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Discharging of battery (Secondary function):

In this case, storage unit of EV, i.e., battery is considered as energy source and power is transferred from vehicle to grid.

Network balancing capability (Tertiary function): EVs can provide ancillary services to

the grid, such as, reactive power or unbalance current consumption/injection for helping to balance and sustain the network without additional battery cycling.

The first two functionalities had already been addressed by previous researchers (also in G2ELab by Dr. Mounir Marzouk). This thesis focuses on the mentioned third functionality that can be provided by EVs. These three functionalities necessitate the bidirectional battery charger for EV, which is capable of sinking or sourcing real and reactive power. Power Electronics part of the EV battery charger should combines AC/DC converter for maintaining near unity power factor of the grid and DC/DC converter for regulating battery current and voltage. One of the main objectives of the thesis is to compensate and mitigate unbalance active and reactive powers exchange between supplies of the 3-phases with the help of bidirectional EV battery charger.

As the charger should also be onboard type, constraints are weight and volume for developing this type of charger.

In this thesis, Neutral Point Clamp (NPC) converter and Triple Active Bridge (TAB) have been proposed and analyzed for AC/DC and DC/DC converter respectively. Objectives of this thesis have been analyzed and verified by the help of Matlab/Simulink results and Hardwarein-the-Loop (HIL) simulation results.

Résumé

Les véhicules électriques (VE) se développent à un rythme rapide dans les secteurs des transports en raison des préoccupations croissantes en matière d'environnement. L'intégration réussie et rapide des véhicules électriques réduit potentiellement les émissions de CO2.

Cependant, en raison de la forte pénétration dans le secteur des transports, les véhicules électriques représentent également des défis importants pour le gestionnaire de réseau de distribution (GRD). Plus précisément, le fonctionnement du réseau basse tension devient difficile en raison d'une demande soudaine d'énergie, car la charge incontrôlée des VE peut coïncider avec la demande de charge de pointe. Ainsi, il en résulte une déviation de tension sévère, si les systèmes énergétiques ne sont pas gérés de manière organisée.

Vehicle-to-Grid (V2G) est une technologie dans laquelle les VE déchargent leur énergie stockée et l'injectent sur le réseau pendant la période de charge de pointe. Ainsi, il ne doit pas seulement être considéré comme des charges passives mais aussi comme des sources d'énergie tout en étant au repos. La technologie V2G offre également un potentiel pour fournir des services auxiliaires dans les secteurs de l'énergie, tels que la régulation de tension, le rasage de tension, la compensation de puissance réactive et la production distribuée. S'il est bien géré, EV devient un atout attractif pour DSO. Ainsi, le chargeur de batterie des VE devrait fournir les fonctionnalités ci-dessous:

1. Chargement de la batterie (fonction principale): Dans ce cas, la puissance est transférée du réseau au véhicule, appelée opération G2V.

2. Décharge de la batterie (fonction secondaire): Dans ce cas, l'unité de stockage d'EV, c'està-dire la batterie, est considérée comme une source d'énergie et la puissance est transférée du véhicule au réseau.

3. Capacité d'équilibrage du réseau (fonction tertiaire): les véhicules électriques peuvent fournir des services auxiliaires au réseau, tels que la puissance réactive ou le déséquilibre de la consommation / injection de courant pour aider à équilibrer et maintenir le réseau sans cyclage de batterie supplémentaire.

Les deux premières fonctionnalités avaient déjà été abordées par des chercheurs précédents (également dans G2ELab par le Dr Mounir Marzouk). Cette thèse se concentre sur la troisième fonctionnalité mentionnée qui peut être fournie par les véhicules électriques.

Ces trois fonctionnalités nécessitent le chargeur de batterie bidirectionnel pour EV, capable d'absorber ou de générer de la puissance réelle et réactive. La partie électronique de puissance du chargeur de batterie EV doit combiner un convertisseur AC / DC pour maintenir un facteur de puissance proche de l'unité du réseau et un convertisseur DC / DC pour réguler le courant et la tension de la batterie. L'un des principaux objectifs de la thèse est de compenser et 

List of Tables

List of Figures

INTRODUCTION

This chapter introduces the general background, context and the motivation for this research.

The key contributions of the thesis are also highlighted followed by the outline of the thesis.

General introduction

Due to industrialization and exponential increase in world population, consumption of fossil fuel is also increasing. Environmental hazards, such as, greenhouse gas emission and increase in global temperature are the effects of increased consumption of fossil fuels [1]. It draws the attention of Research and Development (R&D) community and leads the governments throughout the world to come up with policies to address this issue.

Different preventives have been taken in order to reduce greenhouse gas emission. Such as green power generation from renewable sources of energy (wind, hydro, solar, geothermal and tidal etc.) are favored, as well as more efficient methods of consumption and the storage of the generated energy are adopted [2] [3]. Electric vehicles (EVs), discussed in detail in the next section, also help nature, as they have no tailpipe emissions. In fact, they do not even have an exhaust. Considering the impact of generating the electricity used, pure EVs can still produce substantially lower greenhouse gases than petrol or diesel cars [4] [5]. These emissions will be reduced further as the world switches to more renewable and nuclear electricity generation.

Electric vehicles (EVs)

Transportation sector, depending on combustion engines, contributes to a large amount of CO2 in the atmosphere [START_REF] Shiramagond | Integration of Renewable Energy into Electric Vehicle Charging Infrastructure[END_REF]. Recently, electrification of transportation sector has caught attention worldwide as potential and promising solution for aforementioned problems. As a result, the interest in EVs has increased rapidly over the past few years and this trend seems to keep growing in near future [START_REF] Jian | Impact of plug-in hybrid electric vehicles on power distribution networks[END_REF]. These alternative vehicle technologies, that include Hybrid Electric Vehicles (HEVs), Plug-in HEVs (PHEVs), Range Extended EVs (REEV) and EVs, have gained popularity thanks to their advantages, such as more eco-friendly, less noisy and more efficient [8] [9].

Among all these types of EVs, HEVs are powered by the combination of electric motors and Internal Combustion Engines (ICE) [START_REF] Kong | Charging Schemes for Plug-In Hybrid Electric Vehicles in Smart Grid: A Survey[END_REF]. Normally, the low-speed acceleration is supported by electric motor and it is powered by battery pack. The ICE, which is driven by gasoline, diesel or natural gases, is used for higher speed. During regenerative braking, the battery packs are charged by the electric motor while it is charged through the ICE during motoring. An electric outlet cannot charge these battery packs. PHEVs are also driven by the combination of electric motors and ICE. Additionally to the charging possibilities present in the HEV, the battery packs can be charged thanks to an electric outlet when the car is parked. Range Extended EVs also use both ICE and electric motor [START_REF] Chan | The state of the art of electric, hybrid, and fuel cell vehicles[END_REF]. However, unlike HEVs and PHEVs, they use electric motor for all the driving cycles. The purpose of ICE is to charge the battery during low on charge. EVs use electric motors for traction purposes and are powered solely by battery packs [START_REF]Plug-in Fuel Cell Vehicle Technology and Value Analysis Phase 1; Preliminary Findings and Plan for Detailed Study[END_REF]. These motors are more powerful than the motors find in HEV or PHEV. Another type of battery operated EVs are hydrogen-powered EVs, called the Fuel Cell Electric vehicle (FCEV) [START_REF] Wahono | Analysis of range extender electric vehicle performance using vehicle simulator[END_REF]. FCEVs generate electric power by using O2 from the air and compressed H2 to drive the electric motors. In normal operation, FCEVs are 12 times more expensive than conventional gasoline powered vehicles. Many automobile manufacturers like Renault, Peugeot, Nissan, Mitsubishi, Tesla, Hyundai, BMW, Volkswagen, Volvo and Mercedes, as shown in Fig. 1.1, have at this point developed and commercialized their modern electric models, proving that the electric drive is technically viable, eco-friendly and affordable. 

EV chargers

There are mainly three families of EV charging systems, which are, off-board, on-board and contactless battery charger [START_REF] Turker | Modelling of system components for Vehicle-to-Grid (V2G) and Vehicle-to-Home (V2H) applications with Plug-in Hybrid Electric Vehicles (PHEVs)[END_REF].

a. Off-board EV battery charger : The off-board charging systems are capable of transferring higher amount of power to EVs with DC current and it requires a more sophisticated Battery Management System (BMS). Also AC/DC conversion hardware can be put in the external hardware, which will reduce the weight and volume of EVs [START_REF] Subotic | Overview of fast onboard integrated battery chargers for electric vehicles based on multiphase machines and power electronics[END_REF]. This in turn increases the overall efficiency of the EVs. However, off-board EV battery chargers introduce an additional cost for developing the infrastructure of the charging stations.

Examples of some of these chargers are CHAdeMO -worldwide, CCS-Combo2 -Europe, SAE-CCS-Combo1 -North America and GB/T -China [START_REF]Lessons Learned on Early EV Fast-Charging Deployments[END_REF]. c. Wireless EV battery charger: Wireless power transfer, also known as inductive charging, is an emerging technology that allows EV to recharge without cable connection as shown in Fig. 1.4. This technology also allows the possibility to charge the vehicle during movement, however, it requires high infrastructure cost. This charging system uses two induction coils: transmitting and receiving. Transmitting coil at the charging base station generates alternating electromagnetic field while the receiving coil in PHEV receives power from electromagnetic field for generating electrical current to charge the battery [START_REF] Liu | Overview of coil designs for wireless charging of electric vehicle[END_REF]. But it is not widely used as conductive type chargers due to lower efficiency and high cost. The main purpose of EV battery charger is to transfer power to the battery (G2V) but there is a possibility to use the bidirectional battery charger and provide some network ancillary services, discussed in Sec. 1.3. Only for G2V operation, converters with unidirectional power transfer capability are used. However, bidirectional battery charger can support both G2V as well as reverse power flow from EV battery to the power grid, i.e., V2G technology. This concept is well presented in Fig. 1.5 [22] [23]. Bidirectional EV battery charger consists of two stages. First stage consists of an AC/DC converter, which facilitates the bidirectional power flow from the grid to the internal DC link.

In addition, it can maintain unity power factor, if required. The second stage consists of DC/DC converter, which regulates the battery current and voltage [START_REF] Pahlevaninezhad | A Load Adaptive Control Approach for a Zero-Voltage-Switching DC/DC Converter Used for Electric Vehicles[END_REF] [25] [START_REF] Nguyen | Harmonic distortion mitigation for electric vehicle fast charging systems[END_REF].
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Fig.1.6 Topology of bidirectional EV battery charger

Depending on power level, generally single-phase half/full bridge, three phase full bridge or multilevel converter topologies are used for grid connected AC/DC converter [START_REF] Lee | An Isolated PFC Converter with Harmonic Modulation Technique for EV Chargers[END_REF]. Based on DC/DC converter, charger can be classified as isolated or non-isolated. In case of isolated charger, a high frequency (HF) isolation transformer has been incorporated into the DC/DC converter. Examples of non-isolated bidirectional DC-DC converters that are commonly used include half-bridge, Ćuk, SEPIC and cascade buck-boost converters [START_REF] Du | Review of non-isolated bi-directional DC-DC converters for plug-in hybrid electric vehicle charge station application at municipal parking decks[END_REF]. Isolated bidirectional DC/DC converters can either be half bridge, full bridge topologies, Dual Active Bridge (DAB) converter [START_REF] Monfared | Control of Single-Phase Bidirectional PEV/EV Charger Based on FCS-MPC Method for V2G Reactive Power Operation[END_REF] and full bridge resonant type converters.

Literature review on bidirectional topologies of EV battery charger

Battery chargers, with unidirectional converter topology, allow only the primary requirement which is G2V operation. For both G2V and V2G applications, bidirectional converter topology must be used in EV battery charger. This section illustrates different possible topologies of EV battery chargers for bidirectional power flow. Bidirectional EV battery chargers are generally based on two independent power structures connected together. This section contains different configurations of two-stage EV battery charger. 

AC/DC conversion stage

Single-phase and three-phase AC/DC converter topologies can have different configurations: half bridge and full bridge. They can also be categorized into two-level and multi-level converters. Single/three-phase half/full bridge two-level AC/DC converters, as seen as in Fig. 1.7 and Fig. 1.8, are the mostly used AC/DC converter topologies. Though half-bridge configuration is less complex and has less number of semiconductor switches compared to full-bridge configuration but the voltage stress is higher in the semiconductor switches present in half-bridge configuration for same power rating. In case of half-bridge configuration, capacitive middle point voltage fluctuation is another problem and that can leads to a significant size of the capacitors. The capacitors are also problematic in terms of reliability, especially in case of high temperatures. Both the converters are generating high frequency current harmonics, so additional passive element like AC-current inductor is necessary for filtering [START_REF] Hui | A bi-directional AC-DC power converter with power factor correction[END_REF]. Three phase Neutral Point Clamp (NPC) inverter, as seen in Fig. 1.9, is a multilevel bidirectional AC/DC converter that can be used for high power rating. Multilevel topologies, such as NPC, Cascaded H-Bridge converter (CHB) or Flying Capacitor Converter (FCC) [START_REF] Rodriguez | Multilevel inverters: a survey of topologies, controls, and applications[END_REF] [32], have some advantages over two-level converter such as : lower semiconductor voltage stress, higher switching frequency because of lower switching losses and smaller filter due to better harmonic performance [START_REF] Husev | Single phase three-level neutral-point-clamped quasi-Z-source inverter[END_REF].

But it has structural drawback due to present of capacitive middle point in the DC-bus. Bigger size capacitors or additional control circuit is required in order to maintain the voltage difference within the allowed limit at the middle point of the DC-bus. 

DC/DC conversion stage

Bidirectional DC/DC converter can be two types: isolated and non-isolated [START_REF] Fahem | On-board bidirectional battery chargers topologies for plug-in hybrid electric vehicles[END_REF]. Two-quadrant bidirectional DC/DC converter, shown in Fig. 1.10, is very simple to control. Direction of power exchange, i.e., G2V or V2G mode of operation depends on the duty cycle of the controlled switches (𝑆 1 𝑎𝑛𝑑 𝑆 2 ) and the converters are operating at 180° out of phase. With this configuration, higher power level can be achieved. Battery current ripple will also be reduced due to the operation of the converter and the phase shift between the signals [START_REF] Singh | A review of single-phase improved power quality AC-DC converters[END_REF]. In order to simplify the safety requirements, the insulation of the battery and the network can be useful. Therefore, these configurations are not the preferred ones. Fig. 1.12 represents an insulated bidirectional DC/DC converter, the Dual Active Bridge (DAB). In this configuration, two active bridges are linked with the help of a High Frequency (HF) transformer. This HF transformer is used for isolation purpose [START_REF] Yadeo | A New Five Level Dual Active Bridge DC-DC Converter for Solid State Transformer[END_REF]. Power flow in DAB can be possible by Phase Shift Modulation (PSM) method between the two bridges. In primary bridge of DAB, identical gate signals with 50% duty cycle are applied to 𝑆 1 and𝑆 2 . Similar gate signals with 50% duty cycle are applied to 𝑆 3 and𝑆 4 . The gate signals of 𝑆 1 and 𝑆 3 are complementary. In PSM method, power flow between two bridges of DAB can be possible by shifting the gate pulses of 𝑆 5 and 𝑆 6 with respect to 𝑆 1 and 𝑆 2 and gate pulses of 𝑆 7 and 𝑆 8 with respect to 𝑆 3 and 𝑆 4 [START_REF] Zhao | Overview of Dual-Active-Bridge Isolated Bidirectional DC-DC Converter for High-Frequency-Link Power-Conversion System[END_REF]. Direction of the power flow depends on the angle of shifting(𝛿). Power will flow from primary to secondary active bridge with + 𝛿 and in reverse direction with -𝛿. 

Phase shift

Efficiency of the DAB can also be increased by using Dual Active Bridge Series Resonant Converter (DABSRC) topology. In this topology, a capacitor is connected in series with inductor in primary bridge of the DAB [START_REF] Safaee | Time-domain analysis of a wide-range dual-activebridge bidirectional series resonant converter[END_REF].

Ancillary services of V2G technology

"Ancillary services" refers to a variety of operations provided by the electricity grid that are required to support the continuous flow of electricity as shown in Fig. 1.13. This ensures stability and security in the electricity grid. The energy storage will play a pivotal role in delivering important grid services in future. In practice, most of the cars traveling on the road only for 4-5% of the day and spend the rest of time at parking. We can utilize such EVs to facilitate the ancillary services in V2G system [START_REF] Ovalle | Escort Evolutionary Game Dynamics Approach for Integral Load Management of Electric Vehicle Fleets[END_REF]. Possible ancillary services provided by V2G technology have been listed below. b. Regulation: V2G system can regulate the voltage and frequency of the power grid. At each point in time, the generation of electricity produced by grid must exactly match the amount of energy taken from the grid by consumers (households, factories, buildings, EVs, etc.). Else, the nominal frequency of the grid (50 Hz in Europe or 60 Hz in the U.S.) will exceed the threshold and can turn into a blackout. In this sudden increment of frequency due to more generation of power, EVs can help by charging their batteries. On the other hand, if the frequency is too low, it can be regulated either by disconnecting EVs from grid or by discharging a number of EVs connected to the grid.

A large group of EVs can also help the power grid to regulate voltage by adjusting (injecting or consuming) reactive power across the power grid. EV battery chargers with their power electronic structure can help by changing their reactive and active power load, without any major impact on their battery life. This makes reactive power compensation a very promising ancillary service in the future V2G systems [START_REF] Frias | A Reactive Power Capacity Market Using Annual Auctions[END_REF]. c. Supporting renewable energy integration: Due to the stochastic and intermittent nature of solar and wind-power generation, their large scale integration into the current power grid requires large-capacity storage systems [START_REF] Wu | Demand side management for Wind Power Integration in microgrid using dynamic potential game theory[END_REF]. EVs can be used as a storage unit during higher generation of renewable energy and both of them together can increase the stability and the reliability of the grid. d. Revenue generation for EV users: Depending on the regulations of each country, EV users can generate revenue by discharging EV batteries during peak-load period at higher electricity price and recharge the battery during off-load period at reduced electricity price.

Motivation and main contribution of the thesis

EVs, as alternatives to traditional thermal engine vehicles, are gaining popularity over the last decades due to zero emission during their use. For G2V technology, research on smart and safe charging, multiplexing of EVSE have been studied extensively. Questions regarding how EV charging can be better managed to either lower the charging cost or creating less impact to the power grid can be understood with these studies.

On the other hand, by enabling bidirectional power flow with V2G technology, EVs are not only considered as load to the grid, but also act as distributed storage and generation systems.

