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Renewable energy, including solar and wind, is at the heart of the transition to a less carbon-intensive and more sustainable energy system. Over the past two decades, there has been a significant increase in photovoltaic (PV) power installed in new solar power plants. This increase in power has also led to an increase in DC bus voltage up to 1500V (the limit between LV and MV in DC). It is worth noting that grid integration of distributed energy sources such as PV systems with battery-based energy storage systems (BESS), both utility-scale and residential and industrial, is gaining importance.

At the same time, the global data sphere is projected to grow from 33 zettabytes (ZB, 10 21 bytes, one trillion gigabytes) in 2018 to 175 ZB in 2025. Due to the data tsunami, digitization, high-speed wireless networks (5G, etc.), new data-intensive technologies (Big-data, etc.), and the growing demand for cloud-computing have led to the development of data centers, which have become an electricity-intensive industry. For example, several studies have estimated that between 2025 and 2050, the ICT industry could account for up to 20% of global electricity consumption.

The increase in installed power of data centers and solar power plants implies high power converters (MW or more) connected in parallel. The increase in voltage for PV and energy storage is a strong challenge to reduce the level of current in the devices in order to obtain more compact systems, because today, with the current solutions, the objectives of efficiency, cost and power density are not met. Therefore, new high-efficiency power electronic systems and associated control strategies are needed to make this transition possible. Increasing efficiency requires careful design of static converters. This thesis is part of the study and design of a new family of high efficiency three-phase multilevel converter topologies, called Multiplexed, intended for UPS, Energy Storage and Solar Inverter applications. The case studied, foresees a converter with a high voltage DC bus with a voltage variation range from 900V DC to 1500V DC , connected to a grid or a three-phase load of American (480V AC /60Hz) or European (400V AC /50Hz) voltage, and a bidirectional power ranging from a few tens of kW to 100kW.

First, we will explain the general structure of multiplexed topologies. Basically, the structure is composed of a chopper stage (consisting of two symmetrical DC-DC converters) connected to a three-phase DC-AC inverter stage. There are many variants depending on the topologies chosen for each conversion stage. In a second part, we will present the selected variants as a solution to the studied applications. We will also specify, the approach adopted for the dimensioning of these solutions, by taking into account the active elements (semiconductors) and the passive elements. We will present the performance results obtained via simulation. We will specify the control principle associated with this new range of topologies. Indeed, one of the main features of these structures is that the two stages, chopper and inverter, are connected without intermediate filter which implies that the inverter must re-switch the voltage that has already been switched by the chopper stage. The PWM modulation strategy that has been developed for this purpose will then be presented and detailed. Finally, based on the models and results obtained in the previous sections, we will show the realization of the 100kW prototypes built in order to validate the architecture and the control strategy proposed around the 'Multiplexed' concept.

Résumé

Les énergies renouvelables, notamment le solaire et l'éolien, sont au coeur de la transition vers un système énergétique moins intensif en carbone et plus durable. Au cours des deux dernières décennies, on a assisté à une augmentation significative de la puissance photovoltaïque (PV) installée dans les nouvelles centrales solaires. Cette augmentation de la puissance a également conduit à l'augmentation de la tension du bus continu jusqu'à 1500V (la limite entre la BT et MT en DC). Il convient de noter que l'intégration au réseau de sources d'énergie distribuées telles que les systèmes PV accompagnés de systèmes de stockage de l'énergie à base de batteries (BESS), tant à l'échelle des services publics comme au niveau résidentiel et industriel, gagne en importance.

Parallèlement, selon les prévisions, la sphère mondiale de données devrait passer de 33 zettaoctets (ZB, 10 21 octets, un trillion de giga-octets) en 2018 à 175 ZB en 2025. En raison du tsunami de données, la numérisation, les réseaux sans fil à haut-débit (5G, etc.), les nouvelles technologies à forte intensité de données (Big-data, etc.) et la demande croissante de cloud-computing ont conduit au développement des Data-Center, qui sont devenus une industrie à forte intensité d'électricité. Ainsi, plusieurs études ont estimé qu'entre 2025 et 2050, l'industrie des TIC pourrait représenter jusqu'à 20% de la consommation mondiale d'électricité.

L'augmentation de la puissance installée des Data-Center et des centrales solaires implique des convertisseurs de grande puissance (MW ou plus) connectés en parallèle. L'augmentation de la tension pour le PV et le stockage d'énergie est un fort défi pour réduire le niveau de courant dans les dispositifs afin d'obtenir des systèmes plus compacts, car aujourd'hui, avec les solutions actuelles, les objectifs de rendement, coût et de densité de puissance ne sont pas atteints. Par conséquent, de nouveaux systèmes électroniques de puissance à haut rendement et les stratégies de contrôle associées sont nécessaires pour rendre cette transition possible. L'augmentation du rendement passe par une conception soignée des convertisseurs statiques.

Cette thèse s'inscrit dans l'étude et la conception d'une nouvelle famille de topologies de convertisseurs multiniveaux triphasés à haut rendement, dite Multiplexed, pour des applications UPS, Stockage d'énergie et Onduleur solaire. Le cas étudié, prévoit un convertisseur avec un bus DC haute tension avec une plage de variation de tension de 900V DC à 1500V DC , connecté à un réseau ou une charge triphasée de tension américaine (480V AC /60Hz) ou européenne (400V AC /50Hz), et une puissance bidirectionnelle allant de quelques dizaines de kW à 100kW.

Tout d'abord, nous allons expliquer la structure générale des topologies multiplexées. Fondamentalement, la structure est composée d'un étage hacheur (constitué par deux convertisseurs DC-DC symétriques) connecté à un étage DC-AC triphasé. Il existe de nombreuses variantes en fonction des topologies choisies pour chaque étape de conversion. Dans une seconde partie, nous présenterons les variantes retenues comme solution aux applications étudiées. Nous préciserons également, l'approche adoptée pour le dimensionnement de ces solutions, en tenant compte des éléments actifs (semi-conducteurs) et des éléments passifs. Nous présenterons, les résultats de rendement obtenus via simulation. Nous préciserons le principe de commande associé à cette nouvelle gamme de topologies. En effet, une de principales particularités de ces structures est que les deux étages, hacheur et onduleur, sont connectés sans filtre intermédiaire ce qu'implique que l'onduleur doit redécouper la tension qui a déjà été découpé par l'étage hacheur. La stratégie de modulation PWM qui a été développé à cet effet sera ensuite présenté et détaillé. Enfin, sur la base des modèles et des résultats obtenus dans les sections précédentes, nous montrerons la réalisation des prototypes de 100kW construits afin de valider l'architecture et la stratégie de contrôle proposée autour du concept 'Multiplexed'. 

Contexte

Le premier quart du 21e siècle touche bientôt à sa fin et le réchauffement climatique semble s'essouffler. La température globale augmente de manière exponentielle depuis les dernières décennies. Une augmentation de quelques degrés peut avoir des conséquences désastreuses pour la planète Terre et pour l'humanité . Les causes directes de ce réchauffement climatique font l'objet d'un grand débat. S'agit-il d'un cycle historique, comme ceux qui se sont déjà produits à l'époque préhistorique, ou est-il lié aux émissions de gaz à effet de serre ? Les scientifiques et les experts ne semblent pas s'accorder sur le changement climatique. Entre-temps, l'humanité semble chercher des solutions alternatives aux énergies classiques, comme le charbon ou le pétrole, afin de réduire sa dépendance à leur égard et d'arrêter l'augmentation de la température. C'est pourquoi, ces dernières années, la pénétration des énergies renouvelables dans différents domaines a été considérable. De nombreux efforts sont consacrés aux technologies de production et de stockage afin que l'impact de ces énergies dites "propres" soit le plus faible possible.

Les énergies renouvelables, y compris l'énergie solaire et l'énergie éolienne, sont au coeur de la transition vers un système énergétique moins intensif en carbone et plus durable.

Augmentation de la tension des centrales PV

Au cours des deux dernières décennies, on a assisté à une augmentation significative de la puissance photovoltaïque (PV) installée dans les nouvelles centrales électriques. Cette évolution montre la nette domination des installations PV au sein des énergies renouvelables. Par conséquent, à la fin de 2018, la capacité mondiale de l'énergie solaire photovoltaïque installée et connectée au réseau était de 480 GW. Des données récentes issues d'une enquête internationale suggèrent que les ajouts annuels mondiaux d'énergie solaire photovoltaïque devraient atteindre 270 GW en 2030 et 372 GW en 2050 selon le scénario REmap, contre 94 GW en 2018. Par rapport aux niveaux de 2018, la capacité solaire photovoltaïque cumulée devrait être multipliée par six d'ici 2030, avec un taux de croissance annuel composé (CAGR) de près de 9% jusqu'en 2050.

Cette augmentation de la puissance a également conduit à l'augmentation de la tension du bus continu jusqu'à 1500V. Le choix de la norme 1500V est principalexv ment lié à un gain économique. Bien que la longueur des panneaux PV et/ou des chaînes de batteries soit supérieure à celle des installations conventionnelles, elle permet d'économiser sur le câblage, les connexions et les boîtes de combinaison, et de réduire le nombre de stations d'onduleurs à installer. En ce qui concerne la technologie 1500V déjà consolidée, plusieurs études ont montré au cours de la dernière décennie les avantages économiques dans le secteur PV. De nombreux fabricants ont déjà développé et installé des onduleurs PV dans le monde entier et plusieurs dispositifs (convertisseurs, contacteurs, boîtes de combinaison, etc.) sont déjà approuvés par des sociétés de certification de sécurité mondiales. Cela dit, on s'attend à ce que le 1500V soit la prochaine classe de tension, ce qui réduira le coût total du PV à grande échelle commerciale et utilitaire. Ces économies se traduisent par un avantage significatif qui stimule la croissance du marché du 1500 V, qui devrait atteindre plusieurs GW/an. En outre, il convient de noter que l'intégration au réseau de sources d'énergie distribuées telles que les systèmes photovoltaïques (PV) accompagnés de systèmes de stockage d'énergie par batterie (BESS), tant à l'échelle des services publics que derrière le compteur (BTM) ou au niveau résidentiel et industriel, devient de plus en plus importante. Les produits déjà disponibles sur le marché en sont la preuve. En outre, les centrales de centres de données et les BESS sont souvent strictement nécessaires pour niveler la puissance fournie par les centrales photovoltaïques de grande puissance.

En outre, la capacité de stockage mondiale s'élève à environ 4,67 TWh en 2017 et devrait atteindre 11,89-15,72 TWh en 2030. Bien que les systèmes de stockage d'énergie par batterie (BESS) ne détiennent qu'une part mineure à l'heure actuelle, la capacité totale des batteries dans les applications stationnaires devrait connaître des taux de croissance exceptionnellement élevés dans leur scénario de référence, c'est-à-dire passer de 11 GWh (2017) à 100 GWh et 167 GWh en 2030.

Dans ces domaines, une puissance de plusieurs mégawatts devient tout à fait standard et la puissance de certaines installations dépasse même les cent mégawatts. Par conséquent, de nouveaux systèmes électroniques de puissance à haut rendement et les stratégies de contrôle associées sont nécessaires pour rendre cette transition possible.

Applications étudiées

Ce sous-chapitre recense les applications étudiées dans le cadre de la thèse de doctorat en fonction de la stratégie de marché de Schneider Electric. Parmi les applications concernées par l'augmentation de la tension, trois ont été étudiées :

▶ Applications UPS ▶ Onduleurs solaires PV

▶ BESS applications

Les principales spécifications des applications étudiées seront également détaillées. En effet, ces applications sont destinées aux marchés européen (EMEA) et américain (NAM), et doivent être compatibles avec les niveaux de tension de chaque localisation géographique et la configuration triphasée spécifique.

General Introduction

Structure of the Work

The content of this work is divided in six chapters.

In Chapter I, a general introduction about the context that motivates the study of the doctoral project is given. Indeed, it will describe the reasons and benefits of the voltage increase in the new photovoltaic power plants as well as those of the increase of the installed power in the new photovoltaic power plants, in the new generation datacenters and in the grid-connected energy storage systems. The limitations of classical solutions in these applications are discussed and the specifications of the converter system to be designed are presented.

In Chapter II, a general introduction to the new family of Multiplexed converters is given. The general internal structure of this kind of power converters is presented and the different variants are discussed. The specific multiplexed converter solutions for the applications studied will be introduced also. First, a DC-AC topology adapted to storage and solar applications is proposed. Secondly, based on an optimization of the first topology in back-to-back configuration, a new DC-AC-AC multiport converter architecture intended for UPS applications is presented. The sizing of the active and passive elements of the converter is detailed. Efficiency results obtained by simulation are also presented.

What makes this type of converter particular is that it needs a control capable of switching a previously switched voltage. For this purpose, Chapter III describes the PWM modulation strategy that has been specifically designed for the proposed solutions.

Chapter IV concentrates on the specific control modes of the studied applications. The main control loops designed and implemented as well as the proposed preload strategies are described.

Chapter V is dedicated to show the hardware prototypes and testbench built and at the end the experimental results in two of the main operating modes are presented.

Finally, conclusions and future lines of work are described.

Chapter I Introduction 1.1 Background

The first quarter of the 21st century is coming to an end soon and climate warming seems to be running out of steam. The global temperature is growing exponentially since the last decades. An increase of a few degrees can have disastrous consequences for planet Earth and for human kind [1]. It seems to be quite clear that the direct causes are mainly linked to greenhouse gas emissions. In the meantime, humanity seems to be looking for alternative solutions to classic energies, such as coal or oil, in order to reduce dependence on them and to stop the increase in temperature. Therefore, in the last years the penetration of renewable energies in different areas has been considerable. Much effort is being devoted to technology in both generation and storage so that the impact of these so-called "clean" energies is as small as possible. Renewable energy, including solar and wind power, is at the heart of the transition to a less carbonintensive and more sustainable energy system.

Increasing voltage of PV Plants

Over the past two decades, there has been a significant increase of the installed photovoltaic (PV) power capacity of newly installed power plants. This development shows the clear dominance of PV installations within the renewable energies. Consequently, by the end of 2018, the global capacity of installed and grid-connected solar PV power was 480 GW (see Fig. This increase in power has also led to the increase of the DC bus voltage up to 1500V [4]. The choice of the 1500V standard is mainly linked to economic gain. Although the length of PV panels and/or battery strings is longer than conventional installations, it allows saving on wiring, connections and combiner boxes, and reduces the number of inverter stations to be installed. Regarding the already consolidated 1500V technology, several studies [5,6,7,8] have shown in the past decade the economic benefits in the PV sector. Many manufacturers have already developed and installed PV inverters throughout the world and several devices (converters, contactors, combiner boxes, etc.) are already approved by global safety certification companies [9,10]. That said, 1500V is expected to be the next voltage class, which will reduce the total cost of PV on a large commercial and utility scale. These savings translate into a significant advantage that drives the growth of the 1500 V market expecting several GW/year.

Along with this, it should be noted that the grid integration of distributed energy sources such as Photovoltaic (PV) systems accompanied by Battery Energy Storage Systems (BESS), both at utility-scale and Behind-the-Meter (BTM) or residentialindustrial level [11] is becoming more important. Proof of this are the products that are already available on the market [12, 13, 14] [5]. Moreover, Data-center plants and BESS are often strictly required to level the power delivered by high power PV plants.

Moreover, global storage capacity amounts to approximately 4.67 TWh in 2017 and is predicted to rise to 11.89-15.72 TWh in 2030. Despite Battery Energy Storage System (BESS) hold only a minor share at present, total battery capacity in stationary applications is foreseen with exceptionally high growth rates in their reference case prediction, i.e., rise from a present 11 GWh (2017) to between 100 GWh and 167 GWh in 2030 [6].

In these fields a power of several megawatts becomes quite standard and the power of some facilities even exceeds one hundred megawatts. Therefore, new high efficient power-electronic systems and associated control strategies are needed to make this transition possible.

More about Giant-Data-Centers

Cloud and colocation providers have an important role to play in the global efforts toward sustainability. As critical leaders in the data center industry, they can influence others by shifting infrastructure towards more energy efficient and renewable energy sources. Yet, there are pressures to achieving these sustainability goals.

On the one hand, there is tremendous pressure coming from regulatory bodies, from new standards, and from shareholders to swap out their current infrastructure for more efficient solutions and more environmentally friendly business models. At the same time, customers do not typically put sustainability high on their priority list when they are shopping for a colocation provider -it's more about SLAs, reliability, and uptime. But there are ways that colocation providers can do both -build reliable and cost-efficient data centers while also making them sustainable.

In this type of critical infrastructure, the increase in installed power in recent years has been remarkable due to the increase in the generation and consumption of data at a global level. In order to ensure the continuous operation of these structures, Chapter I various redundant power supply systems are used, among which high-efficiency power electronics systems stand out as one of the key elements.

Considered applications and specifications

This subchapter will list the applications studied in the framework of the doctoral thesis in accordance with the market strategy of Schneider Electric. Among the applications affected by the increase in voltage, three have been investigated:

(1) UPS applications (2) PV solar inverters (3) BESS applications

The main specifications of the studied applications will also be detailed. In fact, these applications are aimed at the European (EMEA) and American (NAM) markets, and must be compatible with the voltage levels of each geographical location and the specific three-phase configuration.

