𝑚𝑜𝑑 𝑥 * = 𝑣 𝑥 * + 𝑣 𝑛0 𝑥 ∈ {1,2,3} 𝑣 𝑑𝑐 * . This loop includes two controllers, the inner current controller and the outer voltage controller. At the bottom of Figure 4.7, we have the current control loop for the second converter (inverter). This control loop is applied in order to determine 𝑣 2𝑎 * , 𝑣 2𝑏 * and 𝑣 2𝑐 * , which are the input reference voltages of the second converter's PWM strategy. They are computed using current controller that regulates the load current 𝑖 2𝑎 * , 𝑖 2𝑏 * and 𝑖 2𝑐 * or their maximum 𝐼 2 𝑚𝑎𝑥 * in 𝑑𝑞 frame. o 𝜓 = 60° for DPWM2 -DPWM3: 𝑣 𝑛0 = 𝑠𝑖𝑔𝑛(𝑉 𝑚𝑒𝑑𝑖𝑢𝑚 ) • 𝑣 𝑑𝑐 2 -𝑉 𝑚𝑒𝑑𝑖𝑢𝑚 , where 𝑉 𝑚𝑒𝑑𝑖𝑢𝑚 is the intermediate value between the reference voltages (𝑣 1 * , 𝑣 2 * , 𝑣 3 * ). -DPWMMAX: 𝑣 𝑛0 = 𝑣 𝑑𝑐 2 -𝑉 𝑚𝑎𝑥 , or 𝑉 𝑚𝑎𝑥 = max(𝑣 1 * , 𝑣 2 * , 𝑣 3 * ).
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Abstract

The impact of Pulse Width Modulation (PWM) strategies on the stresse of the decoupling capacitors at the input of a three-phase converter is currently well known, as well as the behavior of the supplied load (power factor). A large panel of modulation techniques is currently available and can be applied according to the various environmental constraints (stress on the capacitors but also quality of the currents in the load or switching losses in the semiconductors). However, in many application contexts, the DC bus can be shared between several converters that will individually stress the decoupling capacitor(s).

The objective of this thesis is to study the implementation of PWM strategies between several converters sharing their DC bus. More precisely, a study of the case of back-to-back converters connected on Doubly Fed Induction Machine (DFIM) has been done.

The aim of this study is to evaluate the impact of interleaved PWM strategies on the RMS current flowing through the DC link capacitor associated to two back-to-back three-phase Full Bridges (FB). Indeed, this value is usually the key-parameter for the sizing of this (or these) component(s), far above the capacitance, especially for aluminum electrolytic capacitors. Interleaving technique is applied on two different strategies:

 Classical (single carrier) Space-Vector PWM strategy (SVPWM).

 Unified Double Carrier PWM (Uni-DCPWM) that is dedicated to the reduction of the RMS current for a single FB.

Our study also aims to reduce the RMS current in the capacitor and find the optimal value of the interleaving time dynamically for all operating points.

Résumé

L'impact des stratégies Modulation de Largeur d'Impulsion MLI sur les sollicitations des condensateurs de découplage en entrée d'un onduleur triphasé est bien connu à l'heure actuelle au même titre que le comportement de la charge alimentée (facteur de puissance).

On dispose à l'heure actuelle d'un large panel de techniques de modulation applicables en fonction des diverses contraintes d'environnement (stress des condensateurs mais aussi qualité des courants dans la charge ou pertes par commutation dans les semi-conducteurs). 

Introduction

The wind turbines offered in the market can be divided into two main categories according to the electric generator: those equipped with an asynchronous generator (about 75% of the market), and those equipped with a synchronous generator (about 25% of the market) [START_REF]Turbines asynchrones ou synchrones[END_REF].

Referring to Figure 0.1, by 2050, solar power, with 8 500 GW installed capacity, and wind, with 6 000 GW, would account for three-fifths of global electricity generation [START_REF] Irena | Global energy transformation: A roadmap to 2050[END_REF]. Today, wind power generation systems that has a capacity of 1 MW and more almost exclusively use the Doubly Fed Induction Machine (DFIM) [START_REF] Ghennam | Supervision d'une ferme éolienne pour son intégration dans la gestion d'un réseau électrique, Apports des convertisseurs multi niveaux au réglage des éoliennes à base de machine asynchrone à double alimentation[END_REF]. This machine is very popular because it has some advantages over all other variable-speed machine types. Its use in the electro-mechanical conversion chain as generator or motor has grown in recent years [START_REF] Bennani | Machine asynchrone à double alimentation: Les lois de commande en régime permanent[END_REF]. Indeed, the static converter that used to rectify-wave the alternating currents of the rotor has a rated power which is fractional of that of the machine, which reduces its cost compared to competing topologies.

The doubly fed induction machine is a wound rotor induction machine. The stator windings are connected directly to the three-phase grid while the rotor windings are connected to power converters that are bi-directional in current. The power passing through these converters can be absorbed or produced by the machine, depending on the operating mode (sub/super-synchronous). The capacitor between two converters represents the shared DC bus. This electromechanical conversion system is depicted in Figure 0.2.

Figure 0.2: Electro-mechanical conversion system based on a DFIM

In the back-to-back converters structure driving the doubly fed induction machine rotor, the RMS value of the current passes through the decoupling capacitor of the DC-link is the key parameter for sizing this later [START_REF] Nguyen | Extended double carrier PWM strategy dedicated to RMS current reduction in DC link capacitors of three-phase inverters[END_REF]. In fact, this current is directly linked to the Pulse Width Modulation (PWM) strategy used to control both converters. In the literature, this problem has been very detailed for a single inverter [START_REF] Hobraiche | Comparaison des stratégies de modulation à largeur d'impulsions triphasées-Application à l'alterno-démarreur[END_REF]- [START_REF] Nguyen | PWM strategy dedicated to the reduction of DC bus capacitor stress in embedded three phase inverter[END_REF], but it has been very little addressed in the case of several converters. For example, in [START_REF] Rouhana | Contribution à la réduction des composants passifs dans les convertisseurs électroniques de puissance embarqués Thèse[END_REF], a quick study has been carried out on a dual converter architecture for vehicles but in this case, we are confronted with a major difficulty that is the operating points of these two converters are independent. In this context, the development of a joint pulse width modulation strategy for both bridges is very difficult.

