵃᵃ"ᵅ ⋮ ⋮ ⋱ 0 0 ⋯ 0 1 ᵃᵃ"ᵅ ⎦ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎤ (2.17) ᵆ7 = [ ᵅ ᵅ ⋯ ᵅ ] (2.18)
While Eqs. (2.10), (2.14), (2.15) describe entirely the converter, the control and analysis of the converters is usually done using a base transformation on the arm voltage and currents in order to simplify the study. These transformations depend on the circuit topology so they are not described in this chapter but in the specific chapter for each topology.

The circuit description in steady state is obtained from the dynamic equations previously described assuming that each variable is the superposition of DC and AC quantities. From Eq. (2.10) the steady state is found replacing the derivative term by 0 to find the DC arm equations and by ᵅᵱ for the AC steady state. If it is considered only the fundamental AC component, the arm voltage and current in steady state are:

ᵅ (ᵅ) = ᵅ -ᵅ cos(ᵱᵅ + ᵱ ) (2.19) ᵅ (ᵅ) = ᵅ + ᵅ cos(ᵱᵅ + ᵱ ) (2.20)
For analyzing the steady state on the arm equivalent capacitor, its energy is considered:

ᵃ (ᵅ) = 1 2 ᵃᵃ"ᵅ ᵅ (ᵅ) (2.21) ᵃ!ᵃ (ᵅ) ᵃ!ᵅ = 1 2 ᵃᵃ"ᵅ ᵃ! ᵃ!ᵅ ᵅ (ᵅ) = ᵃᵃ"ᵅ ᵃ!ᵅ (ᵅ) ᵃ!ᵅ ᵅ (ᵅ) (2.22)
From Eqs. (2.14)-(2.15), Eq. (2.22) can be rewritten as:

ᵃ!ᵃ (ᵅ) ᵃ!ᵅ = ᵅ (ᵅ) . ᵅ (ᵅ) (2.23)
This equation describes that the variation on the capacitor energy is equal to the power being exchanged on the arm. This variation can be represented in DC and AC terms replacing by the expressions of Eqs. (2.19)-(2.20) :

ᵃ!ᵃ (ᵅ) ᵃ!ᵅ = ᵅ ᵅ + ᵅ ᵅ cos(ᵱᵅ + ᵱ ) -ᵅ ᵅ cos(ᵱᵅ + ᵱ ) - 1 2 ᵅ ᵅ cos(ᵱ -ᵱ ) - 1 2 ᵅ ᵅ cos(2ᵱᵅ + ᵱ + ᵱ ) (2.24)
Integrating this equation and from Eq. (2.21) the capacitor voltage is obtained:

ᵅ (ᵅ) = 2 ᵃᵃ"ᵅ ᵃ!ᵃ (ᵅ) ᵃ!ᵅ ᵃ!ᵅ + ᵃ (2.25)
Where ᵃ indicates the initial value of the arm energy. The average value of ᵅ can be actively controlled and the reference should be given in order to have enough energy to guarantee the control of the converter [START_REF] Shinoda | Analysis of the lower limit of allowable energy in modular multilevel converters[END_REF]. Indeed, since the energy is related to ᵅ (Eq. (2.21)), which is modulated to generate the required arm voltage (Eq. (2.15)), there is a minimal value for ᵅ as the maximum modulation index is equal to 1 (all SMs inserted) to guarantee the generation of the required arm voltage ᵅ . In addition, since ᵅ is the sum of all individual SM voltages (Eq. (2.9)) there is a maximum value for ᵅ (and consequently ᵃ ) to prevent an overvoltage on the SMs. Now, in steady state the average value of Eq. (2.24) is:

ᵃ!ᵃ (ᵅ) ᵃ!ᵅ = ᵅ ᵅ - 1 2 ᵅ ᵅ cos(ᵱ -ᵱ ) = ᵃ -ᵃ (2.26)
This value has to be zero to keep the arm average energy constant and equal to ᵃ .

Therefore the DC power being absorbed/delivered by the arm must be delivered/absorbed in AC form. Neglecting the losses:

ᵃ = ᵃ (2.27)
The concept behind this equation is that a converter arm can convert DC power into AC power maintaining an energetic equilibrium in steady state. A more general result is achieved if it is considered that the AC solution in steady state is the superposition of different frequencies. This was analyzed in [START_REF] Ferreira | The multilevel modular DC converter[END_REF] where the conclusion is that an arm can convert power from one frequency to any other form, being the DC power a particular case. Thus, the total energy in one converter made by arms remains stable in steady state if all arms in the structure can achieve an operating point where Eq. (2.27) is satisfied.

Figure 2.11 presents the expected waveforms for an MMC arm in steady state with a given power respecting Eq. (2.27). It is observed clearly the superposition of the DC and AC quantities for the arm voltage and current. The equivalent capacitor average voltage is kept constant as expected from the power balance of Eq. (2.27). In addition, there is an oscillation on the capacitor voltage that causes a voltage ripple Δᵃ . This is giving by the oscillating terms on Eq. (2.24). In order to do not have a loss of the converter control, ᵅ should be always higher than the arm voltage ᵅ to be generated.

Considering the modulation index, which is calculated from Eq. (2.15), it exhibits a behavior proportional to the arm voltage. From this section it is concluded that all modular multilevel DC-DC converters need a path to exchange DC and AC power between arms. Then the control of these structures has three main objectives:

1. Control the DC currents circulation 2. Control the AC currents circulation 3. Control the converter energy to satisfy Eq. (2.27) on all converter arms guarantying a nominal energy of ᵃ in steady state. The nominal energy on each arm should be sufficient to have a ᵅ greater than the arm voltage to be generated.

In addition to these objectives, the control has to be capable of balancing the voltage on the individual SM capacitors.

Modular Multilevel DC-DC converters control

The control of modular multilevel DC-DC converters can be divided into high level and low level control stages as presented in Figure 2.12. The first one is responsible of controlling the converter currents and energies while the second one deals with the balancing of the individual SM voltages on each arm. According to the type of simulation and converter model, this last control level is required or not.

The high level control stage needs the measurements of DC grid voltages and currents, arm currents and arm equivalent capacitor voltages. It outputs the modulation index for each arm. If an average model is used, the control outputs act directly into the model. If a detailed model is used, the arm voltage references are transferred to the low level control stage that calculates how many submodules per arm have to be inserted and decides which ones to insert in order to maintain their voltage inside a specified range. This control stage needs the voltage measurement of all SMs. This control is referred as Balancing Control Algorithm (BCA). The outputs of this stage are the control signals for each SM. 

Low level control

As mentioned before, the low level control stage has two main tasks: to calculate the number of SMs to be inserted and to choose which ones to insert. The first task is done using a modulation technique, whereas the second task is done with a BCA.

Various modulation techniques have been reported in literature [START_REF] Hagiwara | Control and experiment of pulsewidth-modulated modular multilevel converters[END_REF]- [START_REF] Tu | Impact of sampling frequency on harmonic distortion for modular multilevel converter[END_REF], in this thesis the Nearest Level Modulation is used [START_REF] Tu | Impact of sampling frequency on harmonic distortion for modular multilevel converter[END_REF]. This modulation scheme calculates the number of SMs to be inserted according to the required arm voltage and the individual voltages on each SM. If the dispersion on the SM capacitor voltages is low, this number can be approximated by the nearest integer of the ratio between the required voltage and the average SMs voltage as described in Eq. (2.28).

ᵅ = round ⎝ ⎜ ⎜ ⎜ ⎜ ⎜ ⎛ ᵅ * ∑ ᵅ = ᵃ ⎠ ⎟ ⎟ ⎟ ⎟ ⎟ ⎞ = round ᵅ * ᵅ ᵃ = round(ᵅᵃ ) (2.28)
Concerning the balancing of the SM capacitor voltages, there are also diverse proposals in literature [START_REF] Hassanpoor | Tolerance band modulation methods for modular multilevel converters[END_REF]- [START_REF] Zama | A comparative assessment of different balancing control algorithms for modular multilevel converter (MMC)[END_REF]. According to [START_REF] Zama | A comparative assessment of different balancing control algorithms for modular multilevel converter (MMC)[END_REF] the different methods can be classified into two main categories: with switching frequency mitigation and with capacitor voltage ripple mitigation. In this thesis, a method of the second category is considered: the average tolerance band algorithm [START_REF] Hassanpoor | Tolerance band modulation methods for modular multilevel converters[END_REF]. The operation principle of this BCA is presented in Figure 2.13. The algorithm sorts an array ᵃᵅᵅᵅ containing all the SM capacitor voltages in descending way each time that the maximal deviation of the voltages is greater than a given voltage tolerance. According to the arm current polarity, the first or the last ᵅ SMs in the list are inserted. The ᵅ SM capacitors with the highest voltages are inserted if the current is negative so they will be discharged, whereas the ᵅ SM capacitors with the lowest voltages are inserted if the current is positive so they will be charged.

With this algorithm all the capacitor voltages are kept inside a tolerance band as presented in Figure 2.14. This band (dashed lines) is given by the tolerance parameter ᵃ , and the average voltage of all SM capacitors (thicker black line):

∑ ᵅ = ᵃ -ᵃ < ᵅ < ∑ ᵅ = ᵃ + ᵃ (2.29)
In Figure 2.14, it is observed that each time that the voltage of any of the SMs reaches the limit (red dots), the BCA update the sorting list and the most charged SMs are replaced by the less charged ones. This is seen as a change on the SM voltage dynamics (observe the non-smooth change of the slope), which changes to a constant voltage meaning that they are bypassed. 

ᵅ -Δᵃ ᵃ -ᵃ < ᵅ < ᵅ + Δᵃ ᵃ + ᵃ (2.30)
Which can be expressed considering an "average" SM as:

ᵃ -Δᵃ -ᵃ < ᵅ < ᵃ + Δᵃ + ᵃ (2.31)
Then, with an adequate high level control of ᵅ , (which sets also ᵃ ) and with a proper value of ᵃ , the SM capacitors should be sized in order to have in average a maximal voltage ripple Δᵃ . The capacitor sizing will be explained later in the chapter.

Regarding the parameter ᵃ a compromise has to be done. If it is too low, the tolerance band is small thus the SM voltages would be more likely to touch the band limits generating an update of the sorting list more often. This increases the switching events and so the switching losses. By the contrary if it is so high, the SM capacitance should be increased in order to decrease the voltage ripple Δᵃ and thus, sufficiently to have a Δᵃ + ᵃ below the maximal SM voltage rating. An assessment of the tradeoff between increase of switching losses and the voltage ripple was reported in [START_REF] Zama | A comparative assessment of different balancing control algorithms for modular multilevel converter (MMC)[END_REF] for the MMC when using different BCAs.

High level control

As has been described previously in the chapter, the main high level control objectives are to control the AC and DC currents and the energy in the converter arms. In this thesis a control approach using nested control loops is proposed. This approach is inspired by the control philosophy previously proposed at SuperGrid Institute for the control of the MMC [51], [START_REF] Shinoda | Control and Energy Management of MMC-based Multi-Terminal HVDC Grids[END_REF].

In this scheme, the dynamics of the MMC can be divided in terms of slow and rapid modes. This will set inner and outer control loops, where the outer controllers set the references to the inner controllers. The inner loops correspond to the converter currents, while the outer loops refer to the converter energy, DC power and DC grid voltage control.

Concerning the current control loops, the main task is to impose the DC and AC currents on each arm. Proportional-Integral controllers (PI) are used to track the references of the DC part whereas the AC component is controlled either by means of a dq-frame approach or using a proportional resonant controller PR [START_REF] Bacha | Power electronic converters modelling and control with case studies[END_REF], [START_REF] Dasco | Circulating current suppression for a direct AC-AC modular multilevel converter in YDY coupling[END_REF].

The output of this control stage is the arm voltage to be generated. This value is sent to the low level control stage, or transformed directly into the modulation index to be applied on the converter average model by using an indirect modulation [51]:

ᵅ = ᵅ * ᵅ (2.32)
The outer control loops set the reference of the inner loops. Particularly, the current references are given by the DC power and energy controllers. In order to decouple the control design and the dynamics of the inner and outer loops, the outer controllers are tuned to have a closed loop time response slower (5 times or more) than the inner loops:

ᵰ ≫ ᵰ (2.33)
Considering the energy control, its average value (Eq. (2.26)) is controlled using PI controllers. A low pass filter is needed to measure the energy average value. To decouple the controller dynamics from the filter, the same rule of Eq. (2.33) is applied. Therefore the time response of the filter should be faster than the one on the energy control loops ᵰ ≫ ᵰ . Therefore, the time response of the energy loop is limited by the filter design.

In the following chapters the detailed control of each topology is explained following the general rules here presented.

Modular Multilevel DC-DC converters comparison methodology

The main aspects to consider when choosing between one and other topology, that are capable of fulfilling the system requirements, are the capital cost, the efficiency and the converter size [START_REF] Evans | Costperformance framework for the assessment of Modular Multilevel Converter in HVDC transmission applications[END_REF]. These characteristics are difficult to evaluate precisely, but some indicators can be defined to estimate them in a relative approach and used to compare the different converters.

A general comparison methodology is proposed based on three key performance indicators:

 The utilization factor of semiconductors  The converter installed energy  The converter losses As it will be seen, these factors are related to the converter cost, size and efficiency. Thus, they can be used to rapidly estimate the interest of one topology comparing it with another one or to evaluate the sensibility to some of the circuit parameters. The proposed methodology is valid for comparing diverse modular multilevel DC-DC converters and it is applied to evaluate the F2F-MMC and the DC-MMC on Chapter 5.

Key Performance Indicators

Utilization factor

The utilization factor is defined by the ratio between transmitted power and the total VA rating of the semiconductor switches:

ᵃ = ᵃ ∑ ᵃ ᵃ (2.34)
This factor reflects the investment on semiconductors, as the costs increase with the semiconductor rating. Therefore, the topologies with a higher ᵃ are preferable. The inverse of this factor can be interpreted as an "oversizing factor": for transmitting a given DC power ᵃ , a semiconductor rating of ∑ ᵃ ᵃ must be installed.

Energy factor

The energy requirements of modular DC-DC converters are mainly due to the installed capacitance in the converter SMs, and can be summarized in an energy factor as follows:

ᵃ = ᵃ ᵃ = ∑ 1 2 ᵃ ᵃ ᵃ (2.35)
This factor reflects the investment on SM capacitors and in some way the volume of the converter since the volume of one SM is mainly due to the capacitor size. Thus, the topologies with a lower are preferable.

Power losses factor

While the utilization and energy factors allow to compare the converter capital cost and size, the converter losses are selected as the key indicator to evaluate their operation costs related to the efficiency (although the losses have also an impact on the size and cost due to the thermal management). It is proposed to evaluate only the losses on semiconductors. Then two factors are defined and are related with the conduction and switching losses. They are presented in Eqs. (2.36)-(2.37). These factors are calculated adding the individual losses on all switches (ᵃ ) and normalizing by the transmitted DC power.

ᵃ = ∑ ᵃ ᵃ (2.36) ᵃ = ∑ ᵃ ᵃ (2.37)

Estimation of intermediate parameters

As seen in the previous section, the estimation of the proposed performance indicators need some other intermediate parameters such as switch currents, SMs capacitance and number of SMs. In this section, a general procedure to calculate all the needed parameters and finally the evaluation of the key performance indicators is proposed. The different steps are presented in Figure 2.15.

The method considers the converter steady state behavior, which, as mentioned in previous sections, assumes a superposition of DC and AC electric components (voltages and currents). This stage requires as input the inductance value of all circuit inductors like arm reactors, filters and AC transformers, the nominal DC power, the DC grid voltages and the operation frequency. From this stage the arm voltage and current expressions are determined. From these expressions and some other inputs, each stage is calculated as explained in the following sub-sections.

As it will be seen, the methodology assumes that an arm can have both HB and FB SMs. Since the analyses done until now have considered only the same type of SMs in the arm, the needed assumptions to conserve the validity of such analyses are presented in Section 2.6.2.2.

It should be noted that, in this chapter, the methodology is presented but the validity of the equations is not demonstrated. This will be done on Chapter 5, where the validity of the equations is compared with the results obtained in detailed model simulations. 

Number of sub-modules per arm

A converter arm can include HB and FB SMs. The required number is determined by the maximum voltage to be generated on nominal operation and to be withstood under faults on the DC grid. These voltages can be positive or negative:

ᵃ = max ᵃ + ᵃ , ᵃ (2.38) 
ᵃ = min ᵃ -ᵃ , ᵃ (2.39) 
If negative voltages are required, FB-SMs are needed:

ᵃ = ᵃ ᵃ (2.40)
The quantity of HB-SMs to be installed in the arm depend on the maximum arm positive voltage and the installed FB-SMs. If the number of FB-SMs on the arm is enough to generate this voltage, no HB-SMs are installed:

ᵃ = ⎩ ⎨ ⎧ 0 if ᵃ > ᵃ ᵃ ᵃ -ᵃ if ᵃ < ᵃ (2.41)
Observe that, in order to calculate the number of SMs on the arm, an assumption on the SM average voltage ᵃ has to be done. In consequence, the converter control, particularly the reference to the arm energy controller, should be set properly to maintain this value.

Arm modulation index

The nominal arm modulation index depends on Eq. (2.15), which is difficult to determine analytically from Eqs. (2.19) and (2.25). However an approximation can be done if it is assumed that the ripple on ᵅ is small. In that case the modulation index can be calculated using the average voltage of ᵅ , and then expressed in terms of the average value of one "average" SM and the number of SMs:

ᵅ (ᵅ) = ᵅ (ᵅ) ᵅ (ᵅ) ≈ ᵅ (ᵅ) ᵅ = ᵃ -ᵅ cos(ᵱᵅ + ᵱ ) (ᵃ + ᵃ )ᵃ (2.42)
Now, the individual modulation indexes for the FB-SM and HB-SM stacks on the same arm depend on the control method. Indeed, the choice of using only FB-SMs, only HB-SMs or some SMs of each stack to generate the required arm voltage is not evident.

In addition, the reduced arm model developed in Section 2.3.1 is valid under the assumption of having the same capacitor on all the SMs, what means that FB and HB SMs must have the same capacitor:

ᵃ = ᵃ (2.43)
This is a strong assumption, but it is needed to apply the presented models and control laws of the previous sections. If this condition is not verified, the validity of the models can be limited with important implications on the control development. This scenario can be the subject of further research on modular converters. However, it is assumed that both, HB and FB, SMs in the same arm have the same capacitor value.

In that case, the developed reduced arm voltage in Section 2.3.1 is still valid and then according to Eq. (2.3):

ᵅ = ᵅ + ᵅ ᵃ + ᵃ (2.44)
This equation can be rewritten as:

ᵅ = ᵅ ᵃ + ᵅ ᵃ ᵃ + ᵃ (2.45)
Defining the modulation indexes of HB-SM and FB-SM stacks as:

ᵅ = ᵅ ᵃ ᵅ = ᵅ ᵃ (2.46)
A possible solution (but not the only one) to Eq. (2.45) is to have the same modulation index for both stacks:

ᵅ = ᵅ = ᵅ (2.47)

Sub-module capacitor sizing

The procedure to size the capacitor on one converter arm can be done generalizing the procedure proposed in [START_REF] Marquardt | Modulares stromrichterkonzept für netzkupplungsanwendung bei hohen spannungen[END_REF] for the MMC:

ᵃᵃ"ᵅ = Δᵃ 2 • ᵱ • ᵃ ᵃ (2.48)
Where Δᵃ is the energy swing experienced by the equivalent arm capacitor during one period and ᵱ the normalized voltage ripple, i.e. ᵱ = Δᵃ /ᵅ . The capacitor sizing is done in order to get the required ripple at nominal power.

The energy swing is calculated directly from the energy variation:

Δᵃ = ᵃ!ᵃ (ᵅ) ᵃ!ᵅ ᵃ!ᵅ (2.49)
Where the integral limits are two adjacent zeros of ( )

. Replacing by Eq. (2.24), and solving the integral it is obtained:

Δᵃ = ᵅ ᵅ 2ᵰᵃ# 1 - ᵃ cos(ᵱ -ᵱ ) 2 / 4 ᵃ cos(ᵱ -ᵱ ) (2.50)
Where the coefficient ᵃ is the ratio between the arm AC peak voltage and the arm DC voltage:

ᵃ = ᵅ ᵅ (2.51)
Since ᵱ -ᵱ is the phase shift of the arm AC current with respect to the arm AC voltage, Eq. (2.50) can be rewritten in function of the apparent power being exchanged on the arm taking into account the arm energetic equilibrium (ᵃ = ᵃ as described on Eq. (2.27)):

Δᵃ = ᵃ 2ᵰᵃ# 1 - ᵃ cos(ᵱ -ᵱ ) 2 / 4 ᵃ (2.52)
From this expression, it is seen that the SM capacitor depends on the arm power, the level of modulation of AC on DC (coefficient ᵃ to not be confused with the modulation index ᵅ), and the operating frequency.

It should be noted that, all the procedure here described is valid for arms including FB and HB SMs under the assumption made on Eq. (2.43). Then the SM capacitors for each type of SM are the same:

ᵃ = ᵃ = ᵃᵃ"ᵅ (ᵃ + ᵃ ) (2.53)

Semiconductor switch RMS and average currents

The conducting semiconductors are linked to the sign of the arm current and to the SM state (bypassed or inserted). Figure 2.16 presents the device conducting on a HB-SM according to the arm current direction and the SM state.

The difficulty to calculate the average and RMS values on each semiconductor device is that the bypass and insertion actions of one SM are difficult to estimate as well as the time passed on each state. This comes from the fact that the SMs are susceptible to be switched each time that any of the SM voltages goes out of the BCA tolerance band (see Section 2.5.1), approaching to a random switching pattern as seen in Figure 2.17. Nevertheless, an estimation can be done following the analysis proposed in [START_REF] Cunico | Parameters design for modular multilevel converter (MMC)[END_REF], [START_REF] Ladoux | Comparison of high voltage modular AC/DC converters[END_REF] where averaged currents are used. In [START_REF] Zhang | Valve losses evaluation based on piecewise analytical method for MMC-HVDC links[END_REF] the same method is proposed but applied directly to the conduction losses assessment. This method can be interpreted as the estimation of the RMS and average currents on an "average" SM. According to [START_REF] Cunico | Parameters design for modular multilevel converter (MMC)[END_REF] during a small interval ᵯ(ᵅ)ᵃ , where ᵃ is the switching period of the SM and ᵯ(ᵅ) the duty cycle, the current on the "averaged" switch is constant:

ᵃ (ᵅ) = 1 ᵃ ᵃ (ᵅ)ᵃ!ᵰ + ( ) ≈ ᵃ (ᵅ)ᵯ(ᵅ) (2.54) ᵃ (ᵅ) = ⎷ 1 ᵃ ᵃ (ᵅ) ᵃ!ᵰ + ( ) ≈ ᵃ (ᵅ) ᵯ(ᵅ) (2.55)
Then, the average and RMS current on an "average" switch are [START_REF] Cunico | Parameters design for modular multilevel converter (MMC)[END_REF], [START_REF] Ladoux | Comparison of high voltage modular AC/DC converters[END_REF]:

ᵃ = 1 ᵃ ᵃ (ᵅ) ᵃ!ᵅ = 1 ᵃ ᵃ (ᵅ)ᵯ(ᵅ)ᵃ!ᵅ (2.56) ᵃ = 1 ᵃ ᵃ (ᵅ) ᵃ!ᵅ = 1 ᵃ ᵃ (ᵅ) ᵯ(ᵅ)ᵃ!ᵅ (2.57)
Where ᵃ is the period of the arm current and the integration limits ᵅ , ᵅ are two adjacent zeros of the current (Eq. (2.20)), which has three zeros and are given by Eq. (2.58).

To establish the device (transistor/diode) where the current is flowing it is sufficient to know the current polarity in the interval (ᵅ , ᵅ ). Concerning, the duty cycle ᵯ(ᵅ) in Eqs.

(2.56), (2.57), it is different for each device and depends if the SM is HB or FB. In the following sub-section it is defined for both cases. The average duty cycle ᵯ(ᵅ) for the upper switch S1 of an "averaged" SM, is proportional to the number of inserted SMs, and for the lower switch S2, proportional to the number of bypassed SMs. Hence, the duty cycle is related to the modulation index as follows [START_REF] Cunico | Parameters design for modular multilevel converter (MMC)[END_REF], [START_REF] Ladoux | Comparison of high voltage modular AC/DC converters[END_REF]:

ᵅ = 1 ᵱ ⎝ ⎜ ⎛ acos ⎝ ⎜ ⎛ - ᵅ ᵅ ⎠ ⎟ ⎞ -ᵱ ⎠ ⎟ ⎞ ᵅ = 1 ᵱ ⎝ ⎜ ⎛ 2ᵰ -acos ⎝ ⎜ ⎛ - ᵅ ᵅ ⎠ ⎟ ⎞ -ᵱ ⎠ ⎟ ⎞ ᵅ = 1 ᵱ ⎝ ⎜ ⎛ 2ᵰ + acos ⎝ ⎜ ⎛ - ᵅ ᵅ ⎠ ⎟ ⎞ -ᵱ ⎠ ⎟ ⎞ (2.58)

HB SM case

ᵯ(ᵅ) = ᵅ(ᵅ) for S1 1 -ᵅ(ᵅ) for S2 (2.59)
Thus, to calculate Eqs. (2.56), (2.57) for each semiconductor device on the "average" HB-SM, the corresponding integration limits and duty cycles to be used are those defined in Table 2 

.3. Device ᵆ (ᵆ5) ᵳ(ᵆ5) ᵆ5 ᵆ5 T1 -ᵅ (ᵅ) ᵅ(ᵅ) ᵅ ᵅ D1 ᵅ (ᵅ) ᵅ(ᵅ) ᵅ ᵅ T2 ᵅ (ᵅ) 1 -ᵅ(ᵅ) ᵅ D2 -ᵅ (ᵅ) 1 -ᵅ(ᵅ) ᵅ

FB SM case

The previously explained method was proposed for HB-SMs [START_REF] Cunico | Parameters design for modular multilevel converter (MMC)[END_REF], [START_REF] Ladoux | Comparison of high voltage modular AC/DC converters[END_REF]. In this section the method is extended for a FB-SM, finding the appropriate duty cycle for each switching device on an "average" FB structure, in order to apply Eqs. (2.56), (2.57). The proposed analysis is done based on the supposition that the FB-SMs are never used to insert a negative voltage. Under this assumption, comparing to the HB-SM, the main difference is that the bypass state can be achieved by two different actions as it was presented in Figure 2.7. The bypass can be done by S1 and S4 or by S2 and S3. Whereas the insertion is done by means of S1 and S4. Therefore, the duty cycles for each switch are related with the modulation index as follows:

ᵯ(ᵅ) = ⎩ ⎨ ⎧ ᵅ(ᵅ) + (1 -ᵯ) 1 -ᵅ(ᵅ) for S1 ᵯ(1 -ᵅ(ᵅ)) for S2 (1 -ᵯ) 1 -ᵅ(ᵅ) for S3 ᵅ(ᵅ) + ᵯ(1 -ᵅ(ᵅ))
for S4

(2.60)

In Eq. (2.60), ᵯ is a constant taking values between zero and one. It represents a factor of how much of the time the bypass action is done by means of S2 and S4. For example, if ᵯ = 1, it means that the bypass is always done in that way, what causes that S3 will never be used and S4 will be used all the time. If ᵯ = 0 it means that the bypass action is always done by using S1 and S3 what means that S2 is never used and S1 is used all the time. In both cases one switch on the SM is overloaded (S4 or S1) and one switch is never utilized (S3 or S2), then a better repartition of the load can be achieved by varying beta. An example of the impact of ᵯ is presented in Chapter 5.