Considering all the benefits of EVs and the ancillary services provided by V2G technology, the integration of EVs to power grid has brought new technical and economic challenges as well as opportunities. Since EVs can be used as active and reactive power generating unit, we want to go further in the capabilities allowed by them. By allowing active and reactive power exchange, V2G technology ensures the previously mentioned ancillary services as presented in the PhD thesis of Mounir Marzouk where a 3-phase 22kW bidirectional battery charger for hybrid trucks was developed [START_REF] Marzouk | Développement de chargeurs intégrés pour véhicules hybrides plug-in[END_REF]. However, these exchanges are in balanced condition, which means the power exchange is almost same between all three phases.

In this thesis, we want to investigate the possibility to use the charger in unbalanced power exchange conditions. Thus, the main motivation for this research work is to compensate and mitigate the unbalance active (P) and reactive (Q) power exchange between supply of three phases.

However, in low voltage networks, lots of loads are single phase ones which introduces very common issues in these networks. This creates unbalance in power consumption(𝑃 1 ≠ 𝑃 2 ≠ 𝑃 3 ), which in turn creates unbalance in current in the network as shown in Fig. 1.14 and possibly unbalances in voltage due to the line/transformer impedances [START_REF] Fernandez | Plug-in electric vehicle collaborative charging for current unbalance minimization: Ant system optimization application[END_REF] [START_REF] Fernandez | Current unbalance reduction in three-phase systems using single phase PHEV chargers[END_REF]. Red arrow represents an example of unbalanced power consumption due to single-phase loads.  Can generate voltage unbalances between the phases and reduces the efficiencies of transformers, transmission line and machines on the load side [START_REF] Frias | A Reactive Power Capacity Market Using Annual Auctions[END_REF] [START_REF] Wu | Demand side management for Wind Power Integration in microgrid using dynamic potential game theory[END_REF].

In order to mitigate the current unbalance, required active or reactive power should be injected to the grid from outside storage unit, which can be EV battery with bidirectional converter. It can redistribute currents by injecting or absorbing right amount of active and reactive power from each phase as shown in Fig. 1.15. This figure indicates that the converter absorbs the active power and injects reactive power to each phase independently. 

Mitigation of current unbalance by consuming & injecting active & reactive powers to the network

This compensation and mitigation of currents unbalance provides the following gridsupporting services, which is one of the main motivations of V2G applications:

 Shifting of neutral point and its associated problems can be solved [START_REF] Albadi | Unbalance in power systems: Case study[END_REF].

 Since the currents are balanced, their average will be lower and it will reduce the grid loss, heating problem and grid voltage fluctuation [START_REF] Tafti | Study on the unbalanced current injection capability of gridconnected photovoltaic neutral-point-clamped inverter[END_REF].

Based on the motivations of research work, the contributions of this thesis can be summarized as follows:

i) Comparison between different configuration of AC/DC bidirectional converters in terms of size of the passive elements, harmonic contents and THD.

ii) Selection of AC/DC bidirectional converter that can support unbalance current injection situation.

iii) Selection of the insulated bidirectional DC/DC converter configuration. iv) Modelling and control of the selected dual stage bidirectional EV charger. 

Outline of the thesis

Conclusion

However, EVs and V2G are emerging technologies with lot of benefits but there are some issues that can act as barriers, such as,

Driving range:

The current EVs can travel around 70-200 miles with a single charge and that is less compared to fossil-fuelled car [START_REF] Frias | A Reactive Power Capacity Market Using Annual Auctions[END_REF]. However, HEVs can reduce range anxiety a lot as the electric motor works in tandem with ICE.

Recharge time:

Compare to fossil-fuelled car, EV takes a lot of time for recharging. A typical EV (60kWh battery) takes just under 8 hours to charge from empty-to-full with a 7kW charging point. Even a rapid charge takes around 20-30 minutes while refilling of petrol/diesel will take maximum 5 minutes [START_REF]Internal Combustion Engine Vehicles[END_REF].

Battery life:

Additional battery cycles due to V2G operation can shorter the life span of the battery [START_REF]How long does it takes to charge an electric car?[END_REF].

Cost:

EVs are generally costlier than fossil-fuelled car. However, with V2G technology car owner can earn by selling electricity during peak-load period which can help to mitigate the higher price of the V2G chargers.

In this chapter the context of the thesis has been established. The EV, V2G technology and their prospective have been discussed. Existing configurations of the converters and their working principle have been explained. The scope and contributions of this thesis are also described.

In the following chapter, comparison between different configurations of AC/DC bidirectional converters will be presented. Based on comparison, thanks to analytical models in Mathcad and their validation in Simulink, suitable configuration will be chosen for bidirectional EV battery charger.

Introduction

Conversion between AC to DC or vice versa is an important issue in a microgrid system.

Normally, battery of EVs and renewable energy sources produce DC power while the conventional electricity grid uses AC power. In order to have V2G operation, bidirectional

Voltage Source Converter (VSC) is required to generate the desired AC or DC output voltage or current according to the grid codes of EU. There are several configurations of the threephase grid connected bidirectional VSC, discussed in Sec. 2.1.

Configurations of three-phase voltage source converters

Several configurations of 3-phase grid connected VSCs have been proposed in the literatures in recent years. In the following sections, description and comparison of the different configurations (2-level/multilevel and 3-legs/4-legs) of AC/DC bidirectional converters have been made.

In classical 3-phase topologies, only the three phases are connected to the converter.

Nevertheless, one of the main objectives of this research activity is to compensate and mitigate the unbalance active and reactive power exchanges between 3-ph grid supply, i.e., to operate the bidirectional EV battery charger under current unbalance situation. In order to be able to inject unbalanced currents into the grid, it is necessary to have the neutral point connected to the converter structure [START_REF] Lliuyacca | Grid-forming VSC control in four-wire systems with unbalanced nonlinear loads[END_REF]. There are some solutions to connect the grid neutral with the converter, such as, i) Using three H-Bridges ii) Splitting the converter DC-bus iii) Converter with fourth leg [START_REF] Sreenivasarao | Neutral current compensation in three-phase, four-wire systems: A review[END_REF] Three H-bridges can be connected to the 3-phase 4-wire grid by using three isolation transformers as shown in Fig. 2.1. However, this converter structure can fully control all the phase currents in the grid and the transformers can act as a filter but the drawbacks of the structure are the use of large number of semiconductor switches and several low frequency transformers, which are heavy, bulky and difficult to integrate in a vehicle. Major challenges with 3-legs 4-wires 2-level or 3-level converter are to balance the voltage of the middle point of the DC-bus capacitors as well as to control the voltage oscillation happens in the whole DC-bus during unbalance current injection condition. Due to the injected currents, the difference between the two capacitor voltages can increase/decrease (depends on the direction of neutral current) and that will create an oscillation (due to deviation from the true midpoint of the DC source) at the middle point of the DC bus. This oscillation has to be limited in order to ensure correct current injections. This oscillation can be limited by increasing the size of the DC bus capacitors but that will increase the overall size and weight of the onboard charger. 
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3-phase 3-legs 4-wires 2-level bidirectional VSC

.3 3-phase 3-legs 4-wires 3-level bidirectional VSC

The drawbacks of these two configurations can partially be solved (elaborated in Sec. 2.5) by adding a fully controllable fourth leg and connecting the neutral point to that leg as shown in Fig. 2.4 [START_REF] Debbou | Convertisseur NPC Quatre Bras pour les Véhicules électriques et Chargeur bidirectionnel comprenant une tel convertisseur[END_REF]. The drawbacks with this configuration are:

 Decrease in reliability due to more semiconductor switches and associated gate drivers.

 Increase the complexity in control circuit of the converter.

 Additional inductance on the neutral. 
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.4 3-phase 4-legs 4-wires 3-level bidirectional VSC

Next section compares different configurations of the 3-ph 4-wire AC/DC converter and after that the most suitable configuration has been chosen for our application.

Comparison between 2-level and multilevel voltage source converters

A 2-level VSC is the preferred topology in low-voltage applications (<500V and <100kW) [START_REF] Warren | Bidirectional Three-phase AC-DC Power Conversion using DC-DC Converters and a Three-phase Unfolder[END_REF].

Generally, this type of converters have some benefits, such as:  Low cost and simple structure  High safety and robustness.

However, the weaknesses of the converters are mainly higher EMI disturbances due to higher harmonics. This needs bigger filters in order to respect the EMC standards and this in turn increases the volume and weight of the converter.

The multilevel converter plays an incredible role in handling high power and high voltage applications in flexible power systems [56] [57]. The fundamental purpose of considering multilevel inverter instead of more classical 2-level VSC is due to the higher value of DC-link voltages that are required for future applications (around 600 -800V). In addition, it is beneficial to connect the switches having lower voltage ratings in series instead of using switches with higher voltage ratings. Because of lower on-resistances and faster switching of these series connected switches, the global losses reduce and therefore enhance the efficiency [START_REF] Tolbert | Multilevel inverters for large automotive drives[END_REF]. It is possible to use fast MOSFET semiconductors, based on wide band gap semiconductor technology with a nominal voltage compatible with the 3-level operation instead of classical IGBTs, due to reduced voltage stress [START_REF] Husev | Comparison of Impedance-Source Networks for Two and Multilevel Buck-Boost Inverter Applications[END_REF].

Furthermore, because of the stepwise output voltage, multilevel converters present many advantages in comparison with conventional 2-level converters. Volume and weight are the main constraints for onboard EV battery chargers. The size of the input filters on AC side has been reduced due to higher signal quality in the multilevel converters. This in turn reduces the volume and weight of the overall charger.

There are several multilevel converters structures, which have been introduced but the basic and well-known topologies are the Neutral Point-Clamped Multilevel Converter (NPC) [START_REF] Enjeti | Optimal power control strategies for neutral point clamped (NPC) inverter topology[END_REF],

Flying Capacitor Multilevel Converter (FCC) [START_REF] Rodriguez | Multilevel inverters: A survey of topologies, controls and applications[END_REF] and Cascaded H-Bridge multilevel converter (CHB) [START_REF] Salem | Study and analysis of new three-phase modular multilevel inverter[END_REF] [START_REF] Rahim | Multistring five-level inverter with novel PWM control scheme for PV application[END_REF]. These three basic topologies have been widely accepted for industrial applications. Beside of all the advantages of multilevel converters over 2-level converter, the major drawback is that it requires more power semiconductor switches and associated gate driver circuits to achieve higher output levels [START_REF] Banaei | New multilevel inverter with reduction of switches and gate driver[END_REF]. This will affect the reliability of the battery charger.

In the following sections of this Chapter 2, comparison and selection between 3-phase 3-legs 4-wires 2-level and NPC inverter has been done in different conditions. In the 3-leg converter topology, the voltage oscillation at the middle point of the DC bus capacitors is important and has to be checked and limited.

Circuit configurations and their mathematical model

In this section, mathematical modelling of 2-level and NPC converters have been done. With the help of these models, the most suitable bidirectional AC/DC converter structure for the onboard EV battery charger has been selected.

Mathematical representation of 3-ph network

Considering, 3-phase balanced network of phase-to-phase voltage at 400V, phase to neutral voltages are represented as:

𝒗 𝒔𝒂 (𝒕) = 𝑽 𝒎 𝒔𝒊𝒏𝝎𝒕 (1) 
𝒗 𝒔𝒃 (𝒕) = 𝑽 𝒎 𝒔𝒊𝒏(𝝎𝒕 - 𝟐𝝅 𝟑 ) (2) 
𝒗 𝒔𝒄 (𝒕) = 𝑽 𝒎 𝒔𝒊𝒏(𝝎𝒕 + 𝟐𝝅 𝟑 ) (3) 
Operating in balanced network conditions, three active powers(𝑃 𝑎 , 𝑃 𝑏 𝑎𝑛𝑑 𝑃 𝑐 ), reactive powers (𝑄 𝑎 , 𝑄 𝑏 𝑎𝑛𝑑 𝑄 𝑐 ) and corresponding apparent powers (𝑆 𝑎 , 𝑆 𝑏 𝑎𝑛𝑑 𝑆 𝑐 ) components are considered. Root-Mean-Square (RMS) currents in each phase are expressed in Equ. 4-6.

𝑰 𝒂𝒆𝒇𝒇 = 𝑺 𝒂 𝑽 𝒆𝒇𝒇 (4) 𝑰 𝒃𝒆𝒇𝒇 = 𝑺 𝒃 𝑽 𝒆𝒇𝒇 (5) 𝑰 𝒄𝒆𝒇𝒇 = 𝑺 𝒄 𝑽 𝒆𝒇𝒇 (6)
Three line and neutral currents can be written as:

𝒊 𝒔𝒂 (𝒕) = √𝟐𝑰 𝒂𝒆𝒇𝒇 𝒔𝒊𝒏(𝝎𝒕 -𝝋 𝒂 ) (7) 
𝒊 𝒔𝒃 (𝒕) = √𝟐𝑰 𝒃𝒆𝒇𝒇 𝒔𝒊𝒏(𝝎𝒕 - 𝟐𝝅 𝟑 -𝝋 𝒃 ) (8) 
𝒊 𝒔𝒄 (𝒕) = √𝟐𝑰 𝒄𝒆𝒇𝒇 𝒔𝒊𝒏(𝝎𝒕 + 𝟐𝝅 𝟑 -𝝋 𝒄 ) (9) 
𝒊 𝒔𝒏 (𝒕) = -[𝒊 𝒔𝒂 (𝒕) + 𝒊 𝒔𝒃 (𝒕)+𝒊 𝒔𝒄 (𝒕)] (10) 

Determination of the middle point current and voltage variations for 2-level VSC

In 2-level VSC, as shown in Fig. 

𝒅𝑽 𝒄𝟐 𝒅𝒕 = - 𝒊 𝑪𝟐𝑳 𝟐𝑪 (7) 
In case of balanced energy exchange between three phases, as𝑖 𝐶2𝐿 = 𝒊 𝒔𝒏 = 0,

𝒅𝑽 𝒄𝟏 𝒅𝒕 = 𝒅𝑽 𝒄𝟐 𝒅𝒕 = 𝟎 (13) 
In case of unbalance network, these oscillations will not be equal to zero as𝒊 𝒔𝒏 = 𝒊 𝒏 ≠ 0. The current flowing through each capacitor will be expressed as,

𝒊 𝑪𝟏 = 𝒊 𝑪𝟐 = 𝒊 𝑪𝟐𝑳 𝟐 = -√𝟐𝑰 𝒂𝒆𝒇𝒇 𝒔𝒊𝒏(𝝎𝒕-𝝋 𝒂 )-√𝟐𝑰 𝒃𝒆𝒇𝒇 𝒔𝒊𝒏(𝝎𝒕- 𝟐𝝅 𝟑 -𝝋 𝒃 )-√𝟐𝑰 𝒄𝒆𝒇𝒇 𝒔𝒊𝒏(𝝎𝒕+ 𝟐𝝅 𝟑 -𝝋 𝒄 ) 𝟐 (14) 
Voltage variation at the capacitive middle point will be calculated as,

∆𝒗 𝟐𝑳 (𝒊) = 𝟏 𝟐𝑪 ∫ 𝒊 𝒄𝟐𝑳 (𝒕)𝒅𝒕 𝒕 𝟎 (15) 
[

Considering𝐶 1 = 𝐶 2 = 𝐶]
Thanks to the numeric integral algorithm in Mathcad, this Equ. 15 was solved.

Determination of the middle point current and voltage variations for 3-level VSC

In case of 3-phase 3-legs 4-wires NPC, as shown in Fig. 2.3, the capacitor current at the middle point of the DC-bus is not only composed of the neutral current but also of a current generated by each phase (𝑖 𝑐𝑎 , 𝑖 𝑐𝑏 and 𝑖 𝑐𝑐 ). Mathematical modelling of 3 phase 3-legs NPC has been described below.

The modulation index can be presented as,

𝒎 𝒙 (𝒕) = 𝟎. 𝟓 + 𝒗 𝒄𝒐𝒏𝒙 (𝒕) 𝑬 (16) 
Where 𝑥 ∈ 𝑎, 𝑏, 𝑐 and E= DC bus voltage [START_REF] Bhowmick | A Comparative Study of Capacitive Middle Point Voltage Oscillations for 3 Phase 2-Level and 3-Level Converters in Unbalanced Current Injection[END_REF].

As instantaneous voltages and currents are known, the converter side voltages can also be calculated as,

𝒗 𝒄𝒐𝒏𝒂 (𝒕) = 𝒗 𝒔𝒂 (𝒕) + 𝑳 𝒅𝒊 𝒔𝒂 (𝒕) 𝒅𝒕 = 𝑽 𝒎 𝒔𝒊𝒏𝝎𝒕 + √𝟐𝑰 𝒂𝒆𝒇𝒇 𝑳𝝎 𝐜𝐨𝐬(𝝎𝒕 -𝝋 𝒂 ) (17) 
𝒗 𝒄𝒐𝒏𝒃 (𝒕) = 𝒗 𝒔𝒃 (𝒕) + 𝑳 𝒅𝒊 𝒔𝒃 (𝒕) 𝒅𝒕 = 𝑽 𝒎 𝐬𝐢𝐧 (𝝎𝒕 - 𝟐𝝅 𝟑 ) + √𝟐𝑰 𝒃𝒆𝒇𝒇 𝑳𝝎 𝐜𝐨𝐬(𝝎𝒕 - 𝟐𝝅 𝟑 -𝝋 𝒃 ) (18) 
𝒗 𝒄𝒐𝒏𝒄 (𝒕) = 𝒗 𝒔𝒄 (𝒕) + 𝑳 𝒅𝒊 𝒔𝒄 (𝒕) 𝒅𝒕 = 𝑽 𝒎 𝐬𝐢𝐧 (𝝎𝒕 + 𝟐𝝅 𝟑 ) + √𝟐𝑰 𝒄𝒆𝒇𝒇 𝑳𝝎 𝐜𝐨𝐬(𝝎𝒕 + 𝟐𝝅 𝟑 -𝝋 𝒄 ) (19) 
Putting these values in Equ. 16, modulation indices can be expressed as,

𝒎 𝒂 (𝒕) = 𝟎. 𝟓 + 𝑽 𝒎 𝒔𝒊𝒏𝝎𝒕+√𝟐𝑰 𝒂𝒆𝒇𝒇 𝑳𝝎 𝐜𝐨𝐬(𝝎𝒕-𝝋 𝒂 ) 𝐸 (20) 
𝒎 𝒃 (𝒕) = 𝟎. 𝟓 + 𝑽 𝒎 𝒔𝒊𝒏(𝝎𝒕- 𝟐𝝅 𝟑 )+√𝟐𝑰 𝒃𝒆𝒇𝒇 𝑳𝝎 𝐜𝐨𝐬(𝝎𝒕- 𝟐𝝅 𝟑 -𝝋 𝒃 ) 𝐸 (21) 
𝒎 𝒄 (𝒕) = 𝟎. 𝟓 + 𝑽 𝒎 𝒔𝒊𝒏(𝝎𝒕+ 𝟐𝝅 𝟑 )+√𝟐𝑰 𝒄𝒆𝒇𝒇 𝑳𝝎 𝐜𝐨𝐬(𝝎𝒕+ 𝟐𝝅 𝟑 -𝝋 𝒄 ) 𝐸 (22) 
Contribution of each phase current to the capacitor middle point current can be expressed as, 

𝒊
From this current, the voltage of the capacitive middle point of the DC bus can also be calculated by using following formula,

∆𝒗 𝟑𝑳 (𝒊) = 𝟏 𝟐𝑪 ∫ 𝒊 𝒄𝟑𝑳 (𝒕)𝒅𝒕 𝒕 𝟎 (27) 
[

Considering𝐶 1 = 𝐶 2 = 𝐶]
Similar to 2-level converter, Equ. 27 was also solved by the numeric integral algorithm in Mathcad.