The problem is simpler to tackle here because in the structure of Figure 0.2, the operating points of the two converters are always related, because the instantaneous power flowing through the converter connected to the grid must be the same as the one injected into the rotor of the doubly fed induction machine in order to stabilize the DC bus voltage. Thus, only the fundamental frequencies of the controls of these two bridges, their amplitudes and the current/voltage phase shifts on each AC side differ.

The objective of this thesis work was to integrate this aspect of the close control of the switches within a global control of the system structure presented above and used in a context of fixed frequency and variable speed generation.

Besides the introduction and conclusion, this thesis report consists of four chapters as depicted in Figure 0.3. First chapter deals with the doubly fed induction machine, starting with its interest through its principle of operation that is detailed by talking about the electromagnetic torque production, sub/super synchronism mode and motor/generator operation. Then an analysis and modelling for the doubly fed induction machine is done.

After that, second chapter is devoted to the control of this machine where the doubly fed induction machine model (obtained in chapter 1) is simplified under the Stator Flux Orientation (SFO) concept. And then a test is done in order to analyze the performance of this control. Finally, chapter 4 is dedicated to the back-to-back converter system (global system), where the static converter, DFIM and its control are assembled. In addition, in this chapter the interleaving time factor (between the PWM strategies of the converters) is introduced in order to study its impact on the shared DC-link current in both cases: SVPWM and Uni-DCPWM strategies. Therefore, simulation results are shown for different operation points.

At the end of this chapter an algorithm is proposed for tracking the optimal value of the interleaving time for each operating point. Finally, this thesis will end with a general conclusion summarizing the main results obtained as well as some perspectives that is important to be done.

Chapter 1: Doubly Fed Induction Machine

Interest of DFIM

The direct connection of Induction Machines (IM) to the network obligates the speed to remain almost constant so that the machine remains close to synchronism. This restriction leads to decrease the efficiency for Wind Turbine (WT) applications at high wind speeds.

The addition of the power converter between the stator and the grid results in a decoupling between the frequency of the electricity main grid and the rotating speed of the machine that allows operating at variable speed. However, this converter must be sized to handle the entire power generated by the machine. With the use of IM with double power supply driven by the rotor, most of the power is directly distributed to the grid by the stator and part of this power (generally less than 25%)

goes through the converters of power through the rotor (see Figure 1.1). This gives the opportunity to use smaller and therefore less expensive converters [START_REF] Camblong | Minimisation de l'impact des perturbations d'origine éolienne dans la génération d'électricité par des aérogénérateurs à vitesse variable[END_REF]. The presence of this converter allows to control the power at the generator output and handle the speed fluctuation. The disadvantage of this system is the presence of brushes at the rotor, which requires more important maintenance work.

For WT application where the Doubly Fed Induction Generator (DFIG) is widely used, the rotor speed is adjusted according to the wind speed. Indeed, the DFIG allows an operation in sub-synchronous and super-synchronous modes. The advantage of variable speed for a WT is that it can operate over a wide range of wind speeds, which allows to extract the maximum possible power for each wind speed [START_REF] Zamzoum | Power control of variable speed wind turbine based on doubly fed induction generator using indirect field-oriented control with fuzzy logic controllers for performance optimization[END_REF].

With these configurations, the WT that uses induction machine has undergone a big evolution, that has led today to intensive use of DFIG in 80% of installed WT [START_REF] Camblong | Minimisation de l'impact des perturbations d'origine éolienne dans la génération d'électricité par des aérogénérateurs à vitesse variable[END_REF].

This chapter is going to deal with the operation principle of the DFIM by presenting its case of running in sub/super synchronism condition for both operation: modes motor and generator. Then a mathematical model for the machine is done in stationary and rotating frames which allow finding its powers and torque expressions, and also, finding a simplified block diagram for the machine. Finally, a free acceleration test is performed for the obtained mathematical model. with respect to the rotor. In order to maintain the average torque constant when the rotor rotates with regard to the stator, it is obligated that both MMF 𝐹 𝑠 and 𝐹 𝑟 remain synchronous. This would imply that the rotor itself must rotate at a speed of Ω = Ω 𝑠 -Ω 𝑟 . Any other speed produces a continuous sliding of the rotor poles in relation to the stator poles. The average torque would then be zero and the machine would stop [START_REF] Wildi | électrotechnique[END_REF].

Operation principle of DFIM

The resulting MMF 𝐹 is the sum of 𝐹 𝑟 and 𝐹 𝑠 as described in (1.1) The electromagnetic torque between both MMFs, represented by 𝐹 and 𝐹 𝑟 ̅ , is their cross product as expressed in (1.3) [START_REF] Bennani | Machine asynchrone à double alimentation: Les lois de commande en régime permanent[END_REF]. The equation (1.5) yields to:

𝑇 𝑒𝑚 = ‖𝐹 × 𝐹 𝑟 ‖ (1.3)
𝛺 = (1 -𝑠). 𝛺 𝑠 (1.8)
If the source connected to the rotor creates 𝐹 𝑟 that rotates in the opposite direction of 𝐹 𝑠 , the slip becomes negative and the rotor will turn faster than the rotating field created by the stator because 𝛺 > 𝛺 𝑠 . In this case the machine runs in super-synchronous mode.

If the source connected to the rotor creates 𝐹 𝑟 which rotates in the same direction of 𝐹 𝑠 , the slip is positive and the rotor will rotate slower than the rotating field created by the stator because 𝛺 < 𝛺 𝑠 . Therefore the machine runs in sub-synchronous mode [START_REF] Wildi | électrotechnique[END_REF].

In the conventional IM which is Squirrel Cage Induction Machine (SCIM), the machine operates in generator (motor) mode when the slip factor is negative (positive). This is not the case with DFIM where the slip sign indicates if the machine operates in sub or super synchronous modes and it does not mean if the machine runs as motor or generator.