UPS application

Uninterruptible Power Supplies (UPS) are electrical conversion devices combined with a storage element that can continue supplying critical equipments when the grid fails to do so. These critical equipment is mostly known as IT (Information Technology) equipment (computer hardware, software, servers and ancillary equipment, telephones and other telecommunications products) of Data-Centers.

Data-Centers may be associated to large public facilities such as hospitals, city halls or private customers such as offices, banks and obviously any web operators including the tech giant GAFAM [7] or FAANG [8] companies or others like IBM, Oracle, Alibaba, etc. [9]. They basically store data of great importance for critical applications of the daily life. It has been predicted that the global data sphere will grow from 33 Zettabytes (ZB [10], one trillion Gygabites, 10 12 Gigabytes) in 2018 to 175 ZB in 2025 . The Global Datasphere is a measure of all new data that is captured, created, and replicated in any given year across the globe. Generic power converter interface for UPS systems includes a battery system which can be a string-array of series and parallel-connected battery-cell modules. The battery system is followed by a passive input filter, generally a capacitor, which is used to decouple the input voltage and current from the subsequent power stages by reducing current and voltage ripple stress (and hence power) at the battery side. The input filter can be followed by a DC-DC stage, elevate its output voltage. The DC-DC stage (or the input filter if no DC-DC stage is used) is connected to the DC bus. The DC bus is commonly made up of a capacitor bank and is shared by both the grid-tied rectifier and the inverter. The rectifier and inverter are connected to respectively the grid and the load through passive filters, usually made of a combination of inductors (L) and capacitors (C), typically in L, LC or LCL configurations. grid-side filter is usually called EMI input-filter and the load-side is known as output-filter. There are different types of UPS depending on the conversion architecture and the type of storage element used. Among the different storage systems we can distinguish batteries, super-capacitors, flywheel or even compressed air energy storage (CAES). The battery is the most widespread energy-storage solution globally among UPS manufacturers. The most widely used battery technologies are the Lead-Acid (LA or VRLA) battery, the Nickel-Cadmium (NiCd) battery and the Lithium-Ion (Li-Ion) battery. The choice and sizing of the energy storage system is based on various factors such as load characteristics, quality of the power supply network, the electrical infrastructure where the UPS is installed, and the environmental characteristics of the technical room.

The three major types of battery-based-UPS system configurations defined by standard IEC 62040 series are online double conversion, line-interactive and off-line (passive-standby). Basically, each type of UPS has two types of operating-modes: normal mode and backup mode. [11]- [13].

In Off-Line type UPS systems (see Fig. ) the load is supplied with conditioned power via the parallel connection of the static-switch and inverter. The battery can be charged in this mode while the power is transferred to the load. When the AC input voltage is outside specified tolerances for the UPS or the utility power fails (see Fig. I.3b), the inverter and the battery step in to ensure a continuous supply of power to the load following a transfer without interruption using a static switch which also disconnects the AC input to prevent power from the inverter from flowing upstream.

In Double-Conversion type UPS systems (see Fig. through the rectifier and inverter which together perform a double conversion (AC-DC-AC), hence the name. When the AC input voltage is outside specified tolerances for the UPS or the utility power fails, the inverter and the battery step in to ensure a continuous supply of power to the load following a transfer without interruption using a static switch (see Fig. 

Solar PV inverter application

Generic power converter interface for grid-connected PV systems includes a PV generation system, which can be a single module, a string of series-connected modules, or an array of parallel-connected strings. The PV system is followed by a passive input filter, generally a capacitor, which is used to decouple the input voltage and current from the subsequent power stages by reducing current and voltage ripple (and hence power) at the PV side. The input filter can be followed by a DC-DC stage, which is generally used to perform the MPPT of the PV system, elevate its output voltage and in some occasions also provide galvanic isolation (when using DC-DC converters with high-frequency (HF) transformers). The DC-DC stage (or the input filter if no DC-DC stage is used) is connected through a DC link to the grid-tied DC-AC converter, commonly referred to as the PV inverter.

The PV inverter is connected to the grid via an output filter, similar to the one used in UPS systems. The AC filter allows harmonic mitigation and helps control the interface of the inverter with the grid. Depending on the requirements of the PV system and the available grid connection, a low frequency (LF) transformer is used to raise the voltage and provide isolation (this is not necessary if an isolated DC-DC stage is used).

BESS application

The main contributor to the rising demand for Li-ion batteries is the electric vehicle (EV) market. The stationary storage market is also expected to experience significant growth in the next decades. The total global battery demand is expected to reach nearly 1000 GWh per year by 2025 and exceed 2600 GWh by 2030. In Europe, the demand for EV batteries is expected to surpass 200 GWh per year by 2023 and reach around 400 GWh by 2028, creating at least 3-4 million jobs in the process.

In 2017 global cumulative installed capacity of electrochemical energy system storage was at 3.5 GWh. This is expected to rapidly increase to approximately 400 GWh by 2030 and further to 1300 GWh by 2040. By 2030 it is forecasted that PV will contribute to more than half of the installed capacity, while frequency regulation, transmission, distribution and others account for the remaining. The growing stationary storage market also opens up for second life battery applications. However, used EV batteries will only be able to fill a small part of the market demand.

BESS system typically includes the battery itself (battery cells assembled to modules and optional pack configurations), a thermal concept or Thermal Management System (TMS) (which may be subdivided to Battery-TMS (B-TMS) and System-TMS (S-TMS)), as well as an Energy Management System (EMS) control. Depending on the application of choice, the power electronics system may consist of single or multiple DC-AC inverter units and potentially a transformer coupling element for integration to higher grid voltage levels. The BESS inverter is connected to the grid or load via an output filter, just like the one used in UPS or Solar PV systems.

Targetted Specifications

The UPS system under investigation in this thesis in an online double conversion UPS according to Fig. I.5 with a rated power comprised between 50 kVA and 100 kVA, depending the modular approach used for data centers. Indeed, modular design offers a wide range of configurations to suit all operating environments. The conversion structure is a classic back-to-back architecture where the rectifier (AC-DC) and the inverter (DC-AC) share the same DC bus. For the Solar PV inverter application, the structure concerns a single DC-AC inverter with a DC bus constituted by a system of photovoltaic panels. For the BESS application, the structure concerns a single DC-AC converter with a DC bus constituted by a system of batteries. The summary of all specifications concerning all conversion stages for the three applications can be found in Table . ??.

The battery is connected to the DC bus. In most of conventional state of the art UPS systems the battery is connected to the DC bus through a DC-DC buck-boost converter because the voltages of both the DC bus and the battery itself were not equal. The battery voltage was lower (comprised between 360V and 600V) than the maximum voltage needed to generate the load voltage, so the DC-DC converter was in charge of raising this voltage. Both in battery recharge mode and in mains failure mode, two converters constituted the conversion chain, keeping an acceptable level of efficiency. For the given specifications, the DC-DC converter is not necessary in the scheme since the battery voltage is high enough to generate the load voltage and then a scheme is chosen where the battery is directly connected to the DC bus. Starting from a minimum DC bus voltage of 900V (to be able to generate the widest range of output voltage) and assuming a Li-Ion technology battery system (with a discharge percentage between 30-40%) the maximum DC bus voltage for the UPS application is set at 1200V. The rated rms input and output line-to-line voltage as well as its frequency may vary depending on geographic location. Thus, we can distinguish between 400V/50Hz for the EMEA (Europe, Middle-East and Africa) zone and 480V/60Hz for the NAM (North-America) zone. The DC bus voltage can be constant as well as variable (depending if there is a DC-DC converter charger). The minimum and maximum voltage defined for the battery are 900V and 1200V. The rectifier and inverter stages of the UPS may be designed for high efficiency, since during normal operation both stages can operate continuously up to the nominal power.

The main design objectives for three applications are efficiency, cost and volume. The target efficiency (only considering semiconductors) for UPS systems in doubleconversion mode has been set at 97%. Since the conversion chain consists of the rectifier (AC-DC) and the inverter (DC-AC), each of the conversion stages must have a minimum efficiency of 98.5%. This is the same for the Solar PV Inverter and BESS applications; the DC-AC inverter must have an efficiency of 98.5%. The efficiency levels of the converter for each application must be maintained over the entire DC bus voltage range.

The dimensions of the UPS system to be designed are in accordance with the standards of the rack mounted systems in Data-centers. The dimensions of a 3U rack are given in Table . I.1 and the total volume should not exceed 36.44 liters.

The price is limited to the design of the Schneider Electric's current reference products. The partial share of the semiconductors must not exceed 12.6% of the total price. So, for a 50kVA modular design the limit price agreed for the semiconductor part is 151$ and 100kVA is double (if we assume that only twice as much silicon is installed), i.e. 302$. The reference prices for the converter designs proposed in this thesis are based on Table . ??. In view of the current prices of all semiconductors (including silicon and silicon carbide) for the voltage and current ratings involved and, in particular, the price trend for wide bandgap semiconductors in the years ahead, the preliminary design will be limited to the use of silicon semiconductors only in order to maintain a competitive price.

As regards the modulator, the switching frequency of the transistors will be set at 16kHz, the limit of human hearing. Indeed, humans can detect sounds in a frequency range from about 20 Hz to 20 kHz but the upper limit in average adults is often closer to 15-17 kHz. The lower the switching frequency the higher the noise produced by the inductances present in the input and output EMI filters. This contribution to noise pollution should be limited.

New regulations (i.e. IEC, IEEE 1547, etc.) impose more functionalities on elec-Chapter I trical energy conversion devices in order to interact with the different types of current networks. These devices must be able, for example, to provide a certain amount of reactive power during a certain period of time in order to cope with eventual accidents or instabilities that may occur. It is therefore possible to distinguish different operations for the targeted applications that can be separated into two modes of operation:

1. Rectifier Mode: The first mode of operation is the rectifier mode. In this mode, the AC-DC converter connected to the mains operates to generate a switched voltage in order to regulate the direction of the power flow. In this mode, four operating principles can be defined.

(a) Recharging: Regulation of the recharge voltage-current for the battery.

(b) Grid feeding: Regulation of the active-reactive power injected into the grid.

(c) Grid forming: Regulation of the voltage-current of the equipment connected to the grid (through the PCC point) in case of a grid failure.

Inverter Mode:

The second operating mode is the inverter mode. In this mode, the DC-AC converter connected to the critical loads operates to generate a switched voltage from the battery voltage in order to regulate the direction of the power flow and provide the critical power.

State of the art of converter topologies

The objective of this chapter is to show the state of the art (SoA) of power converter topologies currently used by each application, to explain why they do not meet the specifications and to analyze others that could stand out for their adaptation to meet the specifications.

Currently used classic topologies

The current application markets have already adopted multi-level topologies for more than a decade. Since then, the global research community continues to bring out new multi-level topologies. However, due to the slow maturation of the industry, the choice has always been to use the most robust and/or reliable (classic) topologies. The current products available on the international market for UPS and Solar PV inverter applications, as well as the work carried out in the academic world in this field, show that the majority of topologies are either 2 levels or a maximum of 3 levels for the entire power range.

In the market of three-phase UPS systems the most commonly used converter topologies used by the main manufacturers (Schneider Electric, Socomec, Eaton, Vertiv, Delta, etc.) the 2-level, 3L-NPC, 3L-TNPC [START_REF] Lega | Multilevel converters for UPS applications: Comparison and implementation[END_REF]. Other variants or hybrid configurations are also used but the market share is very low.

In the PV inverter sector, the situation is not so far from that of the UPS sector, the only difference being the power range. Regardless of the configuration used (centralised configuration, string configuration, multi-string configuration and AC-module configuration) and whether there is galvanic isolation with or without a DC-DC stage, the most commonly used topologies by main manufacturers (Schneider Electric, Huawei, ABB, etc.) for three-phase PV inverters are also the 2-Level, 3L-NPC, 3L-TNPC [START_REF] Kouro | NPC multilevel multistring topology for large scale grid connected photovoltaic systems[END_REF], [START_REF] Kouro | Systems[END_REF].

Finally, for BESS applications, depending on the configuration of the conversion chain (single or two stage, with or without isolation), the DC-DC can be commonly constituted by Half-Bridges or DAB converters. For the DC-AC inverter part, apart from using 2-level and multi-level topologies such as NPC, the use of Cascaded H-bridge or even MMC (Modular Multilevel Converter) topologies is very widespread [START_REF] Fernão Pires | Power converter interfaces for electrochemical energy storage systems -A review[END_REF]- [START_REF] Chatzinikolaou | A Comparison of Grid-Connected Battery Energy Storage System Designs[END_REF].

We mentioned earlier that a DC bus voltage between 700 and 900 volts was common in these applications. Increasing the DC bus voltage to 1500V in the previously listed topologies would imply a reduction in the overall efficiency of the converters. This is because semiconductor devices switch higher fractions of the DC bus voltage than the conventional voltage level. To illustrate this we consider a 3L-NPC with each switch made of 4 High Speed IGBTs IKY75N120CS6 in parallel (1200V-75A Infineon transistors) as a reference solution and we study the evolution of the efficiency for the same power and AC operating area ant three values of DC bus voltage. From these results, it can be seen that n each case, best efficiency is obtained at zero power factor and highest AC voltage, and that the highest efficiencies are obtained with the lowest DC bus voltage (i.e. 900V).

There are mainly three factors to explain these results. First, the voltage applied to blocking switches is proportional to the DC bus voltage so the switching losses tend to increase when the DC bus voltage is increased. This explains that for a given point of operation on the AC side, best results is obtained at 900V DC bus. Then, we must keep in mind that in most topologies (including NPC) the voltage conversion ratio is also the ratio of active to freewheeling times, and efficiency is better when most of the time is spent to transfer energy. This explains that for a given DC bus voltage, efficiency is better when the AC voltage is higher. Last, and maybe obvious, when the power Chapter I factor is far from zero and apparent power kept constant, the active power decreases while conduction and switching losses remain relatively constant, so efficiency.

It can therefore be concluded that the reference design does not meet the objectives that have been set in terms of efficiency. The conclusion can be extrapolated to other existing topologies since the main behaviour described here in presence of increase of DC bus are present on most topologies. A solution could be to serialize switches of a lower voltage rating with better thermal characteristics or even to parallelize more switches for a given nominal power in order to reach an optimal efficiency point. An alternative may be to reduce the switching frequency to limit switching losses. However all possible alternatives imply problems in terms of cost, power density or complexity that would penalize the final design. If we consider a real Schneider Electric reference product we can take the 100kW-4 quadrant power module, that was designed for BESS applications based on a 3L-NPC topology, as an example. Regarding the product specifications, the power module dimension based on the standard rack is 5U; the battery voltage is between 800V and 1200V; the switching frequency is 8kHz; for the switches 1200V-300A IGBT modules were used. Due to the low switching frequency, we can deduce that the output filter of the converter led to a non-negligible volume of the solution.

It can be seen in Fig. I.8 that the performance of this product at certain operating points does not exceed the minimum required (97%) for the specific design of the product. This is partly due to the fact that the IGBT modules were selected incorrectly when sizing the semiconductors.

Advanced topologies

In the literature there are other multi-level converter topologies than the present another features than classical ones. In order to overcome the inherent disadvantages of classical topologies and match the specifications it is necessary to look for those topologies that could reduce the stress imposed by the DC bus voltage on the semiconductor chain to some extent.

The author in [START_REF] Yuan | Derivation of Voltage Source Multilevel Converter Topologies[END_REF], presents a way to derive multi-level converter topologies by means of four different methods. Already existing topologies can be found with this method but new ones might also be obtained. A direct application of these methods can be seen in the work done by the authors in [START_REF] Busquets-Monge | A multilevel active-clamped converter topology-operating principle[END_REF]. The authors in [START_REF] Naderi | Dual Flying Capacitor Active-Neutral-Point-Clamped Multilevel Converter[END_REF] present an innovative solution, which can easily be derived from the previously mentioned methods, to be able to withstand the entire DC bus voltage and obtain a 5-level waveform. However, the large number of semiconductors does not allow the imposed objectives to be met.

The authors in [START_REF] Norambuena | Reduced Multilevel Converter: A Novel Multilevel Converter with a Reduced Number of Active Switches[END_REF] present another idea at a structural level, dissociating the converter into two parts. An input DC-DC converter and the output DC-AC inverter stage. The proposal allows, on the one hand, to reduce the stress on the output stage and therefore to use switches with a relative low voltage rating. On the other hand, the total number of semiconductors is reduced, hence its name, RMC, thanks to the mutualisation of the DC-DC converter flying input capacitor. However, the complexity of control to balance the switched capacitors compromises the viability of the solution.

Special emphasis has been placed on solutions that could be potential candidates to meet the requirements.

Multiplexed topologies

Multiplexed topologies form what is known as a family of three-phase multi-level power converters. This family of converters is characterized by having an input DC-DC conversion stage of the structure common to all three phases of the output DC-AC stage. This input stage is a step-down stage and allows a first reduction of the DC bus voltage, thus reducing the constraints on the output conversion stage. Another important property that characterizes this family of converters is that the output stage switches the voltage already switched by the input stage without the aid of any intermediate filter.

The concept of switching an already switched voltage is seldom used in power electronics, however, there are some examples. Authors in [START_REF] Roberts | A multi-level, multi-phase buck converter with shared flying capacitor for VRM applications[END_REF] introduce a multiphase high step-down DC-DC converter that is suitable for voltage regulator module (VRM) applications. In particular, this converter is derived from the conventional flying capacitor multilevel converter [START_REF] Meynard | Multi-Level Choppers for High Voltage Applications[END_REF], [START_REF]Multi-level conversion: High voltage choppers and voltage-source inverters[END_REF] which allows reducing voltage swing at the inductor switching nodes of the multiphase output stage. Furthermore, all switches experience a maximum voltage stress of half the input voltage providing benefits such as the use of transistors with better figures of merit (FOM), as well as reduced switching losses.