Table 2.4 presents the parameters to be used in Eqs. (2.56), (2.57) for calculating the RMS and average currents on all semiconductor devices on the FB-SM case. 

Device

ᵆ (ᵆ5) ᵳ(ᵆ5) ᵆ5 ᵆ5 T1 -ᵅ (ᵅ) ᵅ(ᵅ) + (1 -ᵯ) 1 -ᵅ(ᵅ) ᵅ ᵅ D1 ᵅ (ᵅ) ᵅ(ᵅ) + (1 -ᵯ) 1 -ᵅ(ᵅ) ᵅ ᵅ T2 ᵅ (ᵅ) ᵯ(1 -ᵅ(ᵅ)) ᵅ ᵅ D2 -ᵅ (ᵅ) ᵯ(1 -ᵅ(ᵅ)) ᵅ ᵅ T3 ᵅ (ᵅ) (1 -ᵯ) 1 -ᵅ(ᵅ) ᵅ ᵅ D3 -ᵅ (ᵅ) (1 -ᵯ) 1 -ᵅ(ᵅ) ᵅ ᵅ T4 -ᵅ (ᵅ) ᵅ(ᵅ) + ᵯ(1 -ᵅ(ᵅ)) ᵅ ᵅ D4 ᵅ (ᵅ) ᵅ(ᵅ) + ᵯ(1 -ᵅ(ᵅ)) ᵅ ᵅ

Switch VA rating

The switch VA rating of a semiconductor device is the product of the peak voltage and the RMS current. It is proposed to determine the maximum rating of the switches during nominal operation of the converter considering no security margin as it is usually done in power electronics. Thus the different topologies can be compared without the bias that the security margin could add.

The peak voltage of the semiconductor devices in a SM is equal to the peak voltage on the SM capacitor. Then if it is well sized following the procedure of Section 2.6.2.3, the peak voltage on an "average" SM should be equal to the average value plus the ripple ᵱ (expressed in percentage):

ᵃ = ᵃ (1 + ᵱ) (2.61)
This equation ignores the effect of the BCA, which would add the ripple ᵃ to the result on Eq. (2.61). In that way the different circuit topologies can be compared independently of the used BCA.

Considering the RMS current, the individual device currents were calculated in 2.6.2.4 for the nominal DC power. For other operation points, the repartition of the currents on the switches is different, therefore the sizing of the SM should be done considering the maximal rating. Hence, the RMS current to take into account to calculate the VA rating of each SM is the maximal device current found at maximal DC power:

ᵃ = max ᵃ , ᵃ , ᵃ , ᵃ (2.62) 
ᵃ = max ᵃ , ᵃ , ᵃ , ᵃ , ᵃ , ᵃ , ᵃ , ᵃ (2.63) 
Then, the VA rating of a SM is given by Eqs. The total VA rating of an arm is the multiplication of the individual VA rating of each SM by the number of SMs present in the arm:

ᵃᵃ = ᵃ ᵃᵃ + ᵃ ᵃᵃ (2.66)

Key Performance Indicators estimation 2.6.3.1 Utilization factor estimation

The utilization factor is calculated as the nominal DC power divided by the sum of all the arms VA ratings:

ᵃ = ᵃ ∑ ᵃᵃ = (2.67)

Energy factor estimation

With the number of SMs in one arm and the needed SM capacitor the total energy installed in one arm can be determined:

ᵃ = ᵃ 1 2 ᵃ ᵃ + ᵃ 1 2 ᵃ ᵃ (2.68)
Then the energy factor of the converter is equal to the sum of the installed energy in all arms divided by the nominal DC power:

ᵃ = ∑ ᵃ = ᵃ (2.69)

Power losses factor estimation

Conduction Losses

The conduction losses in a semiconductor device are generally estimated by using a linear approximation of the device I-V characteristic as shown on Figure 2.20. The losses expression is then:

ᵃ = ᵃ ᵃ + ᵃ ᵃ (2.70)
Where ᵃ and ᵃ are the average and RMS values of the current flowing through the device in the ON state (see Section 2.6.2.4 for their estimation), ᵃ represent the saturation voltage if the switch is an IGBT or the threshold voltage if it is a diode, and ᵃ represents the device equivalent resistance in the ON state. These two last parameters can be estimated directly from the device datasheet (see Figure 2.20).

The total conduction losses of the arm are determined by:

ᵃ = ᵃ ᵃ = + ᵃ ᵃ = (2.71)
And so the power losses factor is:

ᵃ = ∑ ᵃ = ᵃ (2.72)
Figure 2.20. I-V curves for an IGBT and its antiparallel diode on a 3.3kV power module (Infineon FZ1500R33HL3) and its linear approximation

Switching Losses estimation

The switching losses in a semiconductor device are generally calculated from the turnon and turn-off energies multiplied by the converter switching frequency:

ᵃ = ᵃ ᵃ# (2.73)
The switching energies are usually given on the device datasheet in function of the switched current as presented in Figure 2.21. A second order polynomial approximation can be done to determine these energies in function of the current:

ᵃ (ᵅ ) = ᵃ + ᵃ ᵅ + ᵃ ᵅ (2.74) ᵃ (ᵅ ) = ᵃ + ᵃ ᵅ + ᵃ ᵅ (2.75) ᵃ (ᵅ ) = ᵃ + ᵃ ᵅ + ᵃ ᵅ (2.76)
For some power devices, the switching losses show a linear dependency over a relevant current range. In those cases the switching energies are approximated by [START_REF] Drofenik | A general scheme for calculating switching-and conduction-losses of power semiconductors in numerical circuit simulations of power electronic systems[END_REF]:

ᵃ(ᵅ ) = (ᵃ + ᵃᵅ + ᵃ ᵅ )ᵅ (2.77)
The difficulty associated with modular multilevel structures with a low level control based in BCAs is that the switching events occur almost randomly [START_REF] Jones | Calculation of power losses for MMC-based VSC HVDC stations[END_REF]. This causes that the switched currents are not always the same and difficult to estimate, so the energies on Eqs. (2.74)-(2.76). In the same way, the switching frequency is variable making difficult the estimation of the switching losses described by Eq. (2.73). A solution to these issues proposed in literature, is to estimate the switching losses using an average frequency and assuming that the switching events, even if they occur randomly, are distributed uniformly on one arm AC period [START_REF] Jones | Calculation of power losses for MMC-based VSC HVDC stations[END_REF], [START_REF] Ladoux | Comparison of high voltage modular AC/DC converters[END_REF]. Under that assumptions the switching losses are determined by:

ᵃ = ᵃ# 1 ᵃ ᵃ (|ᵅ (ᵅ)|) + ᵃ (|ᵅ (ᵅ)|) + ᵃ (|ᵅ (ᵅ)|) ᵃ!ᵅ (2.78)
Almost all elements on this equation are determined analytically from the steady state arm current expression and the parameters extracted from the datasheet. However the average switching frequency is unknown. In [START_REF] Jones | Calculation of power losses for MMC-based VSC HVDC stations[END_REF] a frequency of 150 Hz is stated to be the average switching frequency of the MMC, in [START_REF] Ladoux | Comparison of high voltage modular AC/DC converters[END_REF] the estimation of losses is done using an average frequency of 200 Hz. However, both references do not give a deep analysis from where these values come from and even if they are reasonable for the MMC with an operating frequency of 50/60 Hz, the average switching frequency cannot be extrapolated directly for higher frequencies, and neither for other topologies such as those treated in this thesis.

Therefore, a method to estimate the average frequency is proposed based in the simulation of detailed models (Section 2.3.2) using a specific BCA (Section 2.5.1). The idea is to count all the switching events (transition from bypass to insertion or vice-versa) on a particular SM during several AC cycles, and the average frequency is then the number of switching events divided by the time lapsed during all the count. This count is done once the converter simulation has reached the steady state at nominal power.

Once the individual SM switching losses are estimated the total losses in one arm are:

ᵃ = (ᵃ + ᵃ )ᵃ (2.79)
Observe that this equation does not differentiate between HB-SM and FB-SM switching losses. In fact in both kind of SMs they are the same [START_REF] Jones | Calculation of power losses for MMC-based VSC HVDC stations[END_REF]. The reason is that in both cases, for changing the SM state (bypass to inserted or inserted to bypass), there is only one switching action.

From the switching losses of one arm, the power losses factor is:

ᵃ = ∑ ᵃ = ᵃ (2.80)

Chapter conclusions

In this chapter, the models and the methodology to be used on the following chapters were presented. A case study is proposed to assess the grid integration of the two retained DC-DC converters, by analyzing their behavior in dynamic simulations under normal and fault conditions.

The different converter modelling approaches to be used were discussed. The reduced average model is proposed as the main model to analyze the converter operation and to develop control laws. The following chapters, Chapter 3 and Chapter 4, will apply this modelling technique on the F2F-MMC and DC-MMC topologies.

A method to address converter detailed simulations was equally presented. The model originally proposed for HB-SMs was extended to FB-SMs case. These semi-analytic detailed models are used in the thesis to study the converter switching losses. This will be treated in Chapter 5.

An analysis of the converter operation in steady state was done. From this analysis the working principle of an arm was highlighted, where it was seen that the superposition of DC and AC powers are needed to guarantee the energetic equilibrium on the structure. So even if no direct DC-AC-DC conversion chain is done in all Modular Multilevel DC-DC converters, a circulating AC current is always needed to equilibrate the converter internal energy. In the following chapters, it will be seen how the AC power is used inside two different converter topologies.

In this chapter the main control objectives were defined and an overall control approach based in nested control loops is proposed. The definition of a BCA based on an average tolerance band algorithm was presented. This BCA is used in Chapter 5. For the high level control stage, a brief overview was presented; it is detailed in Chapter 3 and Chapter 4 for the specific control particularities of each topology.

A general methodology to assess the performance of Modular Multilevel DC-DC converters was proposed. This methodology is the main contribution of this thesis chapter, since it can be applied to evaluate diverse DC-DC converters. The methodology proposes four key performance indicators: utilization of semiconductors, installed energy, conduction losses and switching losses. These indicators are related directly to the converter cost and size. The proposed method allows to estimate quickly the interest of one topology compared to another one or when analyzing the sensibility to internal parameters, for example the operating frequency. This study will be addressed in Chapter 5.

As it was seen the methodology is almost totally analytic, with the exception of the estimation of the switching losses which depend on the average switching frequency. So rapid estimation of the circuit interest can be done without need of going into the details of each topology like control design. Indeed, it is sufficient to know the arm expressions in steady state.

The main limitations of the method are, however, that the key performance indicators are related with the converter SMs but ignore the effect of the passive elements like AC transformers or filters on the converter cost and size. Further research on this topic is recommended to propose some key performance indicators. Additionally, the estimation of switching losses requires the circuit simulation, which is contradictory to the main objective of the developed method: give first insights of the interest of one converter keeping the detailed study for a second stage once the main interesting topologies have been identified. It should be interesting to develop an analytical method to obtain these losses from the steady state equations and the BCA parameters.

Another future perspective of the work presented in this chapter is the use of the negative insertion capability of the FB-SMs. This functionality can be used, for example, for the BCA. In fact when a SM is inserted negatively, the sum of the voltages of a positiveinserted and negative-inserted SM is zero but the current circulation is not. Therefore, the SM capacitor voltage can be changed without affecting the output voltage waveform on the arm. 

Chapter 3 F2F-MMC study

Introduction

The Front-to-Front Modular Multilevel Converter (F2F-MMC) is a DC-DC converter formed by the interconnection of two MMCs on their AC side. Thus, it is a DC-AC-DC conversion chain. In addition, the F2F-MMC can be isolated through an AC transformer as presented in Figure 3.1 [START_REF] Kenzelmann | Isolated DC/DC structure based on modular multilevel converter[END_REF], [START_REF] Kenzelmann | A versatile DC-DC converter for energy collection and distribution using the Modular Multilevel Converter[END_REF]. The required type of submodules (SMs) for the circuit operation depends on the levels of the DC voltages with respect to the AC bus voltage. If the DC voltages are higher than the AC peak voltage, unipolar SMs are used (for example Half-Bridge (HB) SMs). Bipolar SMs (for example Full-Bridge (FB) SMs) are required in the other case [START_REF] Kenzelmann | A versatile DC-DC converter for energy collection and distribution using the Modular Multilevel Converter[END_REF]. FB-SMs are also needed if one of the DC grids being interconnected changes its polarity for example in the interconnection of Voltage Source Converter (VSC) and Line Commutated Converter (LCC) HVDC systems [START_REF] Gómez | Requirements for interconnection of HVDC links with DC-DC converters[END_REF]. In this thesis, a HB-SM isolated F2F-MMC is considered.

The converter operation consists in using one MMC to convert DC power into AC and converting it after to DC on the second MMC. Since the AC bus is internal to the converter, there are no constraints to set the AC parameters. In that way the AC voltage waveforms can be set to different modulation schemes and different frequencies [START_REF] Gowaid | Quasi two-level operation of modular multilevel converter for use in a high-power DC transformer with DC fault isolation capability[END_REF], [START_REF] Lüth | High-frequency operation of a dc/ac/dc system for HVDC applications[END_REF]. Although using different modulation schemes can be interesting, the degree of freedom to set the AC parameters is limited mainly by two reasons: the available technology and the circuit efficiency. On one hand, the design of a high-voltage (HV), high-power, medium frequency AC transformer, and with important level of harmonics generated by no sinusoidal waveforms, is challenging. On the other hand, increasing the fundamental AC frequency increases the converter switching losses and a trade-off between size reduction and losses has to be done [START_REF] Lüth | High-frequency operation of a dc/ac/dc system for HVDC applications[END_REF]. In this chapter a sinusoidal modulation at medium frequency (150 Hz) is retained for analysis. The effects on increasing the frequency will be discussed in Chapter 5. Considering the power levels of the case study defined in Chapter 2, a three phase structure is considered. However it should be noted that, in principle, the F2F-MMC can be implemented with any number of phases.

The organization of the chapter is as follows: In Section 3.2 the reduced average model of the circuit is presented. In Section 3.3 a mathematical description of the topology is developed, describing the circuit dynamics and the steady-state operation. A control method is proposed in Section 3.4 for normal operation. The study of the topology under DC faults is developed in Section 3.5, where the features of the circuit to stop the propagation of DC faults are explored; an adapted control method during faults is also proposed. Finally in Section 3.6 the case study for the interconnection of two HVDC grids, defined in Chapter 2, is studied with the F2F-MMC as DC-DC converter.

The main contributions of this chapter are the application of the well-known energy based control scheme of the MMC for the control of the F2F-MMC, a control method during DC faults, and the analysis of converter integration in a grid scenario during normal and fault conditions.

Converter reduced average model

The F2F-MMC reduced average model (Figure 3.2) is based on the MMC arm averaged model including blocking capability, which was developed in Chapter 2. Since the three phases of the circuit are identical, the analysis dedicated for one phase is applicable for the remaining phases ignoring the circulating currents between phases. This point will be addressed later in the chapter. The model notation uses sub-indexes for the different variables and parameters of each MMC. The sub-indexes ᵃ and ᵃ indicate if the variable is related to the MMC connected to HV DC side or connected to LV DC side, while the sub-indexes ᵅ and ᵅ make reference to the variables of upper and lower arms.

The AC transformer is assimilated to an ideal one with a transformation ratio ᵅ defined as showed in Eq. (3.1).

ᵅ = ᵅ ᵅ = - ᵅ ᵅ (3.1)
The negative sign comes from the adopted dot convention and the direction of the AC currents in Figure 3.2. The choice of simplifying the transformer model to an ideal one, is justified since the focus of the study is to analyze the converter operation and develop an appropriate control for its integration in a system simulation. The study on the transformer grounding, coupling, winding configuration (delta/wye), and parasitic effects are a subject by its own and exceeds the frame of the thesis. These studies are kept as a perspective for future works.

The equivalent inductance ᵃ aggregates all the inductances on the AC bus including the transformer leakage inductance. For simplicity it is assumed that all the equivalent AC impedance is referred to primary side, however in the simulation models the AC impedance is split on both sides of the AC transformer. The arm inductances ᵃ are supposed to have the same value on upper and lower arms on each MMC but can be different between both MMCs.

The AC voltages ᵅ are referenced as phase-neutral voltages, independently of the configuration of the transformer winding, i.e. wye or delta. In Figure 3.2 it is observed that the neutral of each side is considered at the same potential of the DC bus middle point which can lead to special insulation requirements for the AC transformer, especially in the cases of asymmetrical monopole DC systems. However even if at the same potential, it does not mean that there is necessarily a physical connection between the AC transformer and the DC bus middle point. This will depend of the converter grounding.

As observed in this model, two control variables per MMC leg should be generated by the converter control system: the modulation indexes for the upper (ᵅ ) and lower arms (ᵅ ). In addition the controller generates the blocking orders ᵃᵅᵅ to block the arms when needed.

Converter operation

Mathematical description

Using Kirchhoff's voltage laws, two current meshes are developed per MMC as presented in Figure 3.3. Writing the mesh equations in matrix form for each MMC leads to Eq. (3.2), for the HV side MMC, and to Eq. (3.3) for the LV side MMC.

ᵃ + ᵃ -ᵃ -ᵃ ᵃ + ᵃ ᵃ! ᵃ!ᵅ ᵅ ᵅ = -ᵃ + ᵃ ᵃ ᵃ -ᵃ + ᵃ ᵅ ᵅ - 1 0 0 1 ᵅ ᵅ + 0.5 -1 0.5 1 ᵃ ᵅ (3.2) ᵃ 0 0 ᵃ ᵃ! ᵃ!ᵅ ᵅ ᵅ = -ᵃ 0 0 -ᵃ ᵅ ᵅ - 1 0 0 1 ᵅ ᵅ + 0.5 -1 0.5 1 ᵃ ᵅ (3.3)
Where the voltages generated by each arm (ᵅ , ᵅ ) are set by the modulation indexes of each MMC and the voltage on the arm equivalent capacitors:

ᵅ ᵅ = ᵅ 0 0 ᵅ ᵅ ᵅ (3.4) ᵅ ᵅ = ᵅ 0 0 ᵅ ᵅ ᵅ (3.5)
The voltage dynamics on the capacitors are, according to the average model, given by:

ᵃ! ᵃ!ᵅ ᵅ ᵅ = ⎣ ⎢ ⎢ ⎡ ᵅ ᵃᵃ"ᵅ 0 0 ᵅ ᵃᵃ"ᵅ ⎦ ⎥ ⎥ ⎤ ᵅ ᵅ (3.6) ᵃ! ᵃ!ᵅ ᵅ ᵅ = ⎣ ⎢ ⎢ ⎡ ᵅ ᵃᵃ"ᵅ 0 0 ᵅ ᵃᵃ"ᵅ ⎦ ⎥ ⎥ ⎤ ᵅ ᵅ (3.7) 
Eqs. (3.2) to (3.7) describe entirely the F2F-MMC reduced average model dynamics. However, it is useful to describe these equations in sum and difference terms as it has been proposed for the MMC [51], [START_REF] Antonopoulos | On dynamics and voltage control of the modular multilevel converter[END_REF], [START_REF] Zama | High dynamics control for MMC based on exact discrete-time model with experimental validation[END_REF]. The base transformation to sum and difference terms is the following:

ᵅ ᵅ = 1 -1 0.5 0.5 ᵅ ᵅ = ᵆ ᵅ ᵅ (3.8) ᵅ ᵅ = -0.5 0.5 1 1 ᵅ ᵅ = ᵆ ᵅ ᵅ (3.9)
Where the inverse transformations are:

ᵅ ᵅ = ᵆ -ᵅ ᵅ = 0.5 1 -0.5 1 ᵅ ᵅ (3.10) ᵅ ᵅ = ᵆ -ᵅ ᵅ = -1 0.5 1 0.5 ᵅ ᵅ (3.11)
The interpretation of the currents ᵅ and ᵅ is seen in Figure 3.4, where one MMC is represented (the super index ᵃ represents the circuit phase ᵃ). It is observed that ᵅ circulates from the converter legs to the AC output ports whereas ᵅ circulates from the upper to the lower arm. Since ᵅ circulates from the converter to the AC transformer it is purely AC whereas ᵅ is the superposition of a DC current that comes from the DC grid and a circulating current between converter legs:

ᵅ = ᵅ (3.12) ᵅ = ᵅ + ᵅ = ᵅ + ᵅ (3.13) 
To simplify the analysis, it will be first considered that ᵅ contains only the DC component from the DC grid, i.e. the AC circulating currents (ᵅ ) between converter legs are ignored. Nevertheless, some discussions about ᵅ will be addressed later. 

ᵃ!ᵅ ᵃ!ᵅ = - 2ᵃ 2ᵃ ᵅ - 1 2ᵃ ᵅ + 1 2ᵃ ᵃ (3.14) ᵃ!ᵅ ᵃ!ᵅ = - 2ᵃ 2ᵃ ᵅ - 1 2ᵃ ᵅ + 1 2ᵃ ᵃ (3.15) ᵃ!ᵅ Δ ᵃ!ᵅ = - ᵃ ᵃ"ᵅ ᵃ ᵃ"ᵅ ᵅ + 1 ᵃ ᵃ"ᵅ (ᵅ Δ -ᵅ ᵅ Δ ) (3.16)
Where the equivalent resistance ᵃ and equivalent inductance ᵃ are given by: 

ᵃ! ᵃ!ᵅ ᵅ ᵅ = 1 ᵃᵃ"ᵅ ⎣ ⎢ ⎢ ⎡ ᵅ 1 2 ᵅ ᵅ - 1 2 ᵅ ⎦ ⎥ ⎥ ⎤ ᵅ ᵅ (3.19) ᵃ! ᵃ!ᵅ ᵅ ᵅ = 1 ᵃᵃ"ᵅ ⎣ ⎢ ⎢ ⎡ ᵅ - 1 2 ᵅ ᵅ ᵅ 1 2 ᵅ ᵅ ⎦ ⎥ ⎥ ⎤ ᵅ ᵅ (3.20)
The previously developed mathematical description (Eqs. (3.14)-(3.20)) can be interpreted as the equivalent circuit of Figure 3.5 where it is seen clearly the equivalent DC and AC circuits. As seen, both circuits are coupled by the capacitor dynamics. Since the arm resistors are low, to have a conversion process with the lowest possible conduction losses, only a small voltage difference is needed to set the DC currents. Therefore in steady state the value of ᵅ is almost equal to the DC grid voltage:

ᵅ ≈ ᵃ (3.23) ᵅ ≈ ᵃ (3.24) 
From these results the arm DC components in steady state are obtained applying the inverse transformations ᵆ -, ᵆ -:

ᵅ ≈ ᵃ 2 ᵅ = ᵃ 3 (3.25) ᵅ ≈ ᵃ 2 ᵅ = - ᵃ 3 (3.26)

AC Solution

The AC equivalent circuit on Figure 3.5, is the interconnection of two controlled AC voltage sources ᵅ through an equivalent impedance. Considering sinusoidal modulation, and defining the AC voltage on LV side MMC as angle reference, the AC variables on the circuit can be written in a dq frame as: The AC active power on each MMC phase is given by:

ᵃ = Real ᵅ ᵅ * = ᵃ ᵃ 2 + ᵃ ᵃ 2 (3.31) ᵃ = Real ᵅ ᵅ * = - ᵅ ᵃ ᵃ 2 (3.32)
The AC current per phase can be calculated from Eq. (3.16) for steady state ( = ᵅᵱ). If resistive losses are ignored, it is obtained:

ᵅ = ᵃ ᵱᵃ -ᵅ ᵃ -ᵅ ᵃ ᵱᵃ (3.33)
Replacing on the AC power equations:

ᵃ = ᵃ = ᵃ ᵃ = ᵅ ᵃ ᵃ 2 ᵱᵃ = ᵅ ᵃ ᵃ sin ᵯ 2 ᵃ (3.34)
It is seen that, when ignoring the resistive losses, the active power on both AC sources is equal. It means that there is a power exchange between both MMCs. Eq. (3.34) is the equation of a resonant Dual-Active-Bridge (DAB) [START_REF] Lagier | Convertisseurs continu-continu pour les réseaux d'électricité à courant continu[END_REF], where the AC waveforms can be approximated to sinusoidal like is the case on the considered F2F-MMC modulation. Thus the F2F-MMC can be considered as a HV modular multilevel DAB. In order to minimize the AC current magnitude, the AC transformer ratio ᵅ should be selected to be equal to the ratio of the generated AC voltages [START_REF] Lagier | Convertisseurs continu-continu pour les réseaux d'électricité à courant continu[END_REF]:

ᵅ = ᵃ ᵃ (3.35)
Since no over modulation is possible with HB-SM arms, i.e. no negative voltages can be generated, the AC voltages ᵃ , ᵃ are limited by the DC arm voltages:

ᵃ = ᵃᵅ = ᵃ ᵃ 2 (3.36) ᵃ = ᵃᵅ = ᵃ ᵃ 2 (3.37)
The factor ᵃ is the modulation factor already introduced in Chapter 2 -Eq. (2.51), which take values between zero and one. It should be selected as the maximum possible but keeping a margin for dynamic purposes. Values of ᵃ = 0.95 have been reported for the F2F-MMC [START_REF] Jovcic | Dual Channel Control with DC Fault Ride Through for MMC-based, Isolated DC/DC Converter[END_REF]. Where ᵯ is obtained from Eq. (3.34) in function of the AC power:

ᵯ = arcsin ⎝ ⎜ ⎜ ⎜ ⎛2ᵃ ᵱᵃ ᵃ ᵃ 2 ⎠ ⎟ ⎟ ⎟ ⎞ (3.42)
In the following subsection the needed AC power is calculated.

From these results the arm AC components in steady state are obtained applying the inverse transformations ᵆ -, ᵆ -:

ᵅ = ∓ᵃ ᵃ 2 cos(ᵱᵅ + ᵯ) ᵅ = ± ᵅ 2 (3.43) ᵅ = ∓ᵃ ᵃ 2 cos(ᵱᵅ) ᵅ = ∓ᵅ ᵅ 2 (3.44) 

Equivalent capacitor circuit

As seen on Figure 3.5 and described by Eqs. (3.19)-(3.20), the AC and DC currents (ᵅ , ᵅ ) affect the arm equivalent capacitor charge. As it has been described in Chapter 2, it is useful to analyze the charge variation in terms of the energy. In such analysis, it was demonstrated how the arm energy variation is equivalent to the arm power. Thus, for each arm on the F2F-MMC:

ᵃ!ᵃ ᵃ!ᵅ = ᵅ ᵅ = 1 2 (ᵅ ᵅ -ᵅ ᵅ ) -ᵅ ᵅ + 1 4 ᵅ ᵅ (3.45) ᵃ!ᵃ ᵃ!ᵅ = ᵅ ᵅ = 1 2 (ᵅ ᵅ -ᵅ ᵅ ) + ᵅ ᵅ - 1 4 ᵅ ᵅ (3.46)
Being the energy average values:

ᵃ!ᵃ ᵃ!ᵅ = ᵅ ᵅ = 1 2 ᵅ ᵅ -ᵅ ᵅ = 1 2 ᵃ -ᵃ ᵃ (3.47) ᵃ!ᵃ ᵃ!ᵅ = ᵅ ᵅ = 1 2 ᵅ ᵅ -ᵅ ᵅ = 1 2 ᵃ -ᵃ ᵃ (3.48)
Therefore, the arm capacitors on each MMC are discharged/charged according to the difference between the AC and DC power being exchanged by the converter. Each arm (upper or lower) in one converter leg is affected by the half of the total phase power.