Moreover, with DFIM, it is even possible to operate at synchronous speed (Ω = Ω 𝑠 ).

Generator and motor operations

For generator operation, the DFIM requires a torque on the shaft of the machine in the same direction of the rotating field 𝐹 𝑠 . The effect of this torque causes a forward shift of the rotor poles with respect to the stator poles and therefore the MMF of the rotor 𝐹 𝑟 is leading both MMFs 𝐹 𝑠 and 𝐹 (Figure 1.3). The electromagnetic torque of the machine that is applied to the rotor becomes a resistant torque in the opposite direction of the machine rotation [START_REF] Poitiers | Etude et commande de génératrices asynchrones pour l'utilisation de l'énergie éolienne-machine asynchrone a cage autonome-machine asynchrone a double alimentation reliée au réseau[END_REF].

For motor operation, the resulting MMF 𝐹 is leading the MMF 𝐹 𝑟 . The torque on the machine shaft is a resistant torque in the opposite direction of the rotational speed of the rotating field 𝐹 𝑠 and the electromagnetic torque of the machine is a motor torque in the same direction as the rotation.

Each operating mode requires an appropriate control for the rotor voltages, which allows to manage the magnetic field inside the machine and offers the possibility to work in super or sub synchronism speed as well as in motor or generator modes. Noting that, it is no longer the speed of rotation that imposes the motoring and generating operations. 

Power transfer in DFIM

The presence of the converter between the rotor and the main grid (like third configuration in Figure 1.1) allows the power to be controlled between the stator and the grid. Figure 1.4

shows the different configurations of the DFIM operation where the stator is connected directly to the grid and the rotor is connected to the grid via the converter. 𝑃 𝑠 is the real power passing through the stator, 𝑃 𝑟 is the real power passing through the rotor, and 𝑃 𝑚 , the mechanical power. For power transfer, we distinguish four possible cases [START_REF] Bennani | Machine asynchrone à double alimentation: Les lois de commande en régime permanent[END_REF], [START_REF] Cadirci | Double-output induction generator operating at subsynchronous and supersynchronous speeds: steady-state performance optimisation and wind-energy recovery[END_REF]:

A. When the machine is running as a motor, the power is supplied by the grid to the stator. If the rotational speed is lower than the synchronism speed, the rotor power 𝑃 𝑟 (or slip power) is recovered to the network (𝑃 𝑟 = 𝑠. 𝑃 𝑠 ). In this case the machine operates in subsynchronous as motor. The classical IM can have this operation; however, the slip power is then dissipated as copper losses (heating) in the rotor. The mathematical conditions that reflect this operation while neglecting all losses are: 𝑠 > 0, 𝑃 𝑠 > 0, 𝑃 𝑚 > 0, 𝑃 𝑟 > 0 B. In super-synchronous motor mode, part of the power absorbed by the network goes to the rotor and is converted into mechanical power. The power is therefore supplied to the machine by the stator and the rotor too. The conventional induction machine cannot have this operation. The mathematical conditions are as follows:

𝑠 < 0, 𝑃 𝑠 > 0, 𝑃 𝑚 > 0, 𝑃 𝑟 < 0 C. In sub-synchronous generator mode, the power supplied to the machine by the device that drives it (like WT), it is called a mechanical power. The latter is transferred to the grid by the stator. The slip power is also supplied by the rotor. We therefore have a generator operation below the synchronization speed (sub-synchronous). The conventional induction machine cannot have this mode of operation. The mathematical conditions are as follows: 𝑠 > 0, 𝑃 𝑠 < 0, 𝑃 𝑚 < 0, 𝑃 𝑟 < 0 D. Last case is when the mechanical power delivered to the machine is transferred to the grid via the stator and the slip power is recovered via the rotor to be fed back into the grid. We therefore have a generator operates above the synchronization speed (supersynchronous). Also this mode is available and possible in the conventional SCIM but in this case the slip power is dissipated as Joule's losses in the rotor. The mathematical conditions are as follows:

𝑠 < 0 , 𝑃 𝑠 < 0, 𝑃 𝑚 < 0 , 𝑃 𝑟 > 0 We can therefore deduce that the DFIM has two main advantages over the conventional induction machine. The first is the production of electrical power regardless of the rotational speed (sub or super synchronism), while the second is the recovery of slip power.

Modelling of the DFIM

In order to establish the modelling of the DFIM, we will determine the model of an IM with wound rotor. This model will be established in the same way as the SCIM model with the difference of the existence of non-zero rotor voltages 𝑣 𝑟𝑖 ≠ 0 (𝑖 = 𝑎, 𝑏, 𝑐) [START_REF] Monmasson | Power electronic converters: PWM strategies and current control techniques[END_REF]- [START_REF] Salloum | Contribution à la commande robuste de la machine asynchrone à double alimentation[END_REF].

Assumptions and conventions

In order to analyse and model the DFIM, we have taken into account the following simplifying assumptions and conventions [START_REF] Gaillard | Système éolien basé sur une MADA: contribution à l'étude de la qualité 133 de l'énergie électrique et de la continuité de service[END_REF], [START_REF] Krafczyk | Modélisation et mise en oeuvre d'une chaîne de production éolienne à base de la MADA[END_REF]:

 The machine is composed of a cylindrical stator and coaxial rotor. Both carry threephase and symmetrical windings.  The air-gap thickness is uniform giving a constant air-gap field at steady state.  Unsaturated magnetic circuit with constant permeability.  A sinusoidal spatial distribution of the air-gap field.

These hypotheses allow us the following assumptions [START_REF] Gaillard | Système éolien basé sur une MADA: contribution à l'étude de la qualité 133 de l'énergie électrique et de la continuité de service[END_REF]: 



Angular velocities

Prior the modelling, the angular velocities are to be defined:

𝜔 𝑠 = 𝑑𝜃 𝑠 𝑑𝑡 (1.9) 𝜔 𝑟 = 𝑑𝜃 𝑟 𝑑𝑡 (1.10)
𝜔 𝑠 : The angular speed of the rotating stator flux density regarding the stator stationary frame, it is imposed by the frequency of the grid 𝑓 𝑠 ( 𝜔 𝑠 = 2𝜋𝑓 𝑠 ) which is equal to 50Hz in studied case.