It is estimated that the first appearance of the multiplexed converter was about almost fifteen years ago, in 2006 [START_REF] Mihalache | A hybrid 2/3 level converter with minimum switch count[END_REF]. The proposed topology consisted of two 2-Level DC-DC converters and a three-phase 2-Level output inverter.

Authors in [START_REF] Muniz | An Improved Pulse-Width-Modulation for the Modified Hybrid 2/3-Level Converter[END_REF] has enhanced the control command strategy of this first multiplexed topology by reducing the effort of calculating the algorithm to generate the same result. The voltage levels of the output waveform vary between 2 and 3 voltage levels, so it cannot be considered a pure 3-level converter.

The topology proposed by the authors in [START_REF] Zhang | A multilevel converter topology with common flying capacitors[END_REF] can be considered as a variant within the "Multiplexed" family. Taking that as an assertion, it could be one of the first to appear with a multilevel DC-DC pseudo-converter shared by the three output phases. It is said to be a pseudo-converter since the common part is constituted only by the outer cell of the 3-Level Flying capacitor topology. The design of this converter was proposed for MV Drive applications and although the proposed modulation strategy, based on Space Vector Modulation, allows balancing the flying capacitors, the 5-level waveform contains sub-harmonic oscillations. The authors of [START_REF] Burguete | Multilevel voltage source conversion approach: Multiplexed choppers[END_REF] pushed the concept further by proposing a configuration where the term Multiplexed was first used to name a new topology. In fact, if we refer to pure control terms, this proposal makes good use of the term "multiplexed" since the output inverter stage acts as such, bypassing the different parts of the waveforms that make up the output sine wave voltage switched by the 3 DC-DC converters connected to the DC bus. The proposed topology it seems to be an interesting alternative to more standard multi-level converter because it reduces the amount of high-frequency semiconductors and can therefore lead to a reduction in the total cost of the converter. In the same work several variants are described. However, that proposal presents the need to use a balancer bus which penalizes the efficiency, cost, and volume of the final solution which makes a non-ideal solution for the thesis.

Summary

With the increase in operating voltage of the converters, efficiency might tend to decrease if the same topologies are used to address the new 1500V voltage class. It is advisable to redesign the power conversion chain and maybe switch to new topologies in order to maintain the same levels of efficiency, cost and power density with respect to previous products. In this thesis, we want to propose a new design for each application identified by Schneider Electric in accordance with the specifications linked to the 1500V context.

The performance of classic multilevel converter topologies according to the required specifications does not reach the objectives set for the thesis. For reasons of simplicity, classic multilevel topologies offer usually between 3 and 5 output voltage levels. According to the required specifications, the topology itself has to be able to withstand the entire input voltage range. For this purpose, high voltage-rating semiconductors are required in the sizing of the switch-cells. Another option is to serialize several semiconductors of a lower voltage rating. In both cases, the first performance and second cost objectives are not met. For some architectures, the requirements concerning the number of passive and active components or the constraints on certain elements do not seem very promising. Therefore, power density would also be significantly compromised so that classic solutions are not best suited to meet the requirements.

More advanced multilevel converter topologies offer characteristic improvements in terms of using lower voltage gauge semiconductors with better thermal characteristics but due to their low maturity and complexity in terms of control they do not seem to be very viable solutions.

The topologies of the multiplexed family, in comparison with other classical multilevel topologies with the same number of output voltage levels, seem to offer advantages in terms of reducing the number of semiconductors used; this leads to an improvement in terms of cost or even efficiency. At first sight, the existing solutions in the literature on multiplexed topologies might not seem to be able to meet the required specifications. However, a deeper analysis shows that the mutualisation of the DC-DC input stage can be a way to meet performance, cost and volume specifications. Slight modifications of the topology and its control were however needed to make this topology compatible with our requirements.

The work developed in this thesis concentrates on proposing a new high-efficient three-phase multiplexed topology structure for the target applications as well as a dedicated generic modulation strategy that can be adapted to the different proposed variants.

Introduction

The objective of this chapter is to introduce the family of multiplexed converter topologies. First the general structure will be presented and then the main topological variants will be described according to a variation of the internal parts of the general structure. Later, the proposed modulation strategy will be explained, with emphasis on the basic principle and the modulation of the different groups of switching cells.

Multiplexed Structure

Since the appearance of the first multilevel converter structures, there has always been an attempt to derive new structures of power conversion to try to highlight new features like getting better voltage waveform quality, to reduce power losses and thus improve efficiency or even reduce the number of switches used.

The work carried out by the author in [1] demonstrates the possibility of deriving new converter topologies using different methods. Among those methods, in the first, it is visible how it is possible to obtain classical multilevel topologies from basic 2 level switching cells which constitute the first generalized converter structure. In the second method, also starting from a generalized structure, the total dc link voltage is divided into several levels, which are connected to the phase output through bi-directional paths. Additional voltage levels can be created by adding other bi-directional paths. The third method of deriving topologies to form multilevel converters is to connect basic converter cells in parallel or in series. The basic cells (building blocks) can be a two-level converter cell, three-level FC cell, three-level NPC cell, three-level Ttype cell, or more complicated cells such as four-level or five-level cells. However, all these methods provide ways to derive only independent converter phases. To form three-phase converters, obviously, these topology derivation methods must be applied separately to the 3 phases. The main feature of the architecture is to supply the output three-phase DC-AC voltage inverter stage via two DC-DC Step-Down chopper stage without any filtering elements between both stages. Thus, the inverter is directly cascaded by Top side (Top) and Bottom side (Bot) choppers and acts as a multiplexer, hence the name of "Multiplexed Converter" (i.e. "xP lexed"). The proposed architecture can be considered as an entire single AC-DC (active rectifier) or DC-AC (inverter) conversion stage. Depending on the application, several conversion configurations are possible. In this way, more than one conversion stage can be combined.

The proposed power conversion architecture is shown in

In principle, the DC-DC chopper and DC-AC inverter stages can be any converter with two or more voltage levels. The available output voltage levels depend mainly on the number of levels of the chopper and inverter stage. Moreover, for a given topology for both the DC-DC chopper stage and the DC-AC inverter stage the output voltage levels will depend on the magnitude of the output voltage. In this way, for a Multiplexed topology consisting of 3-level chopper and inverter stages, under rated conditions, it is possible to obtain a 5-level output voltage waveform at the output terminals of the converter. the topology chose for the chopper stage giving rise to a number δ of dc bus capacitors. Likewise, the chopper or inverter stage can be configured in such a way that there can be a number σ of flying capacitors. Although the chopper stage is shared by the three phases, the output voltage of each phase can be defined as:

The dc bus can be split into different levels or intermediate points depending on

V o = δ k=0 V dc(k) + σ j=1 (±)V f c(j) (II.1)
Depending on the number of DC bus capacitors or if the DC bus is divided into several floating points, it is necessary to use DC bus balancers (see Fig. II.4).

Single DC-AC Converter

The proposed Multiplexed single power-converter topology is shown in Fig. II.5. The DC-DC chopper stage is made of two 3-Level Flying Capacitor converters. The DC-AC inverter stage is made of three-phase 3-Level TNPC converter. This topology is intended for those target applications with only one conversion stage; namely PV and BESS applications.

Sizing

This section describes the sizing of the components of the inverter. 
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Semiconductor Devices

This section describes the sizing and choice of the semiconductors used for the selected topology.

The recommended voltage rating for the active switching element and its freewheeling diode in a voltage-source inverter (VSI), is not only determined by the supply voltage but also by the configuration used for the inverter. According to [2] in a VSI, there are three voltage ratings which have to be considered: ▶ The DC-voltage which determines the cosmic radiation failure rate and long-term leakage current stability.

▶ The repetitive over-voltage spikes at turn-off which must not exceed the rated V DRM of the device.

▶ The maximum voltage against which the device is supposed to switch (a specified) current to guarantee its Safe Operating Area (SOA).

The voltage rating of the switches is determined by taking into account the maximum continuous DC voltage (V DC,max ) and the maximum repetitive peak forward blocking voltage (V DRM ). Similarly, for the maximum blocking voltage, the overvoltage factor is taken into account and for the maximum repetitive voltage, a safety margin corresponding to the stray inductances.

For 3-level multilevel topologies, each semiconductor will only see half of the total supply DC-voltage. The required maximum continuous DC voltage as a function of the supply voltage is calculated using : where V DC is the DC-voltage per device and x is an over voltage factor which depends on the application. For industrial networks, typically, x = 15 percent is used.

V DC,max = V DC • (1 + x 100 ) 2 (II.2)
To calculate the required repetitive voltage rating, again, Eq. II.3 is used with a safety margin of about 50 percent for low stray inductance

V DRM = V DC,max • (1 + γ 100 ) 2 (II.3)
The preferred device rating is then normally selected as the next highest standard device voltage rating.

For the chopper stage, these design considerations lead to the use of 650V voltagerated semiconductors at 3-Level Flying Capacitor converters. 650V, 75A Low-V CE,sat IGBTs IKZ75N65ES5 from Infineon have been selected here.

For the inverter stage, the sizing rules are different from conventional ones. This is due to the fact that the 3-level TNPC inverter stage is not directly fed by a constant DC-bus (like in conventional VSI) but by two-serialized DC-DC choppers, each of which generates a switched voltage that varies over time. This voltage feeds the inverter stage and consequently it can be either switched or only seen in static mode in portions (1/4, 1/2, 3/4) or even the full amplitude of it. For this reason and in order to protect the selected semiconductors, it is convenient to limit the auxiliary DC-bus voltage (V DC,Aux ) to a certain determined value. This voltage limit value varies mainly by the voltage rating of the semiconductors and can be defined according to different criteria, one of which is reliability. The MTBF and consequently the reliability of the semiconductors is directly linked to the cosmic radiation. Several studies have shown that at a given cosmic radiation, the reliability of transistors can vary significantly as a function of the switching voltage or the voltage seen in static mode. Transistors are more susceptible to SEB failures at higher voltages. In our case, the theoretical design of the inverter and rectifier stages is realized with 1200V, 75A High Speed IGBTs IKY75N120CS6 from Infineon. In order to ensure high immunity to cosmic rays [3] and obtain a high reliability,(approximately 100 FIT per semiconductor device), auxiliary DC-bus voltage must be limited to the maximum value imposed by the cosmic radiation reliability level associated with the semiconductor rating of the inverter.

Due to this reason, it is necessary to analyze how the voltage evolves at the switch terminals of the selected topology for all operating points. The analysis of the static voltage seen by the inverter stage leads to the conclusion that 1200V voltage-rated semiconductors can be used in all three phases of the TNPC converter. In our case, the inverter is realized with with 1200V, 75A High-Speed IGBTs IKY75N120CS6 from Infineon.

Once the voltage rating has been specified, the current requirements must now be examined. In order to handle the maximum rated current and to optimize the reduction of the conduction losses, each switch consists of four devices in parallel. 

Passive Components

The aim of this subsection is to describe the sizing of passive components.

DC-link Capacitor

In this section, the required DC link capacitance is calculated for the proposed modulation scheme. In general, three main criteria are taken into account when sizing DC bus capacitors. These criteria are listed below: ▶ Hold-up time: Power Converters have to provide a hold-up time depending on the application, i.e. ensure that the system connected to the DC-link works for a certain time even if there is a grid or load failure. This is usually accomplished by a bulk capacitor with a high energy density [4]- [6].

▶ Transient performance: The controller of a PFC has to cope with load steps, which for a short time has to be ensured by a sufficiently high DC link capacitor.

▶ The output voltage ripple, which depends on the voltage ripple of the bus capacitor, must be kept below a specified maximum limit (∆V dc,max ). In addition, the DC link voltage is divided into two capacitors for 3L topologies (and more DC bus capacitors for higher level topologies, except for floating capacitor topologies), whose voltage ripple must also be kept within a specified limit. Also, the voltage stress of semiconductor devices has to be kept within reasonable limits.

As the first two criteria are application dependent, this thesis focuses on the third criterion. In [7], [8], the analysis has been performed for a VSI with a 2-level topology and 3-level Flying Capacitor topology, while in this thesis, the analysis is performed for the proposed single DC-AC Multiplexed topology using the 'multiplexed-compatible' modulation scheme. In many of the works, including those previously cited, in the literature, the DC voltage ripple amplitude is determined analytically as a function of the amplitude and phase angle of the output current, and the modulation index. In this thesis, the sizing of the DC-link capacitor is done by combining simulation and analytical methods.

The capacitance, C, of a capacitor is defined as the ratio of the magnitude of the electrical charge, q on either conductor to the potential difference, ∆V , between the conductors. Assuming the conservation of the electric charge, the charge transferred between times t i and t f is obtained by integrating the current through the capacitor:

C = ∆q ∆V = t f t i I c dt ∆V (II.4)
For the investigated 5-level topology, two requirements have to be fulfilled as it has a split DC link capacitor. Not only the total DC link voltage ripple has to be kept within a certain limit, but also the neutral point voltage V dc,p /V dc,n as indicated in Fig. ?? must be balanced. For the neutral point voltage, the voltage change can be calculated with: ∆V dc,p = i dc,p -i dc C dc,p • ∆t (II.5)

Flying Capacitors

The values of the flying capacitors are commonly designed based on the allowed voltage ripple. A higher voltage ripple enables the flying capacitor to transfer more energy in a switching cycle, and thus reduces the required capacitance value, but the large ripple also increases the voltage stress on the switches. For the flying capacitor based-converters, the worst case peak-to-peak voltage ripple on capacitors needs to be below V DC /(N -1) by design. Otherwise, a scenario where V Ci > V Ci-1 can occur momentarily during a switching cycle, resulting in a negative voltage on the switches and forcing the body diode to turn on [9].

C = I out,max ∆V c • f sw • (N -1) (II.6)

Performance Results

To highlight and analyze the thermal characteristics of the multiplex converter, simulations have been carried out in inverter mode and in rectifier mode using the specifications in Table. ??.

Regarding the simulation conditions of the target scenarios, it is assumed that the DC-bus voltage (photovoltaic system voltage or battery voltage) is constant. The efficiency has been evaluated at the minimum and maximum points of the DC-bus voltage range (900V-1200V).

In inverter operation mode the converter interfaces between a PV-system or BESS system with a load or even network (grid-forming). In this mode it works in open loop. The power is transferred from the DC bus to the load. The power factor varies according to what is defined in the specifications.

The rectifier operation mode is only feasable for energy storage applications. In this mode the converter must at least work in closed loop of the grid currents. It is assumed that the DC bus voltage is constant. It is also assumed that the control of the grid currents is done at unit power factor. The power is transferred from the grid to the DC-bus (battery system).

Regarding the simulation model and semiconductor models, it is assumed that the synchronization of the on and off switching of all those parallelized semiconductors constituting each switch is perfectly performed. The conduction losses P C are computed considering the current and junction temperature-dependent output characteristics V ce = f (i ce (t), T j ) and V f = f (i f (t), T j ) respectively, of the considered IGBT and diode devices. The switching losses P Sw are calculated taking into account the current-, voltage-and temperature-dependence of the switching loss energies E on/of f = f (i on/of f,i , V on/of f,i , T j ). Interpolated data sheet parameters have been employed in PLECS ® software. It is assumed that the junction temperature of all switches remains constant at 75°C. Provided good balancing dynamics, the FC voltages remain well balanced and show no steady-state deviation (excluding the switching frequency ripple) from their respective nominal values, even if real world non-idealities are present in the circuit. The balancing dynamics are strongly affected by the employed modulation scheme and depend on the prevailing modulation index. Apart from the saturated regions (duty-cycle 0 or 1) the common phase-shifted (PS) PWM results in comparably poor dynamics also in intermediate modulating regions, as it is not effectively utilizing the redundant switching states of the FC topology. In [START_REF] Bragard | The balance of renewable sources and user demands in grids: Power electronics for modular battery energy storage systems[END_REF] the presence of poor balancing regions in 4-7 level topologies is mathematically proven and in [START_REF] Kouro | Systems[END_REF] an improved PSPWM (iPSPWM) scheme is proposed for a 5-level single-phase inverter, which increases the balancing dynamics in the intermediate modulation regions. In order to further improve balancing and to cope with all critical operating modes, additional passive components, Since it has been now [10] been shown that the natural balancing mechanism for a flying capacitor converter is caused by high frequency harmonics in the phase leg current, the question arises as to whether the balancing response could be improved by creating such currents in an alternative way [11]. Once approach is to create a low impedance path for the phase leg common mode harmonics when the cell capacitor voltages are unbalanced, rather than relying on the differential harmonics to drive current through the load impedance. This can be achieved with a modified balance booster filter. Conventionally, these filter circuits are a series RLC network connected in parallel with the load, and tuned to the cell first carrier group switching frequency to sink harmonic switching currents at this frequency (or nearby sideband frequencies), and thus improve the converter balancing response [3][5] [8]. For three phase systems, such a filter would be a three phase wye or delta structure, and would only respond to differential mode harmonics in the phase leg outputs when the cell voltages are unbalanced. However if the star point of a wye connected balance boost network is connected back to the DC link mid-point (or to a supply rail -the difference is immaterial) as shown in Fig. 10, the filter will also respond to first side band common mode harmonics when the cell voltages are unbalanced For the studied multiplexed topology it has been estimated that the best solution is to place a single resonant LC filter at the output of each 3-Level Flying capacitor DC-DC converters (Fig.
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II.13)).