As it was demonstrated in Chapter 2, in steady state Eqs. (3.47)-(3.48) must be zero to maintain the average arm energies controlled to a fixed value. It means that, in the F2F-MMC, all the DC power is converted in AC power on steady-state:

ᵃ = ᵃ = ᵃ (3.49)
Finally the voltage on the equivalent capacitors in steady state must be enough to generate the arm voltages:

ᵅ > ᵅ + ᵅ → ᵅ > ᵃ 2 (1 + ᵃ) ≈ ᵃ (3.50)
Meaning that the nominal energy on each arm on the F2F-MMC should be at least:

ᵃ = 1 2 ᵃᵃ"ᵅ . ᵃ = 1 2 ᵃ ᵃ ᵃ (3.51)

Circulating currents

Until now, the circulating currents (ᵅ ) were ignored. However on the operation of the MMC these currents exist. They are composed mainly of two frequencies, the fundamental ᵱ and a second harmonic 2ᵱ.

The apparition of the second harmonic component on the circulating currents has been the focus of several research [START_REF] Freytes | Improving small-signal stability of an MMC with CCSC by control of the internally stored energy[END_REF]- [START_REF] Tu | Reduced switching-frequency modulation and circulating current suppression for modular multilevel converters[END_REF]. According to [51] the cause of the second harmonic on the circulating current is related with the control approaches that are not based in an explicit control of the converter energy. In these schemes, a direct modulation [START_REF] Antonopoulos | On dynamics and voltage control of the modular multilevel converter[END_REF] is used where the modulation indexes are calculated by:

ᵅ(ᵅ) = ᵅ * (ᵅ) ᵃ (3.52)
Then when applied to the converter model, where the arm voltage depends on the arm equivalent capacitor voltages (ᵅ (ᵅ) = ᵅ(ᵅ) ᵅ (ᵅ)) an error is introduced between the arm voltage reference ᵅ * and the real voltage ᵅ being generated since ᵃ ≠ ᵅ (ᵅ).

This second harmonic circulating current impact the converter efficiency increasing the conduction losses, and thus a circulating current suppression control (CCSC) is needed in these control approaches to eliminate it [START_REF] Tu | Reduced switching-frequency modulation and circulating current suppression for modular multilevel converters[END_REF].

In the energy based control scheme using an indirect modulation (ᵅ(ᵅ) = ᵅ * (ᵅ)/ᵅ (ᵅ)) this error is not introduced. Therefore the second harmonic is not present on ᵅ .

Concerning the fundamental frequency component ᵱ on ᵅ , as it will be explained in Section 3.4.2.1.2, it is needed to balance the energy between the upper and lower arms of a same leg. Under nominal conditions and assuming no differences between arms this current in steady state is zero on the MMC. It takes some value only during transients to track back the upper-lower arm energy difference to zero.

Power exchange mechanism

From the previous analysis, the power exchange mechanism in the F2F-MMC is obtained and can be represented in the scheme of Figure 3.6. It can be summarized, assuming a power flow from HV side to LV side, as:

1. HV side MMC converts the DC power into AC power, if both powers are not equal, the difference is stored in the arm capacitors, causing a variation on their average energy. 2. The AC power is transferred from HV side MMC to LV side MMC acting on the difference of the AC voltages generated by both MMCs. 3. LV side MMC converts the received AC power into DC power, if both powers are not equal, the difference is stored in the arm capacitors, causing a variation on their average energy. 4. Upper and Lower arms on the same MMC can exchange power by means of the AC circulating current ᵅ . 

High level control

The F2F-MMC control design follows the principles presented in Chapter 2, i.e. a control scheme based in nested control loops with explicit control of the converter energy. The control is synthetized in the ΔΣ frame.

The control philosophy is to control both MMCs of the structure independently concerning the ᵅ current and the energy. Regarding the AC side control, a master slave strategy is proposed where one MMC sets the AC bus voltage while the second MMC controls the power transfer. In the three cases, the output of these controllers (DC power or DC voltage) set the reference to the AC current (ᵅ * ) accordingly to the selected control mode. The overall control scheme is presented on Figure 3.7. In the following sections, the description and the tuning of each control loop are described starting with the inner control loops (currents) and then the outer loops (energy, DC power and DC voltage).

Note that in the proposed scheme the references to the ᵃ energy controllers depend on the converter control mode (see Figure 3.7). If the converter is operated in DC power control mode, the references are kept constant (ᵃ * ); but if the converter is operated in DC voltage control mode, the references are given to follow the DC voltage measurement (ᵃ ) on the MMC connected to the side being controlled. 

ᵅ (ᵅ) = 1 2ᵃ ᵅ + 2ᵃ ᵃ -ᵅ (ᵅ) (3.53)
These currents are controlled as in Figure 3.8, using a PI controller and a feedforward term equal to the DC voltage (ᵃ ). It should be noted that a control per converter leg is needed. Then for a three phase system three of these controllers are implemented per MMC. The controller parameters are tuned in order to obtain a first order closed loop response with time constant ᵰ using the method presented in Appendix A.2. Therefore the controller parameters for both MMCs should be: 

Circulating current control

Since ᵅ contains not only the DC component but as well an AC current that circulates between phases, a specific control to track the AC reference is needed. An approach using a proportional resonant (PR) controller [START_REF] Bacha | Power electronic converters modelling and control with case studies[END_REF] per converter leg is proposed for this purpose. Its transfer function is:

ᵃ (ᵅ) = 2ᵃ ᵅ ᵅ + ᵱ + ᵃ (3.55)
Where ᵱ makes reference to the resonant angular frequency of the controller.

The PR controller open loop response is presented in Figure 3.9. The response of the controller is selective to the resonance frequency. Therefore the PR controller is tuned at the fundamental AC frequency following the tuning method of [START_REF] Bacha | Power electronic converters modelling and control with case studies[END_REF]. Leading to:

ᵅ ᵃ = ᵃ ᵃ ᵱ + 1 ᵃ = 1000 ᵃ (3.56)
This controller is implemented in parallel with the PI controller of the DC current giving a control approach for ᵅ as presented in Figure 3.10. 

AC current control

The AC current dynamics per phase is described by Eq. (3.16), where it was demonstrated that ᵅ is controlled by the difference on the AC voltages ᵅ of both MMCs. Several options are possible to generate the needed ᵅ on each MMC. In [START_REF] Jovcic | Dual Channel Control with DC Fault Ride Through for MMC-based, Isolated DC/DC Converter[END_REF] a control method is proposed where both MMCs actively control the ᵅ current. To prevent any control saturation or that one MMC control acts against the second MMC controller, the proposed scheme needs a balancing control loop between both MMCs.

Another possible method to control the F2F-MMC, and simpler, is a master slave approach where one MMC sets the AC voltage, while the second MMC controls the AC current. It is proposed to control the AC current using this approach, fixing the LV AC voltage ᵅ while the HV side MMC controls ᵅ acting over ᵅ . Since the considered F2F-MMC is a three-phase system, a dq control scheme is proposed keeping ᵅ as angle reference as in Eq. (3.57).

ᵃ! ᵃ!ᵅ ᵅ ᵅ = ⎣ ⎢ ⎢ ⎢ ⎡ - ᵃ ᵃ ᵱ -ᵱ - ᵃ ᵃ ⎦ ⎥ ⎥ ⎥ ⎤ ᵅ ᵅ + 1 ᵃ ᵅ ᵅ - 1 ᵃ ᵅ ᵅ 0 (3.57)
The equivalent resistance and inductance on Eq. (3.57) is given by Eqs. (3.17) and (3.18). Applying the Laplace transformation to Eq. (3.57) gives:

ᵅ (ᵅ) = 1 ᵃ ᵅ + ᵃ ᵱᵃ ᵅ (ᵅ) + ᵅ (ᵅ) -ᵅ ᵅ (ᵅ) (3.58) ᵅ (ᵅ) = 1 ᵃ ᵅ + ᵃ -ᵱᵃ ᵅ (ᵅ) + ᵅ (ᵅ) (3.59)
Both currents ᵅ and ᵅ are controlled using a PI controller decoupling the axes as presented in Figure 3.11. Since the transfer functions are of first order type like those of ᵅ , the control parameters are tuned in a similar way. Thus, to obtain a first order closed loop response with time constant ᵰ : The current references are given by the external loops, particularly for ᵅ , while the reference to ᵅ is kept to zero. Thus, the AC current is aligned to ᵅ .

ᵅ PI parameters ⎩ ⎨ ⎧ ᵃ = ᵃ ᵰ ᵃ = ᵃ ᵃ ᵃ (3.60) 

Outer control loops

The outer control loops set the references to the controllers of the inner loops as shown in Figure 3.12. To separate the interaction between outer and inner loops, the outer closed loop responses are set to be slower than the inner closed loop responses. In that way, the inner loops appear as a unitary gain for the outer controllers. The converter outer loops are responsible of controlling the converter energy and the DC power or DC voltage according to the converter control mode. 

Energy control

As in [51], [START_REF] Shinoda | Control and Energy Management of MMC-based Multi-Terminal HVDC Grids[END_REF] instead of controlling directly the arm capacitor voltages on the MMC, an energy based control scheme is used. Indeed, controlling the energy on a capacitor is equivalent to control the square of its voltage. For the F2F-MMC the same approach is used implementing an energy control per converter phase on each MMC.

In a similar way as the arm currents are controlled using a transformation ᵆ , the arm energies are controlled using sum and difference terms:

ᵃ ᵃ = 1 1 1 -1 ᵃ ᵃ = 1 2 ᵃᵃ"ᵅ 1 1 1 -1 ᵅ ᵅ (3.61)
It should be noted that the control is based on the average value of the energy, then a low pass filter is needed for the measurements. It is proposed to filter directly ᵅ for each arm before calculating the energies with Eq. (3.61). Consequently, the energy control loops have a filter transfer function on their feedback path as shown in Figure 3.13. If the filter response is set to be faster than the closed loop response, the filter can be treated as a unitary gain on the control design. Thus, the filter design limits the control time response. A second order Butterworth filter is proposed, its design and the impact on the closed loop time response are analyzed in Appendix A.3.

Energy Sum (ᵆ ) control

The expression of the energy sum ᵃ dynamics on one converter leg is obtained by adding Eqs. (3.45)- (3.46):

ᵃ!ᵃ ᵃ!ᵅ = ᵅ ᵅ -ᵅ ᵅ = ᵃ -ᵃ ᵃ (3.62)
From this equation it is clear that the energy sum ᵃ on each converter leg is controlled by the difference on the DC and AC powers per phase. The energy sum controller acts on one of these powers given that the second power is fixed by the power control loop.

In principle, any of both terms, AC or DC, can be chosen as output of the energy sum control stage. However, it should be noted that Eq. (3.62) assume no losses on the converter. Since in a real converter these losses exist there is no reason that evolves exactly in the same manner for all the phases in the circuit. Therefore, in order to prevent any unbalance on the AC quantities it is preferable to control the energy sum on each phase with the DC power [51]. 

ᵃ!ᵃ ᵃ!ᵅ = ᵃ ᵅ - ᵃ * ᵃ (3.63)
Where ᵃ * is the reference given to the AC power. Doing a Laplace transformation:

ᵃ (ᵅ) = 1 ᵅ ᵃ ᵅ (ᵅ) - ᵃ * ᵃ (3.64)
Which is controlled using a PI controller per phase adding the AC power reference as a feedforward term. The controller tuning is done defining a second order closed-loop response following the method proposed in Appendix A.2:

ᵃ PI parameters ᵃ = ᵱ ᵃ = 2ᵰ ᵃ (3.65)
Where ᵰ is chosen to 0.7 and ᵱ is defined as a factor of the filter time response ᵅ :

ᵅ = 1 ᵰ = 1 ᵅ 3ᵅ (3.66)

Energy difference (ᵆ ) control

The expression of the dynamics of ᵃ on one converter leg is obtained subtracting Eqs. (3.45)-(3.46):

ᵃ!ᵃ ᵃ!ᵅ = -2ᵅ ᵅ + 1 2 ᵅ ᵅ (3.67)
If ᵅ is assumed to be purely DC, the products ᵅ ᵅ and ᵅ ᵅ are the product of AC and DC quantities then they do not contribute to the variation of the average energy. Thus, ideally is zero by the intrinsic characteristics of the circuit, meaning that the difference of average energy between upper and lower arms does not vary. However, given the physical differences on real arms that are not taken into account in the model, this could be not the case. In addition, to control both arm capacitor voltages it is necessary to control two state variables, hence the explicit control of ᵃ and ᵃ must be done.

Since the average value of Eq. (3.67) is zero when assuming that ᵅ is composed only by DC component, an AC circulating current is needed to control ᵃ . Indeed, the product 〈ᵅ ᵅ 〉 become not zero if the circulating currents ᵅ are taken into account. Under that assumption, the average value of Eq. (3.67) is:

ᵃ!ᵃ ᵃ!ᵅ = -2ᵅ ᵅ (3.68)
Therefore the output of the energy difference controller sets the reference to ᵅ Σ . The frequency of this AC current should be equal to the frequency of ᵅ in order to have an exchange of power. Additionally, to maximize the power transfer minimizing the currents, ᵅ Σ reference is aligned to ᵅ as presented in Figure 3.15.

To tune the controller, the Laplace transformation is applied to Eq. (3.68):

ᵃ (ᵅ) = - 1 ᵅ 2ᵅ ᵅ (ᵅ) (3.69)
What gives a transfer function similar to the ᵃ case. The controller choice is then the same: a PI controller tuned to have a second order closed-loop response. With ᵰ=0.7 and ᵅ = 1/(ᵅ 3ᵅ ). Since the previous control is dedicated to a given converter phase, a reference for the circulating current ᵅ on each phase is given. If the sum of all the circulating currents is not zero, an AC current will flow into the DC grid. To mitigate this problem two methods were proposed in [START_REF] Shinoda | Energy Difference Controllers for MMC without DC Current Perturbations[END_REF]. The first approach consists in supplying the needed ᵅ on each phase by a contribution from the other two phases. This is done multiplying the ᵅ references obtained as output of the ᵃ controller by a matrix ᵆ to obtain a new set of current references ᵅ′ which sum is zero:

⎣ ⎢ ⎢ ⎡ ᵅ′ ᵅ′ ᵅ′ ⎦ ⎥ ⎥ ⎤ = ᵆ ⎣ ⎢ ⎢ ⎡ ᵅ ᵅ ᵅ ⎦ ⎥ ⎥ ⎤ = ⎣ ⎢ ⎢ ⎢ ⎢ ⎡ 1 - 1 2 - 1 2 - 1 2 1 - 1 2 - 1 2 - 1 2 1 ⎦ ⎥ ⎥ ⎥ ⎥ ⎤ ⎣ ⎢ ⎢ ⎡ ᵅ ᵅ ᵅ ⎦ ⎥ ⎥ ⎤ (3.71)
It is observed that with this approach, the sum of the AC circulating currents given by the references of ᵅ′ is always zero:

ᵅ′ + ᵅ′ + ᵅ′ = 0 (3.72) 
Figure 3.15. Energy difference (ᵆ ) control loop

DC Power and DC voltage control

The F2F-MMC has three different control modes. In the first one, the DC power transfer between DC grids is controlled, whereas in the second and third modes the control of the high or the low DC voltage is achieved. Both control loops are the most external loops in the control structure and should have a time response slower than the energy control loops. As it will be seen the output of these controllers sets the reference to the ᵅ current.

DC Power control

Given the relations between DC and AC power in steady state (Eq. (3.49)), the DC power can be controlled by acting on the AC power. The transfer function is a pure gain:

ᵃ (ᵅ) = ᵃ (ᵅ) = ᵅ ᵅ (ᵅ)ᵅ (ᵅ) (3.73)
This relation is valid when the energy on the converter has reached the steady state, thus the DC power control loop time response has to be slower than the energy loop. A PI controller is implemented to obtain a first order closed loop response. The control parameters are calculated as explained in Appendix A. 

DC Voltage control

To analyze the DC voltage dynamics, the DC line is modelled with an equivalent capacitor as presented in Figure 3.17. This capacitor can be interpreted as the aggregated capacitance of the DC cable and converters connected to the grid [START_REF] Shinoda | Control and Energy Management of MMC-based Multi-Terminal HVDC Grids[END_REF]. The focus of the analysis is done for the MMC connected to the DC side to be controlled, consequently the following analysis is applicable to control either of both sides. In a similar way that the voltage on the converter arm equivalent capacitors were controlled by means of their energy, the voltage on ᵃ is controlled by its energy:

ᵃ!ᵃ ᵃ!ᵅ = 1 2 ᵃ ᵃ!ᵅ ᵃ!ᵅ = ᵃ -ᵃ (3.75)
Where ᵃ corresponds to the DC power exchanged with the DC grid, and ᵃ to the power absorbed by the converter. As it was explained in Section 3.3, the DC power is related to the variation on the leg energy (Eq. (3.62)) and the AC power. It should be noted that Eq. (3.62) was obtained analyzing only one converter phase, a similar result is obtained if the total energy on the converter is taken into account. The total energy stored in one MMC and its dynamics are given by Eqs. (3.76)- (3.77).

ᵃ = 1 2 ᵃᵃ"ᵅ ᵅ + ᵅ = (3.76) ᵃ!ᵃ ᵃ!ᵅ = ᵃ -ᵃ (3.77)
If it is assumed that the energy controllers are fast enough, Eq. (3.76) can be rewritten in function of the arm capacitor voltage references. Assuming that the set point for both arms is the same, i.e. ᵅ * = ᵅ * = ᵅ * , the total energy stored in one MMC is:

ᵃ = 1 2 6 ᵃᵃ"ᵅ ᵅ * (3.78)
Consequently the DC power can be written from Eq. (3.77) as:

ᵃ = ᵃ!ᵃ ᵃ!ᵅ + ᵃ = 1 2 6 ᵃᵃ"ᵅ ᵃ!ᵅ * ᵃ!ᵅ + ᵃ (3.79)
Replacing on Eq. (3.75), it is obtained that the DC grid voltage dynamics depends on the power being converted to AC and the MMC energy variation:

1 2 ᵃ ᵃ!ᵅ ᵃ!ᵅ = ᵃ -ᵃ - ᵃ!ᵃ ᵃ!ᵅ = ᵃ -ᵃ - 1 2 6 ᵃᵃ"ᵅ ᵃ!ᵅ * ᵃ!ᵅ (3.80)
Consequently, the set point given to the MMC energy, ᵃ , will impact directly the DC voltage regulation [START_REF] Shinoda | Virtual capacitor control: Mitigation of DC voltage fluctuations in MMC-based HVDC systems[END_REF], [START_REF] Samimi | Control of DC bus voltage with a Modular Multilevel Converter[END_REF]. For example, if the capacitor voltage references are kept constant the DC grid voltage dynamics becomes:

1 2 ᵃ ᵃ!ᵅ ᵃ!ᵅ = ᵃ -ᵃ (3.81)
By the contrary, if the reference is given to track the measured DC grid voltage [START_REF] Samimi | Control of DC bus voltage with a Modular Multilevel Converter[END_REF]:

1 2 (ᵃ + 6 . ᵃᵃ"ᵅ) ᵃ!ᵅ ᵃ!ᵅ = ᵃ -ᵃ (3.82)
With this approach the capacitance seen by the DC grid increases in 6. ᵃᵃ"ᵅ, contributing to decrease the voltage variations. A more general result where the capacitance seen by the grid can be adjusted by a controlled factor is proposed in [START_REF] Shinoda | Virtual capacitor control: Mitigation of DC voltage fluctuations in MMC-based HVDC systems[END_REF].

Therefore, the F2F-MMC can control the DC voltage of either of the DC ports by setting the AC power reference and the energy stored in the MMC connected to the DC bus being controlled. Applying Laplace transformation to Eq. (3.82), conserving the square of the DC voltage as the variable to be controlled gives:

ᵅ (ᵅ) = 1 ᵅ 2 (ᵃ + 6ᵃᵃ"ᵅ) (ᵃ (ᵅ) -ᵃ (ᵅ)) (3.83)
Therefore the DC voltage is controlled by acting on ᵃ . ᵃ can be added as a feedforward term if the exchanges of power on the rest of the DC grid are known. A PI controller is implemented as presented in Figure 3.18 and tuned to obtain a second order closed loop response. The control parameters are calculated as explained in Appendix A.2.

ᵃ PI parameters ᵃ = ᵱ ᵃ = 2ᵰ ᵃ (3.84)
Where the damping ᵰ is selected to be 0.7, and ᵱ is defined as a factor of the energy loops time response ᵅ = 1/(ᵅ 3ᵰ ) to have a closed loop time constant of ᵰ = ᵅ 3ᵰ . 

Control validation

The validation of the proposed control is done using two different circuits as presented in Figure 3.19, one for the validation of the DC power control mode and one for the DC voltage control mode. The converter parameters and the time constants given for the controller tuning are given in Table 3.1 and Table 3.2. The SM capacitors were sized to have around 10 % of ripple during nominal operation, following the procedure described in Chapter 2. The arm inductances, however, were assumed, taking values close to those reported in literature for the F2F-MMC [START_REF] Jovcic | Dual Channel Control with DC Fault Ride Through for MMC-based, Isolated DC/DC Converter[END_REF]. It should be noted that the sizing of the arm inductances is not straightforward and depends of several factors. The study on the subject is kept as perspective of future works. The simulation results for the DC power control mode are presented in Figure 3.20. It is observed how the DC power on both sides follows the reference obtaining a first order response while the arm capacitor voltages are kept regulated at the nominal value (640 kV and 500 kV) with a ripple of ±10%.

In Figure 3.21 a zoom on the capacitor voltages, arm voltages and arm currents is done around t = 1.6 s. It is seen how these variables follow the expected waveforms, the arm voltage and current are the superposition of the DC and AC quantities, whereas the capacitor voltages have a DC value plus two AC frequencies (the fundamental and a second harmonic). Finally, Figure 3.23 presents the simulation results for the DC voltage control mode where it is seen that effectively the DC voltage is regulated after a perturbation at t = 1s, modelled by the current source in parallel with the DC capacitor. Observe how the regulation is done by acting on the power and converter internal energy. 

Parameter

Behavior under DC faults

To analyze the converter behavior under DC faults, it is assumed that a short circuit occurs on the converter DC terminals. It means that only pole to pole faults are considered. Given the symmetry of the F2F-MMC, the analysis can be done to either HV or LV side and the results apply for both cases.

When the DC fault occurs (ᵅ = ᵅ ), the converter have several stages as illustrated in Figure 3.24.

 Stage ᵅ < ᵅ < :

The converter is unblocked and some of the SMs are inserted while others are bypassed as in normal operation. This state remains until the controller detects the fault and takes some action (ᵅ = ᵅ ).

During this stage each arm on the faulty side MMC have a current variation ᵃ!ᵅ/ᵃ!ᵅ proportional to the voltage on the inserted SMs, the fault impedance and the arm inductances. The arms having a positive current before the fault will decrease their current and once it is negative it will continuously increase in negative sense feeding the fault, while the arms having a negative current before the fault will increase their current magnitude. This is shown in the time diagram of Figure 3.24.

Considering the healthy side MMC, the fault appears as an overcurrent on the AC side causing an increase on the arm AC current magnitude. However, the DC current is not affected.

 Stage ᵅ < ᵅ < :

At ᵅ = ᵅ the controller detects the fault and takes action. In order to prevent the discharge of the faulty side MMC SM capacitors into the fault, which would cause higher fault currents, and to protect the SM semiconductors, the faulty side converter is blocked. During this state the converter behaves as a diode rectifier (formed by the SM lower diodes). If no action is taken on the AC side, the AC current will contribute to the fault.

Since, in a F2F-MMC, the AC side voltage is generated internally by the second MMC, the AC contribution can be avoided by stopping the AC modulation. This action is done by blocking the healthy side MMC. Therefore, when the controller detects the fault (ᵅ = ᵅ ) the blocking action is applied also to the healthy side [START_REF] Gowaid | Quasi two-level operation of modular multilevel converter for use in a high-power DC transformer with DC fault isolation capability[END_REF].

Thus, during ᵅ < ᵅ < the faulty side MMC arm currents are given only by the discharge of the arm inductors as showed in Figure 3.24. Considering the healthy side MMC, the arm currents decrease rapidly to zero and so does the healthy side DC current. At ᵅ , the fault side MMC inductors on phase ᵅ are totally discharged and there is no more contribution to the DC fault current. Then from ᵅ = max(ᵅ ) all converter arm currents are zero and there is no more contribution of the converter to the fault current. The presented results and analysis demonstrate the capability of the F2F-MMC to block the propagation of DC faults between DC grids by only blocking both MMCs. As it has been seen there is no contribution of the healthy side into the fault. However, this approach causes an abrupt interruption of the healthy side DC current. This could lead to a disturbance on the healthy DC side voltage that can compromise the stability of the healthy grid. In the results of Figure 3.25 there is no voltage disturbance since the healthy grid is modelled as an ideal DC voltage source, but in a more realistic simulation, like those of the case study presented later in the chapter, it is seen how the healthy side DC voltage is affected. 

Proposed control during DC faults

In order to decrease the healthy side DC voltage disturbance it is proposed to control the healthy side MMC during faults instead of blocking it. Some examples of keeping unblocked the healthy side MMC during faults are found in [START_REF] Jovcic | Dual Channel Control with DC Fault Ride Through for MMC-based, Isolated DC/DC Converter[END_REF], [START_REF] Li | Active Control of DC Fault Currents in DC Solid-State Transformers During Ride-Through Operation of Multi-Terminal HVDC Systems[END_REF].

In [START_REF] Jovcic | Dual Channel Control with DC Fault Ride Through for MMC-based, Isolated DC/DC Converter[END_REF] only the faulty side MMC is blocked while the healthy side MMC is used to regulate the inner AC currents without an explicit control on the converter energy or the DC side current. The discussion is done for the internal converter variables without giving some insights on the effects on the DC grids being interconnected. In [START_REF] Li | Active Control of DC Fault Currents in DC Solid-State Transformers During Ride-Through Operation of Multi-Terminal HVDC Systems[END_REF] it is proposed to keep both MMCs unblocked during the fault before opening a DC circuit breaker (DCCB) to isolate the fault. In this approach, the idea is to avoid a power flow interruption between DC grids. Nevertheless, this technique is only possible if high inductors are added on the terminals of each line in order to slow down the voltage drop on the faulty side before the DCCB is opened. Thus the method is only applicable in coordination with external protection systems as DCCBs and line inductors, limiting the application of the scheme to specific cases.