Comparison of 3-phase 3-legs 4-wires converters in different network conditions

In this section, we compare the voltage oscillations at the middle point of the DC-bus for both 

Network with balance power exchange between phases

As reported in Equ. [START_REF] Turker | Modelling of system components for Vehicle-to-Grid (V2G) and Vehicle-to-Home (V2H) applications with Plug-in Hybrid Electric Vehicles (PHEVs)[END_REF] In order to verify the analytical formulation, an experimental test bench has been performed

with the available test bench in the laboratory, as shown in Fig. 2.5.

This test bench is equipped with four 3-level NPC legs and six 2-level legs sharing the same DC-link and controlled by an embedded controller based on both real-time processor and FPGA. For generating the gate pulses, the Xilinx FPGA processor, programmed by LabVIEW software, has been used. observed that the voltage oscillations at the middle point of DC bus is less in case of 3-level VSI compared to 2-level VSI. In addition, the rate of increment of ∆V is greater in 2-level inverter compared to NPC, with increment of power. This is because in case of 2-level VSI, full 𝑖 𝑎 current, which will increase with the increment of power, flows through 'O'. Whereas in case of NPC, there is a compensation effect on the current, which is flowing through 'O', by 𝑖 𝑐𝑎 due to its' neutral connection. Thus, capacitors of higher ratings should be needed for 2level VSI in comparison with 3-level VSI in order to limit ∆V. This in turn can increase the weight and the volume of the 2-level VSI. Thus, it can be concluded that 3-level VSI is better than 2-level VSI during single-phase operation for this particular point. 

Fig.2.15 Comparison of voltage oscillations at the middle point of the DC-bus for both 2-level and 3level VSI in single phase operation with experimental data

DC-bus voltage calculation and passive elements design of the converter

In this section, DC-bus voltage of VSC has been calculated and designing of passive elements of the converter has been discussed. These are very important aspects concerning the amplitude of the sinusoidal output of VSC and weight and volume of the onboard EV battery charger.

Calculation of DC bus voltage of VSC

In order to have the right current across the phase, specific converter voltage need to be generated. The voltage current relationship in one phase (for an e.g. a) can be represented by below equivalent circuit:

R L vsa vcona isa

Fig.2.20 Simplified per phase equivalent circuit to represent the power transfer between AC/DC converter and the AC-grid

Normally AC/DC grid connected converter is working also as PFC. But in our case, we want to inject the reactive power also, if required by the grid. As a result, there will be a phase shift (depending on the reactive power, it can be lag or lead) between supply voltage and current. 

(𝒗 𝒔𝒂 ) 𝟐 + (𝝎𝑳𝒊 𝒔𝒂 ) 𝟐 = (𝒗 𝒄𝒐𝒏𝒂 ) 𝟐 (28) 
In our project, battery voltage and power of the converter are considered as 800V and 22kW

respectively. So r.m.s value of per phase AC-current will be 32A. Considering𝑣 𝑠𝑎 = 230𝑉 (𝑟. 𝑚. 𝑠) and L=5mH, 𝑣 𝑐𝑜𝑛𝑎 = 235𝑉

The amplitude of the converter output directly depends on the voltage level of the DC-bus.

The fundamental AC voltage equation of the inverter having split DC-bus (as shown in Fig. 2.2 and Fig. 2.3) and operated with SPWM strategy is given by [START_REF] Mohan | Power Electronics Converters, Applications and Design[END_REF]:

𝑽 𝒄𝒐𝒏𝒂 (𝒓𝒎𝒔) = 𝟎. 𝟔𝟏𝟐 * 𝒎 * 𝑬 𝟐 (29) 
Where m: modulation index E: DC-bus voltage Therefore, assuming a maximum modulation index of 0. 

Selection of grid side AC-inductor

AC filter is connected between IGBT/MOSFET based power converters and the grid. This filter is used for three purposes [START_REF] Yagnik | Comparison of L, LC & LCL filter for grid connected converter[END_REF]:

1. Commercial grid-connected converters can be classified as voltage source/sinks while the AC grid side is also a voltage sink. In the definition of two port electrical component, if the input is the voltage, the output must be the current and vice-versa. This means a voltage source cannot be directly connected to a voltage sink. The AC-side inductor(𝐿), connected between the converter and the grid, acts as a current source in order to connect the two separate voltages: converter output voltage (𝑣 𝑐𝑜𝑛𝑥 ) and the grid voltage (𝑣 𝑠𝑥 ).

2. It also filters the output current by attenuating high frequency current components, generated due to PWM switching and allows to have a state variable to control the input current and therefore power.

3. It helps to protect the converter switches (IGBTs/MOSFETs) from transients.

Design of the inductor depends on the switching frequency of the converter and the allowed current ripple, which is considered as 4.5% of the maximum current in our case.

The voltage across the inductor (𝑣 𝐿 ) is written as:

𝒗 𝑳 = 𝑳 𝒅𝒊 𝑳 𝒅𝒕 Or, (𝒗 𝒄𝒐𝒏𝒙 (𝒕) -𝒗 𝒔𝒙 (𝒕)) = 𝑳 𝒅𝒊 𝑳 (𝒕) 𝒅𝒕 (30) 
Where 𝑥 ∈ 𝑎, 𝑏 𝑎𝑛𝑑 𝑐
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𝑖 𝐿 : Current flowing through the inductor For half bridge inverter with one switching cycle, it can be written as: 

(
Putting the value of sin 𝜔𝑡 in Equ. 33,

∆𝒊 𝒑𝒑 | 𝒎𝒂𝒙 = 𝑽 𝑫𝑪 𝟐 * 𝑳 * 𝒇 𝑺𝑾 𝑶𝒓, 𝑳 = 𝑽 𝑫𝑪 𝟐 * 𝒇 𝑺𝑾 * ∆𝒊 𝒑𝒑 | 𝒎𝒂𝒙 (36) 
In case of multilevel inverter,

𝑳 𝒎 = 𝟏 𝒏-𝟏 * 𝑳 (37) 
Where n: level of the inverter [START_REF] Marzouk | Développement de chargeurs intégrés pour véhicules hybrides plug-in[END_REF] To verify the analytical formula of designing grid connected AC-inductor for both 2-level and 3-level VSC, simulation has been performed considering same parameters in both the cases, which are: 

53

In order to verify these calculated results, simulation has been performed and the results have been shown in Fig. 2.23 and Fig. 2.24 for both 4-wire 2-level and 3-level VSC respectively.

Fig.2.23 Current through AC-inductor in 2-level VSC

Fig.2.24 Current through AC-inductor in 3-level VSC

It is observed that simulated ∆𝑖 𝑝𝑝 |𝑚𝑎𝑥 = 3.85𝐴 and 1.9𝐴 for 2-level and 3-level VSC respectively and these values are in accordance to the calculated results.

Size of the inductor is very important for onboard battery charger. From the above simulation results, it is observed that the size of the AC-side inductor is half in NPC compared to that of 2-level converter for same percentage of allowed current ripple. 

Design of DC-bus capacitor

Balanced power exchange condition

In balanced power exchange condition, 𝑖 𝑛4 = 0 as neutral current𝑖 𝑛 = 0.

Current coming from a, b and c phases consisting of clamping diodes is expressed as:

𝒊 𝒏𝟏 (Ɵ) = (𝟏 -𝒎|𝐬𝐢𝐧 Ɵ|) * 𝑰 𝒎 𝐬𝐢𝐧 Ɵ (39) 
According to Kirchhoff's Current Law (KCL),

𝒊 𝑪 (Ɵ) = 𝒊 𝒏𝟏 (Ɵ) + 𝒊 𝒏𝟐 (Ɵ) + 𝒊 𝒏𝟑 (Ɵ) (40) 
As 𝑖 𝐶 (Ɵ) consists of 150Hz component, the 3 𝑟𝑑 harmonic component of 𝑖 𝑛1 (Ɵ) can be calculated by using Fourier series as shown below: 

𝑨
Considering contribution of all 3-phases, total 3 𝑟𝑑 harmonic component can be expressed as:

𝒊 𝑪_𝑯𝟑 = 𝟑 * 𝑩 𝒊𝒏𝟏 𝑯𝟑 = 𝟖𝒎 𝟓𝝅 * 𝑰 𝒎 (43) 
The voltage ripple across the capacitor can be written as:

∆𝒗 𝑪 = 𝒊 𝑪 𝑪 * 𝟑𝝎 Or, ∆𝒗 𝑪 = 𝟖𝒎 𝟓𝝅𝑪 * 𝟑𝝎 * 𝑰 𝒎 (44) 
According to Equ. 29, calculated 𝑚 = 0.93 for𝐸 = 800𝑉 𝑎𝑛𝑑 𝑣 𝑎𝑐𝑟𝑚𝑠 = 230𝑉.

For 3-ph converter with 21kW power, current in each phase (𝐼 𝑚 ) = 7000 * √2 230

= 43𝐴

Considering allowed voltage ripple through DC-bus capacitor is 5% of 𝐸, i.e., ∆𝑉 𝑝𝑝 = 20𝑉

Thus, required capacitor will be: 

𝐶 1 = 𝐶 2 =
Where, 𝑝 𝑖𝑎𝑐 (𝑡) = AC-side total instantaneous power 𝑝 𝑖𝑑𝑐 (𝑡) = DC-side total instantaneous power

𝒑 𝒊𝒂𝒄 (𝒕) = ∑ 𝒗 𝒊𝒙 (𝒕) * 𝒊 𝒊𝒙 (𝒕) 𝒙=𝒂,𝒃,𝒄 (46) 
Using Equ. 4-9, instantaneous AC-currents can be written as:

𝒊 𝒙 (𝒕) = 𝑰 𝒙𝒎 𝐬𝐢𝐧[(𝝎𝒕 -𝝋 𝒙 ) ± 𝟐𝝅 𝟑 | 𝒄,𝒃 ] = √𝟐(𝑷 𝒙 𝟐 +𝑸 𝒙 𝟐 ) 𝒗 𝒙 𝐬𝐢𝐧[(𝝎𝒕 -𝒕𝒂𝒏 -𝟏 𝑸 𝒙 𝑷 𝒙 ) ± 𝟐𝝅 𝟑 | 𝒄,𝒃 ] (47) 
Where 𝑥 ∈ 𝑎, 𝑏 𝑎𝑛𝑑 𝑐 Thus, instantaneous AC-power in each three phase can be calculated as: 

𝒑 𝒊𝒙 (𝒕) = √(𝑷 𝒙 𝟐 + 𝑸 𝒙 𝟐 ) * [𝒄𝒐𝒔 (𝒕𝒂𝒏 -𝟏 𝑸 𝒙 𝑷 𝒙 ) -𝒄𝒐𝒔 ((𝟐𝝎𝒕 -𝒕𝒂𝒏 -𝟏 𝑸 𝒙 𝑷 𝒙 ) ± 𝟒𝝅 𝟑 | 𝒄,𝒃 )] (48) 
Current flowing through DC-bus capacitors can be written as:

𝒊 𝒄 (𝒕) = 𝒑 ̃(𝒕) 𝑽 𝑫𝑪 (51) 
Thus, the voltage ripple across the capacitor can be written as: ))

∆𝒗 𝑪 =
Thanks to Mathcad model, minimum value of DC-bus capacitors can be calculated considering the threshold of ∆𝑣 𝐶 ≤ 5% 𝑜𝑓 𝑉 𝐷𝐶 = 40𝑉 where𝑉 𝐷𝐶 = 800𝑉.

Conclusion

In this chapter, comparisons have been done amongst different configurations of AC/DC bidirectional VSCs. Different passive elements of VSC have also been designed in different network conditions. Based on these comparisons and ratings of the passive elements, NPC converter has been selected over 2-level VSC that will be suitable for AC/DC conversion part of bidirectional onboard EV battery charger. In addition, calculation has been done for DCbus voltage level of VSC for achieving desired converter output.

Next chapter will introduce the comparison between 3-leg and 4-leg NPC converter. Apart from the additional opportunities provided by 4-leg NPC, neutral point voltage oscillation may further be reduced with the help of its control strategy. For this purpose, closed loop control strategy of the 4-leg NPC with its validation in both Matlab/Simulink and Hardwarein-Loop (HIL) [START_REF] Ocnasu | Real-time power-hardwarein-the-loop facility for shunt and serial power electronics benchmarking[END_REF] simulation has been presented in Chapter 3.

Introduction

Power electronic converters are intermediate black box that connect various loads to the power sources (it can be either AC or DC sources). In our case, it will connect the battery system to the grid in order to allow the desired services. Suitable control strategy must be developed for operating these converters. In this chapter, control strategy and design of the controllers for the 4-leg NPC, which has been used as an AC/DC converter in bidirectional EV battery charger, have been discussed.

Generation of switching pulses for 3-level NPC converter

There are several modulation techniques for generating the gate pulses of the converter switches in order to convert the applied DC input voltage to an AC output voltage and also vice versa as shown in Fig. 3.1 [START_REF] Calligaro | Modulation techniques for three-phase three-level NPC inverters: A review and a novel solution for switching losses reduction and optimal neutral-point balancing in photovoltaic applications[END_REF] [71] [START_REF] Jayant | Aware "Performance of 5-level NPC inverter with Multi-Multicarrier Multi-Modulation technique[END_REF]. Also, we want a strategy that can generate higher switching frequency for easy filtering of higher order harmonics. SVPWM strategy, which can generate higher switching frequency, is not suitable in our case as sometimes it is tricky to implement when converter has a neutral connection. With this neutral connection configuration of the converter, SVPWM strategy can inject third harmonic voltage which induces third harmonic current in the neutral. Considering these criteria, SPWM modulation technique has been chosen that is easy to implement and can be used in higher-level converter topologies.

Multilevel modulation

Low switching frequency

High switching frequency

Selective harmonic elimination

Hybrid modulation

Nearest vector

Nearest level

Multicarrier PWM

Space vector modulation

Phase shifted

Level shifted

2Dalgorithm 3Dalgorithm PD-PWM

POD-PWM APOD-PWM

Fig.3.1 Classification of modulation techniques for converter

Multicarrier PWM strategy is mainly used in multilevel converter. In this strategy, 𝑛 -1 carrier signals are required for n-level of converter. For 3-level NPC converter, two triangular waves (as carriers) of same frequency are compared with a sinusoidal reference signal. Phase Disposition (PD-PWM) modulation technique, where two carrier waves are in phase, has been used in our Matlab/Simulink model for generating the gate pulses of NPC as shown in Fig. 3.2.

For a NPC-leg, as shown in Fig. 3.3, 𝑆1 𝑎𝑛𝑑 𝑆3 are the complimentary switches, i.e., when 𝑆1 is ON 𝑆3 will be OFF and vice-versa. Similarly 𝑆2 𝑎𝑛𝑑 𝑆4 are also complimentary switches. The first carrier wave(𝑣 𝑡𝑟𝑖𝑈 ), varied within 0 to 1, is compared with the positive half cycle of the modulating signal (𝑣 𝑟𝑒𝑓 ) and switch S1 and its complementary switch S3 of NPC are operated.

The second carrier wave, varied between -1 to 0, is compared with the negative half cycle of 𝑣 𝑟𝑒𝑓 and Switch S2 and its complementary switch S4 are operated [START_REF] Rushiraj | Analysis of different modulation techniques for multilevel inverters[END_REF]. 

Fig.3.2 PD-PWM scheme for NPC converter
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Output voltages of 3-level NPC converter

The NPC inverter can produce the three voltage levels at the output, based on the switching patterns of the leg as shown in Fig. 3.3.

DC-bus positive voltage:

When the upper half switches (𝑆1 𝑎𝑛𝑑 𝑆2) of the leg are turned on and remaining switches are turned off, the output pole voltage of the corresponding phase will be 𝑉 𝑝𝑜 = 𝑉 𝐷𝐶 2 (Considering𝐶 1 = 𝐶 2 = 𝐶).

Zero voltage:

When 𝑆2 𝑎𝑛𝑑 𝑆3 are on and 𝑆1 𝑎𝑛𝑑 𝑆4 are turned off, the output pole voltage of the corresponding phase will be zero.

DC bus negative voltage:

When the lower half switches (𝑆3 𝑎𝑛𝑑 𝑆4) of the leg are turned on and the remaining switches are turned off, the output pole voltage of the corresponding phase will be 𝑉 𝑛𝑜 = -𝑉 𝐷𝐶 2

(Considering 𝐶 1 = 𝐶 2 = 𝐶) [START_REF] Rojas | Neutral-point-clamped inverter with improved voltage waveform and control range[END_REF].

Switching states (ON=1 and OFF=0) and the corresponding output voltages of NPC converter have been summarized with the help of Table 2. 

𝑺 𝟏 𝑺 𝟐 𝑺 𝟑 𝑺 𝟒 Output voltage 1 1 0 0 𝑽 𝑫𝑪 𝟐 0 1 1 0 0 0 0 1 1 - 𝑽 𝑫𝑪 𝟐

Harmonic analysis of line to line voltage and line current of NPC converter

For any grid connected converter system, current distortion level is one of the most important parameters for power quality index [75][76]. According to the IEC standard 61727 and IEEE standard 1547-2003, THD of the grid current should be less than 5% in order to limit the adverse effects of the equipments connected to the grid [START_REF] Kulkarni | Mitigation of Lower Order Harmonics in a Grid-Connected Single-Phase PV Inverter[END_REF][78][79] [START_REF] Zhou | Mechanism and elimination of harmonic current injection from single-phase grid-connected PWM converters[END_REF]. Also there are limitations on individual harmonics, which are 4% for the odd harmonics from 3 𝑟𝑑 to 9 𝑡ℎ order while even harmonics are limited to 25% of the odd harmonic limits [73][81].