The resonance frequency (cut-off) of the LC filter must be set to the switching frequency of the chopper stages. In this case, that frequency is 8kHz. The resonance frequency as a function of the values of L and C is defined as:

f = 1 2π √ L • C (II.7)
For the construction of the filters, a Micrometals T300-8/90 toroidal core and 200µm-strand Litz wire has been used.

The characterization of the two resonant LC filters and therefore the measurements of the different electrical magnitudes (R, L, C, Z) is done by a precise magnetic analyzer, Wayne Kerr brand, model 3260B [13]. The results can be found on Appendix. ?? Res. LC Filter (Top)

Performance Results

Res. LC Filter (Bot) control of the grid currents. In this mode, power is transmitted directly (AC-AC power conversion mode, Fig. 4b) from the mains to the load without passing through the DCbus, i.e. the battery, thus reducing overall losses and increasing efficiency. The grid voltage is 440V/50Hz with a relative phase shift of 60 with respect to the load voltage. It can be observed that at all times the choppers are responsible for synthesizing the maximum and minimum of the two three-phase systems (grid and load). It can also be seen that the voltage ripple of the flying capacitors is kept below 5% of the nominal voltage thanks to the RLC filters. 
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Summary

Chapter III Modulation Strategy

Introduction

The objective of this chapter is to describe the dedicated modulation strategy developed for the proposed multiplexed topologies.

First of all, we will start by introducing the modulation scheme selected for the chopper stage based on the control basis principle of multiplexed topologies. Secondly, we will analyze which are the modifications introduced that will allow to respect the choices made regarding the sizing of the inverter stage components. We will also see which is the main advantage linked to this change which allows to reduce the commutation losses in the output stage. Finally, we will study the method developed to correctly generate the output voltage and the modulation scheme selected accordingly.

General overview of the Modulation Strategy block diagram

The block diagram of the generic PWM modulator designed for a multiplexed DC-AC converter (see Fig. On the upper left side of the PWM modulator block is the SS1 subsystem, which first calculates the modulation index (in its three-phase form) from the reference voltage and the DC bus voltage. Then, the modulation index is computed in p.u. units.

The SS2 sub-system is responsible for calculating the instantaneous maximum and minimum of the three reference voltages. Then, the max and min signals are normalized to obtain the Top and Bot duty cycles to be used later in the generation of the gate signals for the chopper stage switches. The SS3 subsystem is responsible for generating the PWM gate signals for all the switches (S1...S8) that compose the two 3-Level Flying capacitor converters of the chopper stage.

The design of the SS2 and SS3 subsystems is developed in the following Sec. 3

.3 (Modulation Scheme for Chopper Stage).

The main function of the SS4 subsystem is to calculate the duty cycles for the inverter stage switches. For this purpose, the Top and Bot duty cycles are used and the three modulation indices are normalized from the max and min signals. Then, a look-up table based method is used to calculate the inverter stage duty cycles.

The SS5 subsystem takes care of implementing a logic to respect a gate signal pattern for the inverter stage switches.

The SS6 subsystem is responsible for generating the PWM gate signals for all the switches (S9...S20) that make up the inverter stage's three-phase 3-Level TNPC converter.

The design of the SS4, SS5 and SS6 subsystems is developed in the following Sec. 3.4 (Modulation Scheme for Inverter Stage). 

Modulation Scheme for Chopper Stage

Regarding the control of DC-DC choppers, the main objective is to generate the highest and lowest side of the reference voltage. In case a flying capacitor based topology is selected for the chopper stage, the chopper section involving capacitors has a strong requirement to ensure that the average current is zero and therefore the voltage of this capacitor can be regulated. Another objective will be to minimize the static voltage seen by the inverter stage in order to respect the voltage rating of the inverter switches.

There are today a wide range of modulation techniques [1] that allow to generate in a certain way the control signals in order to obtain the desired waveform at the output of the converter.

A Space-Vector Modulation (SVM) may be one of the modulation scheme options. In this case, it would be necessary to explore which vectors are feasible and which of them allow to meet the objectives, ensuring a transition of vectors that allow to regulate the voltage of each flying capacitor but also to minimize the voltage applied on the inverter stage. During the last few years, among the different implicit modulator control algorithms, Model Predictive Control (MPC) has emerged as a serious option thanks in part to significant progress in the field of digital controllers. The calculation of the integrated cost function in this type of algorithm could also consider which are the objectives to be optimized or minimized [2].

In this thesis, to perform the main function and meet the objectives associated with the topologies selected for both the chopper stage and the inverter stage, it has been decided to implement a carrier-based PWM modulation. At first approach, self balancing mechanism can be achieved by applying a carrier based PWM modulation scheme such as Phase Shifted (PS) [3]. Another possibility is to use Phase Disposition (PD) by means of state machines like in [4] and [5], but in this kind of schemes extra commutations are needed and the balancing of flying capacitor could become complex. We therefore use PS sawtooth carriers. Taking into account the apparent frequency multiplication capability at the output of an FC multilevel converter and the fact that the nominal switching frequency is 16 kHz, it was chosen to use 8 kHz carriers for the chopper stage. Moreover, sawtooth type carriers are used for having the absolute control of turn-on and turn off moments, or rising-up and falling-down instants of the voltage created by each chopper. In this way we will not only reduce the voltage seen by the inverter stage as will be explained in the next section but we will also reduce the switching losses.

Next, we will see the basic operation of the chopper stage, explaining the different switching states of both 3-Level DC-DC flying capacitor converters, Top and Bot. For both cases, an unidirectional controlled current source has been used at the output of the converters to simplify the understanding of the current waveforms of the switches. In the next sections we will study what is the true shape of the current at the output of each chopper. A constant duty cycle has been used and it has been assumed that the voltage ripple of the flying capacitor is very small for the given current variation. Dead-time effect has been neglected.

Fig. III.2

shows the characteristic waveforms of the modulation implemented for the Top chopper. Rising edge sawtooth carriers have been used to know which is the instant of turn-on of the switches or rising edge of the output voltage V T OP . The turn-off of the switches or the falling edge of the output voltage is time-varying and is determined by the duty cycle value. It is understood that the rising edge of the output voltage is a rise from a certain voltage level to a higher positive voltage.

When the d T OP duty cycle is lower than 0.5, the D1 state is used to produce the zero voltage and the B1 and C1 states to generate the intermediate voltage (V DC /4) at the output thanks to the flying capacitor C F 1 . On the contrary, when the duty cycle is higher than 0.5, the A1 state is used to produce the maximum voltage (V DC /2, most positive voltage) and also the B1 and C1 states. When the d BOT duty cycle is lower than 0.5, the D2 state is used to produce the zero voltage and the B2 and C2 states to generate the intermediate voltage (-V DC /4) at the output thanks to the flying capacitor C F 2 . On the contrary, when the duty cycle is higher than 0.5, the A2 state is used to produce the minimum voltage (-V DC /2, most negative voltage) and also the B1 and C1 states.

For both FC converters, the duty cycle value must be updated at the same rate as the switching frequency. In this case, 8kHz. For that purpose Regular sampled PWM [6], [7] strategy has been implemented. This ensures that the t ON time period applied to the switches of both DC-DC Flying capacitor chopper switching cells are equal and so ensuring the natural balancing of the flying capacitors under ideal conditions. Otherwise, using sampling at a higher frequency (e.g., 16kHz) would result in driving different duty cycle values for each of the two switching cells that make up the 3L-FC converter. The duty cycle d T OP is updated by the zero crossing of the main carrier C 1t . The duty cycle d BOT is updated by the zero crossing of the main carrier C 1b . For normal operation with the basic principle linked to multiplexed topologies the generation of gate signals for the chopper stage switches is performed as follows:

The set of three-phase reference (*) signals for the proposed modulator are defined as follows:

   v * (a) (t) = v max • sin (w • t) v * (b) (t) = v max • sin (w • t -(2π/3)) v * (c) (t) = v max • sin (w • t -(4π/3)) (III.1)
where w = 2π•f r and f r is the reference signal frequency or fundamental frequency of the output voltage of the converter.

The amplitude of the modulation index is comprised between [-1,1] and can be defined as follows:

   m * a(a) (t) = v * a / (V DC /2) m * a(b) (t) = v * b / (V DC /2) m * a(c) (t) = v * c / (V DC /2) (III.2)
The modulation index expressed in [p.u.] (∈ [0,1]) is performed as follows: 

m * a(i)[p.u.] = m *

Minimization of the static voltage seen by the inverter stage

One of the key aspects to consider in the generation of the max and min voltages by means of the choppers, is the minimization of the auxiliary dc bus voltage. In This voltage feeds the inverter/rectifier stage and consequently it can be either switched or only seen in static mode in portions or even the full amplitude of it. For this reason and in order to protect the selected semiconductors, it is convenient to limit the auxiliary dc bus voltage to a certain determined value. This voltage limit value varies mainly by the voltage rating of the semiconductors and can be defined according to different criteria, one of which is reliability. The MTBF and consequently the reliability of the semiconductors is directly linked to the cosmic radiation. Several studies have shown that at a given cosmic radiation, the reliability of transistors can vary significantly as a function of the switching voltage or the voltage seen in static mode. Transistors are more susceptible to SEB failures at higher voltages. In our case, the theoretical design of the inverter and rectifier stages is realized with 1200V, 75A High Speed IGBTs IKY75N120CS6 from Infineon. In order to ensure high immunity to cosmic rays [8] and obtain a high reliability,(approximately 100 FIT per semiconductor device), auxiliary DC-bus voltage must be limited to the maximum value imposed by the cosmic radiation reliability level associated with the semiconductor rating of the inverter.

From the modulation scheme of each chopper, it can be seen that for high modulation indexes the Top chopper can generate a positive voltage by switching between V DC /4 and V DC /2 while the Bot chopper generates a negative voltage by switching between -V DC /4 and -V DC /2. Due to the use of sawtooth carriers asymmetric to each other, the rising edge of voltage switchover (V DC /4 → V DC /2) of the Top chopper coincides with the rising edge of voltage switchover (-V DC /2 → -V DC /4) of the Bot chopper. Under normal conditions the dead time applied to the activation of each stage chopper switch can avoid applying full voltage on the stage inverter. However, there is a risk of overlapping of the A1 and A2 states (see Fig. III.5), if for example switches S1 (chooper Top) and S8 (chopper Bot) have a default in the turn-on (early) and turn-off (late) respectively, leading to a reduction of the operating area of the inverter. On the left, the worst-case scenario in case of a malfunction of the chopper stage drivers can be seen. As explained above, the synchronism of the zero crossing of the chopper sawtooth carriers can cause, for a certain range of modulation index, an overlap of the A1 and A2 switching states which would lead to the application of the full DC bus voltage to the inverter stage. We can see on 

Modulation Scheme for Inverter Stage

Output voltage generation

The voltage generated at the output of the inverter must be synthetized by means of the voltage already switched by choppers. Hence, duty cycle for inverter is defined in function of choppers duty cycles and inverter voltage reference. For that, duty cycles of each output inverter arm are determined separately by means of 3-dimensional lookup-tables using a pre-calculated PWM method. Contrary to the disadvantages of this type of techniques, in this case, the computational cost of the algorithm is not high and duty cycles can be calculated with a high accuracy.

For the modulation scheme of the inverter stage, sawtooth carriers have also been used. In this case, taking into account that the topology selected for the inverter stage has been a 3-Level TNPC, the carrier for the upper outer switching cell will be a sawtooth falling edge (as opposed to the chopper Top carrier) and the carrier for the lower outer switching cell will be a sawtooth rising edge (as opposed to the chopper Bot carrier). This is due to the logic used in defining the piecewise interpolation equations. We can assume that the logic principle of defining the equations can be compared to that of how much of a fraction of a piece of pie is available to eat. Taking for reference one of the choppers and the inverter stage switching cell, the piece of cake is similar to the voltage generated by the chopper. Therefore, for a given value of voltage and therefore duty cycle of the chopper, in order to synthesize a given value of voltage, the duty cycle has to know how much cake is available. In other words, for a constant value of chopper duty cycle we know the waveform of the chopper output voltage with the instants of change of voltage level. For the Top chopper, the output voltage V T op performs a first rising level change (positive edge) at the beginning of the 16kHz switching period thus at a known instant. It performs another downward level change (negative edge) along the switching period depending on the duty cycle value therefore also at a known instant and ends at that voltage level until the end of the switching period. The inverter stage, being configured in reverse, i.e. with a rising edge at an instant along the switching period and a falling edge at the end of the switching period therefore knows until which instant it must extend its driving time T On (duty cycle) to be able to "eat the desired piece of cake" available.

The calculation of duty cycles is made off-line throughout two piecewise interpolations. For that, first of all, in Eq. III.8 a virtual inverter average voltage V m (i) is calculated using a default chopper duty cycle array α ′ c(i) and its associated chopper output mean voltage V c (i) as well as a default inverter duty cycle array α m(j) for ∀ i, j ∈ [1, n] with n being the length of the array.

V m (i) = V c(i) + V c(i+1) -V c (i) α ′ c(i+1) -α ′ c(i) (α m(i) -α ′ c(i) ) (III.8)
This virtual inverter average voltage is the result of what is obtained at the output of inverter for a given duty cycle. The final duty cycle α ′ m is calculated in Eq. III.9 using the default stored array values and previously calculated inverter duty cycle values.

α ′ m(i,j) = α m(j) + α m(j+1) -α m(j) V m(j+1) -V m(j) (V ′ m(j) -V m(i) ) (III.9)
The three dimensional lookup tables are filled with α ′ c , V ′ m and α ′ m . The result is a non-linear function For the implementation, the calculation is executed once for each 16kHz switching period. The look-up table analyzes which are the corresponding inputs, i.e. input number one being the chopper duty cycle normalized in p.u. and input number two the output voltage reference normalized with respect to the chopper duty cycle and p.u. units, and consequently calculates the duty cycle that goes well enough to be able to synthesize the requested voltage. For PWM command generation, once the inverter duty cycles for the upper outer and lower outer switching cells of each phase of the inverter stage have been obtained, a relevant logic must be implemented to impose a control pattern according to the selected inverter topology. In our case, for a 3-level TNPC, during the positive halfperiod of the reference voltage and therefore when the upper cell switch S9 and its complementary switch S11 are switching the lower cell switch S12 has to be deactivated while its complementary S10 has to be permanently activated. This logic is reversed during the negative half-period of the reference voltage. To implement it, a reference voltage dependent switch is used. For the upper cell, when the reference voltage is positive, it sends a duty cycle equal to the one calculated by the look-up table assigned to the cell and when the reference voltage is negative it sends a duty cycle equal to zero. For the lower cell, when the reference voltage is positive, it sends a duty cycle equal to zero and when the reference voltage is negative it sends a duty cycle equal to the one calculated by the look-up table assigned to the cell. During the positive half-period, the duty cycle α InvT op assigned to the upper cell of the inverter stage is trapezoidal in shape according to the calculation method implemented by the look-up table and to the voltage growth rate V T op . The duty cycle α InvBot assigned to the lower cell of the inverter stage is equal to zero. When the voltage of phase U is the highest (blue band in the graph) among the three reference voltages the duty cycle V InvT op is saturated. This means that the switch S9 is bypassed by passing directly the voltage generated by the chopper Top to the output. When the voltage of phase U decreases, leaves the upper zone and enters the upper intermediate phase (first yellow strip in the graph) switch S9 (together with S11) starts to switch according to the duty cycle calculated by its look up table using the voltage V T op to generate the output voltage. During this phase S10 is activated and S12 is deactivated. When the voltage of phase U passes zero, leaves the upper intermediate zone and enters the lower intermediate phase (second yellow strip in the graph) switch S12 (together with S10) starts to switch according to the duty cycle calculated by its look up table using the voltage V Bot to generate the output voltage. During this phase S11 is activated and S9 is deactivated. During the negative half-period, the duty cycle α InvT op assigned to the top cell of the inverter stage is equal to zero. The duty cycle α InvBot assigned to the lower cell of the inverter stage is trapezoidal in shape according to the calculation method implemented by the look-up table and the voltage growth rate V Bot . When the voltage of phase U is the lowest (red band in the graph) among the three reference voltages the duty cycle V InvBot is saturated. This means that the switch S12 is bypassed letting directly the voltage generated by the chopper Bot to the output.

α ′ m = f (α ′ c , V ′ m ),
The evolution of the PWM signals as well as the duty cycles of the three phases can be seen in Fig. III.11. It can be verified over two nominal periods of the output voltage that the signals of the three phase switches are generated according to the logic implemented and previously described respecting the maximum (blue stripe), intermediate (yellow stripe) and minimum (red stripe) sectors of each phase. It can also be verified that at each time instant only one phase of the inverter stage switches thanks to the implemented modulation scheme, reducing considerably the switching losses and thus improving the efficiency results shown in the previous chapter. 

Minimization of the switched voltage

In this section we will concentrate on how the previously introduced method that allows to minimize on the one hand the static voltage seen by the inverter stage also allows to minimize the voltage switched by the inverter stage.