In this section, a new general method that does not depend on the external protection strategies is proposed. It takes the same philosophy of [START_REF] Jovcic | Dual Channel Control with DC Fault Ride Through for MMC-based, Isolated DC/DC Converter[END_REF] of only blocking the faulty side MMC and actively controlling the AC currents with the unblocked MMC. However, differently to [START_REF] Jovcic | Dual Channel Control with DC Fault Ride Through for MMC-based, Isolated DC/DC Converter[END_REF], in the proposed control approach, the healthy side DC current is explicitly controlled. The idea is to slow down the transition of the DC power to zero as shown in Figure 3.26. In this figure, a power flow from the converter to the grid was assumed before the fault, in the contrary case the same approach is applicable but the disturbance on the DC voltage is an overvoltage. In both cases an exchange of power between the converter and the healthy DC grid is required causing a variation on the internal converter energy, which is be discharged or overcharged according to the power direction before the fault. As it was presented in Section 3.4, the DC current reference is given by the energy controller. Then two options are possible to achieve a smooth transition to zero: to change the energy controllers to have a slower response during faults or to deactivate them temporary and set directly the DC current reference (ᵅ Σ * ). The results of the first approach were published in [START_REF] Páez | Study of the impact of DC-DC converters on the protection strategy of HVDC grids[END_REF], the reader can refer to it for further details. In this chapter, the second alternative is presented. Indeed, the approach proposed in [START_REF] Páez | Study of the impact of DC-DC converters on the protection strategy of HVDC grids[END_REF] supposes that after the fault the converter energy is tracking back to its nominal value by using the healthy grid. However, there is not an argument to justify this procedure. For example, the converter can be recharged again by using the faulty side once it has been recovered from the fault.

Concerning the AC current, as it was explained in Section 3.4, it is controlled by the difference of voltages ᵅ -ᵅ . Then if one of the converters is blocked during faults, the unblocked MMC can still generate an AC voltage ᵅ to control the AC current and decrease it to zero preventing any contribution of the AC side into the fault. To achieve this objective, the AC voltage ᵅ is decreased to almost zero to prevent any rectification process on the equivalent diode rectifier formed by the faulty side MMC.

Since the AC current is controlled to zero, there is no AC power being exchanged with the healthy side MMC. Therefore the converter will have a variation of its internal energy depending on the DC power and the time of the transition:

Δᵃ (ᵅ) = ᵃ (ᵅ) -ᵃ = ᵃ (ᵰ) ᵃ!ᵰ (3.85)
The proposed control should achieve the DC power transition of Figure 3.26 in a way that the converter energy remains inside some margins ᵃ :

ᵃ < ᵃ + Δᵃ < ᵃ (3.86)

Healthy side MMC energy limits during faults

The minimal average energy ᵃ per arm required for operation depends on the maximal arm voltage to be generated. As it has been explained, the voltage that an arm should generate is the sum of the DC and AC components. Since during faults the AC voltage is decreased to zero, the required arm voltage is only the DC part:

ᵅ = ᵅ = ᵃ 2 (3.87)
Therefore, the minimum energy of one arm on the healthy side MMC should be enough to generate half of the DC voltage:

ᵃ ≈ 1 2 ᵃᵃ"ᵅ ᵃ 2 (3.88)
Concerning the maximal energy, the value depends on the number of SMs and its voltage rating:

ᵃ = ᵃ 1 2 ᵃ ᵃ = ᵃ 1 2 ᵃ ᵃ ᵃ (3.89)
Comparing with Eq. (3.51) it appears that the maximal energy is the same as the nominal energy. Therefore if a positive Δᵃ is required during faults, the converter should be oversized to absorb the excess of energy increasing the number of SMs or increasing the SM voltage rating. Another alternative is to include an element to burn this energy as the dynamic braking system proposed in [START_REF] Ramet | Application of dynamic braking systems in off-shore connected VSC HVDC[END_REF].

Control Scheme during faults

In order to decrease slowly the healthy side DC current, it is proposed to give a filtered reference to the healthy side ᵅ during faults, as presented in Figure 3.27.

If a first order low pass filter is used, the power reference decrease as:

ᵃ (ᵅ) = ᵃ ᵃ" - (3.90)
Where ᵃ is the DC power being transmitted before the fault and ᵰ the filter time response. To achieve the slowest response time, ᵰ is calculated online according to the maximal allowed Δᵃ fixed by the energy limits and the available energy when the fault occurs. This value can be obtained replacing (3.90) in (3.85): Taking the above explanations, the F2F-MMC control scheme of Figure 3.7 is modified to include the proposed control method during faults. This new scheme is presented in Figure 3.28, where the red blocks represent the control actions during faults.

Δᵃ = ᵃ -ᵃ ≈ ᵃ ᵃ" - ᵃ!ᵅ
As observed, during faults, the references to ᵅ are given with the previously explained method, and the AC current references are set to zero. If the fault occurs on the MMC that controls the AC current (HV side MMC), the MMC that fixes the AC voltage (LV side MMC) switches to AC current control mode. Figure 3.29 presents the simulation results of the proposed control method for the same circuit configuration previously presented for the analysis of Figure 3.25. It is seen that the transition to zero power is effectively slowed down by discharging the healthy side capacitors. It is seen as well that the arm capacitors do not reach the minimal expected value (ᵃ /2). The reason is that the DC current ᵅ affects the total energy on each converter leg and not the individual energies on each arm. Then, since before the fault, each arm has a different energy due to the capacitor voltage ripple, the DC current affects the average value of both same leg capacitor voltages, which as it is observed is reduced to almost ᵃ /2 . Therefore the computation of the energy limits should keep into account the capacitor voltage ripple. In the presented case, the minimal energy limit was set for a capacitor voltage of 325 kV. It is observed that the average between upper and lower arm voltages is effectively around this value.

The obtained results demonstrate the effectiveness of the proposed method to control the healthy DC side current without contributing to the faulty side current. The impact on the reduction of the healthy side DC voltage disturbance is analyzed in the following section. 

Case study

Figure 3.30 shows the proposed case study in Chapter 2 implemented with the F2F-MMC. The system is first studied under normal conditions and then a pole to ground fault is done on cable C4 at 100 km from station MMC4. Since both grids are in asymmetrical monopole configuration, the fault appears to the F2F-MMC as a pole-to-pole DC fault, therefore the previously developed analyses are applicable. 3.3. The control of the MMC stations is not detailed but is based in the proposed control scheme for the HV side MMC on the F2F-MMC. It would be straightforward to the reader to reconstruct the MMC control scheme from the explanation given in Section 3.4. The time constants for each control loop of all stations are given in Table 3 

Normal operation

For the study in normal operation a set of different DC power references is given to the stations MMC2, MMC4 and F2F-MMC and the results are presented in Figure 3.31, where the DC power and DC voltage measured on each station are represented. The internal converter energy is also presented which is calculated as the sum of the individual energies stored on each arm. At t=1.1s a power step reference of 600 MW is given to MMC2, as consequence MMC1 follows the same DC power to keep controlled the DC voltage which varies in 4.5%. At t=1.9s a power step reference of 400 MW is given to station MMC4, it is observed that similarly to the previous case, the station controlling the DC voltage (MMC3 in this case) follows the DC power to keep regulated the DC voltage witch varies in 10%. When controlling the DC voltage, stations MMC1 and MMC3 experience a variation on their internal energy which is consistent with the proposed control scheme of following the DC voltage variations with the converter energy (see Section 3.4.2.2.2 and references [START_REF] Shinoda | Virtual capacitor control: Mitigation of DC voltage fluctuations in MMC-based HVDC systems[END_REF], [START_REF] Samimi | Control of DC bus voltage with a Modular Multilevel Converter[END_REF]) while the converter energy on the other stations, which are in power control mode, is kept constant. From t=1s to t=3.2s, it is seen how the F2F-MMC converter decouples both DC systems. Each P2P link is controlled independently and the variations on the DC voltage or DC power on one DC grid do not affect the second grid. At t=3.2s a set point of -400 MW is given to the F2F-MMC which causes an exchange of power between both DC systems, LV DC grid transfers 400 MW to HV DC grid. In order to keep regulated the DC voltages on both grids, stations MMC1 and MMC3 change their power and internal energy, while stations MMC2 and MMC4 keep the same DC power reference. At t=4s the DC power reference on station MMC2 is decreased to 300 MW, causing a variation on the power and energy of station MMC1 to regulate the DC voltage. It is observed that the F2F-MMC is still decoupling both DC systems even if a power exchange between both DC grids is taking place. The power variation at t=4s only affects station MMC1 and not the LV DC voltage nor stations MMC3 and MMC4. This simulation results demonstrate the F2F-MMC capability of interconnecting two DC systems to exchange power guarantying a decoupling on the operation of both systems in normal conditions, i.e. with no DC faults.

Operation under DC faults

To study the behavior of the system during DC faults a pole-to-ground fault is done on the LV DC grid at t=5s. Two different power flow scenarios before the fault are considered, when the power on the F2F-MMC is positive or negative, meaning that the exchange of power is from/to HV DC grid to/from LV DC grid. Both scenarios are presented in Figure 3.32. The analysis is done comparing three different behaviors of the F2F-MMC. In the first case, the F2F-MMC is totally blocked as soon as the fault is detected. In the second case, the converter is controlled as proposed in Section 3.5.1. Finally in the third case, the F2F-MMC is also controlled during faults but this time the submodule capacitance on the HV MMC has been doubled to compare the effect of increasing the converter installed energy. Table 3.5 presents the F2F-MMC HV-MMC energy for the different studied cases (within parentheses the corresponding arm ᵅ are presented). The energy limits are also presented, the minimal energy is obtained assuming an arm capacitor voltage reduction to the half of the nominal value, whereas the maximal energy limit is calculated assuming a maximal voltage variation of +0.8 p.u. The time constant to reduce the DC power after the fault, according to the proposed control during faults, is also presented. This time constant is calculated for the retained power flow scenarios based in the calculations of Section 3.5.1.

Figure 3.33 presents the F2F-MMC DC voltage and current on the faulty side for the simulation results of the different cases. It is observed that, as expected, there is no difference when blocking or controlling the F2F-MMC with the proposed control scheme, in both cases the contribution to the fault current is the same. The observed peaks on the DC current after the fault are caused by the oscillations on the voltage after the fault. In fact for small time intervals the DC fault voltage becomes negative which causes a forward bias of the freewheeling diodes on the converter SMs. Regarding the impact on the healthy side, the results for the scenario ᵃ = -400 ᵃᵃ are presented in Figure 3.34. The DC voltage and DC power measured on stations MMC1 and MMC2 are presented, as well as the converter energies on these stations and in the F2F-MMC HV-MMC. It is observed how the DC power is reduced slowly to zero when the F2F-MMC is controlled using the internal energy with the proposed control scheme in contrast to the abrupt transition to zero when it is entirely blocked and the energy is kept constant. It is seen that when the installed energy is doubled the time to achieve zero power is doubled. Observing the DC voltage, it is verified how the fault on the LV grid causes a disturbance on the HV grid. The voltage drop amplitude is slightly decreased, between 1% and 3%, when the F2F-MMC is controlled during the fault. Doubling the installed energy on the F2F-MMC does not seem to have a considerable impact. However this result depends on the DC grid control scheme and how the rest of the stations are controlled.

F2F-MMC

Regarding the DC power on the AC-DC converter stations, it is seen that while the station MMC2 maintains its DC power constant (this station is in power control mode), station MMC1 follows the F2F-MMC power variation in order to maintain controlled the DC voltage. Thus, with the proposed control method, the power transition on MMC1 is slowed down which could be beneficial. Figure 3.35 presents the healthy side behavior obtained in the simulation of the scenario ᵃ = 400 ᵃᵃ . It is observed that since the F2F-MMC energy is not allowed to have a strong variation when absorbing energy, the results of blocking or controlling the converter do not show a significant difference.

It should be noted that the results presented above are dependent on the control strategy of the DC voltage in the grid, so they cannot be a general conclusion for all systems. As an example, the same exercise was done changing the control strategy on station MMC1, particularly the DC voltage and energy control loops following the technique proposed in [START_REF] Shinoda | Virtual capacitor control: Mitigation of DC voltage fluctuations in MMC-based HVDC systems[END_REF] with a value of ᵅ =0.5, obtaining the results of Figure 3.36 for the scenario ᵃ = -400 ᵃᵃ and Figure 3.37 for the scenario ᵃ = 400 ᵃᵃ .

In the first case it is seen how the reduction on the voltage dip is now 4% and 6% with the proposed control scheme and both installed energies. In the second case, the difference is still not significant when blocking or controlling the converter since the allowable energy variation on the F2F-MMC is low. The study done during faults demonstrates that even if two DC systems interconnected with a F2F-MMC are decoupled in normal conditions, the fault condition of one system causes a disturbance on the second system which is not avoided even if the F2F-MMC blocks the propagation of the fault current.

The proposed control scheme during faults have proven the effectiveness for reducing the voltage dips but is limited in the case when the disturbance is a DC overvoltage. This is caused by the limited capability of absorbing energy.

Finally the simulation results demonstrated to be dependent on the control scheme of the grid and not only the DC-DC converter. 

Chapter Conclusions

In this chapter the Front-to-Front MMC was studied applying the average model technique introduced in Chapter 2. The mathematical description of the circuit was developed. Using the transformations (ΔΣ), proposed in literature for the MMC, simplified the analysis, decoupling the DC, AC and circulating currents.

The analysis in steady state allowed to establish the power exchange mechanisms inside the converter and it has been confirmed mathematically how the circuit operation is based in the total conversion of the DC power into AC form before being reconverted again on DC. The effects of this double conversion chain in the converter performance compared with other structures will be addressed in Chapter 5.

A control strategy based on a master-slave approach was proposed where one MMC on the structure sets the internal AC bus voltage while the second MMC controls the power transfer. The DC power is then controlled indirectly by the control of the internal converter energy.

While the effectiveness of the control scheme was validated in simulation and in the case study, several open questions and research opportunities on the control strategy remain. For example in the proposed scheme the AC current is aligned with the LV MMC AC voltage which could be not an optimal operation point. Another possibility of further research is how to use the AC voltage inside the structure as degree of freedom considering that in the proposed control scheme this voltage was fixed.

Regarding the behavior of the circuit in case of DC faults, an analysis was done and the capability of the circuit to stop the propagation of faults between DC grids was confirmed. A control method was equally proposed based in the use of the internal converter energy to support the healthy side after faults.

A case study of the interconnection of two DC grid was implemented using the F2F-MMC. From this study, it was verified how both DC systems are decoupled under normal conditions when the converter is operating in power control mode. A further research topic can be the study of the system when the F2F-MMC is in DC voltage control mode, and even the development of more complex control strategies like DC voltage droop.

Under a fault scenario, even if the fault propagation is stopped by the F2F-MMC, the healthy DC grid experiences a disturbance caused by the interruption of the DC power being exchanged with the faulty grid before the fault. The proposed converter control during faults can contribute to decrease the disturbance under certain conditions depending on the available converter energy and the maximal allowed energy variation. The effectiveness of the method depends also from the DC grid voltage control strategy. This study confirms the need of studying the DC-DC converters as an element of a DC system and not only studying the circuit by itself, since the system requirements could set the sizing of some parameters in the circuit (for example the installed energy or the capability of absorb/burn excess of energy to prevent over-voltages).

Finally other further research topics in this area could be related to the AC transformer, which in the study was considered to be ideal but is key for the operation of the structure in medium frequency or with different voltage waveforms. As well the interconnection of DC systems with different architecture, particularly the symmetrical monopole case.

Introduction

The DC Modular Multilevel converter (here denominated DC-MMC, but also known in literature as M2DC) is a non-isolated DC-DC converter formed by the interconnection of several MMC converter legs in parallel, where the AC output ports have been connected together on the LV DC output port through an AC filter. The AC filter can be of different types and its principal function is to mitigate the propagation of AC currents into the DC grid [START_REF] Kish | On the Emerging Class of Non-Isolated Modular Multilevel DC-DC Converters for DC and Hybrid AC-DC Systems[END_REF] and the magnitude of the AC circulating currents. The different possible filter technologies are passive [START_REF] Ferreira | The multilevel modular DC converter[END_REF], [START_REF] Norrga | The polyphase cascaded-cell DC/DC converter[END_REF], [START_REF] Li | A DC-DC power converter study for High Voltage Direct Current (HVDC) grid: Model and control[END_REF], [START_REF] Yang | Modular and scalable DC-DC converters for medium-/high-power applications[END_REF], magnetic [START_REF] Ferreira | The multilevel modular DC converter[END_REF], [START_REF] Kish | A modular multilevel DC/DC converter with fault blocking capability for HVDC interconnects[END_REF], or active [START_REF] Du | A Transformerless Bipolar Modular Multilevel DC-DC Converter with Wide Voltage Ratios[END_REF], [START_REF] Klimczak | Double Wye Modular Multilevel Converter-Direct DC-DC Topology[END_REF].

Being the simplest solution, a passive filter formed by one AC inductor per phase as presented in Figure 4.1. This topology is retained for further study in this chapter.

The required type of sub-modules (SM) in this topology depend if fault blocking capability is required or not. If this feature is required, the upper arms require a number of bipolar SMs, for example Full-bridge (FB) SMs, in order to stop the propagation of faults when they occur on the HV side [START_REF] Schön | Comparison of modular multilevel converter based HV DC-DC-converters[END_REF]. If no fault blocking capability is needed, the upper arm can be implemented entirely with Half-Bridge (HB) SMs. Concerning the lower arms, HB-SMs are sufficient in both cases.

The working principle of the topology is to circulate directly DC currents between both DC grids and to generate internal AC currents to balance the converter energy. As it will be seen, the circulating AC power required for the energy balance is less than the nominal DC power, therefore the converter is not a DC-AC-DC conversion chain since only a given power ratio is converted into AC form. The characteristic of needing AC circulating currents makes necessary a path for the AC current circulation. This can be achieved with a multi-phase circuit, or an auxiliary branch as in [START_REF] Ferreira | The multilevel modular DC converter[END_REF] where a one phase circuit with tuned filter is proposed. Given the power levels of the case study defined in Chapter 2, a three-phase system is retained. Since the AC current is internal to the circuit, its waveform can be set to different modulation shapes and frequencies. In this chapter, a sinusoidal modulation scheme at medium frequency (150 Hz) is considered. The effects of increasing the operating frequency are addressed in Chapter 5.

As it is observed in Figure 4.1, both DC sides share a common port, thus the presented circuit is only valid for the interconnection of asymmetrical monopolar DC systems. However, some examples of adapting the circuit for symmetrical monopole and bipole cases have been proposed in literature [START_REF] Kish | Modeling techniques for dynamic and steady-state analysis of modular multilevel dc/dc converters[END_REF], [START_REF] Kish | A modular multilevel DC/DC converter with fault blocking capability for HVDC interconnects[END_REF]. In these cases, two of the circuits shown in The organization of the chapter is as follows: In Section 4.2, the reduced average model of the circuit is presented. In Section 4.3, a mathematical description of the converter is developed, describing the circuit dynamics, its operation and steady state. A control method is proposed in Section 4.4 for normal operation. The study of the topology under DC faults is developed in Section 4.5, where the features of the circuit to stop the propagation of DC faults are explored and the impact of this capability regarding the circuit design is analyzed. Finally in Section 4.6, the case study for the interconnection of two HVDC grids, previously defined in Chapter 2, is studied with the DC-MMC.

The main contributions of this chapter are the proposition of an energy based control for the DC-MMC, the analysis of its capability of blocking the fault current in case of DC faults and its impact on the converter design, and the study of its grid integration.

Converter reduced average model

Applying the average models developed in Chapter 2, the DC-MMC average model [START_REF] Kish | Dynamic modeling of modular multilevel DC/DC converters for HVDC systems[END_REF] is presented in Figure 4.3. Only one phase of the circuit is represented, however it should be kept in mind that the circuit includes several phases (or an auxiliary branch as in [START_REF] Ferreira | The multilevel modular DC converter[END_REF]) needed for the AC current circulation which is necessary for the energy balancing.

The mathematical description will be done for only one phase, and the discussion about the interaction with the other phases will be addressed when needed.

The model notation includes sub-indexes ᵅ and ᵅ for making reference to the different variables and parameters of upper and lower arms. In the same way a sub-index AC or DC is added to make reference to an AC or DC quantity.

In the proposed model, the arm inductances on upper and lower arms are supposed to have the same value. However the number of SMs and capacitor values on upper and lower arms can be different. As a consequence, the upper and the lower arms could have different values for the equivalent arm capacitor (ᵃᵃ"ᵅ).

Two control variables per leg should be generated by the converter control system: the modulation indexes for the upper (ᵅ ) and lower arms (ᵅ ). In addition the controller generates the blocking orders ᵃᵅᵅ to block the arms when needed. 

ᵃ + ᵃ -ᵃ -ᵃ ᵃ + ᵃ ᵃ! ᵃ!ᵅ ᵅ ᵅ = -(ᵃ + ᵃ ) ᵃ ᵃ -(ᵃ + ᵃ ) ᵅ ᵅ - ᵅ ᵅ + 1 -1 0 1 ᵃ ᵃ (4.1)
Where the arm voltages (ᵅ , ᵅ ) are set by the modulation indexes and the voltage on the arm equivalent capacitors:

ᵅ ᵅ = ᵅ 0 0 ᵅ ᵅ ᵅ (4.2)
The capacitors dynamics is given accordingly to the average model: All along the chapter, the analysis will be done assuming no losses, which approximates the DC power being exchanged on both DC grids to be equal

ᵃ! ᵃ!ᵅ ᵅ ᵅ = ⎣ ⎢ ⎢ ⎡ ᵅ ᵃᵃ"ᵅ 0 0 ᵅ ᵃᵃ"ᵅ ⎦ ⎥ ⎥ ⎤ ᵅ ᵅ
ᵃ = ᵃ = ᵃ ᵃ = ᵃ = ᵃ ᵃ (4.4)
From this expression, a DC transformation ratio can be defined:

ᵅ = ᵃ ᵃ = ᵃ ᵃ (4.5)

Delta-sigma (ᵪᵫ) transformation

In order to develop the converter control, the converter equations are transformed in a ΔΣ frame to decouple the current state variables [START_REF] Kish | Modeling techniques for dynamic and steady-state analysis of modular multilevel dc/dc converters[END_REF], [START_REF] Li | Design and control of modular multilevel DC converter (M2DC)[END_REF]. The proposed transformation is similar as it was done for the F2F-MMC. It is presented in Eqs. Being the inverse transformation:

ᵅ ᵅ = ᵆ -ᵅ ᵅ = 0.5 1 -0.5 1 ᵅ ᵅ (4.8) ᵅ ᵅ = ᵆ -ᵅ ᵅ = -1 0.5 1 0.5 ᵅ ᵅ (4.9)
Applying these transformations, the DC-MMC equations become:

ᵃ!ᵅ ᵃ!ᵅ = - 2ᵃ 2ᵃ ᵅ - 1 2ᵃ ᵅ + 1 2ᵃ ᵃ (4.10) ᵃ!ᵅ Δ ᵃ!ᵅ = - ᵃ ᵃᵅᵅ 2 + ᵃ ᵅ ᵃ ᵃᵅᵅ 2 + ᵃ ᵅ ᵅ Δ + 1 ᵃ ᵃᵅᵅ 2 + ᵃ ᵅ ᵅ Δ + 1 ᵃ ᵃᵅᵅ 2 + ᵃ ᵅ ᵃ 2 -ᵃ (4.11) ᵃ! ᵃ!ᵅ ᵅ ᵅ = ⎣ ⎢ ⎢ ⎡ 1 2 ᵅ ᵃᵃ"ᵅ ᵅ ᵃᵃ"ᵅ - 1 2 ᵅ ᵃᵃ"ᵅ ᵅ ᵃᵃ"ᵅ ⎦ ⎥ ⎥ ⎤ ᵅ ᵅ (4.12)
These equations can be interpreted as the equivalent circuit on Figure 4.7, where it is seen that both currents ᵅ and ᵅ are decoupled, which allows to simplify the control design of the current loops (this choice, however, couples the arm energies). In this equivalent, however, the AC and DC quantities are not decoupled as in the case of the F2F-MMC (see Chapter 3).

A further analysis on the converter operation and the relation with the currents and voltages in the ΔΣ frame is done in the following section. 

Steady state analysis 4.3.2.1 DC solution

Observing the DC grid currents and the DC arm currents on Figure 4.6, it is clear that grid and arm DC currents are related as:

ᵃ ᵃ = ᵅ (4.13) ᵃ ᵃ = ᵅ -ᵅ (4.14)
Where ᵃ is the number of legs on the circuit. From these equations, the DC arm currents in steady state are:

ᵅ ᵅ = 1 ᵃ ᵃ ᵃ -ᵃ (4.15)
Regarding the DC arm voltages in steady state, they can be estimated easily if low resistive losses are assumed. Under that assumption, the DC voltage drop on the circuit impedances is low. Consequently from the DC equivalent on Figure 4.6 the arm DC voltages can be approximated to:

ᵅ ᵅ ≈ ᵃ -ᵃ ᵃ (4.16)
Eqs. (4.15)-(4.16) show that while the lower arms generate the totality of the LV grid voltage, the HV grid voltage is shared by upper and lower arms. In the same manner while the upper arms see the HV current the lower arms carry the difference between HV and LV side currents. This characteristic of current and voltage sharing on the converter arms make the topology particularly interesting.

Analyzing the DC power being exchanged on each converter arm, it is obtained:

ᵃ = ᵅ ᵅ = ᵃ ᵃ (ᵃ -ᵃ ) (4.17) ᵃ = ᵅ ᵅ = ᵃ -ᵃ ᵃ ᵃ (4.18)
Expressing both equations in function of the DC transformation ratio ᵅ gives:

ᵃ = ᵃ ᵃ 1 - 1 ᵅ = ᵃ 1 - 1 ᵅ (4.19) ᵃ = ᵃ ᵃ 1 ᵅ -1 = -ᵃ 1 - 1 ᵅ (4.20)
The interpretation of these equations is that in steady state, the upper arms absorb a DC power equal to ᵃ 1charging the arm capacitors while the lower arms deliver the same amount of DC power discharging its capacitors. Thus, to equilibrate the arm energy it is necessary to transfer the excess of energy from the upper arms to the lower ones. This is done by converting the DC power into AC form and circulating it inside the converter. Therefore, the AC power circulating internally on the DC-MMC is equal to:

ᵃ = -ᵃ 1 - 1 ᵅ (4.21)
This equation demonstrates another advantage of the circuit: only a fraction of the DC power is converted into AC form. Since the AC power depends on ᵅ , the circuit is particularly interesting for low voltage transformation ratios where less power needs to be circulated in AC form. For high values of ᵅ , the AC power increases, increasing the converter losses. An analysis comparing different values of ᵅ is done in Chapter 5.