In order to respect the grid codes, the lower order harmonics should be attenuated and it can be done by using large filter. But at the same time it will increase the loss, cost, volume and weight of the converter. Thus, controlling of converter with proper PWM switching scheme is better option for limiting the harmonic distortion. The harmonic components, present in the phase-to-phase voltage and the phase currents of the NPC converter with PD-PWM modulation strategy, are :

1. 𝑘𝑓 𝑠𝑤 ± 2𝑛𝑓 1 ,
where k is odd integer and n can be any integer except 0 and multiple of 3.

For an example, 𝑓 𝑠𝑤 ± 2𝑓 1 , 𝑓 𝑠𝑤 ± 4𝑓 1 , 𝑓 𝑠𝑤 ± 8𝑓 1 , 𝑓 𝑠𝑤 ± 10𝑓 1 , 𝑓 𝑠𝑤 ± 14𝑓 1 and so on.

2. 𝑘𝑓 𝑠𝑤 ± 𝑛𝑓 1 , where k is even integer and n can be any odd integer except multiple of 3. For an example, 2𝑓 𝑠𝑤 ± 𝑓 1 , 2𝑓 𝑠𝑤 ± 5𝑓 1 , 2𝑓 𝑠𝑤 ± 7𝑓 1 , 2𝑓 𝑠𝑤 ± 11𝑓 1 , 2𝑓 𝑠𝑤 ± 13𝑓 1 and so on. ). In addition, THD of the grid current 

Phase locked loop

In simulation, grid voltage has fixed amplitude and frequency. But in reality, both of these amplitude and frequency of the grid voltage can vary independently within a range. Different control loops of a grid connected converter requires unit vectors (𝑠𝑖𝑛𝜔𝑡 and 𝑐𝑜𝑠𝜔𝑡) (will be described in detail in Sec. 3.5 and Sec. 3.6) for proper operation [START_REF] Wang | Impedance Influence Analysis of Phase-Locked Loops on Three-Phase Grid-Connected Inverters[END_REF]. These unit vectors depend on the real time frequency (as 𝜔 = 2𝜋𝑓) of the grid voltage. Phase Locked loop (PLL) is an important unit for an efficient control of a grid connected converter [83] [84]. It detects the frequency deviation of the grid voltage and track that accurately and quickly. So that all the control loops of the grid connected converter can be properly synchronized with the grid system.

PLL circuit has been developed and verified experimentally thanks to grid emulator and FPGA programmed with LabVIEW. During test, both the amplitude and the frequency of the grid voltages were varied within 10% range of 230V (r.m.s) and 5% range of 50Hz respectively.

Overall control strategy of the 4-leg NPC converter

The global control strategy of the 4-leg NPC converter, that supports both balance and unbalance current injection operation, has been shown in Fig. , , 
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Fig.3.7 Overall control strategy of the 4-leg NPC

One of the main purposes of the converter is to inject active (P) and reactive (Q) power to the grid, if required. Thus, three phase active and reactive powers (𝑃 𝑥 * 𝑎𝑛𝑑 𝑄 𝑥 * ) are the reference quantities that need to be controlled by the NPC converter. Current references (𝑖 𝑥 * ) are generated from these power references, thanks to the mathematical expression written in Equ. 

Where, 𝑢 𝑥 is a vector quantity.

The main characteristics of this conversion are [START_REF] Mortezaei | Grid-Connected Symmetrical Cascaded Multilevel Converter for Power Quality Improvement[END_REF]:

 Any rotating space vector generated by any number of phases (balanced/unbalanced, symmetrical/unsymmetrical) can be decomposed into two orthogonal axis variables. Thus, these variables will not have any mutual components that will affect each other.

 This transformation is good in terms of control point of the converter. Because synchronously rotating reference frame, dq0, makes all the balanced AC quantities into DC. These DC quantities can easily be controlled by PI controller. Because PI controller has advantages of: a. Zero steady state error b. Reduced effect of disturbance input or noise signals [START_REF] Debbou | Contrôleur de commande de convertisseur électrique et convertisseur électrique, notamment pour une intégration dans un véhicule électrique[END_REF].

However, as we are in unbalanced conditions, this Park transformation behaves differently.

In case of unbalanced 3-phase system, for an e.g. 

𝒖
From the above calculations of 3-phase unbalance system, it is observed that: 


For both these Park and inverse Park transformation, unit vectors (𝑠𝑖𝑛𝜔𝑡 𝑎𝑛𝑑 𝑐𝑜𝑠𝜔𝑡) are required and they can be generated by PLL strategy described in Sec. 3.2.

Voltages, across the DC-bus capacitors of the NPC, are also need to be controlled. For that purpose, DC-bus capacitor voltages are sensed, compared and passed through the proportional voltage controller. Output of this voltage controller will generate the modulating signal required for the leg connecting to the neutral terminal of the AC-grid. Switching signals for 4-leg NPC will be generated by PD-PWM modulation strategy (as explained in Fig. 3.2), thanks to these four modulating signals (𝑚 𝑥 ).

Generation of reference currents from reference powers

In order to validate the equations of reference currents generation, simulation has been done

with the parameters of 𝑃 𝑎 = 𝑃 𝑏 = 𝑃 𝑐 = 7𝑘𝑊 and 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0𝑘𝑉𝐴𝑟 for 0 ≤ 𝑡 ≤ 1𝑠.

Parameters are changed to 𝑃 𝑎 = 2.3 𝑘𝑊, 𝑃 𝑏 = -1.16𝑘𝑊, 𝑃 𝑐 = -1.16𝑘𝑊 and 𝑄 𝑎 = 0𝑘𝑉𝐴𝑟, 𝑄 𝑏 = -2.01𝑘𝑉𝐴𝑟, 𝑄 𝑐 = 2.01𝑘𝑉𝐴𝑟 at 𝑡 > 1𝑠.

With 230V grid phase voltage (r.m.s),

𝐼 𝑎𝑚 = 𝐼 𝑏𝑚 = 𝐼 𝑐𝑚 = √2 * 7000 230 = 43𝐴 for 0 ≤ 𝑡 ≤ 1𝑠.
In addition, these currents are 120° phase apart, thus 𝑖 𝑛 * = 0 for 0 ≤ 𝑡 ≤ 1𝑠.

At 𝑡 > 1𝑠., reference powers are considered in such a way, that we can test our control strategy for one of the worst unbalance conditions. The sizing of the converter is done for a current of 32A (r.m.s) in each leg. The characteristic of this test point of unbalance condition is that all three phases One test point to achieve this unbalance condition is that all three phase currents of a, b and c will have the same magnitude [𝑖 𝑎 * = 𝑖 𝑏 * = 𝑖 𝑐 * = 10.6𝐴(𝑟𝑚𝑠)] and be in phase.

Neutral current will not only be the summation of a, b and c-phase currents but also 180° out of phase to them.

With this criteria, reference active and reactive powers are calculated as:

So, 𝑷 𝒂 = 𝒗 𝒂 𝒊 𝒂 𝐜𝐨𝐬 𝟎 °= 𝟐. 𝟑𝒌𝑾 𝒂𝒏𝒅 𝑸 𝒂 = 𝒗 𝒂 𝒊 𝒂 𝐬𝐢𝐧 𝟎°= 𝟎𝒌𝑽𝑨𝒓 (58) 
𝑷 𝒃 = 𝒗 𝒃 𝒊 𝒃 𝐜𝐨𝐬 𝟏𝟐𝟎 °= -𝟏. 𝟏𝟔𝒌𝑾 𝒂𝒏𝒅 𝑸 𝒃 = -𝒗 𝒃 𝒊 𝒃 𝐬𝐢𝐧 𝟏𝟐𝟎°= -𝟐. 𝟎𝟏𝒌𝑽𝑨𝒓

𝑷 𝒄 = 𝒗 𝒄 𝒊 𝒄 𝐜𝐨𝐬 𝟐𝟒𝟎 °= -𝟏. 𝟏𝟔𝒌𝑾 𝒂𝒏𝒅 𝑸 𝒄 = -𝒗 𝒄 𝒊 𝒄 𝐬𝐢𝐧 𝟐𝟒𝟎°= -𝟐. 𝟎𝟏𝒌𝑽𝑨𝒓

These analytical calculations have been validated with the simulation results shown in Fig. 3.10.

Fig.3.10 Generation of reference currents from active and reactive power references

Design of controllers for NPC converter

NPC topology, as shown in Fig. 2.3, has four control loops: three current control loops and one voltage control loop. Three current control loops includes dq0-axis current controllers and the main purpose of the current control loop is to generate the appropriate current that will follow the reference current generated by reference active (𝑃 𝑥 * ) and reactive power(𝑄 𝑥 * ). Whereas, voltage control loop is required to keep the voltage difference, at the middle point of the DCbus of NPC, within a limit (ideally as small as possible).

sx i R L conx v sx v Fig.3.

Equivalent circuit of the grid connected converter per phase (𝑥 ∈ 𝑎, 𝑏 𝑎𝑛𝑑 𝑐)

From Fig. 3.11, the equations related to grid voltages, converter output voltages and currents could be written as [START_REF] Golbon | A control strategy for a solar gridconnected inverter[END_REF]: The transformation in Park-domain produces two cross-coupling terms 𝜔𝐿𝑖 𝑑 𝑎𝑛𝑑 𝜔𝐿𝑖 𝑞 for qaxis and d-axis respectively. In order to have independent control of d-and q-axis current controllers, compensating terms are used for decoupling and it is defined as followed:

𝒗 𝒄𝒐𝒏𝒂 =
𝑽 𝒄𝒐𝒏𝒅 ′ = -𝑽 𝒄𝒐𝒏𝒅 + 𝑽 𝒔𝒅 + 𝝎𝑳𝒊 𝒒 (67) 
𝑽 𝒄𝒐𝒏𝒒 ′ = -𝑽 𝒄𝒐𝒏𝒒 -𝝎𝑳𝒊 𝒅 (68) 
Putting theses compensating term in Equ. 64 and 65,

𝑹𝒊 𝒅 + 𝑳 𝒅𝒊 𝒅 𝒅𝒕 = 𝑽 𝒄𝒐𝒏𝒅 ′ (69) 
𝑹𝒊 𝒒 + 𝑳 Equ. 71 and 72 are required to design the current controllers, which is discussed in the next section.

Design of current controllers

As both d and q-axis equations have a similar form, only d-axis equation is used for further analysis of controller design. The current controller loops will generate the reference signals for SPWM strategy.

As explained earlier, both PI and R controllers need to be designed. Designing of these PI and R-current controllers will be demonstrated in following Sec. 3.4.1.1 and 3.4.1.2 respectively.

Design of Proportional-Integral (PI) controller

Transfer function of PI-controller in s-domain can be represented as [START_REF] Bacha | Power electronic converters modeling and control[END_REF]:

𝑪(𝒔) = (𝑲 𝒑 + 𝑲 𝒊 𝒔 ) (73) 
Where 𝐾 𝑝 = 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑎𝑖𝑛 𝐾 𝑖 = 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑔𝑎𝑖𝑛 Using Equ. 73, block diagram of closed loop control of d-axis current is shown in Fig. 3.12.
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Closed loop control of d-axis current

Open loop transfer function of the system is given by,

𝑮 𝑶 (𝒔) = 𝑪(𝒔) * 𝟏 𝒔𝑳+𝑹 = 𝑲 𝒑 + 𝑲 𝒊 𝒔 𝒔𝑳+𝑹 (74) 
Closed loop transfer function of the system will be:

𝑮 𝒄 (𝒔) = (𝒔𝑲 𝒑 +𝑲 𝒊 )/𝑳 𝒔 𝟐 +( 𝑹+𝑲 𝒑 𝑳 )𝒔+ 𝑲 𝒊 𝑳 (75) 
Comparing the denominator of Equ. 75 with the 2 nd order transfer function:

𝒔 𝟐 + 𝟐𝒔𝝃𝝎 𝒊 + 𝝎 𝒊 𝟐 [91] 𝑲 𝒑 = 𝟐𝝃𝝎 𝒊 𝑳 -𝑹 (76) 
Where ξ=damping factor and considered as 0.707

𝑲 𝒊 = 𝑳𝝎 𝒊 𝟐 ( 77 
)
𝝎 𝒊 = 𝟏 𝒕 𝒊 = 𝑹 𝑳 (78) 
Considering 𝑅 = 0.1Ω and𝐿 = 6.5 𝑚𝐻, 𝜔 𝑖 = 15.38 𝑟𝑎𝑑., 𝐾 𝑖 = 1.54 𝐾 𝑝 = 0.04

Fig.3.13 Bode diagram of d-axis PI current controller

Same calculations have been done for PI controller used for q-axis current.

Design of Resonant (R) controller

Two types of resonant controllers need to be designed for controlling the phase currents. First type of resonant current controller should work on 100Hz current components in d and q-axis currents whereas second type of R controller will control the 50Hz neutral current component.

Bode plots of these two R-controller should be like Fig. 3.14.

Fig.3.14 Bode diagrams of d-axis and neutral phase resonant current controllers

Constraint regarding designing of R-controller, required for controlling the 100Hz d and qaxis current components, is that it should not overlap with the operating zone of PI controller of the corresponding axis. Similarly, constraint regarding designing of R-controller, required to control the 50Hz 0-axis component, is both DC-bus middle point voltage controller (Proportional) and neutral current controller (Resonant) linked together. Therefore, they should also be decoupled.

For decoupling the effect of each other  The gain margin of the PI-current controller and P-voltage controller should be much less than 100Hz and 50Hz respectively. As observed in Fig. 3.13, gain crossover frequency of the PI current controller, used for both d and q-axis, is around 5Hz.

 Ideally except at 100Hz (for d and q-axis) and 50Hz (neutral current), there should not be positive magnitude gain of the resonant controller as observed in Fig. 3.14.

This decoupling strategy of the neural current R-controller has been explained pictorially in Fig. 3.15. This is exactly similar decoupling strategy between d and q-axis R current controllers with their corresponding PI current controllers.

Fig.3.15 Strategy to decouple the effect of 0-axis current controller and capacitive middle point voltage controller

Transfer function of the resonant controller system can be written as [START_REF] Lliuyacca | Grid-forming VSC control in four-wire systems with unbalanced nonlinear loads[END_REF] [93]:

𝑮(𝒔) = 𝑲 * 𝟐𝝎 𝑪 𝒔 𝒔 𝟐 +𝟐𝝎 𝑪 𝒔+𝝎 𝟎 𝟐 ( 79 
)
Where 𝐾=gain factor 𝜔 0 = 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 2𝜋 * 50rad/s or 2𝜋 * 100rad/s (As resonant controller will work only on either neutral current of 50Hz or 100Hz AC component of d and q-axis current during 3-phase unbalance energy exchange condition) 𝜔 𝐶 = 𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ 𝑎𝑟𝑜𝑢𝑛𝑑 𝜔 0 . Ideally, preferred bandwidth should be zero. However, in reality maximum frequency deviation of the grid is 5Hz. In order to be consistent with this standard, 𝜔 𝐶 = 2𝜋 * 5rad/s has been considered.

After checking the Bode plots of the d axis PI current controllers and resonant controller separately, as shown in Fig. 3.16, 𝐾 = 0.2 has been considered. So that resonant current controllers will have small gain only at 50Hz and 100Hz for neutral current and d, q-axis currents respectively as explained before. 

Fig.3.16 Bode diagram of the d-axis PI and R current controllers

Design of neutral point voltage controller

As discussed in Chapter 2, 150Hz current component is flowing at the middle point of the DCbus of NPC due to its configuration. This creates voltage difference between two DC-bus capacitors of NPC. This fluctuation of neutral point voltage should be mitigated as it can create problems such as over-voltage across the switching devices, output voltage distortions or Common Mode Voltage (CMV) issues etc. [START_REF] Kumar | A New Control Method for Balancing of DC-Link Voltage and Elimination of Common Mode Voltage in Multi-level Inverters[END_REF].

In order to control that difference, voltage controller is essential for the converter. In order to minimize the voltage oscillations at the middle point of the DC-bus, zero potential difference (∆𝑉) between DC-bus upper and lower capacitor voltages(𝑣 𝑐1 𝑎𝑛𝑑 𝑣 𝑐2 ), should pass through a proportional controller. The gain of the proportional controller has been set to a small value, 0.001, so that the frequency response of the voltage controller loop will not overlap with the frequency response of the 50Hz resonant controller, used for neutral current control.

Homopolar current component has also an effect on this DC-bus voltage oscillation. For this reason, homopolar current controller and the DC-bus voltage controller outputs are added together in case of 3-leg NPC to generate the SPWM signal for the third leg as shown in Fig. 3.17. But in case of 4-leg NPC, they are decoupled and the homopolar current controller output is used to control the third leg whereas the voltage controller output is responsible to control the fourth leg of the 4-leg NPC as shown in Fig. 3.7.
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Fig.3.17 Coupling of homopolar current controller and the DC-bus voltage controller in 3-leg NPC

As observed in this section that there is a difference in controlling the DC-bus middle point voltage oscillation. In the following section, we will compare between 3-leg and 4-leg NPC converter in terms of size of the passive elements so that we can justify the necessity of 4-leg NPC converter as a bidirectional AC/DC converter in the onboard EV battery charger that can support unbalance network conditions.

Comparison between 3-phase 3-legs 4-wires and 3-phase

4-legs converters in different network conditions

In chapter 2, comparison between 3ph 4-wire 2-level and 3-level VSC has been done in terms of volume and weight. It was observed that,  The value of AC-side inductor is half in 3-level VSC compared to that of 2-level VSC.

 In different unbalance network conditions, higher values of DC-bus capacitors are required in 2-level VSC compared to NPC, in order to limit ∆𝑣 𝐶 within a range.

Thus, it was concluded that 3-level VSC could reduce the overall volume and weight of the onboard EV bidirectional charger in unbalance network conditions. In this section we will compare between 3-level 3-leg and 4-leg VSC that can be more suitable for embedded battery charger.

There will be no change in the ratings of AC-side inductors. However, it is observed that the higher ratings of DC-bus capacitors are required in 3-leg NPC compared to that of 4-leg NPC.

Mathcad model has been developed considering the equations in Sec. 2.2.3 and Sec. 2.4.3.2.