We have been able to verify that thanks to the modulation scheme used in conjunction with the property of apparent frequency multiplication at the output of each of the choppers, the differential voltage or the auxiliary DC bus voltage also has a nominal switching frequency of 16kHz. Considering the modulation schemes selected for each of the choppers, the auxiliary DC bus voltage (V DC(Aux) ) would normally evolve between V DC /4, V DC /2 and/or 3V DC /4 voltage levels as a function of the modulation index. However, the phase shift introduced between the sawtooth carriers of the two choppers causes an additional minimum voltage level to appear on the Vdcaux voltage. This voltage level as a function of the modulation index can be zero. The zero crossings of the sawtooth rising edge (chopper Top) and falling edge (chopper Bot) carriers are not synchronized with each other. In the following figure (see Fig. III.12) we can see that the sawtooth rising edge carrier is shifted in time to the right from the instant T s(n) (where 'n' is the number n of switching period) of an interval equal to phase shift (see T s(n) + θ/f Sw ). Likewise, the falling edge carrier is shifted to the left of an interval equal to phase shift (see T s(n) -θ/f Sw ). However, the zero crossings of the sawtooth carriers of the inveter stage switching cells are synchronized with respect to the instant T s(n) . The area covered by the end-to-end phase shift is shown in gray. Therefore, we can observe that for a given value of duty cycle of the inverter stage, the switching cells can switch to zero voltage (ZVS). In particular, considering the Switch S9 the switching on is done in hard-switching while the switching off is done in soft-switching. This can be verified with the help of the voltage and current waveforms of Switch S9. This operating characteristic also reduces the switching losses in the inverter stage.

To observe the impact of this operation on the switches, a mapping of the entire operating area has been made. This operating characteristic can be reversible in the sense that we can reverse the minimization of the switch-off voltage to the switch-on voltage depending on the switching characteristics of the switches used in the inverter stage. Thus, for switches with switching energies on (Eon) higher than off, we will invert all the sawtooth carriers, imposing that the instant of switch-on takes place in the gray zone.

Summary

We have already observed in the study carried out in the previous chapters that one of the main peculiarities of multiplexed topologies is that three output stages depend on the input chopper stage. This fact implies developing a specific control to generate the output voltage.

In this chapter, we review the basic control principle of multiplexed topologies. On the one hand, we first explain the modulation scheme implemented for chopper control with a 3-Level Flying capacitor topology. Indeed, we have seen that the main function of the chopper stage is to produce the maximum and the minimum voltage from the three reference voltages. In addition, it is described how it has been possible to minimize the static voltage seen by the inverter stage on the auxiliary DC bus by means of a modification introduced in the chopper modulation scheme.

On the other hand, the development of the modulation scheme of the inverter stage has been explained. Indeed, the inverter stage is connected to the chopper stage without an intermediate filter, which means that the inverter stage sees directly the voltage switched by the chopper stage. This implies that the inverter stage must generate the output voltage by switching a pre-switched voltage. In this thesis, a method of calculating via Look-up table the duty cycle for the inverter stage from the duty cycle used for the chopper stage has been proposed. Once the duty cycle is calculated, the modulation scheme implemented for the inverter stage with a 3-Level TNPC topology is explained. In conjunction, it is briefly described how the previously introduced method that allows minimizing the static voltage in the operating range allows minimizing (being able to perform ZVS at certain points) the voltage switched by the inverter stage. Finally, the simulation results obtained are shown, which allow the correct generation of the average output voltage.

Introduction

The objective of this chapter is to describe the design of the control implemented for the proposed multiplexed topologies and the experimental validation of the prototype.

In this section the different operating modes required to address the targeted applications ( 1 UPS, 2 Grid-connected BESS, 3 Grid-connected High-voltage PV Inverter) are analyzed in detail. For these applications we can distinguish three main modes:

▶ Grid-forming inverter: AC voltage is imposed by the inverter itself.

▶ Grid-following converter: AC voltage is imposed by a low impedance grid.

▶ Direct Power Conversion (AC-AC) Operating Mode: Power transferred between a low impedance grid and a grid which voltage is imposed by the converter. This function could be implemented by combining two identical converters in back-toback configuration of ( 1) and ( 2), but it can also be implemented with a single mutualized chopper which requires a specific control but allows transferring a fraction of the power directly from on AC source to the other (not via the DCbus).

Grid-forming inverter

The first operating mode is called the Grid-forming Operating Mode.

In islanded mode, the grid-forming inverters are controlled as an ideal voltage source with a given amplified E and frequency w.

The aim of this operating mode is to generate and impose AC voltage at the output of the converter in order to for example feed the three-phase loads connected to the UPS performing DC-AC power conversion. The power conversion is made transferring the power from the DC-link, so the battery, to the three-phase critical loads.

In the UPS industry, dead-beat [1], [2] or proportional-resonant control schemes [3], [4] are commonly used. In this work, the control scheme has been developed in 'dq0 ' frame. One of the reasons why this control scheme has been chosen is because the converter topologies studied in this thesis are dedicated to 3-wire or 4-wire three-phase applications. When the load or the network has an accessible neutral, a zero sequence current component may exist and the zero sequence i 0 must be controlled as well as the other axis current components [5].

The control scheme is made of two control loops in cascade structure. The inner loop aims at controlling the current in the filter inductor. A second outer loop aims at controlling the filter capacitor voltage or load voltage. Ideally we could also monitor the load current, by placing another current sensor for each phase, but in most industrial cases this sensor is omitted for cost reasons and it is preferred to prioritise current monitoring of the filter inductor for safety reasons. In fact, by performing this last current control we can guarantee not exciding a current ripple limit that could damage the switches. consisting of Multiplexed topology is connected to the critical three-phase load system through an LC filter. L f is the filter inductor and C f is the filter capacitor. V DC is the DC-link voltage.

Modeling the Three-Phase LC-type Inverter

Model in the Synchronous dq0 frame

According to system schematic diagram the LC-filter model in the continuous time domain and abc-frame is defined as follows:

⃗ X(t) = A • ⃗ X(t) + B • U * (t) ⃗ Y (t) = C • ⃗ X(t) + D • U * (t) (IV.1)
with state vector X defined as:

⃗ X(t) = i Lf,u (t) i Lf,v (t) i Lf,w (t) v C,u (t) v C,v (t) v C,w (t) 
T and an inputs vector defined as:

⃗ v * (t) = v * u (t) v * v (t) v * w (t)
T . Where i Lf,x is the inductor-filter current. v * x is the reference voltage for modulator. State-space matrices are defined as:

A =         -R 1 /L 1 0 0 -1/L1 0 0 0 -R 1 /L 1 0 0 -1/L1 0 0 0 -R 1 /L 1 0 -1/L1 1/C 0 0 -1/(Z L C) 0 0 0 1/C 0 0 -1/(Z L C) 0 0 0 1/C 0 -1/(Z L C)         B =         1/L 0 0 0 1/L 0 0 0 1/L 0 0 0 0 0 0 0 0 0         With C = I and D = 0.
The synchronous rotating reference frame (dq0 ) of the LC filter is obtained by transforming the static reference frame using the direct-quadrature-zero transformation matrix (see Eq. IV.2).

⃗ X dq0 (t) = T P C • ⃗ X abc (t) (IV.2)
The dq0 transform (T P C ) is the product of the Clarke transform and the Park transform:

T P C = T P • T C =   cos(θ) sin(θ) 0 -sin(θ) cos(θ) 0 0 0 1   M P ark • 2 3   1 -1/2 -1/2 0 √ 3/2 - √ 3/2 1/2 1/2 1/2   M Clarke = 2 3   cos(θ) cos(θ -2π/3) cos(θ + 2π/3) -sin(θ) -sin(θ -2π/3) -sin(θ + 2π/3) √ 2/2 √ 2/2 √ 2/2   (IV.3)
Considering the size of the state-vector, a new extended transformation matrix (T h P C ) is defined from the standard dqz transform:

T h P C = T P C 0 0 T P C (IV.4)
Therefore, the LC-filter model expression in state space and dq0 -frame is obtained as follows:

⃗ X dq0 = T h P C ′ • ⃗ X abc (IV.5) = dT h P C dt • ⃗ X abc + T h P C • d ⃗ X abc dt (IV.6) = dT h P C dθ • T h P C -1 + T h P C • A • T h P C -1 Â • ⃗ X dq0 + T h P C • B • T h P C -1 B • ⃗ U * dq0 (IV.7)
Solving equation for a given value of θ angle, the new  and B matrices of the state-space model in dq0 -frame can be determined. Matrix coefficients are dependent of θ angle value. Furthermore, Ĉ = I and D = 0.

 =      a 1,1 a 1,2 • • • a 1,6 a 2,1 a 2,2 • • • a 2,6 . . . . . . . . . . . . a 6,1 a 6,2 • • • a 6,6      B =    b 1,1 • • • b 1,3 . . . . . . . . . b 6,1 • • • b 6,3   
The transfer function of a continuous time-invariant linear state-space model can be derived in the following way:

H(s) = Y (s) U (s) = Ĉ s • I -Â -1 • B + D (IV.8)
The step response of each transfer function of the MIMO (Multi-Input Multiple-Output) system is shown in the To: Vc0
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Figure IV.2:

Step response of the MIMO system in dq0 -frame. Inputs are reference voltages on PWM modulator. Outputs are load voltage and filter inductor current.

control variables of a given axis ('d', 'q' or '0' ) produce only non-zero responses in permanent regime on the state variables (current and voltage) of that corresponding axis. Thus, the control voltage of axis 'd' controls the current and voltage of axis 'd' and so on. Even if a certain control variable produces a transient response on a state variable of another axis, in this thesis it is estimated that there is no coupling between axes in these cases. It has been decided to ignore the transient overshoot of each mode to simplify the design of the controllers of each control loop. Therefore, each control loop is designed considering that the plant to be controlled is of first order.

PI controllers are used in order to obtain zero stationary error. Load voltage and filter inductor currents of three-phase system (u,v,w) are measured and later transformed into dq0 -frame.

The digital sampling and update process are performed once per switching period (f s = f sw = 16kHz), however the voltage and current feedback values are obtained by means of filtering. Filter cut-off frequency is set at 10kHz in order to get a precise average value without introducing a large delay. In fact, conventional synchronous sampling is not possible since sawtooth type carriers are used in proposed PWM modulation in scheme. Another measurement technique such as oversampling is possible; nevertheless, the digital controller used does not allow to get enough samples per switching period in order to get an accurate current value.

The complete dq0 voltage and current control block diagram is illustrated in Fig. IV.3. The main delay components [6]- [8] due to digital implementation have been neglected when tuning the PI controllers. The tuning has been performed using reference design [9]. The parameter values of the PI controllers used in simulation for each control loop 

+ + + + KPWM + _ _ ZL(s) 1 ZC(s)
iL,q(s)

VM,q(s) VInv,q(s) vLoad,q(s) iLoad,q(s) iL,q(s) * can be found in Appendix .

+ _ vLoad,q(s) * K P [1+T I (s)] T I (s) PI + + + KPWM + + + + _ _ ZL(s) 1 ZC(s) iL,0(s) VM,0(s) VInv,0(s) vLoad,0(s) iLoad,0(s) iL,0(s) * + _ vLoad,0(s) * K P [1+T I (s)] T I (s) PI K P [1+T I (s)] T I (s) PI K P [1+T I (s)] T I (s) PI K P [1+T I (s)] T I (s) PI w•L w•L w•C w•C w•C w•C w•L w•L
The results of the simulation carried out, in order to validate the control method for the inverter operating mode, can be seen in A constant input power supply (battery voltage) at 1200V has been considered. The voltage setpoint (230V rms ) is entered in ramp mode to avoid any overvoltage/overcurrent problem in the converter. It can be observed that the load voltage (V u,v,w ) and current (i L f u, v, w) reach their respective nominal points (230V rms , 70A rms (50kW three-phase load)). A purely resistive load has been used in the simulation for the sake of simplicity. Likewise, at the beginning the converter generates a 3-level waveform until it gradually reaches the optimum modulation depth generating a 5-level voltage waveform at the output. It has been considered that the flying capacitors are initially charged to their nominal voltage (V DC /4). At the beginning they suffer a slight voltage unbalance due to the initial current peak. Once in steady state, the voltage of the flying capacitors is balanced (at a reasonable voltage ripple value) mainly thanks to the LC resonant filters. 

Grid-following converter

The second operating mode is called the Grid-following Operating Mode. The aim of this operating mode is for example to deliver power from the three-phase grid to charge the DC-bus voltage (battery voltage) of the UPS performing AC-DC power conversion in PFC mode.

As in inverter mode, it has been decided to implement a rotating 'dq0 '-frame based control. For the dq0 control used the rotation/synchronization frequency is the same as the grid. In this work the q-axis has been chosen to be oriented with the grid voltage vector. In this case, the grid current should have a zero d component to obtain unity power factor while the q component would regulate the DC bus voltage along with the current delivered from the grid.

For pure PFC control, the grid current should be controlled. However, as implemented in inverter operating mode, the control of the converter output filter current is a priority in order to limit the current ripple to a reasonable value and keep the semiconductors safe. Since the current control is performed on the converter-side and not on the grid-side, it must be controlled with the objective of zero delay between the grid current and the grid voltage. There are methods [10] where the control is more efficient but at the same time more sophisticated as it needs to measure/compensate the grid current and/or the capacitive current of the filter. The filter capacitor current can be also compensated by means of non-zero d -axis component.

The control scheme is made of one single control loop in 'dq0 ' frame. The control loop aims at controlling the converter-side filter (L 1 ) inductor current in order to perform a PFC control. The control loop of the DC-bus voltage or battery voltage has been omitted in this work for simplicity.

Modeling the Three-Phase LC-type Grid Connected Converter

Fig.

IV.5 shows the system schematic diagram of the rotating dq0 frame-controlled three-phase LC-type grid-connected converter considered in this chapter. A voltage source inverter consisting of multiplexed topology is connected to the grid through an LC filter. L 1 is the inverter side inductor, C g is the filter capacitor and L 2 is the grid-side inductor. V DC is the DC-link voltage and V g,x (x ∈ a, b, c) is the three-phase grid voltage. Similar to the inverter mode, the step response of the system transfer functions shows that there is a decoupling between axes and therefore the PWM modulator control variables drive the currents of their corresponding axes. It has been decided to ignore the transient overshoot of each mode to simplify the design of the controllers of each current control loop. Therefore, each loop is designed considering that the plant to be controlled is a first order system.

The rotating dq0 -frame is exploited to obtain zero stationary error with a simple PI controller. The PCC voltages are measured to achieve the reference frame synchronization with the grid, which is performed by a phase locked loop (PLL). These voltages are passed through a resonant filter (i.e., the PLL itself) and are then fed forward in the current control loop, to unburden the integral part of the PI regulator.
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V M,q (s) V Rec,q (s) v Cf,q (s) i L,q (s) * A constant DC-bus (battery voltage) of 1200V has been considered. The current setpoint (115A rms ) is entered in ramp mode to avoid any overvoltage/overcurrent problem in the converter. It can be observed that the current (i L1u,v,w ) and so the power delivered from the grid (80 kW) reach their nominal points after various grid period cycles. Contrary to the inverter mode, in this mode the converter generates from the beginning a waveform of 5 voltage levels because the control system has a feedforward component of the grid voltage on each axis of the rotating dq0 -frame. This leads to introduce to the PWM modulator a voltage reference on the stationary axis abc-frame identical to the grid voltage so that the chopper stage works immediately at high modulation index. It has been considered that the flying capacitors are initially charged to their nominal voltage (V DC /4). At the beginning they suffer a slight voltage unbalance due to the initial current peak. Once in steady state, the voltage of the flying capacitors is balanced (at a reasonable voltage ripple value) mainly thanks to the LC resonant filters. 
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Direct (AC-to-AC) Power Conversion Mode

The third mode of operation is called AC-to-AC power conversion mode. This mode is for example used in a UPS appication in which power must be transferred from the grid to the load directly without passing through the DC-bus. In this way, it is possible to reduce the semiconductor losses in the converter and therefore optimize the efficiency. This mode is only applicable to the multiplexed converter structure presented in Chapter 3. Indeed, it is a 3-port converter (1 DC input and two AC outputs) unlike the classical converters (inverters). This structure is suitable for UPS applications where back-to-back configurations are typically used. Referring to the first multiplexed converter solution in Chap. V to form a back-to-back converter, this structure is characterized by using a single chopper stage for both the inverter stage and the rectifier stage interface. This mutualization allows therefore to realize an AC-AC type conversion.

The control of this mode has been realized in the dq0 reference frame like for the inverter and rectifier modes. The system schematic diagram of the rotating dq0 framecontrolled three-phase UPS converter is shown in Fig. IV.8. Under the assumption that the conversion between the inverter stage and the rectifier stage is done in a direct way, it can be considered that the control of each stage is independent (there is no mutual coupling) and therefore the block diagram of the AC-to-AC mode can be seen as the whole block diagram of the inverter mode together with the rectifier one. Therefore, the parameters of the controllers are the same as described and used in the two previous sections.