AC solution

In this section, the mechanism to achieve the transfer of AC power between upper and lower arms is analyzed. From the current dynamic equations (Eq. (4.1)), the circuit AC equations can be found by replacing the derivative term by ᵅᵱ, being ᵱ the circuit operating angular frequency. If resistive losses are ignored, the AC currents are given by:

ᵅ ᵅ = - 1 ᵅᵱ ᵃ + ᵃ -ᵃ -ᵃ ᵃ + ᵃ - ᵅ ᵅ (4.22)
Rewriting the equation in a dq frame assuming the lower arm voltage as angle reference gives:

ᵃ + ᵅ ᵃ ᵃ + ᵅ ᵃ = - 1 ᵅᵱ ᵃ + ᵃ -ᵃ -ᵃ ᵃ + ᵃ - ᵃ + ᵅᵃ ᵃ (4.23)
Separating real and imaginary parts, and solving the inductance inverse matrix:

⎣ ⎢ ⎢ ⎢ ⎡ ᵃ ᵃ ᵃ ᵃ ⎦ ⎥ ⎥ ⎥ ⎤ = 1 ᵱᵃ (ᵃ + 2ᵃ ) ⎣ ⎢ ⎢ ⎡ 0 -(ᵃ + ᵃ ) 0 ᵃ + ᵃ 0 ᵃ 0 -ᵃ 0 ᵃ 0 ᵃ + ᵃ ⎦ ⎥ ⎥ ⎤ ⎣ ⎢ ⎡ ᵃ ᵃ ᵃ ⎦ ⎥ ⎤ (4.24)
The AC power on each arm is then:

ᵃ = ᵃ ᵃ 2 + ᵃ ᵃ 2 = ᵃ ᵱᵃ (ᵃ + 2ᵃ ) ᵃ ᵃ 2 (4.25) ᵃ = ᵃ ᵃ 2 + ᵃ ᵃ 2 = - ᵃ ᵱᵃ (ᵃ + 2ᵃ ) ᵃ ᵃ 2 (4.26)
It is observed that both arm exchange the same amount of AC power. Therefore, it is possible to guarantee an energy balance on the DC-MMC by setting the AC power reference according to Eq. (4.21).

The AC power is fixed by the voltage on both arms (magnitude and phase), which set as well the arm currents (Eqs. (4.22)-(4.24)). Therefore, an optimization problem must be solved to minimize the arm currents guarantying the converter energy balance. Assuming that the number of SMs per arm is less than two times those needed to generate the arm DC voltages, i.e. ᵃ ᵃ < 2ᵃ , it is observed that for ᵅ < 2

the lower arm AC voltage is limited by the number of installed SMs, while for ᵅ > 2, the limit is given by the arm DC voltage. For the upper arm, the AC voltage is limited by the arm DC voltage for ᵅ < 2 and by the number of SMs for ᵅ > 2. Thus, the maximal arm AC voltage for each case are:

ᵃ = ᵃ -ᵃ for ᵅ < 2 ᵃ ᵃ -(ᵃ -ᵃ ) for ᵅ > 2 (4.30) ᵃ = ᵃ ᵃ -ᵃ for ᵅ < 2 ᵃ for ᵅ > 2 (4.31)
After defining the maximal AC voltages, the optimization problem can be solved. A graphical approach is proposed to identify the optimum. For this purpose, a circuit example given by the parameters of Table 4.1 is considered. For this analysis, it was assumed that Figure 4.9 presents the resulted arm current magnitudes for the different combinations of ᵃ , ᵃ and ᵃ that are a solution. The value of the currents is given by the color-bar on the graph. The AC current magnitude on the filter inductance ᵃ is also presented.

From this analysis, the minimal arm currents are obtained when both arms generate the same AC voltage magnitude (140 kV in the example) and it is the maximum possible:

ᵅ = ᵅ = ᵃ (4.32)
Therefore the AC voltage is given by the minimum of ᵃ and ᵃ (Eqs. (4.30)-(4.31)):

ᵃ = min(ᵃ -ᵃ , ᵃ ) (4.33)
Concerning the phase angle, in the optimal point, the upper arm voltage is almost in counter phase with respect to the lower voltage, i.e. ᵃ is negative taking its maximum value and ᵃ is the lowest possible value. The phasor diagram for the optimum is presented in Figure 4.10. This solution verifies the optimal point of the DC-MMC, which has been reported in [START_REF] Yang | Phasor domain steady-state modeling and design of the DC-DC modular multilevel converter[END_REF] by a different approach. It is also observed in Figure 4.9 that minimizing the arm currents maximizes the output filter current and vice versa. Having minimal arm currents is preferable over minimizing the filter currents because the losses on hundreds of semiconductors on the converter arms are higher compared to the conduction losses on the inductor ᵃ . In addition, if the AC voltages are not set on the optimum point the arm currents can take very high values (around 14 kA in the worst case for the example), while the output filter current is always lower than 1 kA.

Since at the optimal point the AC current on the output inductor is maximal, a high inductance for the filter should be chosen to decrease the value to an acceptable range. In Figure 4.11, the arm and inductor currents for different values of ᵃ are presented. The same circuit example previously analyzed is assumed and the AC arm voltages are set to the optimal point. It is observed that increasing the output inductance decreases the current, not only for the filter but also on the converter arms. However from one value of ᵃ the increase in the inductance does not generate a notable reduction of the arm currents, meaning that there is no point to continue increasing its value and the associated costs of having larger filter reactors. Figure 4.11 also presents the impact of the arm inductances on the arm and filter currents. It is seen that a low inductance value is preferable. However, there is a minimum value given mainly from the constraints under DC faults to slow down the increase of the fault current until the converter is blocked, and also associated with the control resolution [START_REF] Li | Design and control of modular multilevel DC converter (M2DC)[END_REF], [START_REF] Kontos | Reactor design for DC fault ride-through in MMC-based multi-terminal HVDC grids[END_REF]. It is also observed that the impact on the currents of changing the filter inductor ᵃ is higher than the impact of changing the arm inductances. From the AC analysis presented above, the arm AC quantities in steady state are given by (considering the optimal point and ignoring losses):

ᵃ = ± ᵃ 2 sin(ᵱ) ᵃ ᵱᵃ (ᵃ + 2ᵃ ) = ∓ ᵃ ᵃ 1 - 1 ᵅ (4.34) ᵅ ᵅ = ᵃ cos(ᵱᵅ + ᵰ + ᵱ) cos(ᵱᵅ) (4.35) ᵃ ᵃ = ᵅ ᵱ(ᵃ (ᵃ + 2ᵃ )) ᵃ + ᵃ ᵃ ᵃ ᵃ + ᵃ ᵃ ᵃ (4.36)
Where ᵰ + ᵱ is the phase angle between upper and lower arms.

ᵪᵫ variables in steady state

It is straightforward to establish the circuit operation point in the ΔΣ frame applying the transformations ᵆ and ᵆ defined in Eqs. And in AC:

ᵅ ᵅ = ᵆ ᵅ ᵅ = ᵃ ⎣ ⎢ ⎢ ⎡ cos ᵱ 2 cos ᵱᵅ + ᵱ 2 2 cos ᵱ 2 - ᵰ 2 cos ᵱᵅ + ᵱ 2 - ᵰ 2 ⎦ ⎥ ⎥ ⎤ (4.39) ᵅ ᵅ = ᵆ ᵅ ᵅ = ᵃ ⎣ ⎢ ⎢ ⎢ ⎡ 1 ᵱ ᵃ 2 + ᵃ cos ᵱ 2 cos ᵱᵅ + ᵱ 2 - ᵰ 2 1 2ᵱᵃ 2 cos ᵱ 2 - ᵰ 2 cos ᵱᵅ + ᵱ 2 ⎦ ⎥ ⎥ ⎥ ⎤ (4.40)
From these expressions, it is observed that for the AC optimal point, the AC quantities in the ΔΣ frame are in quadrature [START_REF] Li | A DC-DC power converter study for High Voltage Direct Current (HVDC) grid: Model and control[END_REF], [START_REF] Li | Design and control of modular multilevel DC converter (M2DC)[END_REF]. The respective phasor diagram is shown in Figure 4.12, where it is observed how ᵅ is aligned with ᵅ and ᵅ with ᵅ and there is a phase shift of ᵰ/2 between both currents. These vector orientations on the optimal point have implications in the energy control of the circuit (see Section 4.4.2.1). 

Arm equivalent capacitors

The energy on the arm capacitors in steady state operation on the DC-MMC is:

ᵃ!ᵃ ᵃ!ᵅ = ᵅ ᵅ = ᵅ ᵅ + ᵅ ᵅ + ᵅ ᵅ + ᵅ ᵅ (4.41)
Which average value is:

ᵃ!ᵃ ᵃ!ᵅ = ᵅ ᵅ + ᵅ ᵅ = ±ᵃ ᵃ 1 - 1 ᵅ + ᵃ ᵃ (4.42)
Since in steady state this Eq. (4.42) is zero, the arm capacitor energies are maintained in a fixed value and so the capacitor voltages are balanced.

Regarding the voltage on the equivalent capacitors in steady state, it must be enough to generate the needed arm voltages: Meaning that the nominal energy on each arm on the DC-MMC should be at least:

ᵅ ≥ ᵅ + ᵃ = ᵃ -ᵃ + min(ᵃ , ᵃ -ᵃ ) (4.43) ᵅ ≥ ᵅ + ᵃ = ᵃ + min(ᵃ , ᵃ -ᵃ )
ᵃ = 1 2 ᵃᵃ"ᵅ ᵃ = 1 2 ᵃ ᵃ ᵃ (4.46)

Power exchange mechanism

From the previous analysis, the power exchange mechanism in the DC-MMC can be represented with the scheme of Figure 4.14. It can be summarized, assuming a power flow from HV side to LV side, as:

1. Upper arms absorb from the HV side a DC power equal to ᵃ 1which is stored in the arm capacitors. The rest of the power is transferred directly to the LV DC side.

2. Lower arms deliver to the LV side a DC power equal to ᵃ 1which comes from the energy stored in the arm capacitors. 3. To balance the energy in the structure, i.e. prevent an overvoltage on the upper arms while the lower arms are discharged below a minimal limit, the excess of energy on the upper arms is transferred to the lower arms in AC form. 4. The AC power is transferred from upper arms to lower arms acting on the phase shift between AC voltages being generated by both arms. 

High level control

The proposed DC-MMC control scheme follows the philosophy presented in Chapter 2 where it was proposed a control system based in nested loops with an explicit energy control. The control design is made in the ΔΣ frame. A similar work for controlling the DC-MMC has been recently proposed in [START_REF] Li | A DC-DC power converter study for High Voltage Direct Current (HVDC) grid: Model and control[END_REF], [START_REF] Li | Design and control of modular multilevel DC converter (M2DC)[END_REF], [START_REF] Gruson | Full State Regulation of the Modular Multilevel DC converter (M2DC) achieving minimization of circulating currents[END_REF]. Alternative control schemes have been reported in [START_REF] Yang | Modular and scalable DC-DC converters for medium-/high-power applications[END_REF], [START_REF] Jovcic | Case Study of Non-Isolated MMC DC-DC Converter in HVDC Grids[END_REF].

In similar way that it was done in Chapter 3 for the F2F-MMC, three control modes for the DC-MMC are defined:

 DC Power control: to control the power transfer between both DC grids  High Voltage control: to control the DC voltage on the high voltage side  Low Voltage control: to control the DC voltage on the low voltage side

The proposed DC-MMC control scheme is presented in Figure 4.15. Where the outer control loops are dedicated to the energy, the DC power and the DC voltages. As a consequence, these outer loops set the references to the inner current control loops. The converter energy is controlled with ᵅ whereas ᵅ is used for controlling the DC power or DC voltages. In the following sections, each control loop is detailed. Given the similarities of the transfer functions with those of the F2F-MMC, a detailed discussion is done only in the aspects where the control differs. 

ᵅ (ᵅ) = 1 2ᵃ ᵅ + 2ᵃ ᵃ -ᵅ (ᵅ) (4.47)
As observed it is the same transfer function obtained for ᵅ on the F2F-MMC, therefore the control is done in a similar way: using a PI controller for the DC regulation and a PR controller in parallel tuned to the AC operating frequency to track the AC reference. This is different from the works in [START_REF] Li | A DC-DC power converter study for High Voltage Direct Current (HVDC) grid: Model and control[END_REF], [START_REF] Li | Design and control of modular multilevel DC converter (M2DC)[END_REF], where only the PI is used. The advantage of having a PR controller is that there is not a phase error for tracking the AC references. Where ᵰ is the time constant of the closed loop response and ᵱ is the AC angular operation frequency. 

The proposed control diagram is presented in

ᵆ* Control

The dynamics of ᵅ are given by Eq. (4.11), thus the associated transfer function is:

ᵅ (ᵅ) = 1 ᵃ 2 + ᵃ ᵅ + ᵃ 2 + ᵃ ᵃ 2 -ᵃ + ᵅ (ᵅ) (4.49)
Since ᵅ is made of DC and AC quantities, a control of the DC component is done using a PI tuned to have a first order closed loop response (being ᵰ the time constant):

ᵅ PI parameters ⎩ ⎨ ⎧ ᵃ = ᵃ 2 + ᵃ ᵰ ᵃ = ᵃ 2 + ᵃ ᵃ 2 + ᵃ ᵃ (4.50)
Concerning the AC component ᵅ , according to the analysis done in Section 4.3.2, it takes the maximum value when the operation of the circuit is in the optimal AC point.

The maximum value of this current is achieved by maximizing the AC voltage magnitude ᵅ . Thus, instead of having an explicit control of ᵅ , it is proposed to fix ᵅ directly to the maximum value, as showed in Eq. (4.51). In Eq. (4.51), ᵅ ∈ {-1,0,1} defines the phase on the AC voltage on each converter leg, ᵃ is the modulation factor defined in Chapter 2 kept as a margin for dynamic purposes.

The control loop of ᵅ is presented in Figure 4.17. Since the PI controller has a wide bandwidth to have a fast response, a notch filter is added to the measurement of ᵅ in order to avoid an output of the PI block at the same frequency of ᵅ .

In [START_REF] Li | A DC-DC power converter study for High Voltage Direct Current (HVDC) grid: Model and control[END_REF], [START_REF] Li | Design and control of modular multilevel DC converter (M2DC)[END_REF], a method to control explicitly ᵅ is proposed. Controlling ᵅ could have the advantage of controlling its dynamics during transients, and also to track this current to a point different to the optimum if needed guarantying at the same time the converter energy balance. 

Outer control loops

As in the F2F-MMC case, the outer control loops are tuned to have a slower time response compared to the inner loops. This choice simplifies the control design since the inner loops appear as a unitary gain to the outer loops.

Energy control

To control the arm capacitor voltages in the DC-MMC their energy is controlled. The energy is controlled per converter leg using sum and difference terms:

ᵃ ᵃ = 1 1 1 -1 ᵃ ᵃ = 1 2 ᵃᵃ"ᵅ ᵃᵃ"ᵅ ᵃᵃ"ᵅ -ᵃᵃ"ᵅ ᵅ ᵅ (4.52)
In the same way that it was done for the F2F-MMC, the energy control implements a low pass second order Butterworth filter, which design and impact on the closed loop response are analyzed in Appendix A.3.

Energy sum (ᵆ ) control

The dynamics of ᵃ is:

ᵃ!ᵃ ᵃ!ᵅ = ᵅ ᵅ + ᵅ ᵅ (4.53)
Expressing this equation in the ΔΣ frame gives:

ᵃ!ᵃ ᵃ!ᵅ = ᵅ ᵅ -ᵅ ᵅ (4.54)
Its average value is given only by the DC values ᵅ ᵅ -ᵅ ᵅ because the AC quantities ᵅ ᵅ -ᵅ ᵅ do not contribute to active power exchange (given the phase angle of ᵰ/2 as demonstrated in Section 4.3.2.3). Therefore, 〈ᵃ 〉 can be controlled by ᵅ or ᵅ . It is proposed to control it with ᵅ and to use ᵅ to control the DC power or DC voltage. Thus from the DC steady state analysis (Eqs. (4.36)-(4.37)), the dynamics of the average value of ᵃ can be written as:

ᵃ!ᵃ ᵃ!ᵅ = ᵅ ᵃ - ᵃ ᵃ (2ᵃ -ᵃ ) 2 = ᵅ ᵃ - ᵃ * 2 1 ᵃ (2 -ᵅ ) (4.55) 
The respective transfer function is:

ᵃ = 1 ᵅ ᵅ (ᵅ)ᵃ - ᵃ * 2 (2 -ᵅ ) 1 ᵃ (4.56)
Which is controlled using a PI controller per phase adding * (2 -ᵅ ) as feedforward term as presented in Figure 4.18. The controller tuning is done in the same way that it was done for the control of ᵃ in the F2F-MMC: 

ᵃ PI parameters ⎩ ⎨ ⎧ ᵃ = 1 ᵰ ᵃ = 1.4 ᵃ

Energy difference (ᵆ ) control

The ᵃ dynamics is:

ᵃ!ᵃ ᵃ!ᵅ = ᵅ ᵅ -ᵅ ᵅ (4.58)
Expressing this equation in the ΔΣ frame gives:

ᵃ!ᵃ ᵃ!ᵅ = -2ᵅ ᵅ + 1 2 ᵅ ᵅ (4.59)
Which average value, expressed in terms of the AC and DC quantities is given by Eq. (4.60).

ᵃ!ᵃ ᵃ!ᵅ = -2ᵅ ᵅ + 1 2 ᵅ ᵅ -2ᵅ ᵅ + 1 2 ᵅ ᵅ (4.60)
As observed, in principle 〈ᵃ 〉 can be controlled by the combination of DC and AC terms. Since the DC components are already used to control ᵃ and the DC power (or DC voltage), ᵃ should be controlled by the AC terms.

Analyzing the products 2ᵅ ᵅ and ᵅ ᵅ it is seen that in the optimal AC operation point the first one is several times higher. This can be verified from the phasor diagram on Figure 4.12 and in general form calculating both terms with Eqs. (4.39)-(4.40):

2ᵅ ᵅ = ᵃ ᵱ cos ᵱ 2 - ᵰ 2 cos ᵱ 2 1 ᵃ (4.61) 1 2 ᵅ ᵅ = ᵃ ᵱ cos ᵱ 2 - ᵰ 2 cos ᵱ 2 1 ᵃ + 2ᵃ (4.62) 
From these equations it is clearly demonstrated that the expression of Eq. (4.61) is several times higher than the one of Eq. (4.62) when assuming 2ᵃ ≫ ᵃ (which is the case as has been discussed in Section 4.3.2.2). Thus, it is proposed to use only the term 2ᵅ ᵅ to control 〈ᵃ 〉 considering the term ᵅ ᵅ as a disturbance in the control loop. This is a different approach compared to [START_REF] Li | A DC-DC power converter study for High Voltage Direct Current (HVDC) grid: Model and control[END_REF], [START_REF] Li | Design and control of modular multilevel DC converter (M2DC)[END_REF], [START_REF] Gruson | Full State Regulation of the Modular Multilevel DC converter (M2DC) achieving minimization of circulating currents[END_REF], where both terms are used for the control of ᵃ . Controlling both terms can be useful for operating in conditions different to the optimum or if the hypothesis of ᵃ ≫ ᵃ is not verified. In that case the contribution of the term ᵅ ᵅ to the control of ᵃ is not negligible.

Under these assumptions, the transfer function of ᵃ can be written as in Eq. (4.63), where the DC components have been replaced by the equivalences in steady state (Eqs. (4.37)-(4.38)):

ᵃ = 1 ᵅ -2ᵅ (ᵅ)ᵅ * + 2ᵃ * 1 - 1 ᵅ 1 ᵃ (4.63)
Which is a pure integrator transfer function. Therefore, the control synthesis is similar as in the case of ᵃ , i.e. a PI controller tuned to have a second-order closed-loop response with time constant ᵰ :

ᵃ PI parameters ⎩ ⎨ ⎧ ᵃ = 1 ᵰ ᵃ = 1.4 ᵃ (4.64)
The control loop is presented in Figure 4.19. Observe that the reference to ᵅ is aligned with ᵅ , this is done accordingly to the analysis done on the optimal AC operation. Additionally, in order to have a balanced system and prevent any AC current circulation to the DC ports, the references are multiplied by the matrix ᵆ introduced in Chapter 3 for the control of ᵃ in the F2F-MMC. 

DC Power and DC voltage control

The DC-MMC has three different control modes. In the first one, the DC power transfer between DC grids is controlled, whereas the second and third modes are related to the control of the high side and low side DC voltages. As in the F2F-MMC, these control loops are the most external loops in the control structure and should be slower than the external loops. The output of these controllers sets the reference to the ᵅ current.

Although some works on the control of the DC voltage were done in this thesis, they are not conclusive. In fact, even if a control method was developed using ᵅ for controlling the DC voltage, this is not the only option and several alternatives are possible. As well, it was observed that the converter energy plays a role on the DC voltage control (similarly to the F2F-MMC case). Due to the complex dynamics coupling in the DC-MMC, there is a wide set of open problems to solve for the control of the DC voltage. A further study is needed, and for reasons of time during the thesis it was not possible to address the subject with the required detail.

For these reasons, in this chapter only the DC power control is presented and the DC voltage control is kept as a perspective.

DC Power control

In steady state, the DC power on high and low sides is the same:

ᵃ = ᵃ ᵃ = ᵃ ᵃ (4.65)
This expression is valid ignoring the converter losses and assuming the converter energy loop is faster than the power loop. Replacing ᵃ by its equivalent in the ΔΣ frame, it is obtained the transfer function for the DC power:

ᵃ (ᵅ) = ᵃ ᵅ ᵃ (4.66)
It is controlled using a PI controller as presented in Figure 4.20. The PI is tuned to obtain a first order closed loop response calculating the controller parameters as explained in Appendix A.2. 

Control validation

The validation of the control is done using the equivalent circuit of Figure 4.21, using the circuit and control parameters of Table 4.2 and Table 4.3. The SM capacitors were sized to have around 10 % of ripple during nominal operation, following the procedure described in Chapter 2. The arm inductances, however, were assumed. As in the case of the F2F-MMC, the sizing of the arm inductances is not straightforward and depends of several factors. The study on the subject is kept as perspective of future works. The simulation results for the DC power control mode are presented in Figure 4.22. It is observed how the DC power on both sides follows the reference obtaining a first order response. The arm capacitor voltage reference is kept at the nominal value (640 kV) for both arms until t=3s. It is observed that the voltages are effectively regulated at this value with a ripple of ±10%. At t=3s the equivalent capacitor voltages reference on the upper arms is decreased to 350 kV. The equivalent capacitor voltage follows the reference but the voltage ripple is increased. The increase of the voltage ripple is normal knowing that the power being transmitted is the same, but the energy stored on the upper arm capacitors has been decreased. It is observed how the AC current (observed on the AC magnitude on the arm currents) increases during the transition to the new energy reference but the DC power is not highly impacted. 4.23 shows the results comparing the arm quantities with those on the ΔΣ frame separating AC (dq) and DC quantities. It is observed that, accordingly to the proposed control scheme, ᵅ is aligned with ᵅ ; this is confirmed observing that, for both variables, the AC component is on the d axis, being the contribution to the q axis very small. This is true for all the variations of the DC power during the test. In the same way, it is observed that ᵅ is aligned with ᵅ and both variables are on the q axis corresponding to a phase shift of ᵰ/2 which was expected from the analysis done in Section 4.3.2.

Finally in Figure 4.24 it is shown the real arm voltages and currents and their ΔΣ transformed values around t=2.8 s. The phasor diagram at this point is also presented, demonstrating the effectiveness of the proposed controller to track the AC quantities to the optimum point (see discussion in Section 4.3.2.2). 

Behavior under faults

When a DC fault occurs on the converter terminals, the detailed analysis of the evolution of the current and voltage waveforms is not straightforward due to the existing coupling between the lower and upper arm current dynamics (Eq.(4.1)). Therefore, instead of describing step by step the evolution of the currents, the behavior of the converter is analyzed by means of simulations highlighting the main observed phenomena.

Given the asymmetry of the circuit the analysis is done for LV and HV side DC faults separately. The simulations are done on the test circuit used for the control validation in Section 4.4.3.

HV side DC fault

In order to stop the propagation of DC faults when they occur on the HV side, the DC-MMC needs FB-SMs on the upper arm. If instead of using FB-SMs the arm is implemented with only HB-SMs, the fault is propagated due to the direct biasing of the lower diodes on the HB-SMs, which causes a direct path for the fault current between the fault and the healthy side as shown in In that case the diodes on the FB-SMs are reverse biased and there is no current flow.

Concerning the transient response, when the fault occurs and before the controller takes some action (blocking the converter for example), the arm and filter inductances (ᵃ and ᵃ ) have a negative ᵃ!ᵅ/ᵃ!ᵅ and tend to feed the current fault. During this stage the healthy side is affected since there is still current flowing between both DC ports. However, thanks to the high value of the filter inductance ᵃ the fault current impact on the healthy side is limited.

In order to stop the fault propagation into the healthy side, the control takes action, which is, in general, the converter arms blocking. When the converter is blocked, the current continues to flow until all the inductances are discharged into the DC sides or into the SM capacitors. Taking into account the high value of ᵃ , the discharge takes time and the SMs could be exposed to over-voltages by the absorption of this inductor initial energy. 4.26), the power flows from HV to LV side before the fault. When the fault occurs, the HV side current (ᵃ ) becomes negative very fast to feed the fault whereas the healthy side current (ᵃ ) decreases slowly. After 50 ᵰs (the considered controller time step), the converter is blocked (dotted line in the figure), the fault current start to decrease while the healthy side current continues decreasing with a lower slope. Before ᵃ is totally interrupted, it takes a negative value contributing to the fault current. As soon as all the inductors have been discharged, the fault current is effectively interrupted. During all the process, the SM capacitor voltages do not have a notable variation. When the power flow before the fault is negative (Figure 4.27), i.e. from LV side to HV side, the fault current is also interrupted but the process takes more time. While the inductances are being discharged, there is still current flowing from the healthy side into the converter which increases the amount of energy to be absorbed by the SM capacitors to interrupt the current. Although both arms absorb energy, the upper arm SMs are the main affected.

The upper arm SMs absorb more energy compared to those on the lower arm. In fact, for the FB-SMs, the capacitor is charged when the arm current goes in both directions whereas for the lower arm HB-SMs they are charged only if the current is positive. As observed in Figure 4.27, the increase of the voltage on the upper SMs is considerable, therefore the sizing of the SMs should take this into account. For example, increasing the capacitor value in order to decrease the overvoltage for the same energy absorption, or adding an element capable of absorbing the excess of energy.

In this simulation is also observed that as soon as the fault occurs, the healthy side is affected by an small increase of ᵃ , however the increase is not significant thanks to the high value of ᵃ . 

LV side DC fault

When the fault position is on the LV side (Figure 4.28) the fault propagation to the HV side is stopped if the voltage on the upper SM capacitors is enough to oppose the voltage difference between the faulty side and the healthy side:

ᵅ ≥ ᵃ (4.69) 
In that case, the diodes on the FB-SMs are reverse biased and there is no current flow. It should be observed that the same behavior applies if HB-SMs are used. Therefore it could be possible to have an upper arm with a mix of FB-SMs (enough to stop the propagation of faults from HV to LV side) and HB-SMs. The number of required FBs and HBs is detailed in Section 4.5.3.

Concerning the transient response, when the fault occurs and before the converter is blocked, the upper arm inductances and the filter inductors (ᵃ ) have a positive ᵃ!ᵅ/ᵃ!ᵅ whereas the lower arm inductances have a negative ᵃ!ᵅ/ᵃ!ᵅ. As a consequence, all inductors in the circuit tend to feed the fault. During this stage the HV side also contribute to the fault current since there is still current flowing through the upper arms. Once the converter is blocked, the current continues to flow until all the inductances are discharged. 4.29), it is observed that the fault causes an increase of the faulty side current ᵃ whereas the healthy side current ᵃ is almost not affected. Once the converter is blocked (50 ᵰs after the fault, indicated by the dotted line in the figure) the healthy side current decreases several times faster than the faulty side current. While ᵃ is decreasing, the FB-SMs on the upper arms absorb energy increasing their voltage.