Based on the Mathcad model, Table 3 has been prepared to compare between ∆𝑣 𝐶3𝑙𝑒𝑔 and∆𝑣 𝐶4𝑙𝑒𝑔 in different power exchange condition between three phases with same capacitor, whereas, Table 4 

Table 4: Comparison of DC-bus voltage oscillations between 3-leg and 4-leg NPC in different power exchange conditions with different capacitors

From both Table 3 and Table 4, it is observed that always∆𝑣 𝐶3𝑙𝑒𝑔 ≥ ∆𝑣 𝐶4𝑙𝑒𝑔 , for same capacitor rating and network conditions. In these different network conditions, 𝑃 1 = 2.3𝑘𝑊, 𝑃 2 = 𝑃 3 = -1.16𝑘𝑊, 𝑄 1 = 0𝑘𝑣𝑎𝑟, 𝑄 2 = -2.01𝑘𝑣𝑎𝑟 𝑎𝑛𝑑 𝑄 2 = 2.01𝑘𝑣𝑎𝑟 is a constraining operating points as in this operating point, the r.m.s current flowing through the neutral wire will be 32A. This is our maximum allowed r.m.s current which can flow in one phase. Thus, we can conclude that the DC-bus capacitors of higher ratings are required in 3-leg NPC compared to 4-leg NPC in similar network conditions for getting∆𝒗 𝑪 within our allowed limit. Thanks to all of these tests and observations, we can conclude that the 4-leg NPC is the best AC/DC bidirectional structure in terms of volume that can be integrated to the onboard bidirectional EV battery charger which can inject required active and reactive powers to the grid.

In order to validate this overall control strategy, closed loop control of 4-leg NPC converter has been performed in Matlab/Simulink. After that, Hardware-in-the-Loop (HIL) simulation has been performed with the same control strategy. Overview and requirement of HIL simulation has been described in Sec. 3.6. Expected results have been obtained for both in Matlab and HIL simulation and these results are shown in Sec. 3.7.

Hardware-in-the-Loop simulation

Thorough multiple tests are required to verify and validate the design and control strategy of a power electronic converter. Matlab simulation is a concept where both the control and power circuits of the converter have been designed in computer for initial testing. HIL simulation is a technique that is used for testing the control strategy of the converter in real time, thanks to FPGA/DSP processor [START_REF] Graf | Real-time HIL-simulation of power electronics[END_REF][96] [START_REF] Florescu | PHIL simulation for validating power management strategies in all-electric vehicles[END_REF]. In this strategy, the power circuit of the converter is still virtual but the real gate pulses are coming out of a digital controller in order to operate a power electronic converter as shown in Fig. 3.18. Through various digital and analog I/O terminals, the controller interacts between real control and virtual power circuits of the converter [START_REF] Zama | High Dynamics Control for MMC Based on Exact Discrete-Time Model With Experimental Validation[END_REF]. 1. Save time: A lot of time is required in order to develop real prototype of a converter. Thanks to HIL simulator, developed control strategy of the converter can be checked rapidly and efficiently.

Save money:

In case there is some unwanted issues in the developed control strategy of the converter then real converter prototypes can easily be destroyed. Thus, components of the prototypes need to be changed several times and that in turn will increase the cost of experimental validation. Thanks to HIL simulator, developed control strategy of the converter can be validated effectively.

Reduce risk and increase safety:

With the help of HIL simulator, control algorithm of a complex system can be tested without any risk. Thus, engineers can perform various experiments without any worries.

In G2ELab, Opal-RT 5700 real time simulator has been used for emulating the power converter, which is controlled by LabVIEW driven Zynq processor (CPU+FPGA). The whole setup has been shown in Fig. 3.19.

Fig.3.19 Opal-RT real time simulator for HIL simulation of power electronic converter

Code, required for developing the control strategy of the converter, has been splitted

separately between CPU and FPGA due to less space in FPGA. I/O terminals, Park and inverse Park transformation, SPWM strategy, reference currents generation from active and reactive power references have been coded in FPGA whereas controllers have been designed in CPU.

Results for validating the closed loop model of NPC converter in different operating conditions

In this section, 4-leg NPC converter has been tested both in Matlab/Simulink and HIL in different test conditions and relevant results have been shown. The goal of these tests is to validate the developed control strategy of the 4-leg NPC converter in following operating conditions.

Condition a: Single phase operation between a-phase and neutral.

Active and reactive power for a-phase is considered as 𝑃 𝑎 = 7𝑘𝑊 and 𝑄 𝑎 = 0𝑘𝑉𝐴𝑟 respectively whereas all other active and reactive powers in the remaining phases are set at zero. 

(a) Upper and lower capacitor voltages of NPC DC-bus (b) Difference between upper and lower capacitor voltages of NPC DC-bus during single phase operation in Matlab/Simulink platform

From Fig. 3.20, it is observed that a-phase reference and measured currents overlap with each other with expected𝐼 𝑎𝑚 = 43𝐴. From Fig. 3.21, it is observed that both the upper and lower capacitor voltages of DC-bus are varying within the limit keeping mean value of 400V. The voltage difference between these two DC-bus capacitor voltages is around 29V(< 5% of 𝑉 𝐷𝐶 ).

Thus, it can be concluded that both the current control loops and voltage control loop of the NPC converter are working fine during single phase operation.

In order to show the effectiveness of the voltage loop controller, simulation has been done for single phase test condition without the voltage loop controller and result has been shown in Fig. 3.22. It is observed that capacitor voltages are oscillating between 372-428V which is beyond threshold limit of ∆𝑉. During0 ≤ 𝑡 ≤ 1𝑠., both the upper and lower capacitor voltages of NPC DC-bus are varying within the limit, keeping mean value of 400V. However, the voltage oscillation is increased at 𝑡 = 1𝑠., but their difference is still around 22V, which is less than the our threshold limit (5% of 𝑉 𝐷𝐶 ). These results validate the goal of our tests which is to check the global control strategy  Reference and measured currents of one phase and neutral for verifying the designed current controllers.

Fig.3.22 Upper and lower capacitor voltages of NPC DC-bus during single phase operation without voltage controller in

 DC-bus capacitor voltages and their difference in order to verify that the capacitive middle point voltage oscillation is within the limit, thanks to voltage control loop. With all these results, obtained from Matlab/Simulink and real time HIL simulation, it can be concluded that the developed closed loop control strategy of the 4-leg NPC converter is working fine both for single phase and different conditions of three phase charging. However, DC voltage was supplied by battery of constant value of 800V during all these tests as AC/DC converter was tested individually. In the overall bidirectional EV battery charger, this battery will be removed and DC bus will be supplied by the output of the DC/DC converter.

Method to reduce the DC-bus voltage oscillation further

4-leg NPC converter can keep the DC-bus voltage oscillation within the limit for different operating conditions. Configuration, as shown in Fig. 3.34, has been considered for reducing the DC-bus voltage oscillation further.

NPC 4 leg  1 S 2 S 2 C 1 C L DC V Fig.3.

Configuration to compensate the DC-bus voltage oscillation further

With this configuration one additional leg, consisting of two IGBTs, has been added to the middle point of the DC-bus of 4-leg NPC converter through an inductor. This additional leg will act as an active filter and inject the opposite current to the middle point of the DC-bus, depending on the voltage difference between two DC-bus capacitors and this in turn will reduce the voltage oscillation further by current compensation.

Comparison of DC-bus middle point voltage oscillation between 4-leg NPC with an additional leg and 4-leg NPC

Matlab simulations have been done with the configuration of 4-leg NPC with an additional leg for comparing the results with 4-leg NPC. For the sake of comparison, parameters for simulation have been chosen same as that of 4-leg NPC, operating under 3-phase unbalance condition, mentioned in Sec. 3.7.

Voltages across DC-bus capacitors and their difference for both the above-mentioned conditions have been shown in Fig. 3.35 and Fig. 3.36. It is observed that voltage variation, at the middle point of the DC-bus capacitors, has almost been nullified with the new configuration. Whereas, these oscillations were more for 4-leg NPC, operated under same conditions, as observed in Fig. 3.25, Fig. 3.26, and Fig. 3.32.

Below Table 5 compares the voltage variation with two configurations.

Active and reactive powers ∆V with 4-leg NPC ∆V with 4-leg NPC+5 th leg

𝑃 𝑎 = 3𝑘𝑊 𝑃 𝑏 = 4𝑘𝑊 𝑃 𝑐 = 2𝑘𝑊 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0 𝑘𝑉𝐴𝑟 ±5V ±2.5V 𝑃 𝑎 = 2.3𝑘𝑊 𝑃 𝑏 = -1.16𝑘𝑊 𝑃 𝑐 = -1.16𝑘𝑊 𝑄 𝑎 = 0𝑘𝑉𝐴𝑟 𝑄 𝑏 = -2.01𝑘𝑉𝐴𝑟 𝑄 𝑐 = 2.01𝑘𝑉𝐴𝑟 ±11V ±4V

Table 5: Comparison of voltage oscillation between 4-leg NPC and 4-leg NPC+5 th leg

This new configuration is better in terms of reducing capacitive middle point voltage oscillation which in turn can help to reduce the size of the DC-bus capacitors further.

However, additional inductor, additional leg with two IGBTs and their auxiliary circuits may increase the overall volume, weight and losses of the charger.

Conclusion

In this chapter, closed loop control strategy has been developed for 4-leg NPC converter, which will be used as bidirectional AC/DC part of EV battery charger. In addition, tuning of 91 both line current and capacitive middle point voltage controllers of the converter have also been done.

Thanks to offline Matlab/Simulink, developed closed loop control strategy of the 4-leg NPC converter has been validated in different operating conditions:

1. Single phase operation.

2. 3-phase operation during balanced energy exchange between three phases. Real-time simulations have also be performed for above mentioned conditions of 2 and 3a in order to validate the developed control strategy of the 4-leg NPC converter which will be used as AC/DC conversion part of the bidirectional EV battery charger.

With the developed controlled strategy, the NPC converter can operate in four-quadrant mode as shown in Fig. 3.37.

Fig.3.37 G2V and V2G operating point of EV bidirectional battery charger based on reference active and reactive power

Voltage oscillations (∆𝑉) of the DC-bus capacitors are 29V and 22V during single phase and one of the worst situations (32A r.m.s current in neutral phase) of three-phase operation respectively. Also, we have used an additional controller for the DC-bus middle point which does not remove the issue fully and can interact with the global control if the design is not done adequately. Though ∆𝑉 is within the limit but still we want to check the possibility of minimizing it more with the help of DC/DC converter.

As we want an insulated solution, DAB topology has been considered primarily as bidirectional DC/DC converter as shown in Fig. 3.38.
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Configuration of DAB

However, in order to redistribute the same volume and weight of windings of the HF transformer, Triple Active Bridge (TAB) topology (shown in Fig. 3.39), has been considered for bidirectional insulated DC/DC converter. The motivation behind the using of TAB is to feed the upper and lower capacitors of the DC-bus separately in order to limit the voltage fluctuations. Indeed, the active filter has proven some effectiveness, however if it is a corrective action in order to eliminate the issue. What we want to do is to control precisely the amount of power delivered on each half of The DC-bus, in order to cancel the voltage discrepancies and control the global DC-bus. Although, four extra semiconductor switches are required in the secondary side of TAB compared to DAB, but they will be half of the voltage rating compared to a single DAB.

1 C 2 N bat V 1 N 3 N 2 C

4-leg NPC

Fig.3.39 Configuration of TAB and its integration with 4-leg NPC

Closed loop control strategy of the TAB will be introduced in the next chapter. In order to validate the control strategy, Matlab/Simulation and HIL simulation results of the TAB will also be shown.

Introduction

As discussed in Chapter 1, for a grid connected EV, the power electronics part of the battery charger can include an isolated bidirectional DC/DC converter, which is essential for V2G application [100] [START_REF] Liu | A New Bi-directional Wireless EV Charging Controller Tolerant to Large Pad Misalignments[END_REF]. However, non-isolated DC/DC converter is less heavy and simpler in structure than isolated one and can achieve better efficiency [START_REF] Zgheib | Comparison between isolated and non-isolated DC/DC converters for bidirectional EV chargers[END_REF], but galvanic isolation in the converter structure can help in solving safety issues [START_REF] Hamid | Bidirectional DC -DC Converters for Energy Storage Systems, Energy Storage in the Emerging Era of Smart Grids[END_REF].

Configurations of the selected bidirectional DC/DC converter configuration and its power exchange

In the beginning, DAB configuration, as presented in Chapter 1, has been thought for bidirectional isolated DC/DC converter because of following advantages:

1. Lower transformer size due to HF commutation 2. Insulation in order to solve safety issues.

However, TAB configuration, which was first proposed in [START_REF] De Doncker | A three-phase softswitched high-power-density DC/DC converter for high-power applications[END_REF], has been chosen as bidirectional isolated DC/DC converter for further experiments. The interest to use a threeport transformer magnetically couples TAB [START_REF] Neubert | Performance analysis of a triple-active bridge converter for interconnection of future dc-grids[END_REF] are followings:

1. Both half of the DC-bus voltages can be controlled individually.

2. This will not increase the overall size or losses of the charger significantly as the voltage stress across the semiconductor switches will be half compared to DAB and the secondary side of the transformer winding will just be splitted into two. 

S 2 C 1 c V 1 C 2 c V 1 LV V 1 S 2 S 3 S 4 S 1 N 2 LV V bat V C *4-leg

Fig.4.1 Configuration of TAB and its' connection with 4-leg NPC

For understanding the idea of the control strategy of the TAB, below Fig. 4.2 represents the different power exchanges between the grid and the charger and also within the charge. Due to the unbalanced powers, a 100Hz harmonic component will be added on the DC-bus voltage.

Due to the capacitive middle point connection, an additional fluctuation will appear and that will lead to a discrepancy between the upper and lower capacitor voltages. The frequency will be the classical 150Hz component due to the NPC operation along with a 50Hz component, appears due to the unbalance power exchange conditions, as discussed in Chapter 3. The goal of the TAB is to mitigate this two unbalances. Because of the TAB, the DC-bus voltage will be controlled, thanks to the battery power exchange (Yellow arrow) and the unbalances between the capacitor voltages will be controlled, thanks to the two output stages (Red dotted arrow). 

 2 C 1 c V 1 C 2 c V 2 P 1 LV V 1 S 2 S 3 S 4 S TAB P D C V 1 N 2 LV V 1 P bat V C *4-leg VHV Fig.4.

Integrated bidirectional EV battery charger and flow of powers within it

In case of TAB, the easy solution for transferring power between H-bridges is to generate the phase difference between them. Thus, we need to develop the control strategy in such a way that can generate phase shifts between three H-bridges and based on these phase shift angles bidirectional power transfer will be managed.

Control strategy for TAB

Control strategy of the TAB should ensure the control of two major parameters. They are:

 Constant DC voltage must be ensured to allow the inverter for operating the in a proper way, i.e., without overmodulation and associated current distortions.

 Voltage balancing between two DC-bus capacitors must also be ensured for limiting the value of ∆𝑉 within a limit and avoid the output current distortion also.
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In order to control DC-bus voltage, two solutions are possible. First one is to control 𝑉 𝐶1 𝑎𝑛𝑑 𝑉 𝐶2 individually and the second one (which has been chosen) is to control the DC-bus voltage and voltage unbalance separately. For controlling the DC-bus voltage, sum of the DCbus capacitor voltages must be maintained at a constant value of 800V (𝑉 𝐷𝐶 * ) and on the other hand, their difference must be maintained at 0 for controlling the voltages across DC-bus capacitors.

As mentioned before, the power transfer in a DAB/TAB structure is linked to the phase shifts between inputs and outputs. 𝑉 𝐻𝑉 , 𝑉 𝐿𝑉1 𝑎𝑛𝑑 𝑉 𝐿𝑉2 represent the voltages across the H-bridge of the battery side, voltages across the upper and lower H-bridges of the DC-bus side of the TAB respectively. With our control strategy, the sum of 𝑉 𝐿𝑉1 𝑎𝑛𝑑 𝑉 𝐿𝑉2 will generate phase shift angle 𝜑 * that will responsible to maintain the DC-bus voltage at 𝑉 𝐷𝐶 * and whereas their difference will generate 𝑑𝜑 (phase shift of switching pulses between DC-bus side active bridges) for reducing ∆𝑉 further.

Considering 𝑉 𝐻𝑉 as a reference, the vector diagram of the TAB is represented by Fig. 4.3.

* DC V HV V 1 LV V 2 LV V d *  Fig.4.

Vector diagram of the voltages in TAB

We are going to control the main power flow which is linked with 𝜑 * and power unbalance between secondary sides of the TAB which is associated to 𝑑𝜑 thanks to the two phase shifts 𝜑 1 and 𝜑 2 , representing the phase shifts between 𝑉 𝐻𝑉 with 𝑉 𝐿𝑉1 and 𝑉 𝐿𝑉2 respectively.

From Fig. 4.3, 𝜑 1 and 𝜑 2 can be written as: strategy of the integrated bidirectional EV battery charger for both single phase and 3-phase unbalance power exchange conditions respectively. Analytically, 𝐼 𝑏𝑎𝑡 = 7000 800 = 8.75𝐴 and 𝐼 𝑏𝑎𝑡 = 20 800 = 0.025𝐴 for both the mentioned conditions respectively. However, they are observed as 9.4A and 0.25A respectively from Matlab/Simulink result. In addition, 𝑃 𝑏𝑎𝑡 values are settled at 7.52kW and 200W instead of 7kW and 20W respectively. Thus, 520W and 180W system losses are observed in the integrated EV battery charger during 3-phase balance and unbalance power conditions respectively. As ideal switches are used in the system, these losses are coming from the resistive part of the transformer used in TAB and the resistances associated to the DC-bus capacitors and the grid-connected AC-filter.

𝝋 𝟏 = 𝝋 * + 𝒅𝝋 𝟐 (80 
From Fig. 4.12.b, it is also observed that the battery power has been oscillated during 3-phase unbalance power exchange condition. This is due to the 100Hz component present in the DCbus at this operating point. Though we have selected 20Hz as the cutoff frequency of the TAB PI controller for the energy sum for avoiding the control of compensating the 100Hz component, the issue comes mainly from the characteristics of the power transfer at the TAB level. Indeed the power, transferred from the battery to the DC-bus, depends on the controlled phase shift, but also on the amplitude of the DC-bus. If oscillations are presented in one DCbus capacitor voltage, these oscillations will affect the power transfer due to following relation. However, small ∆𝑉 oscillation still persists. It seems that this small limit is coming from the linearization of the control strategy. As from Equ. 89, it is observed that the power transfer is based on 𝑠𝑖𝑛𝜑 but in our control strategy, we consider it only as 𝜑. With the small values of 𝜑, 𝑠𝑖𝑛𝜑 → 𝜑.

Conclusion

Thanks to all the results obtained from Matlab/Simulink, it can be concluded that the bidirectional onboard EV battery charger can support the objectives of the thesis, which are:

a. Single-phase power transfer.

b. Bidirectional power transfer in 3-phase balanced network condition.

c. Bidirectional power transfer while compensating and mitigating unbalance active and reactive power exchange between supplies of three phases.

Thus, the developed bidirectional EV battery charger can inject the current to the grid, when required.

Control strategy of the bidirectional DC/DC converter (TAB) along with the control strategy of the bidirectional AC/DC converter (4-leg NPC) further reduces the voltage difference of the DC-bus capacitors to almost zero, in all operating conditions. This, in turn, is helpful in integrating the onboard EV battery charger due to lesser volume and weight.