As shown in previous sections, in this conversion mode we need to regulate the current of the two LC filters at the output of the converter (LC filter at the inverter stage output and the LC filter at the rectifier stage input) to

The basic principle of this control mode is to regulate the grid-side current with the same magnitude as the current demanded by the load. In this way, since the voltages are equal on both sides (grid and load) the power drawn from the grid is sent directly to the load. As shown in previous sections, in this conversion mode, we also regulate the current of the two LC filters at the output of the converter (L f and L 1 in Fig. IV.8). Instead of a current reference generated by the DC-bus voltage regulation or battery management system, the current reference for L 1 is the plain copy of the current reference of L f . To perform a PFC control (cf. in this work the q-axis has been chosen to be oriented with the grid voltage vector) of the mains current, the q-axis component of load current (i L f ) reference is used for the grid current (i L 1 ) control loop.

To properly illustrate this mode of operation, a simulation divided into two phases of the same duration (60 ms, 3 cycles at grid frequency) has been implemented: 'Phase 1' (DC-AC operating mode) with a start-up in inverter mode to finally pass to 'Phase 2' with AC-AC power conversion mode.

During Phase 1, the converter operates in inverter mode (see Fig. IV.9), transferring power from the DC bus (battery) to feed the three-phase load. The voltage reference is entered in ramp mode to avoid any overvoltage/overcurrent problem in the converter. It can be observed that the load voltage (V u,v,w ) and current (i L f u, v, w) reach their respective nominal points (230V rms , 70A rms for a 50kW three-phase load). A purely resistive load has been used in the simulation for the sake of simplicity. Likewise, at the beginning the converter generates a 3-level waveform until it gradually reaches the optimum modulation depth generating a 5-level voltage waveform at the output. It has been considered that the flying capacitors are initially charged to their nominal voltage (V DC /4). At the beginning they suffer a slight voltage unbalance due to the initial current peak. Once in steady state, the voltage of the flying capacitors is balanced (at a reasonable voltage ripple value) mainly thanks to the LC resonant filters.

During all this time the rectifier has been inoperative. A contactor (S P CC ) is located to isolate the rectifier stage from the mains. After 60 ms, Phase 2 starts closing the contactor and the rectifier is synchronized with respect to the mains by means of a PLL measuring the grid-side filter voltage (see Fig. IV.10). The q-axis reference of the load current is used in ramp mode as a reference for the mains current control loop. The grid current gradually reaches its nominal value until it is equal to the load current. Therefore, power is sent directly from the grid to the load.

During this process it can be observed that the power drawn from the grid increases at the same rate as the power drawn from the DC bus (battery) decreases.

The voltage generated by the choppers also gradually increases. During Phase 1 each chopper generates a 2-level voltage due to the low modulation depth. Once the load voltage loop reaches its nominal value, the choppers generate a 3-level voltage at their output, synthesizing the maximum and minimum of the 3 output voltages.

In steady state of Phase 2 (AC-to-AC conversion), the grid power is equal to the load power and the DC bus power is a residual power due to control imperfections and the power used to balance the flying capacitors by means of the LC resonant filters. During this phase 2, the ripple of the flying capacitors decreases since no nominal load current flows through them, but only balance current. In the Fig. IV.10 it can be observed finally that the voltage generated by the choppers is still a 3-level voltage but this time generated by calculating the maximum and minimum of the 6 reference voltages; 3 output voltages (V U,V,W ) and 3 input voltages (V A,B,C ). 

Hardware-In-the-Loop (HIL)

Before testing on real prototype all the control laws detailed in the first part of this chapter, all these scenarios have been implemented in a HIL system. HIL is a technique that is used in the development and test of complex real-time embedded systems. For safety reasons, the validation of the various operating modes is therefore first tested on the HIL test bench. This intermediate stage, which can be considered as a high-fidelity emulation between the simulation and the real experimental tests, saves a lot of time during the validation phase. Once the performance of the control scenarios have been checked, the target operating modes will be tested directly on the real prototype as it is described on the next chapter.

The mapping of the input/output pins (variables measured via ADC and PWM outputs) configured for the HIL tests as well as for the final tests on the prototype can be found in the Appendix and Appendix . 

Precharge Strategies

In this section, we will describe the precharge strategies proposed for the studied power converter topology, embodied in the intended industrial applications: ▶ 1 UPS, 2 BESS or 3 Grid-tied PV inverter working in Inverter (DC-AC) operating mode.

▶ 1 UPS or 2 BESS working in active-rectifier (AC-DC) operating mode.

The objective of the precharge strategies is to energize the capacitive elements of the converter in order to be able to activate any operating mode.

Inverter

In industry applications the start-up of the power converter typically can last several seconds, because of several required pre-start routines (safety checks, failure checks, soft start-up, etc.). For the studied case, the pre-charge time is limited by the dynamics imposed by the passive elements (system parameters specified in Table X) and the maximum power dissipated in the precharge resistor during start-up.

For the precharge of the analyzed Multiplexed power converter working in inverter operating mode (PV inverter and BESS applications), two methods are proposed: Top as well as T5, T7 and T8 (T6 turn-off) for the Chopper Bot. The switching of these transistors can be done with variable frequency and variable duty cycle and it can modify the charging time and the power dissipated in the precharge resistors located on the DC bus. For the case illustrated, a switching frequency of 10kHz and constant duty cycle of d=50% has been chosen. At the beginning, in mode 1, when ramping of V DC1 and V DC2 starts through R P C1 precharge resistors, DC-bus capacitors, flying capacitors and LC resonant tanks (in case of UPS application) are connected in parallel and all these capacitors are charged at the same voltage. Once flying capacitor voltages are equal to V DC /4 (corresponding to their nominal value), all switches are turned off. Consequently, we enter in mode 2,and DC-bus capacitors continue to be charged until they reach their nominal value V DC /2 and therefore bypass switch S by is closed.
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The results of the simulation carried out, in order to validate the method, can be seen in Fig. IV.13. A constant input power supply at 1200V has been considered. Pre-charge resistors of 200 Ω have been used, dissipating a peak-power of 1.8 kW. The values of the DC-bus capacitor and the flying capacitor are 200µF and 150µF. These values have been chosen in order to correctly illustrate the two modes. We can observe that the voltage of the semiconductors of the chopper stage (voltage rating 650V) as well as those of the inverter stage (voltage rating 1200V), are in the safe zone, not exceeding at any moment V DC /4 (i.e. 300V).

A variant of this method involves not switching the transistors of the inner cells of both choppers (T2 for chopper Top and T7 for chopper Bot), which makes charging the LC resonant tanks impossible. Not switching these transistors limits the thermal impact, on both the transistors and the precharge resistor. In this case, the transistors of the outer cells would be switched on until the flying capacitor is charged to its nominal value.

Method B

The second method (cf. Fig. IV.14) is to charge the flying capacitors by taking advantage of natural balancing properties [11] by applying a control pattern with a constant duty-cycle of d=50% to the Chopper stage (works for even number of levels, for odd numbers a modified PWM scheme is required). Since the chopper stage is cascaded by the three-phase inverter stage considered in this work (cf. Fig. X), to generate 0V at the output, the transistors of the outer cells of the TNPC must be switched on. In the case of a three-phase load connected with a neutral point connected to the midpoint of the DC bus, it is enough to switch on the transistor of the single-phase outer cell. On the one hand, the upper outer transistors (T9 for phase U, T13 for V and T17 for W) can be activated for charging the flying capacitor of the top chopper. On the other hand, the lower external transistors (T12 for phase U, T16 for V and T20 for W) can be activated to charge the flying capacitor of the chopper Bot. This method can operate with load or grid connected as isolated. For the different applications, Grid-tied PV inverter, BESS or UPS, in case of being islanded the good balancing dynamics will be obtained by generating an output voltage through the filter capacitor C f . Together with the precharge resistor a switch (Ts1 and Ts2), controlled in burst mode, is connected in series to better control the parallel charging of the capacitors. For the case illustrated, a switching frequency of 4kHz and constant duty cycle of d=25% has been chosen. Once the capacitors have been charged to the desired value, the S by switch can be bypassed.
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The results of the simulation carried out, in order to validate the second method, can be seen in Fig. IV.15. A constant input power supply at 1200V has been considered. Pre-charge resistors of 6 Ω have been used, dissipating a peak-power of 9 kW. The values of the DC-bus capacitor and the flying capacitor are 20mF and 50µF. These values have been chosen in order to correctly illustrate the precharge strategy at an appropriate time interval. LC resonant tanks have been omitted. We can observe that the voltage of the semiconductors of the chopper stage (voltage rating 650V) as well as those of the inverter stage (voltage rating 1200V), are in the safe zone, slightly exceeding V DC /4 (i.e. 300V) for chopper switches and V DC /2 (i.e. 600V) for inverter switches. Better results in terms of semiconductor voltage during the transient can be obtained if LC resonant tanks (UPS application) are used.

Rectifier

For rectifier operation, there are no official standards that define a minimum startup time of the power converter. A minimum start-up time is typically defined by the customer and depends on the specific application and the system energization constraints (e.g. sequences for connection to energy source). Another method is proposed for the precharge of the DC-bus capacitor and flying capacitors of a multiplexed converter used as a rectifier. For this method, a precharge resistor is required on the grid side, in order to limit the inrush current. The value of this resistor is chosen such that the peak current during the first cycle is less than the maximum current allowed in the capacitors and semiconductors; this value also guarantees that the inductor does not saturate.

The proposed method (cf. Mode 1 can be applied if the DC-link voltage is below the maximum grid voltage (∼325V). For the simulated case, a margin has been added and the threshold voltage has been set at 250V. Mode 1 is divided in two steps, 1a and 1b. In Mode 1a all switches except T4 and T5 are turned off. The DC-bus capacitors, the two flying capacitors and LC resonant tanks (in case of UPS application) are charged in parallel directly from the grid via D1, D2 and T4 for the Top system and via D7, D8 and T5 for the Bot system. Once the flying capacitor voltage reaches V DC /4 (in this case, V CF,x =125V), Mode 1b is activated by turning off T4 and T5; V DC,x keeps on charging up to 250V. Mode 1a and 1b involve no high frequency switching at all. At this point, the FC choppers are balanced since the flying capacitor voltages are Grid half of the DC-bus voltages and Mode 2 can be started: the first precharge resistor is bypassed and the multiplexed power converter is operated as a conventional 2-level boost converter with PFC closed loop control.
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The results of the simulation carried out, in order to validate the method, can be seen in Fig. IV.17. A constant input power supply at 1200V has been used. Pre-charge resistors of 4 Ω have been chosen, dissipating a peak-power of 2.5 kW. The values of the DC-bus capacitor and the flying capacitor are 9.6mF and 150µF. These values have been selected in order to correctly illustrate the two modes. We can observe that the voltage of the semiconductors of the chopper stage (voltage rating 650V) do not exceed V DC /4 (300V) as well as those of the inverter stage (voltage rating 1200V) do not exceed 800V (still far from maximum values allowed) which means they are all well within the safe operating area.

Summary

The converter topology studied in this thesis is dedicated to UPS, energy storage and solar inverter applications. For these applications the converter must integrate a series of primary control loops to be able to regulate the power transferred through the converter.

In this chapter, first, we study the main operating modes of the converter contextualized in the previously mentioned applications. The design of the control loops based on the analytical models on the reference axis 'dq0' is detailed. Then, the simulation results are shown to verify its correct operation. In a second step, the HIL bench test used for the validation phase of all operating modes is shown. This step was crucial, Finally, the algorithm of the different strategies proposed for the DC bus voltage precharge and the flying capacitors for the studied applications is explained.

Chapter V Hardware Prototype and Experimental Validation 5.1 Introduction

To validate the feasibility of the multiplexed concept, the proposed topologies and modulation strategy described in the previous chapters, two prototypes with a rated power of 100 kW have been built. The design of the power converters is described in section 5.2, while the conducted measurements are presented in section 5.3 and compared with the converter model.

Design

The optimal multiplexed converter topology for UPS applications has been determined in Chapter 3 to be a full-silicon 5-Level Multiplexed 3-port topology consisting of 3-Level Flying Capacitor topology at chopper stage and 3-Level TNPC topology at inverter and rectifier stages; a quite specific modulation scheme has also been identified to control the whole system. In practice, a prototype has been using off-the-shelf SiC MOSFETS for the chopper stage. Having considered the power rating of the prototype and the easiest possible implementation, it was decided to use only power-module packaged semiconductor devices. It should be highlighted that each individual switch in the cost-minimizing design proposed in this work is made up of discrete components (TO-247-4 package) connected in parallel.

Regarding the components, Table V.1 lists an overview of the main elements of the constructed prototype. 

, C S2 1,88 µF Kemet R75UR34704040J L f (a,b,c) , L f (u,v,w) 150 µH Traftor T10125-M09 C f (a,b,c) , C f (u,v,w)
132 µF Epcos TDK B32354S Heat Sink (Liquid cooled Cold Plate) Custom from Mersen

Regarding the mechanical concept, Fig.

V.1 shows the 5-Level 3-port Multiplexed Converter for UPS applications. The hardware demonstrator does not include the filter stages and is composed of 2 interconnected power-PCBs. The first PCB contains the chopper stage and the other contains both inverter and rectifier stages. On the top left corner of the entire PCB-prototype, DC-link electrolytic capacitors (black) can be observed. Flying capacitors (white) are located at the center. Gate-driver are placed over the power-PCBs and are connected to switch power modules through header-type connectors. The liquid-cooled heat sink is custom made and has been oversized in order to avoid any unwanted device failure. There is one heatsink per PCB. Each heatsink has an independent liquid circuit, with inlet and outlet, of cold water at a certain pressure. This feature would allow to measure separately the power losses per group of semiconductors (i.e. chopper stage or inverter/rectifier stage) by measuring the water inlet-outlet flow as well as the temperature of each heatsink.

The power-PCB is set up on 3-stage Test-Bench all along with both grid-side and load-side LC-filters as well as digital controller and various other items such as sensors, circuit-breakers, auxiliary power supplies, etc.

Regarding the control, Fig. ?? show the measuring points and the control concept of the converter. On the grid-side and the load-side, the grid and load voltages and currents are measured of each phase. For this purpose, LEM DVL-1000 transducers have been used for the voltage measurements and LEM LF310-S transducers for the current measurements. In the case grid-tied converter, the phase angle θ is determined from grid voltage by a phase-locked loop (PLL) controller. On the contrary, angle θ is generated inside the digital controller. With θ, the dq-transformation of all necessary AC voltages and currents can be performed. Depending on the operating mode of the converter, the control block will define the voltage reference for the modulator as a function of the variables (load-side or grid side voltage and currents) to be controlled. From the DC-link voltage measurement, made by LEM DVL-1500 transducers, the modulation block can control the switches T1-T32. Even if there is no active-control of flying capacitors voltages, measurements are done through LEM DVL-500 transducers for monitoring and safety reasons.

Measurements

In this section some key measurements are presented in order to verify the performance of the proposed converter. Only measurements on first prototype (5-Level 3-Port Multiplexed Converter) dedicated for UPS applications have been carried out. Tests have been carried out in two operating modes, inverter and rectifier operating modes, at a maximum power of 55 kW.

The test platform consists of the above-mentioned test bench containing the power converter prototype (PCB), the filter stage and the digital controller. 2x DC programmable power supplies (ITECH IT6018C-800-60, 2x 90 kW) has been used to provide the DC-bus voltage to emulate the battery system. The output load-interface of the power converter is connected to 2 programmable load benches of 45kVA and 30kVA each one. The input grid-interface is connected directly to the mains.

In the first test (Inverter Operating Mode), the load is fed up to 3x 230V (L-N) (load bench rated voltage) generated by the power converter, the DC-link voltage is regulated to 800V by the power supply bench. In the second test (Rectifier Operating Mode), the grid is 3x 230V (L-N), the DClink voltage is regulated to 800V by the power supply bench. In order to avoid a transient current peak at control start-up, the mains-side filter capacitors have been precharged by means of resistors. After checking the voltage on the capacitors, the resistors were shunted by means of a circuit breaker. For the flying capacitors, no precharge strategy (among those proposed in chapter 4) has been implemented and Chapter V therefore they have been naturally charged to their nominal value. This has not caused a major voltage stress on the chopper switches as 1200V devices have been used. In the first row, grid voltage from phase A and phase B can be observed as well as grid-side inductor current of phase B (current control is working in order to obtain power factor of 1). Multilevel (5-Level, steps of 200V) output voltage of node A referenced to the DC-link midpoint is shown in the second row. The voltage across collector-emitter (V CE(T 29) ) terminals of T29 switch (outer switch of the 3-Level TNPC rectifier stage, Phase C) is displayed on the middle. Below, filter inductor side current of phase B and C are shown as well as grid-side inductor current of phase B with a slight phase delay. This small phase-shift is due to the capacitive current going through filter capacitors. Neglecting this little difference we can assume appropriate PFC control of the rectifier. Finally, a zoomed view of grid-side inductor current of phase B can be observed in the last row. Grid-side filter inductor side currents are measured with the current probe LeCroy CP150, switch voltage, grid-side filter capacitor voltages and inverter output voltage are measured using Teledine LeCroy HVD3106 voltage probes.

All measurements are digitally filtered on Teledyne Lecroy Scope. As can be seen, the converter works as intended at requested operating points. 

Summary

A real-scal 100 kW power converter dedicated for UPS applications is built to validate the models of the previous chapters. Various measurements show the validity of the models by showing only minor differences.

Conclusion and Outlook

In this thesis a new family of multilevel power converter, i.e. Multiplexed is presented. This new class of converters appears to be a promising solution for high voltageconversion ratio applications. The design and performance study of two solutions of this new family for the intended applications are described. A PWM modulation strategy adapted to these converters is proposed. Furthermore, a hardware demonstrator has been built in order to verify and validate the models hereby described.