The current flow is stopped once the condition on Eq. (4.69) is satisfied. Once the upper arm inductors are totally discharged, there is no more contribution of the healthy side into the fault and the fault current continues to flow by the lower freewheeling diodes on the lower arm SMs. Finally, the filter inductors and lower arm inductors are totally discharged after 83 ms (not shown in the figure) stopping the fault current, which is a long time caused by the high value of ᵃ .

When the power flow before the fault is negative (Figure 4.30), i.e. from LV side to HV side, the healthy side current ᵃ decreases faster than in the previous case. However, there is a change on the current sign, which becomes positive and consequently charge the upper arm SM capacitors enough to satisfy the condition of Eq. (4.69) and stop the current flow. This is observed by the charge of the SMs on phase b. Once the upper arm inductors are totally discharged, there is no more contribution of the healthy side into the fault and the fault current will still flow by the lower freewheeling diodes on the lower arm SMs until ᵃ and lower arm inductors are discharged. After 28 ms (not presented in the figure) all the inductors are completely discharged and the fault current is stopped. 

DC faults impact on the converter sizing

From the previous analysis it has been demonstrated the capability of the DC-MMC to stop the propagation of faults between DC ports for any of both fault positions (HV or LV side) independently of the power flow direction. This capability, however, depends on certain conditions on the upper arm SMs. Indeed, to stop the propagation of faults when the fault is on the HV side, FB-SMs are needed. The quantity is given by:

ᵃ ≥ ᵃ ᵃ (4.70)
When the fault occurs in the LV side, the upper arm SMs should be sized to support a voltage equal to at least ᵃ . Therefore, additionally to the FB-SMs, a number of HB-SMs should be added:

ᵃ ≥ ᵃ ᵃ -ᵃ (4.71) 
These values can be compared with the number of SMs necessary to operate the circuit in normal conditions (no faults). This value is obtained by the division of Eq. (4.43) by ᵃ . Additionally to the added number of SMs, the transient behavior under DC faults adds some constraints for the converter design. As has been analyzed, the SMs are susceptible of being overcharged while breaking the arm current, therefore the SM capacitor should be sized accordingly or to include some element to burn the excess of energy.

Case study

The same exercise done in Chapter 3 -Section 3.6 for the F2F-MMC assessment in the proposed case study is done for the DC-MMC. Figure 4.32 presents the case study using the DC-MMC as DC-DC converter. It should be observed that all the system is kept exactly the same as in the case of the F2F-MMC case, therefore the control and parameters of the MMC stations does not change. Stations MMC1 and MMC3 control the DC voltage on each grid. Whereas stations MMC2, MMC4 and DC-MMC are in power control mode. The circuit parameters and time response for the control loops of the DC-MMC are presented in Table 4.4 and Table 4.5, the parameters of the MMC stations are showed as well. 

Normal operation

The results obtained in simulation for the DC-MMC in the case study under normal operation are presented in Figure 4.33. Similar power references used for the study of the F2F-MMC (see Chapter 3) where set in the case of the DC-MMC. The obtained results are very similar as those obtained in Chapter 3 (Figure 3.31) for the F2F-MMC case. It is seen how the power on the stations controlling DC voltage follows the power being exchanged on the rest of the system (in order to keep controlled the DC voltages). The power can be exchanged on each grid independently and no variations on the DC voltage on the second grid are observed. These results show that the DC-MMC controlled in DC power mode decouples the operation of both systems at least in normal conditions, i.e. with no DC faults, since the DC voltage disturbances on one grid are not seen on the other. This result was also obtained in the case of the F2F-MMC.

Operation under DC faults

Similarly as it was done for the F2F-MMC, the system is studied during pole-to-ground DC faults under two different power flow scenarios. The scenarios are the same considered on Chapter 3 and are summarized in Figure 4.34. Given the asymmetry of the DC-MMC, the simulation is also done changing the fault position, first on the LV side and then on the HV side. It is observed that, in both cases, the contribution to the fault current from the healthy side (node N) is stopped, i.e. there is no DC current flowing from one grid to the other. The peaks observed on the DC current correspond to the oscillations on the DC voltage, which cause the direct bias of the freewheeling diodes on the SMs when it is negative.

The impact of the fault on the healthy grid (HV side) is observed in Figure 4.36. The power flow interruption generates a disturbance on the DC voltages and the station MMC1 changes its DC power and internal energy to track back the DC voltage to the nominal value. These results are very similar to those obtained in the case study simulation with the F2F-MMC (see Section 3.6.2). 4.38 shows the impact on the healthy side (the LV DC grid) after the fault. It is seen that, as in the LV side fault case, the interruption on the power flow between both DC grids causes a disturbance on the DC voltage. In this case, the variation on the healthy side DC voltage is higher than when the fault occurs on the LV side. In order to regulate the DC voltage, station MMC3 changes its DC power and internal energy.

In Figure 4.38(b), it is observed how the high DC voltage dip, causes a disturbed behavior on the DC power (seen as noise) at around t=5.58s. This is due to the discharge of MMC3 energy, which reaches its lower allowable limit. In this case, after some tens of milliseconds, the MMC3 controller goes out of this control saturated region and it success to track back the DC voltage to the nominal value. However if the voltage dip had been larger, the control would be probably lost.

The conclusion of this analysis is that even if the propagation of the DC faults is stopped, the power interruption on the DC-DC converter that generates a voltage disturbance on the healthy grid can lead to the loss of the entire system. Thus, the choice of the nominal power of a DC-DC converter interconnecting two DC grids should consider the transient response on the healthy side to prevent the loss of the entire DC system. As well, the DC voltage control on the grid should be adapted. For example, with a voltage droop approach. 

Chapter conclusions

In this chapter the DC-MMC was studied applying the same methodology used in Chapter 3 for the F2F-MMC. First, the description of the circuit was done mathematically. Then the operation on steady state was analyzed separating AC and DC behavior. This analysis allowed to establish the circuit operation principles and the importance of the AC circulating currents to achieve an energy balance. However, in the DC-MMC not all the power is converted into AC form, which is an advantage in terms of losses and utilization of semiconductors as it will be seen in Chapter 5 when comparing with the F2F-MMC. An optimization analysis was done to identify the optimum AC operation point for minimizing the arm currents.

A control strategy was proposed using the same philosophy of the one used for F2F-MMC, i.e. a control system based in nested control loops with explicit control of the converter energy. The control is done in a ΣΔ frame, where the Σ current (DC and AC) is used for controlling the energy while the Δ DC current controls the DC power. Giving the difficulties associated to the coupling of the arm currents and the energy balance, the DC voltage control works were not conclusive and there are considered as a perspective of future works on the control of the DC-MMC.

The analysis of the circuit under DC faults was also developed. From this study it was demonstrated how the DC-MMC, properly sized in terms of type and number of SMs per arm, is capable of stopping the propagation of DC faults between DC grids. The impact on the converter sizing of having this capability was analyzed, and it has been seen that the upper arm needs to be oversized in terms of number of SMs for low transformation ratios and requires FB-SMs. One possibility of improvement is to guarantee the fault blocking capability with other cost-effective methods that avoid the oversize of the upper arm.

Finally, the DC-MMC was studied on the proposed case study. The simulation results showed a very similar behavior to those obtained for the F2F-MMC. In normal operation, the DC-MMC operating in DC power control mode seems to decouple both DC systems, and in the case of faults, the loss of the power being exchanged causes a DC voltage disturbance on the healthy sub-grid.

It was observed that even if the propagation of the fault current is stopped, the DC voltage disturbance can lead to a temporary loss of the healthy sub-grid, being the LV DC grid more susceptible. Therefore the sizing of the DC-DC converter nominal power should take into account the transient response after faults, to prevent any saturation or blocking of the AC-DC stations controlling the DC voltage on the healthy side. Additionally, the individual control on each sub-grid should be robust enough to withstand the loss of the DC-DC converter, and thus the master-slave approach could be not enough and more complex control schemes such as voltage droop should be considered.

Introduction

The individual studies of the F2F-MMC and the DC-MMC, done in the previous chapters, explained the operation principles of both topologies and have demonstrated the capabilities of both circuits to interconnect HVDC grids. Indeed, the case study simulations showed that both circuits can operate in normal conditions and block the propagation of faults with similar results. Therefore, both circuits can achieve the objective of interconnecting HVDC grids. In this chapter, the comparison of the two converters is done in order to assess their capital and operation costs using the methodology proposed in Chapter 2.

The organization of the chapter is as follows:

1. Validation of the methodology comparing the results obtained in detailed circuit simulation with the theoretical expressions developed in Chapter 2.

Comparison of the different circuit parameters and key performance indicators

for different operation frequencies and DC transformation ratios.

The main contributions of this chapter are the validation of the proposed control laws by detailed simulations including the BCA, the converter comparison, and the analysis of the switching losses of the retained DC-DC converters.

Validation of the comparison methodology

In Chapter 2, a comparison methodology was proposed based in three key performance indicators: semiconductor utilization factor, energy requirements and losses. The assessment of these indicators needs to estimate first other parameters as RMS and average currents, average switching frequency and SM capacitor values. Different expressions were given in Chapter 2 -Section 2.6 for the analytical calculation of these parameters.

All the analytical expressions were obtained in function of the arm voltage and currents in steady state, which have been described explicitly in Chapter 3 and Chapter 4 for both converters. For the key parameters calculation, it is enough to apply the procedure described in Chapter 2 to the steady-state expressions of each circuit.

Since the equations given in Chapter 2 were not validated, their validation will first be done by comparing the analytical formula results with detailed models simulations. It is proposed to simulate the F2F-MMC and the DC-MMC using a semi-analytic detailed model (refer to Chapter 2 -Section 2.3.2) to determine the detailed behavior of the individual SMs. The HB-SM and FB-SM structures are presented in Figure 5.1 to remind the nomenclature for each semiconductor device which will be used all along the chapter. 

Detailed simulation

Given the computational time needed to do a full order simulation of the converters including all the SMs, it is proposed to model only one leg of each circuit with the semianalytic detailed model, and represent the rest of the legs by an average reduced order model. This modeling approach is justified given the faster simulation times and the decoupling that exist between the rapid modes related to the switching actions and the average modes. Therefore, the subsequent analysis is done for the legs modelled with the semi-analytic detailed model. Figure 5.2 presents the models of each converter, in this case the DC grids are modelled as ideal DC voltage sources ᵃ and ᵃ .

Both DC-DC converters are simulated for different AC operation frequencies ᵃ# , and DC transformation ratios ᵅ . The circuit and control parameters are given in Table 5.1 and Table 5.2. It should be noted that, a BCA is also implemented for the control of the detailed model converter leg. The intermediate and outer loops controls are kept the same than those developed in Chapter 3 and Chapter 4 for each topology. The used BCA is that one explained in Chapter 2 -Section 2.5.1. The effects of changing the BCA or its parameters are not analyzed and are kept as a perspective for future works. The simulation results for two values of ᵃ# and ᵅ are presented in Figure 5. It is observed that with the developed control schemes for each converter in Chapter 3 and Chapter 4 (and with the BCA explained in Chapter 2) the control of the full order system is guaranteed, i.e. the DC currents are well controlled to transmit the desired DC power and the sum of the voltages of all the SM capacitors is kept equal to the reference values (indicated with the dotted lines in Figure 5.3). It is also observed that the DC currents present noise. This is caused by the BCA switching. In addition to other criteria, the arm inductors should be sized accordingly to limit the noise level. On the DC-MMC it is seen that the current on the LV side is well filtered due to the high inductance value of ᵃ .

From this simulation results, the following data is extracted per detailed arm in order to determine the different comparison parameters:

 The arm current ᵅ (ᵅ)
 The voltage on each SM capacitor ᵃ (ᵅ)

 The control order ᵃ (ᵅ) on one arbitrary SM. This a binary variable, when it takes the value of 1 it represents an insertion order and when 0 a bypass order. For the full-bridge case (FB-SMs are present on the upper arms of DC-MMC to add fault blocking capability) no negative insertion is considered, and it is assumed that the bypass action is always done by means of S2-S4, i.e. ᵯ = 1 (see Chapter 2 -Section 2.6.2.4.2 for more details about the meaning of ᵯ which SMs in the arm. For example, if the operating frequency is 50 Hz and the arm has 400 SMs, the data is recorded during 8s (400 SMs * 1/50Hz). This gives a representative behavior of the SM switching.

RMS and average currents

From the detailed simulation, it is possible to determine the currents passing by each semiconductor device on each SM. It is enough to know the SM state and the sign of the arm current to determine the conducting device. Table 5.3 summarizes the expressions of each device current in function of the control signal ᵃ and the sign of the arm current. It should be observed that since a value of ᵯ = 1 is considered in simulations, and no negative insertion is considered, the switch S3 on the FB-SM never conducts during normal operation (no DC faults), and all the arm current passes through S4.

SM Type

Device Currents HB To calculate the RMS and average currents on each semiconductor, the calculation is done over the total simulation time as presented on Eq. (5.1) and not only over one period. The reason is that given the effect of the BCA over the switching pattern, the RMS and average currents per fundamental period are not representative.

ᵅ = ᵃ . ᵅ . (ᵅ < 0) ᵅ = (1 -ᵃ ) . ᵅ . (ᵅ > 0) ᵅ = ᵃ . ᵅ . (ᵅ > 0) ᵅ = (1 -ᵃ ) . ᵅ . (ᵅ < 0) FB ᵅ = ᵃ . ᵅ . (ᵅ < 0) ᵅ = (1 -ᵃ ) . ᵅ . (ᵅ > 0) ᵅ = ᵃ . ᵅ . (ᵅ > 0) ᵅ = (1 -ᵃ ) . ᵅ . (ᵅ < 0) ᵅ = 0 ᵅ = ᵅ . (ᵅ > 0) ᵅ = 0 ᵅ = ᵅ . (ᵅ < 0)
ᵃ = 1 ᵃ ᵃ ᵅ (ᵅ) ᵃ!ᵅ + ᵃ = 1 ᵃ ᵃ ᵅ (ᵅ) ᵃ!ᵅ + (5.1)
ᵃ represents the number of periods in the simulation, and ᵃ the AC cycle period.

The values obtained in simulation for an arbitrary SM are compared with the expressions developed in Chapter 2, for two values of ᵃ# and ᵅ , in Figure 5.5 for the F2F-MMC and in Figure 5.6 for the DC-MMC. It is observed that, for the different cases, the analytical equations give a good estimation of the RMS and average currents on all semiconductor devices in the SM. For the DC-MMC FB-SMs, it is observed how the switch T3-D3, never conducts since the bypass action is always achieved by T4-D4 (ᵯ = 1). In order to have a better repartition of the currents on all the SM switches, a different value of ᵯ can be used. Figure 5.7, presents the analytical results of the FB-SM currents on the DC-MMC for different values of ᵯ. It is seen that the best repartition is obtained for ᵯ = 0.5, and that, for this value, the maximal current seen by a SM is the lowest one. Therefore this value of ᵯ is kept for the further analysis in the chapter. 

Capacitor sizing and sub-module capacitor voltage ripple

In Chapter 2, a method to size the SM capacitors in function of the voltage ripple Δᵃ was presented. Following that procedure, the SM capacitors used in the detailed simulations were sized to mitigate the voltage ripples at 10% during the nominal power operation. Figure 5.8 and Figure 5.9 present the obtained SM voltages in the detailed model simulation. In these figures, it is presented the average value of all the SM voltage capacitors in the same arm, the maximum and minimum SM capacitor voltages, the tolerance band given by the BCA parameter ᵃ , and the ideal voltage ripple of ±10% (Δᵃ ) around the nominal average SM voltage ᵃ . From these results it is observed how all the SM voltages (which are inside the bands represented in blue) are kept inside the margins given by the BCA (red dashed lines). However, during some short intervals, the margins are exceeded (observed by the extension of the blue curves outside the tolerance band). This phenomena is observed particularly on the cases of high operating frequency. The explanation is that for the same control time step, the lower value of the SM capacitance ᵃ (given by the increase of the frequency) generates a greater dv/dt for the same arm current and therefore the SMs can exceed the margins during the control time step.

It is observed as well that for all these cases, the average value of the SM capacitors have a ripple close to the bands of 10% meaning that the capacitors have been properly sized, which validates the sizing procedure. 

Power losses

Concerning the conduction losses, the analytical expressions presented in Chapter 2 are considered valid since they depend directly on the analytical expressions of the RMS and average currents per semiconductor device whic0068 have been already validated previously in Section 5.2.2.

Regarding the switching losses, the first stage to calculate them analytically is, as described in Chapter 2, to estimate the average switching frequency of a SM (ᵃ# ). From the detailed simulation results this can be done directly from the SM control order ᵃ . In fact, detecting the change on the value of this signal, the switching actions (ᵃᵅ ) can be obtained as presented in Figure 5.10.

The average frequency is obtained counting the total number of switching actions (rising or falling) and dividing by the total simulation time as expressed in Eq. (5.2). The average switching frequency obtained in simulation for both circuits for different values of ᵃ# and ᵅ is presented in Figure 5.11. It is observed how the switching frequency on each converter arm has a linear dependence to the converter operation frequency. This is the case for both, the F2F-MMC and the DC-MMC. For the DC-MMC, it is also observed that one arm (lower or upper) presents a higher switching frequency compared to the other. The difference between both arms depends on the transformation ratio. For low transformation ratios (ᵅ < 2) the upper arm has the higher switching frequency, while for higher transformation ratios (ᵅ > 2) the lower arm switching frequency is higher. For the case of ᵅ = 2, the behavior on both arms is similar. Once the average switching frequency on each arm has been identified, the switching losses can be calculated using the expressions presented on Chapter 2. Figure 5.12 presents the losses for different values of ᵃ# and ᵅ comparing the values obtained in simulation and those resulted from the analytical expressions. The losses are calculated assuming 3.3 kV -1500 A power modules (Infineon FZ1500R33HL3) for the switches on each SM. It is observed that on the F2F-MMC, for low operation frequencies, the analytical expressions give a good approximation of the switching losses, but the approximation is degraded as the operating frequency increases. For the DC-MMC, the approximation given by the analytical expressions is less accurate and for the cases of ᵅ ≠ 2, the difference between simulation and analytical results is considerable. To analyze why the analytical expressions give better results for some cases while for others the error is considerable, the analytical expressions are analyzed. As mentioned in Chapter 2, the switching losses are approximated by:

ᵃ = ᵃ# 1 ᵃ ᵃ (|ᵅ (ᵅ)|)ᵃ!ᵅ (5.3)
Where ᵃ (|ᵅ (ᵅ)|) represents the switching energy in function of the arm current including turn ON and turn OFF switching energies for both transistors and diodes on the SM. For sake of simplicity on the writing of equations, in the following analysis the dependence on the arm current will be not explicitly marked, i.e. ᵃ ≍ ᵃ (|ᵅ (ᵅ)|).

Eq. ( 5.3) can be interpreted as the multiplication of an average switching frequency by the average value of the switching energy. Expressing Eq. (5.3) in discrete time gives:

ᵃ = 1 ᵃ ᵃ ᵃᵅ ᵃ . ᵃ = 1 ᵃ ᵃ (ᵃ . ᵃ ) = = ᵃ# . ᵃ (5.4)
Observe that the signal ᵃᵅ ᵃᵃ ᵅ. has been divided by ᵃ in order to integrate in discrete time steps of ᵃ obtaining the total number of switching actions as the total of the sum, i.e. ∑ ᵃ = = count(ᵃᵅ ), which is coherent with Eq. (5.2) for the calculation of the average frequency.

In Eq. (5.4), ᵃ represents the number of AC periods, ᵃ the time step, and ᵃ the number of steps in one AC period. Thus the total number of steps in a long period of time is ᵃ = ᵃ ᵃ ᵃ ᵃ ᵃ ᵅ . Using these equivalences, Eq. (5.4) can be rewritten as Eq. (5.5). Now, the real switching losses in a converter are obtained by calculating the switching energy only when there is a switching action, all the individual switching energies obtained at each switching action are added and then divided on the total elapsed time:

ᵃ = 1 ᵃ ᵃ ᵃ = . ᵃᵅ = 1 ᵃ ᵃ ᵃ = .
ᵃᵅ ᵃ = ᵃᵅ ᵃᵃ ᵅ /ᵃ ᵅ . ᵃ

(5.6)
Therefore, it is seen that the difference between the analytical expression for the switching losses and the real switching losses is the covariance between the switching actions and the switching energies:

cov(ᵃᵅ , ᵃ ) = ᵃᵅ ᵃ . ᵃ - ᵃᵅ ᵃ . ᵃ (5.7) 
Eq. (5.7) could be zero in some cases, for example if the switching actions are independent of the arm current, i.e. independent of the switching energy. This is the case on the hypothesis made on the proposed analytical method on literature. In fact the main assumption done in the literature to estimate the switching losses, is that the switching actions are uniformly distributed in the time [START_REF] Jones | Calculation of power losses for MMC-based VSC HVDC stations[END_REF], [START_REF] Ladoux | Comparison of high voltage modular AC/DC converters[END_REF], meaning that all the switching events have equal probability of occurring during the time independently of the arm current value. In that case, under the hypothesis of independence, Eq. (5.7) becomes zero.

To test and verify if the assumption of uniform distribution of the switching actions is valid, the probability density function of the switching actions is determined from the simulation results. In Figure 5.13 it is observed the distribution of the switching actions during an AC cycle ([0 -2ᵰ]) for the upper and lower arms of the DC-MMC as well as for the upper arm on one of the MMCs in the F2F-MMC. The distribution is presented for two different values of ᵅ . The normalized rectified arm current is presented as a reference. In the figure, the red line represents the hypothetical distribution of switching actions if a uniform distribution is assumed, i.e. a probability of 1/(2ᵰ) during all the period.

It is observed clearly that the distribution of the switching actions is not uniform during the period. A considerable number of switching actions occur when the arm current changes its polarity. This is coherent with the used BCA (see Chapter 2 -Section 2.5.1). However, since those actions occur at almost zero current, they do not contribute so much to the switching losses.

Ignoring the set of switching actions that happen close to zero current, the distribution tends to be uniform only for the F2F-MMC. For the DC-MMC case, the distribution is far of being uniform. One particular observation is that, for the DC-MMC, a considerable number of switching actions on one arm (depending on the value of ᵅ , it could be the lower or the upper arm) occur on specific points of the AC cycle while for the rest of the AC cycle the density of switching actions is very low. The reason of this phenomena is an open question for future research. Since the switching actions are not uniformly distributed during the cycle, the assumptions made to use the analytical expression (Eq. (5.3)) are not valid, and therefore the estimation of the switching losses does not give an accurate result. In order to correct the error, a modification to the estimation of the losses is proposed. It is based on the introduction of the probability of having a switching action into the losses estimation:

ᵃ = ᵃ# ᵃ (|ᵅ (ᵅ)|) . ᵃ (ᵃᵅ ) ᵃ!ᵅ (5.8)
Where ᵃ (ᵃᵅ ) is the density probability function (pdf) of having a switching action on given point on the AC cycle. If it is assumed that the distribution is uniform, the probability of having a switching action in any moment of the period ᵃ is the same, and it is equal to ᵃ (ᵃᵅ ) = 1/ᵃ , which is coherent with Eq. (5.3). In order to do the losses estimation with Eq. (5.8), the probability of having a switching action was estimated with the pdf obtained in detailed model simulations for the different cases, however the arm current was estimated analytically with the steady state expressions of each circuit. In Appendix A.4, the reader can find some of the pdfs obtained for the two converters for different values of ᵃ# and ᵅ . In Figure 5.14, it is observed how the estimation of the switching losses is ameliorated with the proposed method.

The difficulty with the method is that the analytical expressions of ᵃ# and ᵃ (ᵃᵅ ) are not known. In this exercise, they were determined from simulation, and therefore the power losses can be determined directly from the simulation results without doing any analytical approximation.

However, the analysis done above reveals some interesting aspects on the switching behavior of the DC-DC modular multilevel converters particularly the asymmetrical behavior on the DC-MMC where for one arm the majority of switching actions occur one point of the AC cycle and there is an asymmetry on the average switching frequency between upper and lower arms. As well, it is seen that there is a relation between the arm current and the distribution of switching actions, in fact the switching actions tend to happen more often when the arm current value is higher and therefore they are not independent of the arm current.

Future works to determine analytically the expressions of ᵃ# and ᵃ (ᵃᵅ ) from the circuit and BCA parameters would help to estimate rapidly the switching power losses analytically without the need of detailed model converter simulations, and then to assess the comparison of converters quickly. In the same manner some research in this area could reveal some other aspects on the switching behavior of the modular multilevel converters.

Comparison results

In the precedent section all the analytical expressions needed for the comparison of the topologies were validated with the results obtained in detailed simulations. Now, using only the analytical expressions (including the proposed improved method for the switching losses estimation), the comparison of the F2F-MMC and the DC-MMC is done. First analyzing separately some of the circuit parameters, to finalize with the proposed key performance indicators.

Arm currents

Figure 5.15 shows the RMS arm currents for both circuits. This value is higher than the RMS on each SM switch (see Figure 5.5 and Figure 5.6), but is simpler to interpret.

It is observed that while, for the F2F-MMC, the arm currents increase slightly with the increase of the frequency, for the DC-MMC the currents highly decrease. The reason is given by the variation of the equivalent impedance on the AC equivalent circuits of both converters (Figure 5.16) which change when varying the frequency.

Figure 5.15 reveals as well that for the F2F-MMC at high transformation ratios (ᵅ > 2), the current on the MMC LV increases while for the MMC HV is kept constant. The DC-MMC arms, upper and lower, present similar currents for all transformation ratios, and for ᵅ > 2 the arm currents are higher. This is coherent with its operation principle that establish a dependence of the AC power (and so the internal AC circulating currents) with ᵅ (see Chapter 4). 

Number of sub-modules

As it has been determined in Chapter 2, the number of SMs required in one arm depends on the maximal voltage to be generated in nominal and fault conditions. In Chapter 3, it has seen how each arm on the F2F-MMC only requires a number of SMs enough to generate twice the DC voltage on each side, whereas in Chapter 4 it has been seen how the fault conditions and the selected AC voltage (related to the control method) determines the sizing of the arms. Figure 5.17 presents the total number of SMs required on each topology for different values of ᵅ . It should be noted that in both cases a three-phase circuit is considered. It is seen that in all cases the DC-MMC needs less SMs compared to the F2F-MMC, and the difference is considerable. It is observed that the DC-MMC requires a higher capacitance per SM compared to the F2F-MMC. However with the increase of the frequency, the reduction on ᵃ can be highly achieved, and therefore from a given value of frequency, the DC-MMC have similar capacitor values to the F2F-MMC. It should be noted as well the non-symmetry between upper and lower arms on the DC-MMC, for ᵅ < 2 the upper arm SMs need less capacitance while for ᵅ > 2 they are the lower arm SMs. For the case of ᵅ = 2, the circuit behavior is symmetrical as in a AC/DC MMC, and therefore the SMs have the same value of ᵃ .

Power losses

The comparison of the power losses on both topologies is presented in Figure 5.19 for the conduction losses and in Figure 5.20 for the switching losses. It is seen how for low operating frequencies, the F2F-MMC presents less conduction losses compared to the DC-MMC while for medium and high operating frequency the DC-MMC has a better efficiency. Concerning the switching losses, it is seen that for all the analyzed cases the DC-MMC presents less losses.