𝜔 𝑟 : The angular speed of the rotating rotor flux density regarding the rotor reference frame, it depends on the machine speed and the stator angular frequency as mentioned in (1.13).

The angular electrical position of the rotor along with its electrical rotation speed are given by the following equations:

𝜃 𝑒 = 𝑝. 𝜃 𝜃 𝑒 : the electrical position of the rotor.

𝜃: the mechanical position of the rotor.

𝜔: the electrical rotor speed regarding to the stator stationary frame.

𝑝: Number of pair of pole in the IM.

Ω: the mechanical rotor speed.

Based on Figure 1.6, we conclude the equation (1.13) that describes the frequencies' relation.

𝜔 𝑠 = 𝜔 𝑟 + 𝑝. Ω 

Modelling of DFIM in stationary frame

At the beginning we introduce the following notation for a complex vector 𝑥: (1.14) and (1.15) show the relation between the voltages, currents and fluxes for the stator and rotor windings referring to stator and rotor reference frame.

𝑣 𝑠 𝑠 , 𝑣 𝑟 𝑟 : the complex notation for stator (respectively rotor) voltages of the machine referred to the stator (respectively rotor) frame.

𝑖 𝑠 𝑠 , 𝑖 𝑟 𝑟 : the complex notation for stator (respectively rotor) currents of the machine observed in the stator (respectively rotor) frame.

𝜑 𝑠 𝑠 , 𝜑 𝑟 𝑟 : the stator and rotor fluxes linkage of the machine linked to the stator and rotor frames respectively in complex notation.

𝑅 𝑠 and 𝑅 𝑟 are the resistances of the stator and rotor windings of the machine per phase.

Equations (1.14) Suppose that the rotor current, the rotor flux linkage and the EMF in the rotor circuits are already referred to the stator side by scaling with the appropriate turns ratio between the stator and the rotor windings, we obtain the following equations in the stator referential [START_REF] Fan | Modeling and analysis of doubly fed induction generator wind energy systems[END_REF]: Noting that 𝐿 𝑐𝑠 = 𝐿 𝑙𝑠 + 𝑀 and 𝐿 𝑐𝑟 = 𝐿 𝑙𝑟 + 𝑀 are the stator and rotor cyclic selfinductances respectively. In the other hand, the relations between the cyclic self-inductances (referred to 𝑑𝑞 reference) and the real winding inductances are expressed as follows [START_REF] Patin | Analyse d'architectures, modélisation et commmande de générateurs pour réseaux autonomes[END_REF], [START_REF] Krafczyk | Modélisation et mise en oeuvre d'une chaîne de production éolienne à base de la MADA[END_REF]:

𝜑 𝑠 𝑠 = 𝜑 𝑚 𝑠 + 𝜑 𝑙𝑠 𝑠 (1.
𝐿 𝑐𝑠 = 𝐿 𝑠 -𝑚 𝑠 (1.27) 𝐿 𝑐𝑟 = 𝐿 𝑟 -𝑚 𝑟 (1.28) 𝑀 = 3 2 𝑚 𝑠𝑟 (1.29)
𝐿 𝑠 : Stator self-inductance for each phase.

𝐿 𝑟 : Rotor self-inductance for each phase.

𝑚 𝑠 : Mutual inductance between two stator phases.

𝑚 𝑟 : Mutual inductance between two rotor phases.

𝑚 𝑠𝑟 : Mutual inductance between stator and rotor. 

Modelling of DFIM in rotating frame

We are now going to implement the induction machine model in a rotating 𝑑𝑞 reference frame. This reference is linked to the rotating flux which rotates at the angular speed of the stator currents 𝜔 𝑠 . Consequently, the obtained final model is that one corresponds to the result after Park's transformation Appendix A.

To perform a modelling for three-phase system, there is a direct approach which express the EMF in each phase. But this method requires the use of the phase-coupled and time-varied inductances. Fortunately, to avoid this problem and facilitate the analysis, we can use the Park's transformation. The advantage is that this approach yields to an analytical models based on 𝑑𝑞 reference frame. This frame turns at the same speed of the rotating flux.

Therefore the model will have a much simpler form and the inductances of the 𝑑𝑞-axes are decoupled and constant.

We note that if we have a complex vector 𝑥 𝛼𝛽 = 𝑥 𝛼 + 𝑗𝑥 𝛽 located in the stationary complex frame with an instantaneous angle noted 𝜁(𝑡), then its complex vector 𝑥 = 𝑥 𝑑 + 𝑗𝑥 𝑞 referred to synchroneous frame can be writen as mentioned in (1.30).

𝑥 = 𝑥 𝛼𝛽 . 𝑒 -𝑗𝜁(𝑡)

(1.30)

By applying (1.30) The relationship of the fluxes linkage and the currents are listed as follows:

𝜑 𝑠 = 𝜑 𝑚 + 𝜑 𝑙𝑠 = 𝑀(𝑖 𝑠 + 𝑖 𝑟 ) + 𝐿 𝑙𝑠 𝑖 𝑠 = 𝐿 𝑐𝑠 𝑖 𝑠 + 𝑀𝑖 𝑟 (1.33) 𝜑 𝑟 = 𝜑 𝑚 + 𝜑 𝑙𝑟 = 𝑀(𝑖 𝑠 + 𝑖 𝑟 ) + 𝐿 𝑙𝑟 𝑖 𝑟 = 𝑀𝑖 𝑠 + 𝐿 𝑐𝑟 𝑖 𝑟 (1.34) Hence the last two equations (1.33) and (1.34), which describe the stator and rotor fluxes, can be written in 𝑑𝑞 reference as the following:

{ 𝜑 𝑠𝑑 = 𝑀(𝑖 𝑠𝑑 + 𝑖 𝑟𝑑 ) + 𝐿 𝑙𝑠 𝑖 𝑠𝑑 = 𝐿 𝑐𝑠 𝑖 𝑠𝑑 + 𝑀𝑖 𝑟𝑑 𝜑 𝑠𝑞 = 𝑀(𝑖 𝑠𝑞 + 𝑖 𝑟𝑞 ) + 𝐿 𝑙𝑠 𝑖 𝑠𝑞 = 𝐿 𝑐𝑠 𝑖 𝑠𝑞 + 𝑀𝑖 𝑟𝑞 𝜑 𝑟𝑑 = 𝑀(𝑖 𝑠𝑑 + 𝑖 𝑟𝑑 ) + 𝐿 𝑙𝑟 𝑖 𝑟𝑑 = 𝑀𝑖 𝑠𝑑 + 𝐿 𝑐𝑟 𝑖 𝑟𝑑 𝜑 𝑟𝑞 = 𝑀(𝑖 𝑠𝑞 + 𝑖 𝑟𝑞 ) + 𝐿 𝑙𝑟 𝑖 𝑟𝑞 = 𝑀𝑖 𝑠𝑞 + 𝐿 𝑐𝑟 𝑖 𝑟𝑞 (1.35)
Concerning the stator and rotor voltages equations which are mentioned in (1.31) and (1.32) respectively, can be listed regarding to 𝑑𝑞 reference in (1.36).

On the basis of (1.35) and (1.36), the equivalent circuit model in 𝑑𝑞 reference frame is shown in Figure 1.8 regarding to 𝑑 -𝑎𝑥𝑖𝑠 (also we have similar circuit for the 𝑞 -𝑎𝑥𝑖𝑠). (1.35) and (1.36) can be reformulated in matrix form like listed in (1.40) and (1.41).

[ [𝐴] and [𝐵] matrices, they are the state (or system) and the input matrixes respectively. Both matrices are function of the stator and rotor parameters. In addition to that, [𝐴] is also depend on stator and rotor pulsation (𝜔 𝑠 and 𝜔 𝑟 ) as following:

𝜑 𝑠𝑑 𝜑 𝑠𝑞 𝜑 𝑟𝑑 𝜑 𝑟𝑞 ] = [ 𝐿 𝑐𝑠 0 𝑀 0 0 𝐿 𝑐𝑠 0 𝑀 𝑀 0 𝐿 𝑐𝑟 0 0 𝑀 0 𝐿 𝑐𝑟 ] [ 𝑖 𝑠𝑑 𝑖 𝑠𝑞 𝑖 𝑟𝑑 𝑖 𝑟𝑞 ] (1.40) [ 𝑣 𝑠𝑑 𝑣 𝑠𝑞 𝑣 𝑟𝑑 𝑣 𝑟𝑞 ] = [ 𝑅 𝑠 0 0 0 0 𝑅 𝑠 0 0 0 0 𝑅 𝑟 0 0 0 0 𝑅 𝑟 ] [ 𝑖 𝑠𝑑 𝑖 𝑠𝑞 𝑖 𝑟𝑑 𝑖 𝑟𝑞 ] + [ 𝑑 𝑑𝑡 -𝜔 𝑠 0 0 𝜔 𝑠 𝑑 𝑑𝑡 0 0 0 0 𝑑 𝑑𝑡 -𝜔 𝑟 0 0 𝜔 𝑟 𝑑 𝑑𝑡 ] [ 𝜑 𝑠𝑑 𝜑 𝑠𝑞 𝜑 𝑟𝑑 𝜑 𝑟𝑞 ] (1.
[𝐴] = [ - 𝑅 𝑠 𝜎𝐿 𝑐𝑠 𝜔 𝑠 +(𝜎-1)𝜔 𝑟 𝜎 (1-𝜎)𝑅 𝑟 𝜎𝑀 𝑀(𝜔 𝑠 -𝜔 𝑟 ) 𝜎𝐿 𝑐𝑠 -𝜔 𝑠 -(𝜎-1)𝜔 𝑟 𝜎 - 𝑅 𝑠 𝜎𝐿 𝑐𝑠 -𝑀(𝜔 𝑠 -𝜔 𝑟 ) 𝜎𝐿 𝑐𝑠 (1-𝜎)𝑅 𝑟 𝜎𝑀 (1-𝜎)𝑅 𝑠 𝜎𝑀 -𝑀(𝜔 𝑠 -𝜔 𝑟 ) 𝜎𝐿 𝑐𝑟 - 𝑅 𝑟 𝜎𝐿 𝑐𝑟 -(𝜎-1)𝜔 𝑠 -𝜔 𝑟 𝜎 𝑀(𝜔 𝑠 -𝜔 𝑟 ) 𝜎𝐿 𝑐𝑟 (1-𝜎)𝑅 𝑠 𝜎𝑀 (𝜎-1)𝜔 𝑠 +𝜔 𝑟 𝜎 - 𝑅 𝑟 𝜎𝐿 𝑐𝑟 ] . [𝐵] = [ 1 𝜎𝐿 𝑐𝑠 0 𝜎-1 𝜎𝑀 0 0 1 𝜎𝐿 𝑐𝑠 0 𝜎-1 𝜎𝑀 𝜎-1 𝜎𝑀 0 1 𝜎𝐿 𝑐𝑟 0 0 𝜎-1 𝜎𝑀 0 1 𝜎𝐿 𝑐𝑟 ] . Noting that 𝜎 = 1 - 𝑀 2
𝐿 𝑐𝑠 𝐿 𝑐𝑟 is the leakage or dispersion coefficient of the machine [START_REF] Kairous | Sliding mode control of DFIG based variable speed WECS with flywheel energy storage[END_REF].

Mechanical equation

The fluxes generated by the stator interact with the rotor fluxes to produce an electromagnetic torque in the air gap. If the torque produced is large enough, the rotor starts to rotate; this phenomenon is described by Newton's Second Law for rotating bodies.