Conclusion

In Chapter 2 of the thesis, the focus is set on the description and basic principle of the Multiplexed Topologies. The main structure and various power converter variants are investigated and the main candidates for further analysis are chosen. The main findings are: ▶ A new three-phase multi-level power converter topology family, called Multiplexed, is presented. The new family of converters is so named mainly because structurally, the fact that the chopper stage is shared by the inverter stage means that the latter is considered as a kind of multiplexer (selector) device. The inverter stage acts as a device that selects between the voltages generated by the two choppers and forwards the selected input voltage, either Top or Bot chopper, to one of the three phase outputs. In summary, the DC-AC power converter topology proposed in this work consists of a chopper stage (consisting of two single-phase DC-DC converters symmetrically connected to the DC bus) cascaded by an inverter stage (consisting of a three-phase DC-AC converter connected to the output of each of the choppers without any intermediate filter). One of the main features of this new converter family compared to a state-of-the-art multilevel topology converter is that for a given number of levels, a reduction in the total number of switches or a reduction in the voltage rating of the switches for a given input voltage is achieved.

▶ From the general structure of the converter, several topology variants can be derived from the converter topology used both in the chopper stage and the inverter stage. Thus, depending on the combination chosen, converter variants with different numbers of multilevel voltages can be obtained.

The most promising Multiplexed converter solutions for the addressed applications are presented in Chapter 3. First solution consisting in three-phase 5-Level DC-AC power converter is dedicated for Solar PV and BESS applications and the second solution is three-phase 5-Level (3-port) DC-AC-AC power converter for UPS applications. The main findings are: ▶ The first solution, the three-phase 5-Level DC-AC converter is a power converter consisting of a chopper stage with 3-Level Flying Capacitor topology and an inverter stage with three-phase 3-Level TNPC topology.

▶ The second solution, the 5-Level (3-port) DC-AC-AC converter is a power converter consisting of a chopper stage with 3-Level Flying Capacitor topology and two inverter stages sharing the same chopper stage. Each inverter stage is realised with a three-phase 3-level TNPC topology. The first inverter stage is designed to work as an inverter feeding the critical loads of the UPS. And the second inverter stage is intended to work as a rectifier connected to the grid.

▶ A full-silicon design has been performed for both solutions in order to fulfill the cost objectives.

▶ Efficiency results have been presented for both solutions. The results show, under the assumptions made, that the efficiency targets for intended applications is achieved for both DC-AC and AC-AC conversion modes.

▶ A comprehensive description of the proposed modulation strategy has been made. The modulation strategy is compatible for all variants of multiplexed topologies and consists of a carrier-based PWM modulation scheme. For the inverter stage part an off-line duty cycle calculation has been proposed and implemented via Look-Up tables.

The recommended operating modes for the proposed converters are presented in Chapter 4. The regulation schemes in inverter and rectifier mode are briefly analyzed. A new operating mode allowing direct AC-AC power conversion is introduced. Finally, DC bus and flying capacitors precharge strategies are proposed for the selected topologies. The main findings are: ▶ For the inverter mode, a closed-loop control scheme has been proposed in the dq0 reference frame. In this mode, the load-side LC filter inductor current and the output voltage are controlled.

▶ For the rectifier mode, a closed-loop PFC control scheme has been proposed in the dq0 reference frame. In this mode, only the grid-side LC filter inductor current is controlled.

▶ For the new AC-AC direct conversion mode, a control scheme combining the previously mentioned schemes (inverter mode and rectifier mode) has been proposed in closed loop in the dq0 reference frame. In this mode, both the inductor current of the grid-side LC filter and the current and voltage of the load-side LC filter are controlled.

▶ Several DC bus precharge strategies and flying capacitors have been proposed for the studied applications.

▶ For the validation of the proposed modulation strategy as well as the studied control modes, a 'Hardware In the Loop' (HIL) system was used, consisting of a Typhon HIL 602+ device (for the emulation of the converter) and two Imperix B-Box RCP 3.0 devices (for the embedded control part).

Chapter 5 of this work presents the experimental validation of the topological solutions proposed in this thesis. The part of the work described in this chapter is intended to validate the feasibility of the multiplexed concept, the proposed topologies and modulation strategy described in the previous chapters. The main findings are: ▶ The construction of two prototypes with a rated power of 100 kW.

i) The first prototype is the solution proposed in Chapter 3 for the UPS application. It is a 5-Level (3-port) DC-AC-AC converter. The topological structure has been respected but using a different kind of semiconductors. It should be noted that the proposed solutions were all full-silicon-based.For the chopper stage (symmetrical converters with 3-Level Flying capacitor topology), off-the-shelf SiC modules from Mitsubishi have been used. For the inverter and rectifier stage (three-phase converters with 3-Level TNPC topology) Infineon IGBT modules have been selected.

ii) The second prototype is a promising solution (Hybrid SiC/Si) which has not been proposed during the theoretical study of the work. It is a 3-Level DC-AC Multiplexed power converter topology. For the chopper stage (symmetrical converters with 2-Level topology) SiC modules from Mitsubishi have been used. For the inverter (three-phase converters with 3-Level NPC topology) IGBT modules from Vincotech have been selected. The aim of this prototype has been to demonstrate the feasibility and potential of a hybrid design for when the cost of SiC is reduced in the market.

▶ The functional validation of the first prototype has been tested. Two modes of operation have been tested: inverter mode and rectifier mode with a power transfer up to 55 kW. A programmable and bidirectional power supply was used for the DC bus in both modes. In inverter mode, a closed-loop DC-AC power conversion (with control of the output voltage and current of the filter inductor) has been performed, transforming the DC bus voltage power to feed the loads. The main tests carried out in this mode consisted of resistive loads. It has also been possible to verify the correct operation with inductive loads without increasing power. In rectifier mode, a closed-loop AC-DC power conversion was performed (with PFC control of the filter inductor current), transforming the power acquired from the mains to send it to the DC bus.

Outlook

This thesis has mainly concentrated on the presentation of the new family of Multiplexed power converters, on the proposal of solutions for addressed applications based on this family and on a modulation strategy adapted to it. In this section, suggestions for future research lines are discussed.

Regarding the proposed modulation strategy, there are distortions in the output voltage waveform. This is not visible when analyzing the switched voltage waveform at the output of the converter but rather at the filtered voltage at the load. These distortions are located at the switching transition between inverter and chopper. It is recommended to perform a complete analysis in order to obtain a high-quality waveform.

During the tests on the hardware prototype, the correct operation of the converter was validated. However, efficiency measurements have not been carried out. Comparative analysis between theoretical results and experimental efficiency results would allow to verify the calculation models. In order to conduct experimental measurements two methods were prepared but not performed. The first method is the electrical method which consists in measuring the input and output power. The second method is the calorimetric method which principle is based on measuring the power losses on the water flow exchanger. Since liquid-cooled heat sink has water inlet and outlets with flow-meters is quite straightforward to implement this method.

Regarding the hardware demonstrator, in order to perform a complete evaluation beyond a TRL-5 level, certain aspects of the prototype design need to be improved. Considering a modular design as proposed in this work, discrete packaging semiconductors could be used leading to an optimization of the PCB design. In this way, the surface area covered by the semiconductor part could be considerably reduced, resulting in a more compact prototype volume. It is true that using TO-247 type power transistors makes the design and implementation of the cooling part a bit more complex, but it is still something that could be feasible with custom cold plate fabrication without having to use forced ventilation. Another possibility would be to explore a prototype design with the embedding of power semiconductors into the PCB.

If power module semiconductor devices are used (as in the hardware demonstrator), a better PCB layout design is recommended in order to reduce stray inductances and thus avoid overvoltages on the power-switches. The most sensitive areas identified that could present a high value of parasitic inductance are: i) The interconnection of the 2 power-PCBs made with standard screws. This can be corrected by making a single power-PCB without compromising aspects such as the measurement of electrical variables, the routing of gate signals or cooling; ii) The non-optimised coupling of the flying capacitors to the modules. This can be corrected by using another flying capacitor technology with smaller stray inductance or by paralleling several capacitors in order to reduce this inductance as much as possible. It is also proposed to connect extra decoupling capacitors as close as possible to the interconnection terminals of the flying capacitors to the chopper stage switches (Mitsubishi power-modules); iii) Long PCB-path distance between the output of the two choppers (Mitsubishi powermodules) and the last phase of the inverter and rectifier stage switches (Infineon powermodules).

The optimization of the filter design, both on the inverter side and on the network side, has not been covered in this work. Therefore, it is recommended to make an exhaustive study on this subject, in order to be able to better conclude on the power density limits that can be reached. A study of the waveform quality could be interesting to know about the capability of the converter in terms of EMC requirements. Finally, EMI measurements should be conducted in a certified laboratory.

No reliability study has been carried out in this thesis. A reliability calculation together with an analysis of the fault management or fault tolerance could shed light 
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  I.1). Recent data from an international survey[2] suggests that annual global solar PV additions are expected to reach to 270 GW in 2030 and 372 GW in 2050 under the REmap scenario[3], compared with 94 GW in 2018. Compared to 2018 levels, cumulative solar PV capacity is expected to grow six fold by 2030, with a compound annual growth rate (CAGR) of nearly 9% up to 2050.
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 1 Figure I.1: Cumulative Solar PV installed capacity; Source: Historical values based on IRENA's renewable energy statistics (IRENA, 2019c) and future projections based on IRENA's analysis (2019a). [2].

  (a) Off-Line type UPS working on Normal mode. (b) Off-Line type UPS working on Battery backup mode.

Figure I. 2 :

 2 Figure I.2: Off-Line (Passive-Standby) type UPS.

  I.2), the power conversion chain or the inverter (if only one DC-AC stage) is connected in parallel with the AC input (Grid). During the normal operating-mode (see Fig. I.2a) the load is supplied directly by the grid via a filter which eliminates certain disturbances and provides some degree of voltage regulation. When the grid voltage is outside of specified tolerances for the UPS or when the utility power fails, the inverter and the battery step in to ensure a continuous supply of power to the load (see Fig. I.2b). The UPS continues to operate on battery power until the end of battery backup time or the utility power returns to normal, which provokes transfer of the load back to the grid (normal mode). In Line-Interactive type UPS systems (see Fig. I.3) the inverter is connected in parallel with the AC input (Grid) in a standby configuration. During the normal operating-mode (see Fig. I.3a

  I.4), the power conversion chain (rectifier and inverter) is connected in series between the grid and the load. During normal operation (see Fig. I.4a), all the power supplied to the load is transferred

  (a) Line-Interactive type UPS working on Normal mode. (b) Line-Interactive type UPS working on Battery backup mode.
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 3 Figure I.3: Line-Interactive type UPS.

  I.4b).
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 a On-Line type UPS working on Normal mode. (b) On-Line type UPS working on Battery backup mode.
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 4 Figure I.4: On-Line (double-conversion) type UPS.
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 5 Figure I.5: Overview of studied configuration (double conversion on-line) of the three-phase UPS system showing EMI input filter, grid side rectifier, load side inverter, output filter and battery system directly connected to the DC-bus.
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 6 Figure I.6: Efficiency map for the Schneider Electric reference product, 100kW Ecoblade power module, for BESS applications.
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 7 Figure I.7: Efficiency map for 100kVA 3-Level NPC inverter in function of phase-to-phase voltage and power factor for different values of DC-bus voltage feeding a 50kVA load in open loop. The efficiency results shown have been calculated using software PLECS ® and under the assumption of a constant junction temperature.

  Fig. I.7 shows the results obtained when feeding a 50kVA load. The performance only takes into consideration the losses in the semiconductors at a constant junction temperature of 75°C and with a 1µS dead-time.
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 9 Figure I.9: Multiplexed Convertery by[START_REF] Mihalache | A hybrid 2/3 level converter with minimum switch count[END_REF].
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 10 Figure I.10: Common Flying Capacitor.

  Fig. II.1 and it is composed of three parts: The input voltage source (PV strings, battery strings or conventional dc bus voltage made of capacitor banks as it is done typical back-to-back conversion systems), the two symmetric DC-DC Step-Down chopper stage and three phase DC-AC output inverter.

  Fig. II.2 shows different Multiplexed Converter configurations according to the topology of the Chopper Stage. Other configurations are possible depending on the topology selected for the inverter stage. Fig. II.3 shows
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 3 Figure II.3: Different Multiplexed Converter Configuration in function of Inverter Stage Topologies. (a) 3-Level TNPC Inverter; (b) 2-Level Inverter; (c) 3-Level NPC Inverter; (d) 3-Level ANPC Inverter;
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 4 Figure II.4: Multiplexed Topology with Split-DC-bus of multiple series-connected capacitors. (a) 2-Level Buck-Boost balancer; (b) Resonant balancer; (c) 3-Level Buck-Boost balancer with reduced inductance.

Figure II. 5 :

 5 Figure II.5: Detailed electrical schematic diagram of the 5-Level three-phase 3-port DC-AC Multiplexed Power Converter. The chopper stage consists of two 3L-Flying Capacitor converters. Inverter stage consists of three-phase 3L-T type NPC converters.
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 6 Figure II.6: Efficiency map of the 5-L threephase 3-port DC-AC-AC Multiplexed Power Converter in single DC-AC power conversion mode (cf., Fig. ??) feeding a 50 kW resistive load for different line-to-line load voltage and DC-bus voltage values
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 6 Fig. II.6 shows the efficiency map of the converter in single DC-AC power conversion mode for different values of load DC-bus (battery) voltage. The same efficiency is expected for the converter in grid-forming mode when rectifier stage is working as inverter. Loss distribution per each conversion stage (2x 3-Level Flying Capacitor Chopper Stage and Inverter Stage) of the theoretical design is shown in Fig. II.7. More detailed results as a function of converter output voltage and power factor showing the losses in each semiconductor are shown in the following figures.
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 8 Fig. II.8 shows the losses of the chopper top switches. Only the losses in S1 and S3 are shown (S2 equals S1 and S4 equals S3). By symmetry we can find the same losses in switches S8 (and S7) and S6 (and S5) of the chopper Bot.
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 9 Fig. II.9 shows the losses of the inverter U phase switches. Only the losses in S9 and S10 are shown (S12 is equal to S9 and S11 to S10). By symmetry we can find the same losses in the switches of the two other phases. It can be observed that thanks to the new modulation strategy proposed in this thesis and detailed in the next chapter, the switching losses are considerably reduced in the inverter stage.
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 8 Figure II.8: Chopper switches losses breakdown.
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 9 Figure II.9: Inverter switches losses breakdown.
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 10 Figure II.10: Detailed electrical schematic diagram of Back-to-Back UPS architecture with 5-Level Multiplexed Rectifier and Inverter. The two chopper stages consists of two 3L-Flying Capacitor converters connected to DC-link sharing the Battery system. Both inverter and rectifier stage consists of three-phase 3L-T type NPC converters.
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 11 Figure II.11: Detailed electrical schematic diagram of the 5-Level three-phase 3-port DC-AC-AC Multiplexed Power Converter. The chopper stage consists of two 3L-Flying Capacitor converters. Both inverter and rectifier stage consists of three-phase 3L-T type NPC converters.
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 12 Figure II.12: (a) Internal and (b) external balance boosters to improve balancing dynamics of the FCC [12].

Fig

  Fig. II.[START_REF] Kouro | NPC multilevel multistring topology for large scale grid connected photovoltaic systems[END_REF] shows the multilevel performance of the three-phase 5-Level Multiplexed Converter (illustrated in Fig.2) over two periods of fundamental output frequency. Regarding the simulation conditions for the illustrated scenario, the DC-bus (battery voltage) is 1200V, the inverter works in open loop with a reference voltage between phases equal to 400V/50Hz while the rectifier works in PFC mode with closed loop
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 13 Figure II.13: Electrical schematic diagram of 3-Level Flying Capacitor DC-DC chopper stage with LC resonant filters.
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 14 Figure II.14: Voltage of the flying capacitors and current through resonant LC filters.
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 16 Fig. II.16 shows the efficiency map of the converter operating the system in AC-AC power conversion mode (cf., Fig. ??) for different values of load and mains voltage
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 15 Figure II.15: Main simulation waveforms of the 5-Level three-phase 3-port DC-AC-AC Multiplexed Power Converter (see Fig. ??) operating with a DC-link (Battery) voltage of 1200V during direct AC-AC power conversion mode (cf., Fig. ??) and a load output power of 50kW. (a): Grid reference voltages; (b): Load reference voltages; (c): Chopper output voltages, V T OP in green, average value of V T OP in blue, V BOT in red, average value of V BOT in yellow; (d): Multi-level voltage of the node A at the input of the Rectifier stage referenced to the DC-link midpoint (cf. Fig. ??); (e): Grid phase currents; (f): Multi-level voltage of the node U at the output of the Inverter stage; (g): Inverter filter inductor voltage of phase U; (h): Load phase currents; (i): Flying Capacitor voltages. Please note that the grid and load voltages are phase-shifted by 60 • making the choppers generate the maximum of the 6-voltage system.
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 16 Figure II.16: Efficiency map of the 5-L three-phase 3-port DC-AC-AC Multiplexed Power Converter in direct AC-AC power conversion mode (cf., Fig. ??) feeding a 50 kW resistive load for different line-to-line grid and load voltage values and identical phases and for V DC = 900V and V DC =1200V.
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 17 Figure II.17: Loss breakdown for 2 (corner: a,b) operating points per each value of DC-bus (battery) voltage at Fig. II.16 of the 5-L three-phase 3-port DC-AC-AC Multiplexed Power Converter in single DC-AC power conversion mode at 50kW.