Conclusion

The work, presented in this thesis, concerns the requirements of V2G application and the development of the onboard bidirectional charger for EVs. This thesis has been done with the collaboration between Institut VEDECOM and G2ELab, Université Grenoble Alpes. Institut

VEDECOM is an Institute for Energy Transition (ITE) that works in the field of low-carbon energy sources. Founded in 2014, it brings together both the academic research (for e.g., UGA, Cetim, ESIGELEC, ESTACA etc.) and industrial skills (for e.g., PSA, Groupe Renault, Safran, Valeo etc.). Under the domain of vehicle electrification and sub domain of innovative charging systems, this research studies have been done.

General conclusions

Because of concernment and awareness of the environment, most of the countries are relying on EVs as future transportation rather than ICE based vehicles. In order to betterment of nature, battery of these EVs can be considered as energy producers during their idle time.

These G2V and V2G applications require bidirectional power transfer capability of EV's battery charger. The power electronics part of EV battery charger can provide this bidirectional power transfer operation, considering all the constraints of grid codes and safety towards car owner. In Chapter 1, different topologies of the Power Electronics parts of the bidirectional EV battery chargers and all the benefits and the ancillary services, provided by V2G application, have been discussed in detail. After investigating the literature reviews, it was understood that a lot of works had already been done on V2G applications and the charger configurations. But all these works were based mostly on the balanced power network. This motivates me to work on the power electronic configurations of the bidirectional EV battery charger that can support network with unbalance power supply.

One of the main constraints of the bidirectional EV battery charger was that it should be onboard in nature. Keeping that in mind, aim was to develop an optimal EV battery charger in terms of weight and volume. With this objective, calculations of passive elements of the selected charger have been done. One of the goals of this thesis is to develop the bidirectional EV battery charger that will support unbalance current injection condition of the grid. For this purpose, different configurations of bidirectional AC/DC converters, which can provide the neutral connection, have been studied and compared starting from 2-level VSC to multilevel VSC. After studying different pros and cons of different converters both in balanced and unbalanced network power, NPC configuration has been selected as an AC/DC bidirectional converter in Chapter 2. Though we have selected NPC topology in comparison with 2-level VSC but it will be interesting to compare this NPC structure with other multilevel VSC structure namely flying capacitor. The main reason to select NPC over 2-level VSC was the weight and volume. From the tests, it was proved that voltage oscillation at the middle point of the DC-bus will be more in 2-level VSC compared to that of NPC with increase in power unbalance. This happens because of some compensation current due to structure of the NPC.

As a result, we need smaller size of the DC-bus capacitors in NPC compared to 2-level VSC, considering∆𝑉 ≤ 5% 𝑜𝑓 𝑉 𝐷𝐶 .

In Chapter 3, closed loop control strategy of the selected configuration of bidirectional AC/DC converter, which is 4-leg NPC, has been developed. With the developed control strategy, homopolar current controller and the DC-bus voltage controller are decoupled. For particular parameters, tests have been done with and without voltage control loop in order to justify its necessity. Since, we are working on unbalance power in three phases, generated reference currents contain both the DC and AC component in the Park domain. This leads to necessity to use R-controller and develop its design. However, another control strategy can be thought.

In which, regardless of transforming the reference quantities in Park domain, they can directly be controlled by the R-controller. But in that case, space in the Zynq processor (required to implement the control logic) can be a problematic. As resonant controller is a second order controller, it requires more space in the processor compared to PI controller. However, we gain some space in the Zynq processor as we do not need to implement Park and inverse Park transformation, if we implement our controllers in AC-domain. So there is a trade-off and this can be investigated. Also PI current controller had been designed by comparing the transfer function of the system and the controller. It can be done with Pole-Zero compensation method by defining the particular bandwidth. After implementing this control strategy, comparison has been done between 3-leg NPC and 4-leg NPC in terms of weight and volume of the converter to show the effectiveness of the 4-leg NPC. According to the developed closed loop control strategy of 4-leg NPC converter and its design, tests have been performed at different operating points with the help of Matlab/Simulink and HIL results. According to the obtained results, it was observed that reference and measured phase currents were overlapped. Also ∆𝑣 was within the threshold limit of 5% of 𝑉 𝐷𝐶 . These results validate the design of the controllers and the developed control strategy. Though the threshold limit of ∆𝑣 had been respected, but still another configuration of the AC/DC converter was thought where one extra leg had been added to the 4-leg NPC through an inductor. With this configuration ∆𝑣 had almost been nullified however this configuration had not been studied further due to the presence of an extra inductor. It can be an interesting study to compare between these two structures. As though an extra leg with two IGBTs and an inductor were added but we can almost nullify ∆𝑣 that leads to a lower sized DC-bus capacitor. Thus, there is a trade-off between these two passive elements.

In Chapter 4, closed loop control strategy of the selected configuration of bidirectional DC/DC converter, which is TAB, has been developed. The purposes of utilizing TAB as a bidirectional DC/DC converter are that it is insulated in structure and feed the upper and lower capacitors of the DC-bus separately in order to limit the voltage fluctuations. So that the amount of power delivered on each half of The DC-bus will be controlled precisely. The developed control strategy of the integrated charger has been implemented both in Matlab/Simulink platform.

Our aim was to nullify ∆𝑉 completely with the help of TAB and with our proposed control strategy that is achieved and shown in Matlab/Simulink results.

Future works

In this thesis, configuration of the bidirectional onboard EV battery charger has been proposed that can compensate and mitigate unbalance active and reactive powers exchange between 3phase supply. Also control strategies are developed for both AC/DC and DC/DC converters.

Apart from the propositions, mentioned in the conclusion part to understand the topic further, below works can be done in future for improving this thesis objectives:

Test point with the worst unbalance condition

In this thesis, tests had been done on the single phase power transfer condition and a test point where neutral current is equal to 32A (r.m.s). But apart from that test point, there are other unbalance three phase active and reactive powers that can lead to worse situation. It should be necessary to study the whole range of operating points and their impacts on the converter sizing. We can try to find that worse test point and compare with single phase power transfer condition.

Optimization of passive elements of the converter

In this thesis, comparisons between the converters had been made on the size of passive elements, namely AC-inductor and the DC-bus capacitors. However, adding an extra leg with the 3-leg NPC will increase the complexity of the control strategy and also the weight and volume of the charger due to extra semiconductor switches and the associated driver circuits.

So proper optimization of the passive elements can help to find the best suitable structure of the embedded charger in terms of power density.

Experimental test of the developed control strategies

The control strategy of the AC/DC converter had been validated both in offline Matlab/Simulink platform and real-time HIL platform while the whole charger that includes both AC/DC and DC/DC converters, had been validated in offline Matlab/Simulink platform in this thesis. Thus, the control strategy of the whole integrated charger can be validated in real time HIL platform and then experimental tests have been required to validate the developed control strategies fully. With the help of experimental tests, the efficiency of the charger can also be measured.

Study of other types of AC/DC bidirectional converter structures

Les deux premières fonctionnalités avaient déjà été abordées par des chercheurs précédents (également dans G2ELab par le Dr Mounir Marzouk). Cette thèse se concentre sur la troisième fonctionnalité mentionnée qui peut être fournie par les véhicules électriques.  Étant donné que les courants sont équilibrés, la moyenne sera plus faible et cela réduira la perte de réseau, le problème de chauffage et les fluctuations de tension du réseau. 123 Chapitre 3

Chapitre 1

L'Introduction

La conclusion

L'Introduction

Dans ce chapitre, la stratégie de contrôle et la conception des contrôleurs pour le NPC à 4 bras, qui a été utilisé comme convertisseur AC / DC dans un chargeur de batterie EV bidirectionnel, ont été discutées. Le contrôleur de courant R Deux types de contrôleurs résonants doivent être conçus pour contrôler les courants de phase: le contrôleur 100Hz R pour les axes d et q et le contrôleur 50Hz R pour le composant de courant neutre.

En ce qui concerne la conception du contrôleur R de courant neutre, la contrainte est qu'il est lié au contrôleur de tension du point médian du bus DC (proportionnel). Ainsi, ils doivent être découplés de manière à ce que leurs parcelles de Bode soient comme à la 

Conception de contrôleur de tension

La différence de tension (dV) dans les condensateurs du bus DC a été comparée à zéro afin de la minimiser. L'erreur a été transmise par un contrôleur proportionnel. Le gain du contrôleur de tension est réglé sur une petite valeur, 0,001, de sorte que la réponse en fréquence de la boucle du contrôleur de tension ne chevauche pas la réponse en fréquence du contrôleur résonnant à 50 Hz, utilisé pour le contrôle du courant neutre. On observe que dans les deux conditions, la différence de tension entre ces deux tensions de condensateur du bus DC est inférieure à 5% de 𝑉 𝐷𝐶 . 

Simulation

Méthode pour réduire davantage l'oscillation de la tension du bus DC

La conclusion

  d'atténuer les déséquilibres des puissances actives et réactives échangées entre les alimentations des 3 phases à l'aide d'un chargeur EV bidirectionnel. Le chargeur devant également être de type embarqué, les contraintes sont le poids et le volume pour développer ce type de chargeur. Dans cette thèse, le convertisseur NPC (Neutral Point Clamp) et le Triple Active Bridge (TAB) ont été proposés et analysés respectivement pour les convertisseurs AC / DC et DC / DC. Les objectifs de cette thèse ont été analysés et vérifiés à l'aide des résultats Matlab / Simulink et des résultats de simulation Hardware-in-the-Loop (HIL).
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  Fig.1.7, Fig.1.8 and Fig.1.9 represent different configurations of the first stage (AC/DC) of the whole bidirectional converter topology while Fig.1.10, Fig.1.11 and Fig.1.12 represent different configurations of the second stage (DC/DC) of the bidirectional EV battery charger.
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  Fig.1.15 Mitigation of current unbalance by consuming & injecting active & reactive powers to the network

Chapter 1

 1 introduced the general discussions on EVs, concept of G2V and V2G applications, ancillary services of EVs and different topologies of both unidirectional and bidirectional EV battery chargers. Comparison of different configurations, their constraints and corresponding modelling of the bidirectional AC/DC converters for EV battery charger will be discussed in Chapter 2. Control strategy, design of the controllers and validation of the corresponding results in Matlab/Simulink of the bidirectional AC/DC converter in unbalance current injection scenario for EV battery charger will be presented in Chapter 3. In Chapter 4, the comparison of different configurations of bidirectional insulated DC/DC converter, their control strategies and corresponding results in Matlab/Simulink will be presented. Chapter 5 presents the integration of the full bidirectional converter used in EV battery charger, test of the whole converter in different scenarios in HIL simulations. It also compares the proposed solution in terms of sizing of passive elements, THD of the network, r.m.s current and losses in the converter.
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 1234567891011122 Fig.2.1 H-bridge converter configuration with a neutral connection
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 2 Fig.2.3 3-phase 3-legs 4-wires 3-level bidirectional VSC
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 2 Fig.2.4 3-phase 4-legs 4-wires 3-level bidirectional VSC
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 23 𝒄𝒂 (𝒕) = √𝟐𝑰 𝒂𝒆𝒇𝒇 𝐬𝐢𝐧(𝝎𝒕 -𝝋 𝒂 ) * (𝟏 -𝟐|𝒎 𝒂 (𝒕) -𝟎. 𝟓|) = √𝟐𝑰 𝒂𝒆𝒇𝒇 𝐬𝐢𝐧(𝝎𝒕 -𝝋 𝒂 ) * (𝟏 -𝟐 * |𝑽 𝒎 𝐬𝐢𝐧 𝝎𝒕+√𝟐𝑰 𝒂𝒆𝒇𝒇 𝑳𝝎 𝐜𝐨𝐬(𝝎𝒕-𝝋 𝒂 )| |𝑬| ) 𝒊 𝒄𝒃 (𝒕) = √𝟐𝑰 𝒃𝒆𝒇𝒇 𝐬𝐢𝐧 (𝝎𝒕 -𝟐𝝅 𝟑 -𝝋 𝒃 ) * (𝟏 -𝟐|𝒎 𝒃 (𝒕) -𝟎. 𝟓|) = √𝟐𝑰 𝒃𝒆𝒇𝒇 𝐬𝐢𝐧 (𝝎𝒕 -From Equ. 23-25, it can be concluded that for each phase, the capacitor current depends on the line currents and the modulation index. The total current at the middle point of the DC bus is the sum of all three currents with the neutral current. The global current (𝑖 𝑐3𝐿 ) at the middle point of the DC-bus in NPC inverter can be expressed as, 𝒊 𝑪𝟑𝑳 (𝒕) = 𝒊 𝒔𝒄 (𝒕) + 𝒊 𝒄𝒂 (𝒕) + 𝒊 𝒄𝒃 (𝒕) + 𝒊 𝒄𝒄 (𝒕) = -𝒊 𝒔𝒂 (𝒕) -𝒊 𝒔𝒃 (𝒕) -𝒊 𝒔𝒄 (𝒕) + 𝒊 𝒄𝒂 (𝒕) + 𝒊 𝒄𝒃 (𝒕) + 𝒊 𝒄𝒄 (𝒕)

  and Equ. 27, zero current will flow at the middle point of the D.C bus in 2-level VSC during balance power exchange between phases. Whereas, due to the structure of NPC, 150Hz (3 times of the fundamental current frequency) current component is present at the middle point of the D.C bus capacitors during balance power exchange between phases.
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 2526 Fig.2.5 Experimental setup of 3-phase 4-wires 2-level and 3-level VSC
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 2282 Fig.2.8 represents the schematic version of the experimental set-up.
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 222 Fig.2.10 Comparison of voltage oscillations at the middle point of the DC-bus for both 2-level and 3level VSI in balanced operating condition with experimental data

Fig. 2 .

 2 Fig.2.13 presents the AC-voltage variations across 𝐶 1 and 𝐶 2 and their difference (∆𝑉 = 𝑣 𝑐1 -𝑣 𝑐2 ) in the middle point of the DC bus of 2-level VSI during test of single-phase operation with a 100Ω load. ∆V is varying between ±0.25V to ±0.35V in experimental measurements. These oscillations are due to the 50Hz current (𝑖 𝐶2𝐿 ) in the neutral wire, connected to the middle point of the DC bus as shown in Fig.2.11.
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 2 Fig.2.13 Voltage oscillations at the middle point of the DC-bus for 2-level VSI in single phase operation
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 233 𝒗 𝑪𝟏 , 𝒗 𝑪𝟐 FFT of 𝑖 𝑂 𝑖 𝑂 Unbalance power injection In this case, study has been done on the impact of the injection of unbalanced current to the network on the middle point of the DC bus capacitors. For creating unbalance condition, different values of three active powers (𝑃 1 , 𝑃 2 and 𝑃 3 ) have been considered. The aim of injecting this current is to study the unbalances mitigation by the structure. For creating this scenario, a and b-phase loads are connected while disconnecting the c-phase load to do set-up like, 𝑃 1 = 𝑃 2 = 𝑃 𝑊 ≠ 𝑃 3 = 0𝑊 due to the available test capacities. Fig.2.16 and Fig.2.17 represent the AC-voltage variations (𝑣 𝐶2 and 𝑣 𝐶2 ) across DC bus capacitors for 2-level and 3level VSI respectively, considering 𝑉 DC = 200𝑉 and 100Ω, 5mH RL-load at 'a' and 'b'-phase while c-phase is kept open.
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 2 Fig.2.16 Voltage oscillations at the middle point of the DC-bus for 2-level VSI
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 22 Fig.2.18 Comparison of voltage oscillations at the middle point of the DC-bus for both 2-level and 3level VSI for different power injections in three phases with experimental data
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 22 Fig.2.21 represents the vector diagrams of the Fig.2.20. Usually voltage drop due to supply resistance is insignificant compared to the voltage drop across the source inductance, so it can be neglected.
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 9 𝑬 ≥ 𝟖𝟓𝟑𝑽To verify the analytical formula of the relation between DC-bus voltage and the modulation index, simulation has been performed with𝐸 = 800𝑉, 𝑣 𝑎𝑐𝑟𝑚𝑠 = 230𝑉 and 22kW 3-ph active power exchange. In simulation, there is no voltage fluctuation or no loss occurred due to use of ideal devices or drivers. Thus analytical value of m, according to Equ. 29, will be 0.93 and this value is approximately equal with the obtained simulation result, shown in Fig.2.22.
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 2 Fig.2.22 Variation of modulation index with change in DC bus voltage: 𝑉 𝐷𝐶 = 800𝑉 𝑚 = 0.93
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 3233 and d: duty cycle Considering Sinusoidal Pulse Width Modulation (SPWM) strategy, 𝒅(𝝎𝒕) = 𝒎 𝐬𝐢𝐧 𝝎𝒕 (Putting all these expressions in Equ. 31, ∆𝒊 𝒑𝒑 = 𝒎 𝐬𝐢𝐧 𝝎𝒕 * 𝑽 𝑫𝑪 * (𝟐-𝒎 𝐬𝐢𝐧 𝝎𝒕) 𝟐 * 𝑳 * 𝒇 𝑺𝑾 (For calculation of extremum ripple, (𝟐 -𝒎 * 𝐬𝐢𝐧 𝝎𝒕) -𝒎 * 𝐬𝐢𝐧 𝝎𝒕 * 𝐜𝐨𝐬 𝝎𝒕} = 𝟎 𝑂𝑟, 𝐬𝐢𝐧 𝝎𝒕 = 𝟏 𝒎
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 323 Per phase grid voltage: 230V (r.m.s) Inductor of 5mH is connected between each phase of the converter and the grid 4. DC bus voltage (𝑉 𝐷𝐶 ) = 800𝑉 5. Switching frequency of the converter (𝑓 𝑆𝑊 )=20 kHz Thus, per phase current flowing through the inductor: . 36, calculated current ripple for 2-level inverter is: ∆𝑖 𝑝𝑝 |𝑚𝑎𝑥= 800 * 10 3 2 * 20000 * 5 = 4𝐴 According to Equ. 37, calculated current ripple for 3-level inverter is: ∆𝑖 𝑝𝑝 |𝑚𝑎𝑥= 800 * 10 3 2 * 2 * 20000 * 5 = 2𝐴

  Dimensioning of the DC-bus capacitors depends on the magnitude and frequency of the current flowing through the capacitor and the allowed voltage ripple. In NPC, two different currents with different frequencies exist:  One current linked to the middle point of the DC-bus  Another current linked to the DC-bus and the pulsed power In NPC, summation of currents from each leg of the converter will flow through DC-bus capacitors. As discussed in Sec. 2.3.1, this current has a frequency of 150Hz (3-times of fundamental frequency) in balanced condition, which in turn creates the voltage fluctuation of 3ω in DC-bus capacitors. Analytical calculations of DC-bus capacitors and their validation in Matlab/Simulink have been done in the below section.
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 2 Fig.2.25 Different current components flowing through DC-bus capacitors in NPC
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 433 Fig.3.3 Single leg of NPC with DC-bus
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 3435 Fig.3.4 Phase voltage of NPC converter (a) simulation (b) experimental

Thus, harmonic of

  lower orders have almost been nullified with PD-PWM technique. THD will be better with increase in switching frequency. This has been validated with Matlab/Simulink model and results have been shown in Fig.3.6. It is observed that the NPC phase to phase voltage consists of major part of fundamental frequency (50Hz) and harmonic components of 𝑛𝑓 𝑐 ± 1 (𝑛 : integer and 𝑓 𝑐 = 𝑓 𝑠𝑤 𝑓 1

(Fig. 3 . 6 FFT

 36 Fig.3.6 FFT analysis of NPC converter with PD-PWM modulation strategy (a) phase to phase voltage (b) phase current

3 . 7 .