The fundamental principle of dynamics, described by Newton's second law, assumes that a body with a constant moment of inertia 𝐽 with respect to an axis of rotation has an angular acceleration. The latter is proportional to the sum of the applied torques on this body, and inversely proportional to its moment of inertia [START_REF] Koteich | Modélisation et observabilité des machines électriques en vue de la commande sans capteur mécanique[END_REF]. In the case of a rotating electrical machine, this principle is presented by this equation:

𝐽 𝑑Ω 𝑑𝑡 = 𝐽 𝑝 𝑑𝜔 𝑑𝑡 = 𝑇 𝑒𝑚 -𝑇 𝐿 -𝑓. Ω (1.43)
where 𝐽 is the moment of inertia of the rotor with the associated load, 𝛺 is the mechanical angular velocity of the rotor, 𝑇 𝑒𝑚 is the electromagnetic torque provided by the stator on the machine shaft, which is generated from the electromagnetic field. 𝑇 𝐿 represents the torque exerted by the load while 𝑓. Ω is the friction torque (𝑓 is the viscous friction coefficient of the DFIM).

Electromagnetic torque

The electromagnetic torque can be computed in several forms either according to stator and rotor currents by (1.44) or as a function of stator fluxes and currents by (1.45) or as a function of the rotor fluxes and currents by (1.46). Also it can be determined as function of the stator real power 𝑃 𝑠 and the mechanical speed of the machine Ω by equation (1.47).

𝑇 𝑒𝑚 = 3 2 𝑝𝑀(𝑖 𝑠𝑞 𝑖 𝑟𝑑 -𝑖 𝑠𝑑 𝑖 𝑟𝑞 ) (1.44) 𝑇 𝑒𝑚 = 3 2 𝑝(𝜑 𝑠𝑑 𝑖 𝑠𝑞 -𝜑 𝑠𝑞 𝑖 𝑠𝑑 ) (1.45) 𝑇 𝑒𝑚 = 3 2 𝑝(𝜑 𝑟𝑞 𝑖 𝑟𝑑 -𝜑 𝑟𝑑 𝑖 𝑟𝑞 ) (1.46) 𝑇 𝑒𝑚 = 𝑃 𝑠 Ω (1.47)

Powers of the machine

In addition to the stator real power 𝑃 𝑠 , rotor real power 𝑃 𝑟 and the mechanical 𝑃 𝑚 power that are illustrated in Figure 1.4, the machine has also two reactive powers 𝑄 𝑠 , 𝑄 𝑟 at the stator and rotor sides. These powers are expressed in terms of the stator and rotor voltages and currents as follows:

𝑃 𝑠 = 3 2 (𝑣 𝑠𝑑 𝑖 𝑠𝑑 + 𝑣 𝑠𝑞 𝑖 𝑠𝑞 ) (1.48) 𝑄 𝑠 = 3 2 (𝑣 𝑠𝑞 𝑖 𝑠𝑑 -𝑣 𝑠𝑑 𝑖 𝑠𝑞 ) (1.49) 𝑃 𝑟 = 3 2 (𝑣 𝑟𝑑 𝑖 𝑟𝑑 + 𝑣 𝑟𝑞 𝑖 𝑟𝑞 ) (1.50) 𝑄 𝑟 = 3 2 (𝑣 𝑟𝑞 𝑖 𝑟𝑑 -𝑣 𝑟𝑑 𝑖 𝑟𝑞 ) (1.51)
Based on a simplified model of the machine, where copper and iron losses and magnetic leakages are neglected, the DFIM is characterized by the following: ) for the induction machine in three modes of operation. Generating mode when 𝑠 < 0 (or Ω 𝑠 < Ω), motoring mode when 0 < 𝑠 < 1 (or 0 < Ω < Ω 𝑠 ) and braking mode in the case of 1 < 𝑠 (or the machine doesn't turn). This characteristic of the machine is described by the equation (1.54).

𝑃 𝑟 = 𝑠. 𝑃 𝑠 (1.52) 𝑃 𝑚 = 𝑃 𝑠 -𝑃 𝑟 = 𝑃 𝑠 -𝑠. 𝑃 𝑠 = (1 -𝑠)𝑃 𝑠 (1.53)
𝑇 𝑒𝑚 = 2𝑇 𝑚𝑎𝑥 𝑠 𝑠 𝑚𝑎𝑥 + 𝑠 𝑚𝑎𝑥 𝑠 (1.54)
Where 𝑇 𝑚𝑎𝑥 is the maximal torque of the machine and 𝑠 𝑚𝑎𝑥 is slip ratio corresponding to 𝑇 𝑚𝑎𝑥 . They are function of the machine parameters. When comparing the results of Figure 1.13 with the torque-speed characteristic shown in Figure 1.12, we can notice that at steady state the torque converges to zero when the speed reaches its synchronism value Ω 𝑠 = 1500 𝑟𝑚𝑝. Also, there is a starting torque when the machine starts turning. So it can be deduced that the results of speed and torque in Figure 1.13 comply with the torque-speed curve characteristic in Figure 1.12.

By reference to equation (1.44), the torque can't be zero, unless the stator and/or the rotor currents are zeros. However, the stator currents cannot be null because of the voltage supply at the stator side. Therefore, at the steady state, when the torque becomes null, the rotor currents should be null too. And this is what we can see clearly at steady-state in Figure 1.14

where the stator currents stay different from zero while the rotor currents become zero.

Conclusion

In this chapter, the DFIM principle is presented, its mathematical model is performed and proved in the case of free acceleration while there is no mechanical torque applied on the machine shaft and the rotor windings are short-circuited. Also, it has been seen that the DFIM has two main advantages over the conventional induction machine. The first is the production of electrical power regardless of the rotational speed (sub or super synchronism), while the second is the recovery of slip power.

In the next chapter, the control of the machine will be treated in order to be able to insert the machine in the back-to-back converter system as a load.

Chapter 2: Control of DFIM

Introduction

The previous chapter highlighted the importance of using DFIM in wind turbine application since the DFIM is able to operate at variable speed following the optimal power characteristic of the wind turbine. This characteristic indicates that for each wind speed, there is an optimal rotation speed allowing the wind turbine getting the best possible efficiency. To be able to run at this optimal angular velocity, at a given wind speed, the turbine must have a given mechanical resistant torque, i.e. a real power output by the DFIM.

It is by using this power reference that the machine can then be controlled.

In the following paragraph, we will therefore recalculate the equations that describe the relationship between the real and reactive stator powers and the rotor variables that can be controlled. This is known as rotor side control.