  III.1 ) consists of 2 inputs: a first input for the three-phase voltage reference and a second input dedicated to the DC bus voltage measurement; and 2 outputs: the gate signals for the chopper stage and the gate signals for the inverter stage.
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 1 Figure III.1: General Block diagram of the Modulation Strategy.

Fig. III. 3

 3 Fig. III.3 shows the characteristic waveforms of the modulation implemented for the Bot chopper. We have used falling edge sawtooth carriers that allow to know which is the instant of turn-off of the switches or rising edge of the output voltage Vbot. The turn-off of the switches or the falling edge of the output voltage is time-varying and is determined by the duty cycle value.
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 2 Figure III.2: Schematic diagram of the synchronous dq0 frame-controlled three-phase Multiplexed Converter working on Inverter Operating Mode.

Figure III. 3 :

 3 Figure III.3: Schematic diagram of the synchronous dq0 frame-controlled three-phase Multiplexed Converter working on Inverter Operating Mode.

  Fig. III.4 shows the main waveforms concerning the chopper stage modulation from a three-phase voltage reference. For three-phase 230V rms reference voltage the max and min signals are calculated from the previously defined expressions Eq. III.4. Normalized duty cycle for Top and Bot chopper are depicted below. Sawtooth type carriers are shown below. The actual frequency is 8 kHz but for ease of understanding 2 kHz carriers are illustrated. Duty cycles are sampled once per switching period (i.e. 8kHz) at zero crossing of corresponding carrier waveforms. Sampler signals shows the instants where duty cycles values are hold until the next switching period. Finally, S1 gate signal for Top chopper and S8 gate signal for Bot chopper as well as their respective average values are shown. We can observe that the average value of gate signals correspond to top and bot duty cycle signal respectively.
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 4 Figure III.4: Characteristic waveforms of the chopper stage modulation with V DC = 900V and u * Load(i) = 230V rms. From top to bottom: (a): load voltage reference for modulator, u i for i = u, v, w; (b): max and min modulation index; (c): Top and Bot duty cycles; (d): sawtooth carriers (f Chop /4) for Top outer and Bot outer switching cells of the inverter stage; (e-f): sampling instants for inverter duty cycle according to zero-crossing of their corresponding carriers; (g): sampled Top and Bot duty cycles; (h-i): gate signals for S1 (Top chopper) and S8 (Bot chopper) switches;

  Fig. III.6a and Fig. III.6b what effect it would have on the entire area of operation if this overlap were to occur systematically. The solution that has been developed to minimize the static voltage stress seen by the stage inverter is to shift the two sawtooth carriers corresponding to each chopper between them. The rising-edge sawtooth PS carriers of the Top chopper are shifted one time slice to the right and the falling-edge sawtooth PS carriers of the Bot chopper are shifted one time slice to the left. In this way, the times when switches S1 and S2 (state A1) of the top chopper are activated at the same time as switches S8 and S7 (state A2) are reduced. In the following Fig. III.7a and Fig. III.7b we can see how the maximum static voltage on the auxiliary DC bus has been reduced, thus increasing the safe operating range of the converter.
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 5 Figure III.5: Comparison of the chopper modulation with and without extra phase shift between carriers.
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 6 Figure III.6: Worst case for V DC(Aux) static voltage for different operating points.
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 7 Figure III.7: Optimized V DC(Aux) static voltage for different operating points.
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 8 Figure III.8: Data points of α ′ m inverter duty cycle for 3D-lookup tables.
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 9 Figure III.9: Switch logic for PWM signal pattern generation for the inverter stage.

Fig. III. 10

 10 Fig. III.10 shows the evolution of the PWM signal generation for phase U during a nominal period of the output voltage.
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 10 Figure III.10: Characteristic waveforms for dedicated 1/3 -P W M modulation with V DC = 900V and u * Load(i) = 230V rms. From top to bottom: (a): load voltage reference for modulator, u i for i = u, v, w; (b): output voltage of the two 3-Level Flying Capacitor choppers ant their corresponding average value; (c-d): U phase-leg duty cycle and falling-edge sawtooth carrier (f SW /12);phase-leg duty cycles of phase U for Top outer (S9) and Bot outer
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 11 Figure III.11: Characteristic waveforms for dedicated 1/3 -P W M modulation with V DC = 900V and u * Load(i) = 230V rms. From top to bottom: (a): load voltage reference for modulator, u i for i = u, v, w; (b-c): phase-leg duty cycles of phase U for top outer (S9) and bot outer (S12) switches (where α Inv(i) =1 implies that the outer switches are bypassed and therefore clamped to the positive rail of the auxiliary DC bus (chopper Top output) or to the negative rail (chopper Bot output).); (d): gate signals for phase U switches (S9, S10, S11 and S12); (e-f): voltage across LC resonant filters; (e-f): phase-leg duty cycles of phase V for top outer (S13) and bot outer (S16) switches; (g): gate signals for phase V switches (S13, S14, S15 and S16); (e-f): voltage across LC resonant filters; (h-i): phase-leg duty cycles of phase W for top outer (S17) and bot outer (S20) switches; (g): gate signals for phase W switches (S17, S18, S19 and S20); (k): output voltage of Top and Bot chopper and their corresponding average values; (l): output voltage and filter current;

Figure III. 12 :

 12 Figure III.12: Carrier-based PWM modulation scheme with special focus on ZVS switching of inverter stage S9 outer switch. To highlight the ZVS zone, Top and Bot chopper carriers are phase-shifted between them by 5% of the inverter switching period.

  Fig. III.13a shows the minimum switched on voltage during at least one switching period for each value of output voltage and DC bus voltage. It can be seen that the values range from V DC /4 to V DC /2. Fig. III.13b shows the minimum voltage switched off for at least one switching period for each value of output voltage and DC bus voltage. It can be seen that the values range from 0 to V DC /4.

Figure IV. 1 :

 1 Figure IV.1: Schematic diagram of the synchronous dq0 frame-controlled three-phase Multiplexed Converter working on Inverter Operating Mode.

Fig.

  Fig. IV.1 shows the system schematic diagram of the rotating dq0 frame-controlled three-phase LC-type converter considered in this chapter. A voltage source inverter

  Fig. IV.2. It can be observed that the PWM modulator

Figure IV. 3 :

 3 Figure IV.3: Block diagram of the synchronous dq0 -frame-controlled grid-connected inverter.

  Fig. IV.4.

Figure IV. 4 :

 4 Figure IV.4: Simulation results of the 5-Level Multiplexed Power Converter in inverter (DC-AC) operating mode. (a): Load voltage and load current; (b): filter inductor current; (c): output voltage of the two 3-Level Flying Capacitor choppers ant their corresponding average value; (d): 5-Level voltage at the output of inverter stage, phase U; (e): voltage across the inverter-side filter inductor, V Lf (U ) ; (f): voltage across Flying capacitors; (g): PWM gate signals for Inverter switches of phase U (T9,T10,T11 and T12);
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 311 Model in the Synchronous dq0 frame According to Fig. IV.5 the mathematical model in the stationary abc frame of the three-phase LCL-type grid connected converter is described as:

Figure IV. 5 :

 5 Figure IV.5: Schematic diagram of the synchronous dq0 frame-controlled three-phase Multiplexed Converter working on Rectifier Operating Mode.

Figure IV. 6 :

 6 Figure IV.6: Block diagram of the synchronous dq0 -frame-controlled grid-connected inverter.

Figure IV. 7 :

 7 Figure IV.7: Simulation results of the 5-Level Multiplexed Power Converter in rectifier (AC-DC) operating mode. (a): Grid voltage and converter-side filter inductor current; (b): current through converter-side filter inductor; (c): output voltage of the two 3-Level Flying Capacitor choppers ant their corresponding average value; (d): 5-Level voltage at the output of rectifier stage, phase A; (e): voltage across the converter-side filter inductor, V L1(A) ; (f): voltage across Flying capacitors; (g): PWM gate signals for Rectifier switches of phase A (T21,T22,T23 and T24);

Figure IV. 8 :

 8 Figure IV.8: Schematic diagram of the synchronous dq0 frame-controlled three-phase Multiplexed Converter working on Rectifier Operating Mode.

Figure IV. 9 :

 9 Figure IV.9: Simulation results of the 5-Level Multiplexed Power Converter in AC-to-AC operating mode. (a): Load power, Grid power and DC-bus (battery system) power; (b): Load voltage and load current; (c): Load current; (d): Current through converter-side filter inductor; (e): 5-Level voltage at the output of inverter stage; (f): voltage across the inverterside filter inductor, V Lf ; (g): voltage across Flying capacitors;

  The used HIL test bench (cf. Fig IV.11) consists of 2 Boombox RCP 3.0 devices (for the embedded control part) and 1 Typhoon HIL 602+ device (for the emulation

Figure IV. 10 :

 10 Figure IV.10: Simulation results of the 5-Level Multiplexed Power Converter in AC-to-AC operating mode. (a): output voltage of the two 3-Level Flying Capacitor choppers ant their corresponding average value; (b): Grid voltage and grid-side inductor current; (c): Gridside inductor current; (d): Converter-side filter inductor current; (e): 5-Level voltage at the output of rectifier stage; (f): voltage across the rectifier-side filter inductor, V L1 ; (g): current through LC resonant filter;

Figure IV. 11 :

 11 Figure IV.11: The HIL test bench consists of 2 Boombox RCP 3.0 and 1 Typhoon HIL 602+.
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 611 Method A The first method (cf. Fig. IV.12), quite simple to implement (there is no need of voltage closed loop control), is split into two main operating modes ('Mode 1' and 'Mode 2') but requires switching, in burst mode, simultaneously the transistors of each cell of the chopper stage. The idea is to switch only a single cell (outer cell) for each chopper, Top and Bot, and transistors T1, T2 and T4 (T3 turn-off) for the Chopper

Figure IV. 12 :

 12 Figure IV.12: Proposed precharge strategy during inverter operation (in mode 1 the colored switches in blue are switching from the beginning and turn off at the set up threshold voltage level (i.e.: V DC /4)).

Figure IV. 13 :

 13 Figure IV.13: Simulation results of proposed precharge strategy of the 5-Level Multiplexed Power Converter intented for inverter operation. Mode 1 consist of charging DC-bus capacitor and flying capacitor simultaneously and Mode 2 is to finish charging the DC-bus capacitor. (a): voltage across DC-bus capacitor; (b): current through DC-bus capacitor; (c): voltage across Flying capacitor; (d): V LC,x , voltage across LC resonant filter; (e): voltage across Top chopper switches; (f): voltage across Inverter switches of phase U (T9,T10,T11 and T12);

Figure IV. 14 :

 14 Figure IV.14: Proposed precharge strategy during inverter operation (in mode 1 the colored switches in blue are switching from the beginning and turn off at the set up threshold voltage level (i.e.: V DC /4)).

Figure IV. 15 :

 15 Figure IV.15: Simulation results of proposed precharge strategy of the 5-Level Multiplexed Power Converter intended for rectifier operation. Mode 1 is quasi-passive precharge and Mode 2 is active-boost operation. (a): voltage across DC-bus capacitors and Flying capacitors; (b): voltage across Top Chopper switches (T1, T2, T3 and T4); (c): voltage across Inverter switches of phase U (T9, T10, T11 and T12;

  Fig. IV.16) is split into two main operating modes: 'Mode 1' relies on a quasi-passive operation, which also employs the precharge resistor and 'Mode 2' is an active boost operation (with cascaded DC-bus voltage and gridside currents PFC control). In terms of voltage control, only DC-bus voltage has been considered. The necessary battery voltage control (charge-discharge) for BESS and UPS application has been left out of the scope of the study of this work. The circuit state in function of the mode can be found Fig. IV.16. For illustration, two different values of precharge resistors were used for each mode (only one is necessary in conventional case).

Figure IV. 16 :

 16 Figure IV.16: Proposed precharge strategy employing method A, during rectifier operation. Depending on the DC-bus voltage and flying capacitors voltage value, the different mode transitions are depicted (in mode 1 the colored switches in blue are turned on from the beginning and turn off at the set up threshold voltage level (i.e.: V DC =250V)).

Figure IV. 17 :

 17 Figure IV.17: Simulation results of proposed precharge strategy of the 5-Level Multiplexed Power Converter intended for rectifier operation. Mode 1 is quasi-passive precharge and Mode 2 is active-boost operation. (a): voltage across DC-bus capacitors; (b): voltage across Flying capacitors; (c): current through Flying capacitors; (d): voltage across LC resonant filters; (e): current through LC resonant filters; (f): voltage across Chopper stage switches (T1 and T2 for Top chopper and T5 and T6 for Bot chopper; (g): voltage across Rectifier switches of phase A (T21, T22, T23 and T24;

  Fig. V.2 shows the main measured current and

Figure V. 1 :

 1 Figure V.1: Hardware prototype of the 100kW three-phase 5-Level DC-AC-AC Multiplexed Converter, measuring 420mm Ö 880mm Ö 110mm (16.53 in Ö 34.64 in Ö 4.33 in). The final volumetric power density of the power-PCB demonstrator (without considering LC Shunt filters, output and input LC filters of each AC port and auxiliary power) is 3.68 kW/dm 3 (60.3 W/in 3 ).

Figure V. 2 :

 2 Figure V.2: Experimental waveforms of the 5-Level three-phase 3-port DC-AC-AC Multiplexed Power Converter shown in Fig. 2 operating the system in inverter mode for 55 kW operation (V DC =800V, V Load,U =230Vrms (L-N), i L(U ) =70Arms).

Fig. V. 3

 3 Fig. V.3 shows the main measured current and voltage waveforms. In the first row, grid voltage from phase A and phase B can be observed as well as grid-side inductor current of phase B (current control is working in order to obtain power factor of 1). Multilevel (5-Level, steps of 200V) output voltage of node A referenced to the DC-link midpoint is shown in the second row. The voltage across collector-emitter (V CE(T 29) ) terminals of T29 switch (outer switch of the 3-Level TNPC rectifier stage, Phase C) is displayed on the middle. Below, filter inductor side current of phase B and C are shown

Figure V. 3 :Figure V. 4 :Figure V. 5 :

 345 Figure V.3: Experimental waveforms of the 5-Level three-phase 3-port DC-AC-AC Multiplexed Power Converter shown in Fig. 2 operating the system in rectifier mode for 55 kW operation (V DC =800V, V Grid,A =230Vrms (L-N), i L(U ) =80Arms).

  Figure V.7: Look-Up Tables (LUT) for different chopper stage topologies.
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Table I . 1 :

 I1 Specifications for UPS, Solar PV Inverter and BESS applications.

Table II . 1 :

 II1 Preferred power semiconductors voltage ratings for selected Single DC-AC Multiplexed Topology. , T 6 , T 7 , T 8 T 9 , T 10 , T 11 , T 12 1200V 300A (4x 75A) Infineon IKY75N120CS6 T 13 , T 14 , T 15 , T 16 T 17 , T 18 , T 19 , T 20

	Power Switch v rating	i rating	Manufacturer	Reference
	T 1 , T 2 , T 3 , T 4 T 5	650V 300A (4x 75A)	Infineon	IKZ75N65ES5

  as shown in Fig. III.8. The code (Octave) developed to create the duty cycle variables for the look up table can be found in Appendix II.

Table V . 1 :

 V1 Main components of the 100 kW 5-Level 3-Port Multiplexed Converter hardware prototype.

	Component	Value Part Number
	Chopper Stage Switches		Mitsubishi 1200V-400A
	(3L-FC Switches)		FMF400BX-24A
	Inverter/Rectifier Stage Switches (3L-T-NPC Switches)		Infineon 1200V 300A (Outer) FF300R12KE4 Infineon 1200V 300A (Inner)
			FF300R12KE4 E (Common Emitter)
	Gate Driver		Custom PCB from Schneider Electric
	DC-link Capacitor, C DC1 , C DC2	4800 µF Epcos TDK B43643
	Flying Capacitor, C F 1 , C F 2	280 µF Kemet C4AEGBW5350A3JJ
	L S1 , L S2	200 µH	75 turns, 100 strand x 200 µm Litz wire Core: Micrometals T300-8/90 T300
	C S1		

S 8 & S 5 S 7 & S 6 S 13 & S 15 S 17 & S 19

on the applicability of this type of converter in different applications. Indeed, at the architectural level, one of the major particularities is that it is not a converter with three independent phases. The chopper stage is common to the three output phases of the inverter stage. Therefore, it is more susceptible to failures. New multiplexed variants using hybrid topologies or semiconductors with high fault capabilities or even new modulation strategies considering fault-tolerant modes could result in more robust and reliable solutions. 

HIL PWM pinout mapping

The following table details the pinout of the used PWM ports. On the digital controller side (both B-Box RCP 3.0 devices) the PWM ports are considered as outputs and on the converter emulation platform side (Typhoon HIL 602+ device) they are considered as inputs. 

HIL ADC pinout mapping

The following table details the pinout of the used ADC ports. On the digital controller side (both B-Box RCP 3.0 devices) the ADC ports are considered as inputs and on the converter emulation platform side (Typhoon HIL 602+ device) they are considered as outputs.