 37 For controlling the 4-leg NPC converter, four modulating signals need to be generated. Thanks to PD-PWM modulation strategy, these modulating signals will generate the gate pulses which are required for switching the IGBTs in the four legs. For this purpose, three current controllers are used for generating the modulation signals and that will control the a,b and c-phase. Whereas one voltage controller is used for generating the modulting signal and that will control the neutral phase.The control strategy has been realized in the Park domain (rotating dq0-reference frame) as shown in the following figure[START_REF] Chung | Phase-locked loop for grid-connected three-phase power conversion systems[END_REF].

53 .

 53 These reference currents are transformed into Park domain. Similarly, three phase grid currents (𝑖 𝑥 ) are sensed and transformed into Park domain which is expressed as:
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 33 Fig.3.8 abc to dq0 transformation of 3-ph balance system a. abc-reference frame b. dq0-reference frame

  transfer function of resonant controller for controlling neutral current is expressed as 2𝑠 𝑠 2 +10𝑠+(2𝜋 * 50) 2 whereas it will be 2𝑠 𝑠 2 +10𝑠+(2𝜋 * 100) 2 for d and q-axis resonant current controllers. Considering all these three modulating signals, coming out of current controllers, are generated in dq0 reference frame. They are transformed to abc-reference frame with inverse Park transform, thanks to Equ. 57.
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 3 Fig.3.18 HIL strategy

Condition b: Three phase operation Fig. 3 .

 operation3 Fig.3.21 and Fig.3.21 represent the a-phase reference and measured currents and DC-bus capacitor voltages and their difference in Matlab platform respectively for single phase operation of the NPC converter.

Fig. 3 .

 3 Fig.3.20 a-phase reference and measured currents during single phase operation in Matlab/Simulink platform

1 :

 1 Fig.3.23. During0 ≤ 𝑡 ≤ 1𝑠., modulating signals of a, b and c phase legs of NPC converter are within ±0.8. Modulating signal for neutral phase of the NPC converter is zero, due to zero neutral current as the converter is operating in balanced condition. At 𝑡 > 1𝑠.,unbalance energy exchange condition between phases has been introduced and because of that 𝑚 𝑛 starts varying sinusoidally. It shows the operation of the 4 𝑡ℎ leg of 4-leg NPC converter to control the neutral current, depending on unbalance energy exchange condition between 3-phases.

Fig. 3 .

 3 Fig.3.23 Modulating signals used for generation of switching pulses of four legs of NPC converter in Matlab/Simulink platform [Test condition: 𝑃 𝑎 = 𝑃 𝑏 = 𝑃 𝑐 = 7𝑘𝑊 and 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0𝑘𝑉𝐴𝑟 for 0 ≤ 𝑡 ≤ 1𝑠 and 𝑃 𝑎 = 2.3 𝑘𝑊, 𝑃 𝑏 = -1.16𝑘𝑊, 𝑃 𝑐 = -1.16𝑘𝑊 and 𝑄 𝑎 = 0𝑘𝑉𝐴𝑟, 𝑄 𝑏 = -2.01𝑘𝑉𝐴𝑟, 𝑄 𝑐 = 2.01𝑘𝑉𝐴𝑟 at 𝑡 ≥ 1𝑠.]
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 3333 Fig.3.26, Fig.3.25 and Fig.3.26 represent the a-phase and neutral phase reference and measured currents, DC-bus capacitor voltages and their difference respectively in Matlab platform, both for 3-phase balanced and unbalanced energy exchange conditions.
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 3 Fig.3.25 and Fig.3.26 represent the DC-bus capacitor voltages and their difference respectively.

of 4 -Fig. 3 .

 43 Fig.3.27 Voltage difference of DC-bus upper and lower capacitor voltages in Matlab/Simulink platform without voltage controller (a) 𝑃 𝑎 = 𝑃 𝑏 = 𝑃 𝑐 = 7𝑘𝑊 and 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0𝑘𝑉𝐴𝑟 (b) 𝑃 𝑎 = 2.3 𝑘𝑊, 𝑃 𝑏 = -1.16𝑘𝑊, 𝑃 𝑐 = -1.16𝑘𝑊 and 𝑄 𝑎 = 0𝑘𝑉𝐴𝑟, 𝑄 𝑏 = -2.01𝑘𝑉𝐴𝑟, 𝑄 𝑐 = 2.01𝑘𝑉𝐴𝑟

Fig. 3 .

 3 Fig.3.28 3-ph supply voltages and currents in HIL simulation [Test condition: 𝑃 𝑎 = 𝑃 𝑏 = 𝑃 𝑐 = 7𝑘𝑊 and 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0𝑘𝑉𝐴𝑟]

Fig. 3 . 2 :

 32 Fig.3.29 Voltage difference of DC-bus upper and lower capacitor voltages in HIL simulation [Test condition: (a) 𝑃 𝑎 = 𝑃 𝑏 = 𝑃 𝑐 = 7𝑘𝑊 and 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0𝑘𝑉𝐴𝑟 (b) 𝑃 𝑎 = 2.3 𝑘𝑊, 𝑃 𝑏 = -1.16𝑘𝑊, 𝑃 𝑐 = -1.16𝑘𝑊 and 𝑄 𝑎 = 0𝑘𝑉𝐴𝑟, 𝑄 𝑏 = -2.01𝑘𝑉𝐴𝑟, 𝑄 𝑐 = 2.01𝑘𝑉𝐴𝑟]



  Similar to previous unbalance energy exchange condition between three phases, four results has been checked for verifying the proposed control strategy of the 4-leg NPC converter and they are: Modulating signals of all four phases (𝑚 𝑎 , 𝑚 𝑏 , 𝑚 𝑐 𝑎𝑛𝑑 𝑚 𝑛 ) for checking the under modulation operating zone of the converter.

Fig. 3 .Fig. 3 .Fig. 3 .= 18 .

 33318 Fig.3.30 Modulating signals used for generation of switching pulses of four legs of NPC converter in Matlab/Simulink platform [Test condition: 𝑃 𝑎 = 3𝑘𝑊 𝑃 𝑏 = 4𝑘𝑊 𝑃 𝑐 = 2𝑘𝑊 and 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0𝑘𝑉𝐴𝑟]

Fig. 3 .

 3 Fig.3.33 DC-bus upper and lower capacitor voltages in Matlab/Simulink platform at test condition: 𝑃 𝑎 = 3𝑘𝑊 𝑃 𝑏 = 4𝑘𝑊 𝑃 𝑐 = 2𝑘𝑊 and 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0𝑘𝑉𝐴 without voltage controller

Fig. 3 .Fig. 3 .

 33 Fig.3.35 (a) DC-bus upper and lower capacitor voltages (b) Voltage difference between two capacitors in Matlab/Simulink platform [Test condition: 𝑃 𝑎 = 3𝑘𝑊 𝑃 𝑏 = 4𝑘𝑊 𝑃 𝑐 = 2𝑘𝑊 and 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0𝑘𝑉𝐴𝑟]
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 3 phase operation during unbalanced energy exchange between three phases with two different situations. a. 𝑃 𝑎 = 2.3 𝑘𝑊, 𝑃 𝑏 = -1.16𝑘𝑊, 𝑃 𝑐 = -1.16𝑘𝑊 and 𝑄 𝑎 = 0𝑘𝑉𝐴𝑟, 𝑄 𝑏 = -2.01𝑘𝑉𝐴𝑟, 𝑄 𝑐 = 2.01𝑘𝑉𝐴𝑟 (one of the worst unbalance condition with 32A r.m.s neutral current) b. 𝑃 𝑎 = 3𝑘𝑊 𝑃 𝑏 = 4𝑘𝑊 𝑃 𝑐 = 2𝑘𝑊 and 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0𝑘𝑉𝐴𝑟

Fig. 4 .

 4 Fig.4.1 represents the configuration of TAB and its' connection with 4-leg NPC (only one leg is represented).
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 444543183444444 Fig.4.4 Control strategy for TAB

  Where 𝑉 𝑎 =Battery side H-bridge voltage of the TAB 𝑉 𝑏 =NPC side H-bridge voltage of the TAB 𝜑 =Phase shift between 𝑉 𝑎 and 𝑉 𝑏 𝐿 = Energy transfer inductor So from all the presented results in Matlab/Simulink platform, it is observed that ∆𝑉 are almost nullified in both the unbalance conditions with the whole integrated charger. So the control strategy of the converter has been validated and it justifies our configuration of the charger that can support the unbalance power exchange between the grid and the car battery.

  Le secteur des transports, dépendant des moteurs à combustion, contribue à une grande quantité de CO2 dans l'atmosphère. Récemment, l'électrification du secteur des transports a attiré l'attention du monde entier en tant que solution potentielle et prometteuse aux problèmes susmentionnés. En conséquence, l'intérêt pour les véhicules électriques a augmenté rapidement ces dernières années et cette tendance semble continuer de croître dans un proche avenir.

Fig.R. 1

 1 Fig.R.1 Ventes mondiales de véhicules électriques et part de marché, 2013-2018

Fig.R. 2

 2 Fig.R.2 Concept de flux d'énergie bidirectionnel entre EV et réseau

Fig.R. 4

 4 Fig.R.4 Déséquilibre dans le réseau dû à une consommation d'énergie inégale par charge monophasée

1 S 2 S 3 S 4 S 5 S 6 S 7 S 8 S 9 S 10 S 11 S 12 S

 123456789101112 Fig.R.6 Configuration du convertisseur en pont en H avec une connexion neutre

  Fig.R.7 VSC bidirectionnel triphasé à 3 branches 4 fils à 2 niveaux

2 . 1 . 1

 211 Fig.R.8 VSC bidirectionnel triphasé 3-bras 4 fils 3 niveaux

Fig.R. 10

 10 Fig.R.10 Configuration expérimentale d'un VSC triphasé 4 fils 2 niveaux et 3 niveaux

3. 2 4 brasFig.R. 12

 2412 Fig.R.12 Stratégie de contrôle globale du NPC à 4 bras

Fig.R. 13

 13 Fig.R.13 Contrôle en boucle fermée du courant de l'axe-d

Fig. R. 14 :

 14 Fig.R.14 Stratégie pour découpler l'effet du contrôleur de courant de l'axe 0 et du contrôleur de tension capacitif du point central

3 . 5

 35 Fig.R.15 concept de simulation HIL

Fig

  Fig. R.17 Différence de tension des tensions supérieures et inférieures des condensateurs du bus DC dans la simulation HIL [Condition de test: (a) 𝑃 𝑎 = 𝑃 𝑏 = 𝑃 𝑐 = 7𝑘𝑊 and 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0𝑘𝑉𝐴𝑟 (b) 𝑃 𝑎 = 2.3 𝑘𝑊, 𝑃 𝑏 = -1.16𝑘𝑊, 𝑃 𝑐 = -1.16𝑘𝑊 and 𝑄 𝑎 = 0𝑘𝑉𝐴𝑟, 𝑄 𝑏 = -2.01𝑘𝑉𝐴𝑟, 𝑄 𝑐 = 2.01𝑘𝑉𝐴𝑟]

Fig. R. 18 Tableau R. 1 :

 181 Fig. R.18 Configuration pour compenser davantage l'oscillation de la tension du bus DCAvec cette configuration, un bras supplémentaire injectera le courant opposé au point médian du bus DC, en fonction de la différence de tension entre deux condensateurs de bus DC, ce qui réduira à son tour l'oscillation de tension par compensation de courant. Le tableau ci-dessous compare la variation de tension avec deux configurations.

  Dans ce chapitre, une stratégie de contrôle en boucle fermée avec le réglage des contrôleurs a été développée pour le convertisseur NPC à 4 bras, qui sera utilisé comme partie bidirectionnelle AC / DC du chargeur de batterie EV. Avec la stratégie contrôlée développée, le convertisseur NPC peut fonctionner en mode quatre quadrants, comme le montre la Fig. R.19.

Fig 4 4. 1 L

 41 Fig. R.19 Point de fonctionnement G2V et V2G du chargeur de batterie bidirectionnel EV basé sur la puissance active et réactive de référence

4. 2

 2 Configuration du chargeur de batterie EV bidirectionnel intégré La Fig. R.20 ci-dessous représente le chargeur de batterie bidirectionnel intégré, qui se compose d'un convertisseur NPC à 4 bras connecté avec TAB pour la conversion DC/DC. Différents échanges d'énergie entre le réseau et le chargeur et au sein du chargeur ont également été illustrés.

4 . 3 4 . 4 4 . 5

 434445 Fig. R.20 Chargeur de batterie EV intégré et flux de puissance à l'intérieur
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 2 M. Debbou, D. Frey, N. Bhowmick, F. Collet and S. Bacha, "Convertisseur NPC Quatre Bras pour les Véhicules électriques et Chargeur bidirectionnel comprenant une tel convertisseur", INPI [B7] WO2019186078A1 (A1), 2019.
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b. On-board EV battery charger: In

  

	case of on-board charger both AC/DC and DC/DC
	converters are present within EVs. This in turn increases the weight and volume of the cars
	[18]. However, on-board charger provides more flexibility. EVs are able to charge in
	residential as well as many other locations where an AC power source is available. On-
	board chargers are categorised into 2-levels :
	i) Single phase where the power rating is around 7.4 kW with JSAE1772 socket,
	popular in North America and Japan.
	ii) 3-phase where the power rating is upto 44kW with Mennekes or VDE-AR-E socket,
	popular in Germany [19].
	iii) Single phase of power level up to 7.4kW and 3-phase of power level upto 22kW
	with CCS-Combo socket are popular options in France [20].

Table 1 :

 1 time-domain based simulation as well as experimental tests, it can be concluded that in terms of oscillation at the middle point of the DC-bus, NPC is better than 2-level VSC during single phase operation and unbalance active and reactive powers[START_REF] Bhowmick | A Comparative Study of Capacitive Middle Point Voltage Oscillations for 3 Phase 2-Level and 3-Level Converters in Unbalanced Current Injection[END_REF] [START_REF] Bhowmick | Evaluation des ondulations de tension au point milieu capacitif pour les convertisseurs à deux et à trois niveaux[END_REF]. It will therefore allow using smaller capacitors in NPC for a specified ripple and making the integration easier.Thanks to Mathcad model, comparison between 4-wire 2-level and 3-level VSI has been donefor different power exchanges, keeping𝑉 𝐷𝐶 = 800𝑉. Minimum value of DC-bus capacitors are taken, considering the threshold of ∆𝑣 𝐶 ≤ 5% 𝑜𝑓 𝑉 𝐷𝐶 = 40𝑉 for NPC. Comparison of DC-bus voltage oscillations between 4-wire 2-level and 3-level VSI in different power exchange conditions with different capacitors

	𝑪 (µ𝑭) 𝑷 𝟏 (𝒌𝑾) 𝑷 𝟐 (𝒌𝑾) 𝑷 𝟑 (𝒌𝑾) 𝑸 𝟏 (𝒌𝑽𝒂𝒓) 𝑸 𝟐 (𝒌𝑽𝒂𝒓) 𝑸 𝟑 (𝒌𝑽𝒂𝒓) ∆𝒗 𝑪𝟑𝑳 (𝑽) ∆𝒗 𝑪𝟐𝑳 (𝑽)
	758	7.36	0	0	0	0	0	40	86.2
	547	7.36	3.68	3.68	0	0	0	40	74.7
	841	7.36	0	0	0	-3.68	-3.68	40	95.4
	292	2.3	-1.16	-1.16	0	-2.01	2.01	40	65.6

3.2 Unbalanced power exchange condition

  In case of unbalance current injection condition, instantaneous power transfer theory is used to determine the capacitor rating.

	Considering lossless converter,
	𝒑 𝒊𝒂𝒄 (𝒕) = 𝒑 𝒊𝒅𝒄 (𝒕)	
			8 * 0.93 * 43 600𝜋 2 * 50 =1.1mF
	Considering C=4.7mF (as this capacitor is available for the test bench),
	∆𝑉 𝑝𝑝 =	8 * 0.93 * 43 * 10 3 7050 * 𝜋 2	= 4.6𝑉
	Also from simulation result, shown in Fig.2.26, it is observed that the oscillation is around
	4.4V, which validates our analytical calculations.

Fig.2.26 Voltage ripple through DC-bus capacitors in NPC during balanced power exchange 2.4.