For the DC-MMC, it is observed as well that a better efficiency is obtained when the transformation ratio is low (ᵅ < 2) since for low transformation ratios less AC power needs to be circulated inside the circuit. 

Key Performance Indicators

In the results presented above, different indicators were compared for both converters in function of the operating frequency ᵃ# and the transformation ratio ᵅ . In this section, the proposed performance indicators in Chapter 2 -Section 2.6.1 (semiconductor utilization factor, energy factor, and power losses) are analyzed. As it will be seen these factors can be presented in two charts that summarize all the comparisons. The proposed charts are presented in Figure 5.21 for the utilization and energy factors (ᵃ and ᵃ), and in Figure 5.22 for the converter losses. In the figures, the X marks represent the operation frequencies in steps of 50 Hz and the arrows point in direction of the increase of the operation frequency.

The first chart, ᵃ vs ᵃ, reflects the investment on semiconductors and capacitors, and somehow the converter size. The best circuits (in regard of the analyzed indicators) would be placed on the right-bottom corner on the graph, meaning that they have the highest utilization factor and the lowest energy factor. It is seen that in all cases the DC-MMC requires less installed power (higher ᵃ ) which means a reduced investment in semiconductors compared to the F2F-MMC. The effect of increasing the operating frequency, does not affect considerably the ᵃ factor on the F2F-MMC (and if it does, it is degraded), while for the DC-MMC the factor is improved, (with a ratio of improvement different for each ᵅ case).

Considering the installed energy, reflected on the ᵃ factor, it is reduced for the increase of the operating frequency for both topologies and for all the analyzed cases. Meaning a reduction of the size of the SM (assuming the SM capacitor as the main component to take place in a SM), and a reduction in the investment on capacitors. It is seen that for low operation frequencies and high transformation ratios the F2F-MMC requires less energy compared to the DC-MMC, however it does not mean necessarily less size and footprint since this topology requires an AC transformer. For low transformation ratios, the DC-MMC energy requirements are less than those on the F2F-MMC and since it does not requires an AC transformer, the circuit footprint should be more compact.

For both circuits, it is observed as well that for low transformation ratios (ᵅ < 2)

the factors ᵃ and ᵃ are better compared to the high transformation ratios, but given the presence of the AC transformer to adapt the step the voltage on the F2F-MMC there is not a huge difference for different values of ᵅ on the F2F-MMC.

The second chart, ᵃ vs ᵃ , reflects the distribution of the power losses into switching and conduction losses. The best circuit candidates would be placed on the leftbottom corner of the chart (close to the origin), meaning less total losses. , are the same. It is observed that the F2F-MMC is strongly affected by the increase of the frequency on its switching losses while the conduction losses do not vary so much.

For the DC-MMC the increase of the operating frequency means an increase on the switching losses but a decrease on the conduction losses, being the case of ᵅ = 2 the more affected. For both converters, in general, the efficiency is higher for low transformation ratios, for these cases the DC-MMC presents a higher efficiency compared to the F2F-MMC. However high values of ᵅ , the efficiency on the DC-MMC is degraded, and its conduction losses gets closer to those of the F2F-MMC but the switching losses are still lower. Note that, the presented results have been obtained considering the same converter inductances for all values of frequency. As a perspective of this work, the precise design of the needed inductors for each case evaluating the impact on the evaluated performance indicators should be done.

From the two presented charts, it becomes clear that the DC-MMC presents a better performance for all the cases compared to the F2F-MMC. The converter installed energy decreases for both converters when the operation frequency increases while the utilization of semiconductors does not change significantly for the F2F-MMC but for the DC-MMC it does. At the same time the DC-MMC presents less total losses. For the case of ᵅ = 2

the operation frequency has a greater impact on the DC-MMC indicators compared to the other cases. However as the transformation ratio increases, the DC-MMC performance indicators are degraded and its performance gets closer to the F2F-MMC.

Chapter conclusions

In the present chapter, the validation of the analytical expressions introduced in Chapter 2 for the comparison of modular DC-DC converters have been done by comparing with the results obtained in a detailed simulation. These detailed simulations also allowed to validate the proposed control schemes of each converter when the behavior of the individual SMs (full order system) is included.

The analysis of the switching losses was done analyzing the distribution of the switching actions of a SM during the time, this analysis revealed that the switching actions are not independent of the arm current and in some cases are far of being randomly distributed following a uniform distribution. Further research on this subject and on the effect of changing the BCA is needed to better understand the switching behavior of the modular multilevel circuits. These works could lead to new research opportunities, for example of how to decrease the switching losses which start to be considerable when increasing the converter operating frequency.

An analytical method to estimate the switching losses including the probability of having a switching action has been introduced. The method gives good results, but it needs the expressions of the probability distribution functions of the switching actions, and the average switching frequency. Both expressions are difficult to obtain analytically.

The comparison done in this chapter demonstrated a clear advantage of the DC-MMC over the F2F-MMC, for low and medium transformation ratios. As the transformation ratio increases, the DC-MMC lost its advantages given the increase on the AC internal circulating currents and a structure like the F2F-MMC with an AC transformer to help in the voltage transformation seems to be necessary. However, to be interesting, the DC-MMC should operate at medium-frequency (greater then around 100 Hz in the retained studies).

As a future work, a method to include the passive components (like filters and transformers) into the assessment of the comparison is necessary. In that way the specific elements of both structures like AC transformer and filter inductances can be included into the comparison.

Conclusions and future work

The needed upgrade of the existing AC system to include high amounts of renewable energy sources has motivated considerable research efforts on new electrical transmission systems. One possible solution for the future electrical grid is the combination of the existing AC grids with HVDC grids. However, the development of such systems must overcome several technical locks. DC-DC converters have been identified as one of the key enabling technologies.

Although several solutions to achieve DC-DC conversion on HVDC have been reported in the scientific literature, no industrial solution has been deployed and several open questions on the subject remain. The main requirements for such structures have not been clearly defined and there is not a final consensus of which circuit from the literature presents the highest potential to become an industrial solution. The outcomes of this thesis give some inputs for future works to give answers to these questions.

In Chapter 1, a comprehensive review of the literature on DC-DC converters dedicated to HVDC has been done. A classification by converter families was proposed, first identifying between isolated and not isolated circuits, and then making different subdivisions. From this study the main choices for high-voltage DC-DC converters were identified. The majority of circuits use stacks of sub-modules to reach high-voltage withstanding at high-powers. This solution avoids the use of high-voltage valves which need the series connection of hundreds of semiconductors. However, progress with the development of high-voltage switches will enable new DC-DC structures like hybrid circuits including high-voltage switches and sub-modules. The detailed study, made on the subsequent chapters of the thesis, focused in two modular multilevel structures which do not need high-voltage switches: the F2F-MMC and the DC-MMC.

In Chapter 2, the operation of one generic arm made by sub-modules and an inductor has been analyzed. This analysis is independent of the converter topology. It summarizes the modelling techniques available in the literature and extended some of them to the FB-SM case. From this analysis, it has been seen that all modular multilevel structures need the superposition of DC and AC electrical quantities to achieve an energy balancing on the sub-module capacitors. Therefore, the main difference of the different DC-DC converters of this kind is how the internal AC power circulation is used. In the F2F-MMC all the power is converter into AC, while on the DC-MMC, only a part of the total power circulates in AC form. This characteristic makes the DC-MMC particularly interesting, mainly for low voltage transformation ratio applications, where the circulating AC power is minimal. Also, in Chapter 2, a DC-DC converter comparison methodology has been proposed. Since it was obtained by analyzing one individual generic arm and its operation, it can be applied to several DC-DC converters. The methodology quantifies parameters related to capital and operational expenditures by evaluating three performance indicators: utilization of semiconductors, energy stored in sub-modules and power losses on semiconductors. The calculation of these parameters is analytic (except for the switching losses), and allows to evaluate quickly the comparison of converters by only knowing their steady state operation.

The detailed study of both topologies has been done in Chapter 3 and Chapter 4. In both cases an energy based control scheme has been proposed and tested successfully on the selected case study as well as in detailed model simulations (Chapter 5). For the F2F-MMC, the well-known control strategies of the MMC are applicable, for example the ΔΣ current transformation. In this case, this method decouples the AC and DC side current dynamics. For the DC-MMC a control based in similar principles was proposed. However, it is not clear that the use of such transformation is the best approach. In fact, although the ΔΣ frame decouples the dynamic of the arm currents, it does not separate the AC and DC quantities (as in the F2F-MMC case), neither the HV and LV side quantities. Despite the possible control ameliorations that can be done for the F2F-MMC and for the DC-MMC, the proposed controllers are suitable to assess the grid integration of both converters. Indeed, the simulation of the interconnection of two P2P links was successfully achieved with the proposed control schemes. The analysis of the case study revealed that, when acting in DC power control mode, both converters can decouple both DC systems. It means that when a voltage or power variation occurs on one DC grid, the second DC grid does not experience any disturbance thanks to the DC-DC converter (as long as the controllers do not enter into saturation).

When evaluating the behavior of both DC-DC converters when external DC faults occur, it has been seen that the F2F-MMC has the natural capability of stopping the DC fault current and thus, the propagation of DC faults between DC grids. For the DC-MMC this capability is possible but leads to oversizing the upper arms, by adding more submodules, particularly Full-Bridges. The analysis of the case study in the case of DC faults revealed that, for both DC-DC converters, the fault propagation is stopped but a DC voltage disturbance is generated on the DC healthy sub-system. Thus, the power sizing of the DC-DC converter and the control of each DC grid, should consider such disturbances. If the healthy grid control is not robust enough, the voltage disturbance can generate a loss of the entire system. In that case, the statement of DC fault blocking capability with DC-DC converters only by blocking the fault current is questionable since the entire DC system is lost (at least temporary until the healthy grid is recovered from the disturbance).

Since the modular multilevel DC-DC converters have energy stored in the sub-module capacitors, this energy can be used to support the grid. For example to decrease the DC voltage disturbances on the healthy side after faults. This has been done for the F2F-MMC, where a control method has been proposed. The evaluation of the proposed method in the case study demonstrated that effectively the DC voltage disturbance can be reduced, but the effectiveness depends on the grid DC voltage control method. Thus, when analyzing new services that DC-DC converters can bring to the system, the study of the system should also be taken into account.

In Chapter 5, a comparison of the F2F-MMC and the DC-MMC was evaluated applying the proposed comparison methodology of Chapter 2. First, the different analytical expressions were validated by detailed model simulations, and secondly the topologies were compared in regard of the proposed performance indicators. It has been seen how all the formulas give good approximations except for the switching losses.

A dedicated analysis of the hypothesis made for the switching losses estimation was done, demonstrating the limitation of the formulas in literature (proposed for the MMC at low frequencies) for the power losses estimation of other topologies or for medium frequency operation. The analysis demonstrated that the distribution of the switching actions during the AC period plays an important role. An ameliorated method to estimate the losses was proposed, using the probability distribution function of the switching actions. However, an analytical expression of this probability is very difficult to obtain given the random phenomena caused by the retained BCA, and therefore the detailed model simulations are, for the moment, the only method to estimate the switching losses.

Concerning the comparison of both converters, it demonstrated that, in comparison with the F2F-MMC, the DC-MMC is a promising topology that requires less installed energy (smaller size given by sub-module capacitors), a better utilization factor of semiconductors (less investment on semiconductors), and power losses for low voltage transformation ratios and medium frequency operation. However, as the transformation ratio increases, the DC-MMC indicators are degraded (more circulating AC power is needed) getting closer to the F2F-MMC indicators. Therefore, the use of an AC transformer for voltage adaptation seems necessary for high transformation ratios.

From the case study simulations, the results on normal and fault conditions did not demonstrate a notable difference of using the F2F-MMC or the DC-MMC as DC-DC converters. However, more detailed studies should be done to confirm that the use of one or other DC-DC converter, from the system point of view, is similar. Particularly the study of the grounding and insulation coordination of both structures.

Research perspectives

Although several interesting conclusions were obtained with this work, several questions are still open and some other research opportunities were identified during the thesis. The list of the proposed perspectives is given in the following lines, however it could not be exhaustive and some other perspectives could be found analyzing in detail the findings from each thesis chapter.

System perspectives:

 The evaluated case study assumed asymmetrical monopoles on both DC sides.

Other kind of line architectures should be also considered. As well, the interconnection of DC systems with different line architectures on both sides (for example the interconnection of an asymmetrical monopole with a symmetrical monopole).  The evaluated DC-DC converters should be adapted to these cases. Particularly the DC-MMC which does not have galvanic isolation, and the study of the AC transformer grounding on the F2F-MMC.  The control scheme of MTDC systems including DC-DC converters should be studied. In the thesis only the power control mode of DC-DC converters has been evaluated, even if they could contribute to the DC voltage control. The study of this possibility and the impacts on the DC grid should be considered, as well as more complex grid control schemes like DC voltage droop.  The need of blocking the fault current inside the DC-DC converter should be clarified. It has been seen that this feature requires the oversizing of the DC-MMC upper arms or the installation of two full rated MMCs on the F2F-MMC. Therefore, this characteristic does not come for free. A comparison of including this feature inside the converter or adding extra equipment like DC circuit breakers should be done.  A more detailed studied of the role of DC-DC converters in the protection of HVDC grids should be done. For example, it has been seen that even if stopping the fault current, the disturbance on the healthy sub grid can cause the loss of the entire DC system. Thus, the study of different protection strategies with DC-DC converters must be evaluated including the transient behavior.  The need of galvanic isolation of DC-DC converters should be clarified. If the final decision is that this characteristic is a must, the DC-MMC loss its interest and more research should be carried out to improve the F2F-MMC to become a cost effective solution.

Topology perspectives:

 The AC waveform is a degree of freedom on DC-DC converters. Thus, other modulation schemes different to sinusoidal waveforms should be also considered.  The study of the high-power, high-voltage, medium-frequency AC transformer on the F2F-MMC should be done. This element can be a technological lock of the topology. As well the coupling (delta/delta, delta/star, star/star), and the grounding should be studied carefully. It is recommended that such studies are done not only from the topology perspective but also analyzing the consequences to the grid.  The extension of the DC-MMC to other type of HVDC line configurations different to asymmetrical monopoles should be done. Given the coupling on the dynamics in the structure, in such case the degree of complexity will increment and therefore alternative methods for controlling the converter should be revised.  A control loop for controlling the DC voltage on the grid should be added to the DC-MMC if the system studies shows that it is needed. As well, the study of the possibility of using the internal energy to support the grid during fault transients, as it has been done for the F2F-MMC.

Perspectives for arms including full-bridges:

 A more detailed study of arms that use several types of sub-modules should be done. In Chapter 2, several assumptions were made for an arm that includes, at the same time, Full-bridges and Half-bridges. For example, it was assumed that both stacks are controlled using the same modulation index, and that the capacitance on both kind of sub-modules is the same. If it is not the case, appropriate models should be provided, evaluating the implications on the analysis done in this thesis.  The negative insertion of full-bridge sub-modules can bring new possibilities.

From one hand, it can be used to do over-modulation (increasing the arm maximal AC voltage value). From the other hand, the balancing techniques can be modified. For example, inserting two full-bridge sub-modules, one positively and one negatively, generates a zero voltage on the arm, but the arm current affects both sub-module capacitor voltages.

Comparison methodology perspectives:

 The proposed comparison methodology should be extended to include passive elements such as filters, transformers and inductors in order to have a more complete comparison.  A method to size properly the arm inductances and the AC transformer on the F2F-MMC should be proposed, as well precise losses models for these elements.  A method to size properly the arm inductances and the output filter inductor on the DC-MMC should be proposed, as well precise losses models for these elements.  The BCA impact on the switching of the different converters should be understood. If possible, obtaining an analytical expression to determine the switching behavior of each sub-module from the BCA parameters. This can avoid the need of doing detailed simulations to estimate the switching losses.  Finally a comparison including other topologies from the literature should be done. 

A.4 Switching action distributions for different cases

A.5 Résumé étendu en Français

A.5.1 Contexte général

La technologie de transmission en courant continu et haute tension (HVDC) a été reconnue comme une solution pour le transport d'électricité à longue distance, les interconnexions de systèmes AC asynchrones, l'interconnexion de différentes régions nécessitant des câbles sous-marins et souterrains, et la transmission de l'énergie éolienne offshore. Les avantages du HVDC font que de plus en plus de projets HVDC sont mis en oeuvre dans différents endroits, principalement pour interconnecter de grandes sources d'énergie renouvelable et renforcer le système AC.

Aller au-delà des liaisons point-à-point (P2P) et créer des réseaux multi-terminaux voire des réseaux (systèmes maillés) en HVDC est intéressant pour augmenter la flexibilité du système de transport d'électricité actuel et permettre l'inclusion de sources d'énergie renouvelable à grande échelle. Les réseaux HVDC peuvent également apporter des services auxiliaires au système et permettre l'interconnexion de différents marchés. Bien que certains projets multi-terminaux interconnectant plus de deux stations de conversion AC-DC au même système DC aient été déployés, ce ne sont pas des réseaux (ils ne sont pas maillés). En effet, le développement d'un tel système présente plusieurs défis techniques, comme l'interopérabilité, la normalisation, le contrôle des flux de puissance et la protection.

Tandis que les solutions à ces problèmes font l'objet de recherches, l'installation de plus de liaisons HVDC P2P continuera d'augmenter. Par conséquent, il semble plus raisonnable de construire des réseaux HVDC en utilisant l'infrastructure existante. Ainsi, une évolution progressive commencera plus probablement par l'interconnexion individuelle des liaisons P2P pour former des réseaux locaux, puis par leur interconnexion pour évoluer vers un réseau plus grand. L'inconvénient de cette approche est que chaque liaison P2P a des caractéristiques différentes, comme les technologies HVDC, fabricants, schémas de mise à la terre et niveaux de tension. Par conséquent, des convertisseurs de puissance DC-DC seront nécessaires comme éléments d'interface pour permettre leur interconnexion, ce qui fait que ces convertisseurs sont identifiés comme une technologie clé pour le développement des futurs réseaux HVDC [START_REF] Jovcic | Developing DC transmission networks using DC transformers[END_REF].

Même si plusieurs méthodes de conversion DC-DC en basse et moyenne tension sont bien connues, l'adaptation de ces techniques à la haute tension n'est pas simple. Les convertisseurs HVDC nécessitent l'association de plusieurs composants basse tension, tels que des interrupteurs semi-conducteurs de puissance et/ou des convertisseurs, ce qui empêche l'utilisation directe des méthodes de conversion classiques. Compte tenu des différences avec la basse et moyenne tension, une étude des techniques spécifiquement dédiées au HVDC est nécessaire et c'est l'objectif principal de cette thèse.

A.5.1.1 Énoncé du problème et portée de la thèse.

Plusieurs convertisseurs DC-DC pour HVDC ont été proposés dans la littérature, mais aucun d'eux n'a été déployé industriellement. De plus, les différentes propositions n'ont pas été catégorisées ou classées. De ce fait, l'identification des principales techniques pour construire des convertisseurs HVDC n'est pas évidente. En effet, sans une méthode de catégorisation appropriée, il est difficile d'identifier les principaux défis et tendances dans les recherches récentes sur le sujet. D'ailleurs, la plupart des études se concentrent sur la topologie elle-même et il y a un manque d'études qui traitent leur intégration au réseau. Ce type d'études est essentiel pour comprendre les exigences des convertisseurs HVDC DC-DC vis-à-vis du réseau et pour identifier les services qu'un convertisseur particulier pourrait offrir en analysant l'impact sur le système.

Enfin, une méthodologie générale pour évaluer les différentes solutions en comparant leurs coûts, pertes et tailles n'a pas été formellement proposée. Ainsi, les quelques études qui comparent certaines topologies utilisent différents indicateurs rendant difficile la comparaison des différentes contributions sur ce sujet.

Cette thèse aborde chacune de ces problématiques par différentes approches. Tout d'abord, un aperçu détaillé de l'état de l'art des convertisseurs DC-DC et de leurs applications est réalisé. Une classification des différents circuits est proposée, ce qui permet de mettre en évidence les principales tendances et techniques de réalisation des convertisseurs HVDC DC-DC. Deux topologies prometteuses sont ainsi sélectionnées pour une étude détaillée.

La première topologie est basée sur une chaîne de conversion DC-AC-DC, et qui a la possibilité d'inclure une isolation galvanique entre les ports DC. La deuxième topologie retenue est un circuit non isolé basé sur une chaîne de conversion DC-DC plus directe (seule une partie de la puissance totale est convertie en AC).

Les deux convertisseurs sont étudiés en détail en quatre étapes: analyse du fonctionnement en régime permanent, conception de la commande, analyse du comportement du convertisseur lorsqu'un défaut DC se produit, et leur simulation dans l'interconnexion de deux liaisons HVDC en conditions normales et de défaut. À partir de cette analyse détaillée, la capacité des deux circuits à interconnecter des réseaux HVDC est évaluée. Après l'étude de l'interconnexion de deux liens P2P pour les deux circuits, une comparaison est effectuée en regardant certains indicateurs de performance liés au coût, à la taille et à l'efficacité. La comparaison des deux circuits est réalisée pour différents cas (rapport de transformation DC et fréquence de fonctionnement), afin d'identifier l'ensemble d'applications pour lesquelles chaque topologie est plus intéressante. A cet effet, une méthodologie générale de comparaison des convertisseurs modulaires DC-DC multiniveaux est proposée. Elle est basée sur trois indicateurs de performance. Tout le processus est analytique et ne dépend que du fonctionnement en régime permanent de chaque circuit; à l'exception de l'évaluation des pertes en commutation qui nécessite la simulation détaillée des circuits.

Cette thèse est organisée en cinq chapitres. Dans le premier chapitre, l'état de l'art des topologies DC-DC pour le HVDC et leur classification sont présentés. Le chapitre deux porte sur l'approche générale de l'étude des deux topologies retenues. Les chapitres trois et quatre sont dédiés à l'étude détaillée de chacune des deux topologies : le F2F-MMC et le DC-MMC. Finalement le chapitre cinq compare les deux circuits.

A.5.2 Chapitre 1 : Etat de l'art

Ce chapitre donne un aperçu de l'état de l'art des convertisseurs DC-DC pour HVDC en proposant une classification des différents circuits en fonction de leur structure. Cette approche permet d'omettre les détails de chaque convertisseur et d'aller directement à l'identification des avantages et inconvénients communs des différentes méthodes de conversion. La classification proposée est présentée dans la Ensuite, les techniques de modélisation pour les deux circuits sont exposées. Celles-ci comprennent un modèle moyen avec la capacité de simuler l'état bloqué (nécessaire pour faire des analyses en cas de défauts), et un modèle semi-analytique qui permet de simuler la dynamique de tous les sous-modules de la structure (nécessaire pour évaluer les pertes en commutation). Ces deux modèles sont présentés dans la Le type de sous-modules (SM) requis dans cette topologie dépend de la nécessité ou non de la capacité à bloquer les courants de défaut. Si cette caractéristique est requise, les demi-bras supérieurs nécessitent des SM à pont complet (FB), dans le cas contraire ils peuvent être mis en oeuvre avec seulement des SM à demi-pont (HB). Concernant les bras inferieurs, des SM à demi-point sont suffisants dans les deux cas.

Le principe de fonctionnement du convertisseur est de faire circuler directement des courants continus entre les deux réseaux DC et de générer des courants alternatifs de circulation en interne du circuit pour équilibrer l'énergie entre les différents demi-bras. La puissance alternative requise pour équilibrer l'énergie dans chaque bras est inférieure à la puissance nominale, par conséquent le convertisseur n'est pas une chaîne de conversion DC-AC-DC car seulement une partie de puissance est convertie en AC. Cette caractéristique est un avantage de cette topologie.

Étant donné que le courant alternatif est interne au circuit, sa forme d'onde peut être réglée sur différentes formes de modulation et fréquences. Dans ce chapitre, un convertisseur triphasé avec une modulation sinusoïdale à fréquence moyenne (150 Hz) est considéré.

De manière similaire à l'étude faite dans le Chapitre 3 pour le F2F-MMC, ce chapitre étudie le modèle moyen du circuit, la description mathématique de la topologie décrivant la dynamique et le fonctionnement en régime permanent, le comportement sous défauts, la conception de la commande, et l'étude de l'intégration du circuit dans le cas d'étude défini au Chapitre 2. Le chapitre présente d'abord la validation de la méthodologie comparant les résultats obtenus en simulation détaillée des circuits (incluant tous les sous-modules d'un bras) avec les expressions théoriques développées au Chapitre 2. Ensuite, la comparaison des circuits est effectuée pour différentes fréquences de fonctionnement et rapports de transformation DC.

Concernant la validation des expressions théoriques, les résultats sont satisfaisants à exception des pertes en commutation. Il y a un écart entre les résultats obtenus en simulation et ceux attendus par les expressions analytiques (voir Figure A.24). En analysant les formules analytiques proposés dans la littérature, il a été démontré que l'erreur dans l'estimation vient du fait de que les hypothèses faites pour obtenir les expressions théoriques ne se vérifient pas dans tous les cas. 

A.5.7 Conclusions

Bien que plusieurs solutions pour réaliser la conversion DC-DC dans le HVDC aient été rapportées dans la littérature scientifique, aucune solution industrielle n'a été déployée et plusieurs questions ouvertes sur le sujet restent. Les principales exigences pour de telles structures n'ont pas été clairement définies et il n'y a pas de consensus final sur la topologie qui présente le plus grand potentiel pour devenir une solution industrielle. Les résultats de cette thèse fournissent quelques éléments pour de futurs travaux afin de répondre à ces questions. contrôle de puissance, les deux convertisseurs peuvent découpler les deux systèmes DC. Cela signifie que lorsqu'une variation de tension ou de puissance se produit sur un réseau, le deuxième réseau ne subit aucune perturbation grâce au convertisseur DC-DC (tant que les contrôleurs n'entrent pas en saturation).

Lors de l'évaluation du comportement des deux convertisseurs DC-DC en cas des défauts DC externes, il a été constaté que le F2F-MMC a la capacité naturelle d'arrêter le courant de défaut et donc la propagation des défauts entre les réseaux DC. Pour le DC-MMC, cette capacité est possible mais conduit au surdimensionnement des bras supérieurs, en ajoutant plus de sous-modules, en particulier de type pont complet. L'analyse du cas d'étude en cas de défauts a révélé que, pour les deux convertisseurs DC-DC, la propagation des défauts est arrêtée mais une perturbation de tension DC est générée sur le sous-réseau sain. Ainsi, le dimensionnement de la puissance du convertisseur DC-DC et le contrôle de chaque réseau doivent tenir compte de ces perturbations pour éviter une éventuelle perte de l'ensemble du système.

Étant donné que les convertisseurs DC-DC modulaires multiniveaux ont de l'énergie stockée dans les condensateurs des sous-modules, cette énergie peut être utilisée pour fournir des services au réseau. Par exemple pour diminuer les perturbations de tension DC du côté sain après des défauts. Cela a été fait pour le F2F-MMC, où une méthode de contrôle a été proposée. L'évaluation de la méthode proposée dans le cas d'étude a démontré qu'effectivement la perturbation de tension peut être réduite, mais l'efficacité dépend de la méthode de contrôle du réseau. Au Chapitre 5, une comparaison du F2F-MMC et du DC-MMC a été effectuée en appliquant la méthodologie de comparaison proposée au Chapitre 2. Premièrement, les différentes expressions analytiques ont été validées par des simulations en utilisant des modèles détaillées, et deuxièmement les topologies ont été comparées en ce qui concerne les indicateurs de performance proposés. Il a été vérifié que toutes les formules analytiques donnent de bonnes approximations à l'exception des pertes en commutation.