Rotor Side Control 2.2.1 State of art

In the literature, the control methods of variable frequency drives can be classified into two categories, vector control and scalar control (Figure 2.1). Among all methods developed for the IM, the most commonly used techniques are the Field-Oriented Control (FOC)

techniques and Direct Torque Control (DTC) techniques. In many IM applications, vector control is the most widely used technique because of its high performance [START_REF] Hannan | Optimization techniques to enhance the performance of induction motor drives: A review[END_REF].

The vector control theory is based on the acquisition of the magnitude and phase of voltages or currents for the control of IMs. The vector control is thus based on regulating the direction of the IM's flux, voltage, and current vectors. This control has been achieved for DFIM in many ways [START_REF] Petersson | Analysis, modeling and control of doubly-fed induction generators for wind turbines[END_REF]. Controlling the rotor currents by Stator-Flux Orientation (SFO) [START_REF] Hopfensperger | Stator-flux-oriented control of a doubly-fed induction machine: with and without position encoder[END_REF], [START_REF] Leonhard | Control of electrical drives[END_REF] or air-gap-flux orientation [START_REF] Wang | Stability analysis of field oriented doubly-fed induction machine drive based on computer simulation[END_REF], [START_REF] Xu | Torque and reactive power control of a doubly fed induction machine by position sensorless scheme[END_REF] is a common way. SFO gives orientation also with the stator voltage as we will see in section 2.2.4, if the resistance of stator windings is small enough [START_REF] Morel | Double-fed induction machine: converter optimisation and field oriented control without position sensor[END_REF], [START_REF] Datta | Decoupled control of active and reactive power for a grid-connected doubly-fed wound rotor induction machine without position sensors[END_REF]. In this thesis, SFO concept is adopted to control the rotor current. In this case, the torque is only dependent on the quadrature rotor current component in steady state as it will be proved next in (2.28) and (2.29).

Synchronous reference frame

For the purpose of controlling the rotor side variables of the machine, the relationships between the rotor currents and the stator powers will be determined. Then, the closed control loops for the currents will be performed.

The real and reactive stator powers can be controlled independently by varying quadrature current 𝑖 𝑟𝑞 and direct current 𝑖 𝑟𝑑 respectively. This can be achieved thanks to the linking between stator flux with 𝑑 -𝑎𝑥𝑖𝑠 of the 𝑑𝑞 reference frame as illustrated in Figure 2.2.

𝜃 𝑠 and 𝜃 𝑟 are the electrical angles of the stator rotating field with regard to the stator and to the rotor reference frame respectively. While 𝑝. 𝜃 is the electrical angle between the stator and the rotor. These angles are linked according to (2.1).

𝜃 𝑠 = 𝜃 𝑟 + 𝑝. 𝜃 

Phase-locked loop

In order to find the required angle 𝜃 𝑠 for Park transformations, we opted for a Synchronous

Reference Frame Phase Locked Loop (SRF-PLL), which is the most popular and widely used technique for extraction of grid voltage phase, frequency, and amplitude in three-phase systems [START_REF] Golestan | Three-phase PLLs: A review of recent advances[END_REF].

The basic idea of the PLL system is a non-linear feedback control system that synchronizes its output frequency as well as its phase with its input. The input are the three-phase grid voltages and the output from the PLL is the phase angle of one of the three phases [START_REF] Ögren | PLL design for inverter grid connection: Simulations for ideal and nonideal grid conditions[END_REF].

PLLs are now widely used for the synchronization of power electronic converters as well as for monitoring and control purposes in various technical fields [START_REF] Golestan | Three-phase PLLs: A review of recent advances[END_REF].

For the three-phase system, the PLL principle is presented in [START_REF] Petersson | Analysis, modeling and control of doubly-fed induction generators for wind turbines[END_REF]- [START_REF] Koteich | Modélisation et observabilité des machines électriques en vue de la commande sans capteur mécanique[END_REF]. Advanced PLL techniques seek robust methods that allow finding the frequency and the angle of the network despite the existence of disturbances. The main disturbances are: phase shift, troughs and bumps in voltage, harmonics, frequency shift [START_REF] Le | Couplage Onduleurs Photovoltaïques et Réseau, aspects contrôle/commande et rejet de perturbations[END_REF].

The structure of the PLL is very diversified, but always includes three blocks: phase detector, loop filter or corrector and Voltage Controlled Oscillator (VCO). 

{ 𝜑 𝑠𝑑 = Φ 𝑠 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝜑 𝑠𝑞 = 0 (2.2)
Φ 𝑠 : is the peak value of the stator flux.

If the stator resistance 𝑅 𝑠 is neglected, which is a fairly realistic assumption for medium and high power machines used in wind energy [START_REF] Muller | Doubly fed induction generator systems for wind turbines[END_REF], in addition to the simplified stator flux described in (2.2), the stator voltage expressions, already computed in (1.36) become simpler as indicated in (2.3).

{ 𝑣 𝑠𝑑 = 0 𝑣 𝑠𝑞 = 𝜔 𝑠 Φ 𝑠 = 𝑉 𝑠 (2.3)
Where 𝑉 𝑠 represents the peak value of the stator voltage.

We can notice from equation (2.3) that the stator voltage is linked to 𝑞 -𝑎𝑥𝑖𝑠 (𝑣 𝑠𝑑 = 0).

Hence, the stator voltage and the stator flux rotate at the same angular velocity in the 𝑑𝑞 frame with a phase-shift angle of 𝜋/2 , because they are attached to 𝑞 -𝑎𝑥𝑖𝑠 and 𝑑 -𝑎𝑥𝑖𝑠 respectively as illustrated in Figure 2.2.

Based on (2.3) the stator flux can be expressed by:

Φ 𝑠 = 𝑉 𝑠 𝜔 𝑠 (2.4)
After some rearrangements of the obtained stator flux equations in (1.35) Where 𝑠 is a complex number frequency parameter in Laplace domain. 𝑉 𝑠 represents the EMF [START_REF] Kairous | Sliding mode control of DFIG based variable speed WECS with flywheel energy storage[END_REF]. These terms can be compensated in the control strategy [START_REF] Fan | Modeling and analysis of doubly fed induction generator wind energy systems[END_REF]. 