  According to Equ. 49, this total power will come to the DC-side of the converter. But DC component (P) will flow through the battery whereas,𝑝 ̃ that includes 100Hz component, will flow through the DC-bus capacitors.Fig.2.27 Instantaneous power transfer through NPCThe 100 Hz AC-component that creates the oscillation in the DC-bus capacitors is:

	𝒑 ̃(𝒕) = -{√(𝑷 𝒂 𝟐 + 𝑸 𝒂 𝟐 ) * 𝒄𝒐𝒔 (𝟐𝝎𝒕 -𝒕𝒂𝒏 -𝟏 𝑸 𝒂 𝑷 𝒂	) + √(𝑷 𝒃 𝟐 + 𝑸 𝒃 𝟐 ) * 𝒄𝒐𝒔 (𝟐𝝎𝒕 -	𝟒𝝅 𝟑	-𝒕𝒂𝒏 -𝟏 𝑸 𝒃 𝑷 𝒃	) +
	√(𝑷 𝒄 𝟐 + 𝑸 𝒄 𝟐 ) * 𝒄𝒐𝒔 (𝟐𝝎𝒕 +	𝟒𝝅 𝟑 -𝒕𝒂𝒏 -𝟏 𝑸 𝒄 𝑷 𝒄	)}
	Total instantaneous AC-power :
	𝒑 𝒊𝒕𝒐𝒕 (𝒕) = 𝒑 𝒊𝒂 (𝒕) + 𝒑 𝒊𝒃 (𝒕) + 𝒑 𝒊𝒄 (𝒕)
	= {√(𝑷 𝒂 𝟐 + 𝑸 𝒂 𝟐 ) * 𝒄𝒐𝒔 (𝒕𝒂𝒏 -𝟏 𝑸 𝒂 𝑷 𝒂	) + √(𝑷 𝒃 𝟐 + 𝑸 𝒃 𝟐 ) * 𝒄𝒐𝒔 (𝒕𝒂𝒏 -𝟏 𝑸 𝒃 𝑷 𝒃	) + √(𝑷 𝒄 𝟐 + 𝑸 𝒄 𝟐 ) *
	𝒄𝒐𝒔 (𝒕𝒂𝒏 -𝟏 𝑸 𝒄 𝑷 𝒄	)} -{√(𝑷 𝒂 𝟐 + 𝑸 𝒂 𝟐 ) * 𝒄𝒐𝒔 (𝟐𝝎𝒕 -𝒕𝒂𝒏 -𝟏 𝑸 𝒂 𝑷 𝒂	) + √(𝑷 𝒃 𝟐 + 𝑸 𝒃 𝟐 ) * 𝒄𝒐𝒔 (𝟐𝝎𝒕 -	𝟒𝝅 𝟑	-
	𝒕𝒂𝒏 -𝟏 𝑸 𝒃 𝑷 𝒃	) + √(𝑷 𝒄 𝟐 + 𝑸 𝒄 𝟐 ) * 𝒄𝒐𝒔 (𝟐𝝎𝒕 +	𝟒𝝅 𝟑 -𝒕𝒂𝒏 -𝟏 𝑸 𝒄 𝑷 𝒄	)}	(49)
	Or, 𝒑 𝒊𝒕𝒐𝒕 (𝒕) = 𝑷 + 𝒑 ̃(𝒕)		
				( ) p t	( ) p t P p t ( ) itot  
			P		
						4 leg 	NPC

Table 2 :

 2 Switching states and corresponding output voltages of NPC

  𝒂 = 𝑼 𝒎𝟏 𝒔𝒊𝒏𝝎𝒕, 𝒖 𝒃 = 𝑼 𝒎𝟐 𝒔𝒊𝒏(𝝎𝒕 -

										𝟐𝝅 𝟑 + 𝝋 𝟏 ) and 𝒖 𝒄 = 𝑼 𝒎𝟑 𝒔𝒊𝒏(𝝎𝒕 +	𝟐𝝅 𝟑 + 𝝋 𝟐 )
	𝒖 𝒅 =	𝟐 𝟑	(𝑼 𝒎𝟏 𝒔𝒊𝒏 𝟐 𝝎𝒕 + 𝑼 𝒎𝟐 𝒔𝒊𝒏(𝝎𝒕 -	𝟐𝝅 𝟑	)𝒔𝒊𝒏(𝝎𝒕 -	𝟐𝝅 𝟑	+ 𝝋 𝟏 ) + 𝑼 𝒎𝟑 𝒔𝒊𝒏(𝝎𝒕 +	𝟐𝝅 𝟑	)𝒔𝒊𝒏(𝝎𝒕 +
	𝟐𝝅 𝟑	+ 𝝋 𝟐 )					
	𝑶𝒓, 𝒖 𝒅 =	𝟏 𝟑 (𝑼 𝒎𝟏 + 𝑼 𝒎𝟐 𝒄𝒐𝒔𝝋 𝟏 + 𝑼 𝒎𝟑 𝒄𝒐𝒔𝝋 𝟐 ) -	𝟏 𝟑 [𝑼 𝒎𝟏 𝒄𝒐𝒔𝟐𝝎𝒕 + 𝑼 𝒎𝟐 𝒄𝒐𝒔(𝟐𝝎𝒕 -	𝟒𝝅 𝟑 + 𝝋 𝟏 ) +
	𝑼 𝒎𝟑 𝒄𝒐𝒔(𝟐𝝎𝒕 +	𝟒𝝅 𝟑 + 𝝋 𝟐 )]	
										(54)
	𝒖 𝒒 =	𝟐 𝟑 (𝑼 𝒎𝟏 𝒔𝒊𝒏𝝎𝒕𝒄𝒐𝒔𝝎𝒕 + 𝑼 𝒎𝟐 𝒄𝒐𝒔(𝝎𝒕 -	𝟐𝝅 𝟑 )𝒔𝒊𝒏(𝝎𝒕 -	𝟐𝝅 𝟑 + 𝝋 𝟏 ) + 𝑼 𝒎𝟑 𝒄𝒐𝒔(𝝎𝒕 +
	𝟐𝝅 𝟑 )𝒔𝒊𝒏(𝝎𝒕 +	𝟐𝝅 𝟑 + 𝝋 𝟐 )	
	𝑶𝒓, 𝒖 𝒒 =	𝟏 𝟑	(𝑼 𝒎𝟐 𝒔𝒊𝒏𝝋 𝟏 + 𝑼 𝒎𝟑 𝒔𝒊𝒏𝝋 𝟐 ) +	𝟏 𝟑 [𝑼 𝒎𝟏 𝒔𝒊𝒏𝟐𝝎𝒕 + 𝑼 𝒎𝟐 𝒔𝒊𝒏(𝟐𝝎𝒕 -	𝟒𝝅 𝟑 + 𝝋 𝟏 ) +
	𝑼 𝒎𝟑 𝒔𝒊𝒏(𝟐𝝎𝒕 +	𝟒𝝅 𝟑 + 𝝋 𝟐 )]		(55)
	𝒖 𝟎 =	𝟏 𝟑 [𝑼 𝒎𝟏 𝒔𝒊𝒏𝝎𝒕 + 𝑼 𝒎𝟐 𝒔𝒊𝒏 (𝝎𝒕 -	𝟐𝝅 𝟑 + 𝝋 𝟏 ) + 𝑼 𝒎𝟑 𝒔𝒊𝒏(𝝎𝒕 +	𝟐𝝅 𝟑 + 𝝋 𝟐 )]

  = 𝑽 𝒄𝒐𝒏𝒒 + 𝝎𝑳𝒊 𝒅 [𝑉 𝑠𝑞 = 0 as for balanced 3-phase system, 𝑣 𝑠 does not have any quadrature component]

	These voltage equations in synchronously rotating reference frame (dq0) can be written as:
	𝑹𝒊 𝒅 + 𝑳	𝒅𝒊 𝒅 𝒅𝒕 = 𝑽 𝒄𝒐𝒏𝒅 -𝑽 𝒔𝒅 -𝝎𝑳𝒊 𝒒	(64)
	𝑹𝒊 𝒒 + 𝑳	𝒅𝒊 𝒒 𝒅𝒕	= 𝑽 𝒄𝒐𝒏𝒒 -𝑽 𝒔𝒒 + 𝝎𝑳𝒊 𝒅	(65)
	𝑂𝑟, 𝑹𝒊 𝒒 + 𝑳	𝒅𝒊 𝒒
	𝑹𝒊 𝟎 + 𝑳	𝒅𝒊 𝟎 𝒅𝒕	= 𝑽 𝒄𝒐𝒏𝟎 -𝑽 𝒔𝟎	(66)
	𝑂𝑟, 𝑹𝒊 𝟎 + 𝑳	𝒅𝒊 𝟎 𝒅𝒕	= 𝑽 𝒄𝒐𝒏𝟎	[𝑉 𝑠0 = 0 as for balanced 3-phase system, 𝑣 𝑠 does not have any
	zero component]
			𝑹𝒊 𝒔𝒂 + 𝑳	𝒅𝒊 𝒔𝒂 𝒅𝒕	+ 𝑽 𝒔𝒂	(61)
	𝒗 𝒄𝒐𝒏𝒃 = 𝑹𝒊 𝒔𝒃 + 𝑳	𝒅𝒊 𝒔𝒃 𝒅𝒕 + 𝑽 𝒔𝒃	(62)
	𝒗 𝒄𝒐𝒏𝒄 = 𝑹𝒊 𝒔𝒄 + 𝑳	𝒅𝒊 𝒔𝒄 𝒅𝒕 + 𝑽 𝒔𝒄	(63)
	Where 𝐿 = 𝐴𝐶 -𝑠𝑖𝑑𝑒 𝑖𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒	𝑅 = 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑡𝑜 𝐿

𝒅𝒕

Table 3 :

 3 has been prepared to compare between ∆𝑣 𝐶3𝑙𝑒𝑔 and∆𝑣 𝐶4𝑙𝑒𝑔 in diffrent power exchange condition between three phases with different capacitors that can assure∆𝑣 𝐶4𝑙𝑒𝑔 = 5% 𝑜𝑓 𝑉 𝐷𝐶 .𝑪 (µ𝑭) 𝑷 𝟏 (𝒌𝑾) 𝑷 𝟐 (𝒌𝑾) 𝑷 𝟑 (𝒌𝑾) 𝑸 𝟏 (𝒌𝑽𝒂𝒓) 𝑸 𝟐 (𝒌𝑽𝒂𝒓) 𝑸 𝟑 (𝒌𝑽𝒂𝒓) ∆𝒗 𝑪𝟑𝒍𝒆𝒈 (𝑽) ∆𝒗 𝑪𝟒𝒍𝒆𝒈 (𝑽) Comparison of DC-bus voltage oscillations between 3-leg and 4-leg NPC in different powerexchange conditions with same capacitor 77 𝑪 (µ𝑭) 𝑷 𝟏 (𝒌𝑾) 𝑷 𝟐 (𝒌𝑾) 𝑷 𝟑 (𝒌𝑾) 𝑸 𝟏 (𝒌𝑽𝒂𝒓) 𝑸 𝟐 (𝒌𝑽𝒂𝒓) 𝑸 𝟑 (𝒌𝑽𝒂𝒓) ∆𝒗 𝑪𝟑𝒍𝒆𝒈 (𝑽) ∆𝒗 𝑪𝟒𝒍𝒆𝒈 (𝑽)

	245	7.36	0	0	0	0	0	177.4	119.8
	245	7.36	3.68	3.68	0	0	0	94.62	59.9
	245	7.36	0	0	0	-3.68	-3.68	212.5	133.7
	245	2.3	-1.16	-1.16	0	-2.01	2.01	62	39.16

2 Comparaison entre les convertisseurs triphasés à 3 bras 4 fils et triphasés à 4 bras dans différentes conditions de réseau

  Pour les conditions d'échange de puissance monophasée et déséquilibrée, qui est l'objectif principal de cette thèse, les oscillations de tension au point médian du bus DC sont moindres dans le cas d'un VSI à 3 niveaux par rapport à un VSI à 2 niveaux. De plus, le taux d'incrémentation de dV est plus élevé dans les onduleurs à 2 niveaux, avec incrément de courant neutre. Ainsi, des condensateurs de valeurs nominales plus élevées doivent être utilisés dans un VSI à 2 niveaux que dans un VSI à 3 niveaux afin de limiter les dV dans une plage. Cela augmente à son tour le poids et le volume du VSI à 2 niveaux. Ainsi, on peut conclure que le VSC à 3 niveaux est meilleur que le VSC à 2 niveaux pendant une condition d'échange de puissance monophasée et déséquilibrée entre trois phases en termes de volume et de poids du convertisseur AC / DC.Sur la base du modèle Mathcad, le tableau 1 a été préparé pour comparer entre ∆𝑣 𝐶3𝑙𝑒𝑔 et ∆𝑣 𝐶4𝑙𝑒𝑔 dans différentes conditions d'échange de puissance entre trois phases avec le même condensateur, alors que le tableau 2 a été préparé pour comparer entre ∆𝑣 𝐶3𝑙𝑒𝑔 et ∆𝑣 𝐶4𝑙𝑒𝑔 dans différentes conditions d'échange de puissance entre trois phases avec des condensateurs différents qui peuvent assurer ∆𝑣 𝐶4𝑙𝑒𝑔 = 5% 𝑑𝑒 𝑉 𝐷𝐶 . 𝑪 (µ𝑭) 𝑷 𝟏 (𝒌𝑾) 𝑷 𝟐 (𝒌𝑾) 𝑷 𝟑 (𝒌𝑾) 𝑸 𝟏 (𝒌𝑽𝒂𝒓) 𝑸 𝟐 (𝒌𝑽𝒂𝒓) 𝑸 𝟑 (𝒌𝑽𝒂𝒓) ∆𝒗 𝑪𝟑𝒍𝒆𝒈 (𝑽) ∆𝒗 𝑪𝟒𝒍𝒆𝒈 (𝑽) Tableau 1: Comparaison des oscillations de tension du bus DC entre les NPC à 3 et 4 bras dans différentes conditions d'échange d'énergie avec le même condensateur 𝑪 (µ𝑭) 𝑷 𝟏 (𝒌𝑾) 𝑷 𝟐 (𝒌𝑾) 𝑷 𝟑 (𝒌𝑾) 𝑸 𝟏 (𝒌𝑽𝒂𝒓) 𝑸 𝟐 (𝒌𝑽𝒂𝒓) 𝑸 𝟑 (𝒌𝑽𝒂𝒓) ∆𝒗 𝑪𝟑𝒍𝒆𝒈 (𝑽) ∆𝒗 𝑪𝟒𝒍𝒆𝒈 (𝑽) Tableau 2: Comparaison des oscillations de tension du bus DC entre les NPC à 3 et 4 bras dans différentes conditions d'échange d'énergie avec différents condensateurs D'après le Tableau 1 et le Tableau 2, il est observé que toujours ∆𝑣 𝐶3𝑙𝑒𝑔 ≥ ∆𝑣 𝐶4𝑙𝑒𝑔 , pour les mêmes capacités de condensateur et les mêmes conditions de réseau. Ainsi, nous pouvons conclure que les condensateurs de bus DC de puissance nominale plus élevée sont nécessaires dans les NPC à 3 bras par rapport aux NPC à 4 bras dans des conditions de réseau similaires pour obtenir ∆𝒗 𝑪 dans notre limite autorisée. Grâce à tous ces tests et observations, nous pouvons conclure que le NPC à 4 bras est la meilleure structure bidirectionnelle AC / DC en termes de volume qui peut être intégrée au chargeur de batterie EV bidirectionnel embarqué qui peut injecter les puissances actives et réactives requises pour la grille.

	245	7.36	0	0	0	0	0	177.4	119.8
	245	7.36	3.68	3.68	0	0	0	94.62	59.9
	245	7.36	0	0	0	-3.68	-3.68	212.5	133.7
	245	2.3	-1.16	-1.16	0	-2.01	2.01	62	39.16
	733	7.36	0	0	0	0	0	44.9	40
	365	7.36	3.68	3.68	0	0	0	87.48	40
	820	7.36	0	0	0	-3.68	-3.68	44.8	40
	238	2.3	-1.16	-1.16	0	-2.01	2.01	63.35	40

à 2 niveaux et, par conséquent, aucune oscillation de tension n'est observée dans le bus DC.

En raison de la structure du NPC, une composante de courant de 150 Hz (3 fois la fréquence fondamentale) circule au point médian du bus DC et qui conduit l'oscillation de tension du bus DC. Cette oscillation augmente avec le courant neutre.

2.
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Chapter 2

AC/DC CONVERTER

This chapter introduces the comparison and selection of AC/DC bidirectional converter that is suitable for onboard EV charger with V2G application in case of unbalance current injection situation.

Chapter 3

AC/DC CONVERTER CONTROL

This chapter introduces the control strategy of the proposed 4-leg NPC converter, which is used as AC/DC bidirectional converter part of the onboard EV charger with V2G application.

Chapter 4

INSULATED DC/DC CONVERTER

This chapter introduces both the configuration and the control strategy of insulated DC/DC converter that is required for regulating the battery current of the bidirectional EV battery charger with V2G application.

From Pole-Zero cancellation method,

𝑂𝑟, 𝐾 𝑖 = 8.69 As mentioned earlier, that proper designing of the PI controller was not done due to our hypothesis to use 20Hz cut-off frequencies for both the PI controllers that are used in TAB.

Considering the same calculations made in Equ. 87 and 88, parameters of the PI-controller associated with energy difference are 𝐾 𝑝 = 31.4 and 𝐾 𝑖 = 433.1.

After calculating the parameters of the PI controllers, Matlab simulations of the integrated charger have been done for different conditions and discussed in the following section.

However, with this hypothesis, power transfer to the battery will be limited.

Associated results in Matlab/Simulink platform:

After understanding the theory and design of the closed loop control strategy of the TAB, Matlab/Simulink model has been developed for the integrated bidirectional EV battery charger which includes both grid-connected 4-leg NPC (for bidirectional AC/DC power transfer) and TAB (for bidirectional DC/DC power transfer).

Integrated charger has been simulated in closed loop for 3-phase balanced power transfer operating conditions (𝑃 𝑎 = 𝑃 𝑏 = 𝑃 𝑐 = 7𝑘𝑊 𝑄 𝑎 = 𝑄 𝑏 = 𝑄 𝑐 = 0𝑘𝑉𝐴𝑟) for checking the phase shifts between the modulating signals. From Fig. 4.6, it is observed that there are phase differences between these generated modulating signals and this in turn will create the phase differences between the gate pulses of three H-bridges.

Fig.4.6 Modulating signals of the TAB

In order to justify the effectiveness of the proposed bidirectional EV battery charger, it has been tested for all single-phase, 3-phase balance and unbalance power exchange conditions. However, results have been shown only for single phase and 3-phase unbalance power exchange condition which are the main objectives of this thesis. The active and reactive powers for both these conditions are:

Chapter 5

GENERAL CONCLUSIONS AND FUTURE WORKS

This section of the thesis presents the general conclusions of the thesis and the future works, which can be done based on it, regarding bidirectional EV battery charger with V2G application.

It can be useful to study other AC/DC bidirectional converter topologies that can allow the advantages of the multilevel configuration as well as without having capacitive middle point problem, such as, Flying Capacitor structure.

5.

In order to avoid the perturbations passing through the transformer in the TAB, it could be imaginable to adapt the control laws that can reject the perturbations by adding a Phi variation in compensating the voltage variation at the DC-bus side.

Résumé de la thèse

En raison de l'industrialisation et de l'augmentation exponentielle de la population mondiale, la consommation de combustibles fossiles augmente également. Les risques environnementaux, tels que les émissions de gaz à effet de serre et l'augmentation de la température mondiale sont les effets d'une consommation accrue de combustibles fossiles. Il  Les courants de séquence négative, générés en raison de l'affaissement de la tension de déséquilibre, ont des impacts négatifs sur l'ensemble du système de distribution d'énergie.

Il réduit le rendement des transformateurs, des lignes de transmission et des machines côté charge.

Afin d'atténuer le déséquilibre de courant, la puissance active ou réactive requise doit être injectée au réseau à partir de l'unité de stockage extérieure, qui peut être une batterie EV avec un convertisseur bidirectionnel. Il peut redistribuer les courants en injectant ou en absorbant la bonne quantité de puissance active et réactive de chaque phase, comme le montre la Fig. 

R.5.