Une analyse dédiée de l'hypothèse faite pour l'estimation des pertes de commutation a été réalisée, démontrant la limitation des formules proposées dans la littérature. L'analyse a démontré que la distribution des actions de commutation pendant la période AC joue un rôle important. Cependant, une expression analytique est très difficile à obtenir et donc les simulations en utilisant le modèle détaillé du convertisseur sont, pour le moment, la seule méthode pour estimer les pertes en commutation.

En ce qui concerne la comparaison des deux convertisseurs, il a été observé que, par rapport au F2F-MMC, le DC-MMC est une topologie prometteuse qui nécessite moins d'énergie installée, présente un meilleur facteur d'utilisation des semi-conducteurs et moins de pertes de puissance pour les rapports de transformation faibles et un fonctionnement à moyenne fréquence. Cependant, à mesure que le rapport de transformation augmente, les indicateurs du DC-MMC se dégradent (une circulation de courant alternatif plus importante est nécessaire) se rapprochant aux indicateurs du F2F-MMC. Par conséquent, l'utilisation d'un transformateur AC pour l'adaptation de tension semble nécessaire pour des rapports de transformation élevés.

À partir des simulations du cas d'étude, les résultats en conditions normales et de défaut n'ont pas montré de différence notable entre l'utilisation du F2F-MMC ou du DC-MMC comme convertisseurs DC-DC. Cependant, des études plus détaillées devraient être effectuées pour confirmer que l'utilisation de l'un ou l'autre convertisseur, du point de vue du système, est similaire. En particulier l'étude de la coordination d'isolement et de la mise à la terre.

DC-DC converters for the interconnection of HVDC grids

Abstract Direct Current High Voltage (High Voltage DC: HVDC) transmission grids appear to be a promising solution to answer the future needs and requirements of the power system. The development of such grids can be done following two different approaches. On one side, a DC system designed totally from zero; and on the other side, an incremental evolution using the existing HVDC lines. The second approach seems more reasonable due to the reutilization of infrastructure, the difficulty is that each HVDC line could have different characteristics; therefore their interconnection will require DC-DC converters as interface elements. These interfaces can also offer more functionalities such as power flow control and protection.

This thesis addresses the detailed study of DC-DC converters for HVDC grids. A complete review of the different conversion methods is first presented and a classification is proposed. The modelling, control and simulation aspects are studied and applied to two different representative structures of DC-DC HVDC conversion. The circuits are compared in terms of their capabilities to interconnect two DC grids in normal operation and in case of faults. This comparison is completed by an analysis including power losses, energy needs and the utilization factor of semiconductors. The results of this thesis can be easily extended to other HVDC topologies.

Convertisseurs DC-DC pour l'interconnexion des réseaux HVDC 
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  The F2F-MMC has three control modes: DC Power control: to control the power transfer between both DC grids  High Voltage control: to control the DC voltage on the high voltage side  Low Voltage control: to control the DC voltage on the low voltage side

Figure 3 . 7 .
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 341 upper and lower arms. This hypothesis is justified when analyzing the sizing of the circuit needed to stop the propagation of DC faults in Section 4.5.3. Parameters for optimization study The value of the lower arm AC voltage (ᵃ ) is varied from 0 to ᵃ . In the same manner, the upper AC arm voltage magnitude |ᵅ | = ᵃ + ᵃ is variated from 0 to ᵃ . For each voltage pair, the needed phase angle ᵱ is calculated from the restriction of AC power (Eq. (4.27)), which allows to calculate ᵃ = |ᵅ | sin ᵱ. Then ᵃ is calculated by ᵃ = |ᵅ | -ᵃ . All the points that generate an imaginary value of ᵃ are rejected since they cannot be a solution to the problem. Finally, the currents are calculated with Eq. (4.24) and their magnitudes are plotted.
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  Figure 4.[START_REF] Koldby | Challenges on the Road to an Offshore HVDC Grid[END_REF] shows the results comparing the arm quantities with those on the ΔΣ frame separating AC (dq) and DC quantities. It is observed that, accordingly to the proposed control scheme, ᵅ is aligned with ᵅ ; this is confirmed observing that, for both variables, the AC component is on the d axis, being the contribution to the q axis very small. This is true for all the variations of the DC power during the test. In the same way, it is observed that ᵅ is aligned with ᵅ and both variables are on the q axis corresponding to a phase shift of ᵰ/2 which was expected from the analysis done in Section 4.3.2.
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 4 Figure 4.26 and Figure 4.27 show the waveforms obtained in simulation after a DC fault on the HV side for two different DC power flows. In the first case (Figure4.26), the power flows from HV to LV side before the fault. When the fault occurs, the HV side current (ᵃ ) becomes negative very fast to feed the fault whereas the healthy side current (ᵃ ) decreases slowly. After 50 ᵰs (the considered controller time step), the converter is blocked (dotted line in the figure), the fault current start to decrease while the healthy side current continues decreasing with a lower slope. Before ᵃ is totally interrupted, it takes a negative value contributing to the fault current. As soon as all the inductors have been discharged, the fault current is effectively interrupted. During all the process, the SM capacitor voltages do not have a notable variation.
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 4 Figure 4.29 and Figure 4.30 show the waveforms obtained in simulation after a DC fault on the LV side for two different DC power flows. When the power flows from HV to LV side before the fault (Figure 4.29), it is observed that the fault causes an increase of the faulty side current ᵃ whereas the healthy side current ᵃ is almost not affected. Once the converter is blocked (50 ᵰs after the fault, indicated by the dotted line in the figure) the healthy side current decreases several times faster than the faulty side current. While ᵃ is decreasing, the FB-SMs on the upper arms absorb energy increasing their voltage.
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Figure 4 . 31 .

 431 Figure 4.31. Number of SMs on upper arms needed for stopping the propagation of faults.

Figure 4 . 32 .

 432 Figure 4.32. Case study with the DC-MMC

Figure 4 . 33 .
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 4 Figure 4.35 and Figure 4.36 present the results of the case study simulation when the fault position is on the LV DC grid at t=5.5s and at 100 km from station MMC4. The DC currents on the DC-MMC and the DC voltage on the faulty side for both considered power flow scenarios are shown in Figure 4.35.It is observed that, in both cases, the contribution to the fault current from the healthy side (node N) is stopped, i.e. there is no DC current flowing from one grid to the other. The peaks observed on the DC current correspond to the oscillations on the DC voltage, which cause the direct bias of the freewheeling diodes on the SMs when it is negative.
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  Figure 4.[START_REF] Belverde | Active voltage sharing of series connected strings of IGBT devices in bridge applications[END_REF] shows the impact on the healthy side (the LV DC grid) after the fault. It is seen that, as in the LV side fault case, the interruption on the power flow between both DC grids causes a disturbance on the DC voltage. In this case, the variation on the healthy side DC voltage is higher than when the fault occurs on the LV side. In order to regulate the DC voltage, station MMC3 changes its DC power and internal energy.
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 5 4 for the F2F-MMC and the DC-MMC respectively. The sum of all the individual SMs capacitor voltages (detailed arms model) is presented (for the case of the F2F-MMC only the upper arm voltage of each MMC is shown). The DC currents are shown as well.
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 5 Figure 5.14 shows the comparison of the proposed method with the results obtained in simulation. The estimation assuming a uniform distribution (Eq. (5.3)) is also presented.
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 5 Figure 5.21 summarizes both factors for the F2F-MMC and the DC-MMC for the different analyzed cases.It is seen that in all cases the DC-MMC requires less installed power (higher ᵃ ) which means a reduced investment in semiconductors compared to the F2F-MMC. The effect of increasing the operating frequency, does not affect considerably the ᵃ factor on the F2F-MMC (and if it does, it is degraded), while for the DC-MMC the factor is improved, (with a ratio of improvement different for each ᵅ case).

Figure 5 . 22 .Figure 5 .

 5225 Figure 5.22. Power losses for the F2F-MMC and the DC-MMC

Figure A. 5 .Figure A. 6 .

 56 Figure A.5. F2F-MMC at 50 Hz operating frequency

  Figure A.11Figure A.16.

Figure A. 11 .

 11 Figure A.11. Classification proposée des convertisseurs DC-DC dédiés au HVDC

Figure A. 12 .

 12 Figure A.12. Cas d'étude

  Figure A.13 pour le cas de convertisseurs à base de sous-modules en demi-pont. Des discussions sont aussi développées dans ce chapitre pour des sous-modules de type pont complet. Ensuite, le principe de fonctionnement et l'approche globale de contrôle des topologies multiniveaux sont présentés. Dans la Figure A.14 le principe de contrôle est montré, en identifiant deux étages principaux : contrôle de haut et de bas niveau.
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Table 1

 1 

.1 HVDC Applications characteristics

  Table 1.2.

	Parameter	HVDC TAP	DC-Collector for Offshore Windfarm	HVDC Grid Interconnection
	Step ratio	High	Medium-High	Low
	Power rating	Low	High	High
	Galvanic isolation	Yes, can be done externally	Yes	No
			Critical, mainly	
	Weight / footprint	Not critical	associated to	Non critical
			platform cost	
			No, step-up (but	
			a solution to	
	Bi-directionality	No, step-down	supply the offshore	Yes
			equipment is	
			necessary)	
	HVDC VSC scheme Monopolar	Bipolar, monopolar	Monopolar, bipolar, both in the same converter
	Availability / reliability	Not critical, to keep low cost solution	High, because high downtime costs	Critical. Must be as good as the grids being interconnected.
	Fault blocking capability	Yes, for faults on LV side	Yes	Yes
	Target cost	Critical	Non-critical	Non-critical

*The parameters in bold are the key ones to be considered for each application

Table 1.2 DC-DC Converter Requirements for each HVDC Application

1.4.4.2 Offshore windfarm to HVDC

  

	VSC scheme	Monopolar / Bipolar	Monopolar / Bipolar
	Fault blocking when fault on HV	Yes if FB submodules are used	No
	Fault blocking when fault on LV	Yes	Yes
			-Not modular
	Main drawbacks	-High energy requirements on	-Unequal distribution of current and
		inductor	voltages on switches
	Table 1.3 Characteristics of Potential DC-DC Converters for HVDC Tapping

Parameter Offshore DC collector to HVDC Offshore DC collector to HVDC -HVDC grid interconnection HVDC grid inter- connection

  

		Cascaded DABs	DC-MMCs	Modular Capacitive choppers	DC-Auto transfomer	Resonant single-stage	Modular multilevel DAB
	Galvanic Isolation	Yes	No	No	No	No	Yes
			Yes. Some				
			circuits				
	Bi-directionality	Yes	require FB-SMs for	Yes	Yes.	Yes	Yes
			step-up				
			operation				
	HVDC VSC scheme	Monopolar Bipolar	Monopolar Bipolar	Monopolar	Monopolar Bipolar	Monopolar	Monopolar Bipolar
	Fault		Yes,	Yes,	Yes,		
	Blocking	Yes	requires FB	requires FB	requires	Yes	Yes
	capability		SMs	SMs [91]	FB SMs		
			Important		AC		
			AC		transformer	-Requires	
	Main drawback	Insulation of the transformer	circulating currents proportional	Requires HV switches	insulation design and added	HV switches -Tank	Double conversion installed
			to the		weight	Design	power
			transf. ratio				
	Table 1.4 Characteristics of Potential DC-DC Converters for Offshore DC Windfarm to
			HVDC, and HVDC Grid Interconnection	

.3. The controlled voltage and current sources are controlled with the modulation index m. Modelling all the converter arms with this equivalent describes the converter reduced order average model.

  

	Figure 2.3. Converter arm and its reduced order average model
	The derivation of this model is described in Appendix A.1. From that analysis the
	equations of the reduced average model are Eqs. (2.1)-(2.4), where ᵃ	is the number of
	SMs in the arm and ᵅ the number of SM capacitors being inserted.
	ᵅ	= ᵅ ᵅ	(2.1)
	ᵅ	= ᵅ ᵅ	(2.2)
		ᵅ =	ᵅ ᵃ	(2.3)
		ᵃᵃ"ᵅ =	ᵃ ᵃ	(2.4)

Table 2 .1 HB

 2 

-SM reduced average arm model including blocked state

Table 2 .

 2 

2 FB-SM reduced average arm model including blocked state Figure 2.9. Semi-analytic Detailed Model for FB-SM arm

Table 2 .

 2 

3 HB-SM parameters to determine Eqs. (2.56),

(2.57) 

Table 2 .

 2 4 FB-SM parameters to determine Eqs. (2.56), (2.57)

  3.3.1 Mathematical description ................................................................. 64 3.3.2 Steady state analysis ........................................................................ 68 3.3.2.1 DC Solution ................................................................................ 68 Power exchange mechanism ............................................................. 72

3.3.2.2 AC Solution ................................................................................ 68 3.3.2.3 Equivalent capacitor circuit ........................................................ 70 3.3.2.4 Circulating currents .................................................................... 71 3.3.3

. 103 3

  

3.6.1 Normal operation ............................................................................. 96 3.6.2 Operation under DC faults .............................................................. 98 3.7 Chapter Conclusions .................................................

Table 3
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	F2F-MMC
	MMC HV	MMC LV

Table 3 .

 3 

2 Time constants for controller tuning used in the control validation

Table 3 . 3

 33 .4. Circuit parameters for case study ofFigure 3.30 

		Parameter	AC-DC Stations	F2F-MMC
				MMC1 to MMC4	MMC HV	MMC LV
	SM Capacitor (ᵆ	)	10 mF	3 mF	3 mF
	SMs per arm (ᵆ	)	400	400	313
	Equivalent Arm Capacitor (ᵆᵆ&ᵆ2)	25 ᵰF	7.5 ᵰF	9.6 ᵰF
	Arm inductance (ᵆ	)	50 mH	15 mH	9 mH
	Arm resistance (ᵆ	)	0.51 Ω	0.51 Ω	0.4 Ω
	AC voltage (RMS line voltage)	300 kV / 184 kV	333 kV	260 kV
	AC bus inductance (ᵆ )	5 mH	20 mH
	AC bus resistance (ᵆ )	0.8 Ω	0.8 Ω
	AC Transformer Ratio (ᵆ/ )	-	1.28
	AC Frequency		50 Hz	150 Hz
		Control loop	AC-DC Stations	F2F-MMC
				MMC1 to MMC4	MMC HV -MMC LV
	ᵆ* DC Current	0.7 ms	0.1 ms
	ᵆ* AC Current	0.2 ms	0.5 ms
	ᵆ Energy Sum	42 ms	15 ms
	ᵆ Energy Difference	42 ms	15 ms
	ᵆ	DC Voltage	63 ms	-
	ᵆ	DC Power	294 ms	270 ms

Table 3 .4 Converter
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stations control loop time responses for case study of

Figure 3.30 

HV Behavior HV MMC Energy (Arm Eq. Capacitor voltage)

  

							ᵴ
			Nominal	Min.	Max.	ᵃ	= -400 ᵃᵃ	ᵃ	= 400 ᵃᵃ
		Blocked	9.21 MJ	N/A	N/A		N/A	N/A
	ᵆ	Controlled = ᵽ ᵆ.ᵆ	9.21 MJ (640 kV)	2.3 MJ (320 kV)	10.74 MJ (691 kV)		17.3 ms	3.8 ms
	ᵆ	Controlled = ᵽ ᵆ.ᵆ	18.4 MJ (640 kV)	4.6 MJ (320 kV)	21.49 MJ (691 kV)		34.5 ms	7.7 ms

Table 3 .

 3 

5 F2F-MMC nominal energy and its limits for the case study

  These values depend on the number of installed SMs and the arm DC voltages. Figure 4.8 presents the maximal AC voltage that each arm can generate for two different DC transformation ratios assuming no over modulation, i.e. no negative voltages.

		The optimization problem is:								
			Minimize	ᵅ	= ᵃ + ᵃ and ᵅ		= ᵃ + ᵃ
		With restrictions:							
		(Energy balance)	ᵱᵃ	(ᵃ	ᵃ	+ 2ᵃ )	ᵃ ᵃ 2	+	ᵃ ᵃ	1 -	ᵅ	1	= 0 (4.27)
		(Upper arm AC voltage limit)		ᵃ + ᵃ ≤ ᵃ				(4.28)
		(Lower arm AC voltage limit)		ᵃ ≤ ᵃ				(4.29)
		To solve this problem, the maximal allowable AC voltages per arm (ᵃ	,
	ᵃ	) are first determined.									

Table 4 . 2

 42 Circuit parameters for Control Validation

		Control loop	Time constant
	ᵆ* DC Current	0.1 ms
	ᵆ* AC Current	0.5 ms
	ᵆ Energy Sum	15 ms
	ᵆ Energy Difference	15 ms
	ᵆ	DC Voltage	-
	ᵆ	DC Power	75 ms

Table 4 . 3

 43 Time constants for controller tuning used in the control validation

Table 4 . 4

 44 Circuit parameters for DC-MMC case study

	-MMC

Table 4 . 5

 45 Converter stations control loop time responses for DC-MMC case study

Table 5

 5 

	.1 Control parameters for detailed simulation

Table 5 . 2

 52 Circuit parameters for detailed simulation

Table 5 . 3

 53 Semiconductor device current expressions from simulation results

  RésuméLes réseaux de transport à Courant Continu et Haute Tension (High Voltage DC : HVDC) apparaissent comme une solution prometteuse pour répondre efficacement aux besoins et exigences futurs du réseau électrique. Le développement de tels réseaux peut se faire selon deux approches différentes. D'un côté, un système DC maillé conçu totalement ex nihilo et d'un autre côté, une évolution incrémentale utilisant les lignes HVDC existantes. La seconde approche est plus raisonnable car elle permet de réutiliser des infrastructures déjà éprouvées. L'inconvénient est que les lignes HVDC existantes peuvent avoir des caractéristiques différentes; de ce fait leur interconnexion nécessitera des convertisseurs DC-DC comme éléments d'interface. Ces interfaces offrent, de plus, des fonctionnalités comme le contrôle du flux de puissance et des protections supplémentaires.Cette thèse aborde l'étude détaillée de convertisseurs DC-DC pour les réseaux HVDC. Une revue complète des différentes méthodes de conversion est d'abord présentée et une classification est proposée. Les aspects modélisation, contrôle et simulation sont abordés et appliqués à deux structures représentatives de la conversion DC-DC HVDC. Ces dernières ont été comparées à la lumière de leurs performances en fonctionnement normal et en présence de défauts et ce, dans leur environnement reconstitué, i.e. les différents réseaux interconnectés. Cette comparaison a été approfondie par une analyse technique tenant compte des pertes, des besoins en énergie, et enfin des facteurs d'utilisation des semi-conducteurs. Les résultats de cette thèse peuvent être étendus aisément à d'autres structures HVDC.

Figure A.7. F2F-MMC at 250 Hz operating frequency

Figure A.9. DC-MMC at 150 Hz operating frequency

Figure A.10. DC-MMC at 250 Hz operating frequency
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Au Chapitre 1, une revue complète de la littérature sur les convertisseurs DC-DC dédiés au HVDC a été réalisée. Une classification par familles de convertisseurs a été proposée. À partir de cette étude, les principaux choix pour les convertisseurs DC-DC haute tension ont été identifiés, d'où il a été identifié que la plupart de propositions sont basées sur l'utilisation de sous-modules pour réaliser une conversion multi-niveaux.

Dans le Chapitre 2, le fonctionnement d'un demi-bras constitué de sous-modules et d'une inductance a été analysé. Cette analyse est indépendante de la topologie du convertisseur et résume les techniques de modélisation disponibles dans la littérature et les principes de fonctionnement des convertisseurs modulaires multi-niveaux. À partir de cette analyse, il a été constaté que toutes les structures modulaires multi-niveaux nécessitent la superposition de quantités AC et DC pour aboutir à un équilibrage d'énergie sur les condensateurs des différents sous-modules. Par conséquent, la principale différence entre les différents convertisseurs DC-DC de ce type est la manière dont la circulation interne des courants alternatifs est utilisée. Dans le F2F-MMC, toute la puissance est convertie en AC, tandis que sur le DC-MMC, seule une partie de la puissance totale circule sous forme de courant alternatif. Cette caractéristique rend le DC-MMC particulièrement intéressant.

De plus, au Chapitre 2, une méthodologie de comparaison des convertisseurs DC-DC a été proposée. Puisqu'elle a été obtenue en analysant un demi-bras individuel et son fonctionnement, elle peut être appliquée à plusieurs convertisseurs DC-DC. La méthodologie quantifie les paramètres liés aux dépenses d'investissement et d'exploitation en évaluant trois indicateurs de performance: utilisation des semi-conducteurs, énergie stockée dans les sous-modules et pertes de puissance. Le calcul de ces paramètres est analytique (à l'exception des pertes en commutation), et permet d'évaluer rapidement la comparaison des convertisseurs en se basant uniquement sur leur fonctionnement en régime permanent.

L'étude détaillée des deux topologies a été effectuée aux Chapitre 3 et Chapitre 4. Dans les deux cas, un schéma de contrôle basé sur l'énergie a été proposé et testé avec succès sur un cas d'étude sélectionné ainsi que dans des simulations détaillées en incluant tous les sous-modules d'un bras (Chapitre 5). Malgré les améliorations de contrôle possibles qui peuvent être effectuées pour les deux topologies, les correcteurs proposés conviennent pour évaluer l'intégration au réseau des deux convertisseurs. En effet, la simulation de l'interconnexion de deux liaisons HVDC a été réalisée avec succès avec les schémas de contrôle proposés. L'analyse du cas d'étude a révélé que, lorsqu'ils agissent en mode de

is the ratio of how much often the bypass action is done by S2 and S4 instead of S1 and S3 in the FB-SM). The data is recorded once the circuit has reached the steady state (ᵃ = 700 ᵃᵃ ) and for a long period of time, at least for a number of AC cycles equal to the number of Where ᵃ is the SM capacitance and ᵅ is the SM capacitor voltage. The total energy stored in one arm made by ᵃ SMs is the sum of all SM energies:

Considering all the SMs to be identical, i.e. all SM capacitors have the same value ᵃ , and supposing a proper balancing mechanism (BCA), all the SM voltages have similar valueᵅ ᵅ

. Under these suppositions Eq. (A.2) becomes:

Now, the sum of the voltages of all the SM capacitors in the arm is:

Again, assuming a correct balancing mechanism, all these voltages are balanced obtaining:

Eq. (A.3) can be expressed in function of this sum:

This equation can be interpreted as the equivalent energy stored in one equivalent capacitor ᵃᵃ"ᵅ with a voltage of ᵅ , being the capacitor value:

The evolution of the equivalent capacitor voltage is given by:

Replacing ᵅ and ᵃ by Eqs. (A.4) and (A.7):

This is equivalent to the sum of all the SM capacitor currents:

Now, the current of one SM capacitor is equal to the arm current if the SM is inserted or zero if it is bypassed. Assuming ᵅ inserted SM capacitors, Eq. (A.10) becomes:

Now, the voltage being inserted in the arm is the sum of all SM voltages:

The voltage of one SM is equal to the SM capacitor voltage ᵅ , if it is inserted or zero if it is bypassed. Then for ᵅ inserted SMs, Eq. (A.12) becomes:

Replacing ᵅ by Eq. (A.5), and assuming a low ripple on ᵅ it is obtained:

Being the modulation index:

Eqs. (A.7), (A.11), (A.14) and Eq. (A.15) represent the reduced order average model of one arm. Then one modular multilevel converter made by this kind of arms can be modelled using this average model, for example the MMC [51], [START_REF] Zhang | Average value MMC model with accurate blocked state and cell charging/discharging dynamics[END_REF], the F2F-MMC [START_REF] Taffese | Modelling of DC-DC converters based on front-to-front connected MMC for small signal studies[END_REF], [START_REF] Jovcic | Dual Channel Control with DC Fault Ride Through for MMC-based, Isolated DC/DC Converter[END_REF] or the DC-MMC [START_REF] Kish | Modeling techniques for dynamic and steady-state analysis of modular multilevel dc/dc converters[END_REF].

A.2 Controller synthesis

A.2.1 PI controller for first order systems

Consider a closed loop system as presented in The PI controller transfer function is defined by:

The system open and closed loop transfer functions are:

The open loop transfer function can be rewritten as:

The system pole ᵅ =can be cancelled by setting:

Then the open loop transfer function becomes:

And the closed loop transfer function:

Which is a first order transfer function with time constant:

Then, a first order system can be controlled with a PI controller to have a first order response with time constant ᵰ by setting the control parameters to: The PI controller transfers function is defined by:

Then, the open and closed loop transfer functions are:

This transfer function is a second order system with characteristic polynomial ᵅ + 2ᵰᵱ ᵅ + ᵱ with a zero on ᵅ = -/ , and characteristic parameters:

From these equations the controller parameters can be tuned to obtain a response according to the needed ᵰ and ᵱ :

A.2.3 PI for unitary gain systems

Consider a closed loop system as presented in The PI controller transfers function is defined by:

Then, the open and closed loop transfer functions are:

This transfer function is a first order system with a zero and a pole:

In order to have a first order response, the controller is tuned to have the zero several times faster than the pole:

From Eq. (A.37) ᵃ is obtained:

Replacing Eqs. (A.38)-(A.39) on Eq. (A.36) and solving for ᵃ :

Therefore, the controller parameters can be designed to have a first order response with time constant ᵰ. In this thesis a value of ᵅ = 5 is assumed.

A.3 Butterworth filter

Since the arm equivalent capacitor voltages have AC and DC components, the AC quantities should be filtered out in order to control only the average value. A low-pass Butterworth filter [152] is proposed.

The transfer function of a filter of order ᵅ is given by:

Where ᵅ are the poles of the filter. For a normalized filter [152] they are given by:

Where ᵱ is the filter cutoff angular frequency. At this frequency, the filter has a gain of -3 dB, and in general for an arbitrary angular frequency ᵱ:

From this expression, the design cutoff frequency can be calculated in function of the required gain. It is proposed to have a gain of -26 dB at the converter operating frequency ᵃ#

. It means that only 5% of the signal remains at ᵱ = 2ᵰᵃ# . Thus, the cutoff frequency must be as shown in Eq. (A.44). Using Eq. (A.46), the different normalized poles according to the degree of the filter (ᵅ) are obtained. Then, the characteristic polynomial of the normalized poles is:

The normalized coefficients ᵃ are related with the filter coefficients ᵃ (Eq. (4.41)) by:

Thus, with all the coefficients ᵃ calculated, the filter can be implemented. However, as it has been seen all the procedure supposes a degree ᵅ for the filter. This value is chosen accordingly to the time response of the filter. The idea is to have the fastest possible response, since the energy controllers are limited by the filter response time. It is seen how increasing, the filter order, the cutoff frequency can be increased for the same attenuation at 50 Hz. From the response to a step input, the time response can be calculated. It is done when the signal enters into the band 0.95-1.05 and stays inside in steady state. Table A.1 presents the time responses for different values of ᵅ and converter operating frequencies (ᵃ#

). It is seen that the fastest response is achieved with a second order Butterworth, then this design is retained for the energy filters using all along the thesis. The time responses (ᵃ# ) on Table A.1 are also the minimal constant time at which the energy controllers can be tuned.