51

𝜀: is the error between the measured output signal and its desired value.

𝐶 𝑖 (𝑠) and 𝐻 𝑖 (𝑠) are respectively the controller and the process transfer functions.

Let 

Desired rotor current values:

With the aim of controlling the system, there is still a need to find the reference rotor currents which will be the input of the controllers. Where 𝜏 𝑝 represents the constant time for the power loops. 𝐻 Ω (𝑠) = 1 𝑓 + 𝐽𝑠 (2.33) Then the open-loop transfer function 𝐺 Ω (𝑠) is computed by:

𝐺 Ω (𝑠) = 𝐶 Ω (𝑠). 𝐻 Ω (𝑠) (2.34) 𝐺 Ω (𝑠) = (𝐾 𝑝 Ω + 𝐾 𝑖 Ω 𝑠 ) ( 1 𝑓 + 𝐽𝑠 ) 𝐺 Ω (𝑠) = ( 𝐾 𝑖 Ω (1 + 𝐾 𝑝 Ω 𝐾 𝑖 Ω 𝑠) 𝑠 ) ( 1 𝑓 1 + 𝐽 𝑓 𝑠 ) 𝐺 Ω (𝑠) = 𝐾 𝑖 Ω 𝑓𝑠 (1 + 𝐾 𝑝 Ω 𝐾 𝑖 Ω 𝑠) ( 1 1 + 𝐽 𝑓 𝑠 ) (2.35)
In this case too, the dominant-pole compensation method yields to:

𝐾 𝑝 Ω 𝐾 𝑖 Ω = 𝐽 𝑓 (2.36) 𝐺 Ω (𝑠) = 𝐾 𝑖 Ω 𝑓𝑠 (2.37)
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As the current controller, here also 𝐹 Ω (𝑠) related to 𝐺 Ω (𝑠) by (2.38) which helps finding its expression in (2.39).

𝐹 Ω (𝑠) = 𝐺 Ω (𝑠) 1 + 𝐺 Ω (𝑠) (2.38) 𝐹 Ω (𝑠) = 1 1 + 𝑓 𝐾 𝑖 Ω . 𝑠 (2.39)
Under the assumption of a first order speed dynamic, 𝐹 Ω (𝑠) =

1 1 + 𝜏 Ω 𝑠
; where 𝜏 Ω is the desired speed time constant, the speed controller parameters are :

𝐾 𝑖 Ω = 𝑓 𝜏 Ω (2.40) 𝐾 𝑝 Ω = 𝐽 𝜏 Ω (2.41)

Grid side control

The Grid Side Converter (GSC) is often controlled to operate at unity power factor and to regulate the DC-bus voltage [START_REF] Boulouiha | Grid integration of wind energy systems: control design, stability, and power quality issues[END_REF]. For GSC, the use of a control method with a reference frame aligned along the inverter ac voltage is adopted, so the real and reactive powers transferred from the machine to the grid can be independently controlled. As shown in Figure 2.9, the grid side control includes outer loop that aims to control the DC-bus voltage, while the inner loop regulates the 𝑑𝑞-axis decoupling current components. The output of this block diagram defines the three-phase reference voltages that should be delivered to the PWM controller in order to command the converter connected to the grid. Remembering that active power at stator 𝑃 𝑠 is negative all the time because the DFIM is running as generator. This power changes during the time at rotor side, but globally its value is positive (𝑃 𝑟 > 0) when 0 < 𝑡 < 1𝑠 and negative (𝑃 𝑟 < 0) when 1𝑠 < 𝑡 < 2𝑠. Hence the machine operates in sub-synchronous mode in the first sequence of the testing cycle, where there is a need to generate more power in order to rotate at synchronous speed. While in the second stage of time of running, the machine operates in super-synchronous mode, because part of the generated power from the machine is transferred to the main grid via rotor side with the aim of the machine turns at the synchronous frequency. 

Performance analysis of the control
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First graph in Figure 2.14 proves that stator voltage is validated under SFO concept.

Regarding to the rotor current, it can be noticed that the quadrature component 𝑖 𝑟𝑞 is inversely related to the stator active power, also the direct component 𝑖 𝑟𝑑 is inversely proportional to stator reactive power but with a particular offset.

Conclusion

This chapter has allowed us to establish the synthesis of a PI controllers for the control of the DFIM used as a generator. The first controller is for the rotor side converter, the purpose of this controller is to control the exchange of active and reactive power between the stator of the machine and the grid by modifying the amplitude and the frequency of the rotor voltages. While the second controller is for the grid side converter, it is used to stabilize the DC-bus voltage at desired value. Moreover, we have validated the controls by simulation for two operating points, one in sub-synchronous mode and the other in super-synchronous mode.

Chapter 3: Static converter

Introduction

Within the context of doubly fed induction generators, the converters connected to utility grid and rotor windings are three-phase voltage source converters (VSC) which can operate as rectifier or inverter depending on the sub/super synchronous operation of the machine (since it is used as a variable speed constant frequency -VSCF -generator). In such an application, IGBTs are classically preferred due to the required voltage ratings (however, it must be noticed that SiC MOSFETs could also be good candidates with even higher performances). "Big" (and slow) components such as GTO and IGCT can be avoided in these small scale generators mainly because of the fractional rating of power converters connected to the rotor side of the DFIG since the sliding rate remains low (usually s<0.3).

The main aim of the static converter is to allow, through appropriate control method, such as Pulse Width Modulation (PWM), to transform electrical energy from one form to another while controlling its direction and characteristics with respect to desired application [START_REF] Rouhana | Contribution à la réduction des composants passifs dans les convertisseurs électroniques de puissance embarqués Thèse[END_REF], [START_REF] Buchta | Adaptive compensation of inverter non-linearities based on the Kalman filter[END_REF]. Currently, these control algorithms of drive systems are widely required in the industrial applications [START_REF] Buchta | Adaptive compensation of inverter non-linearities based on the Kalman filter[END_REF], [START_REF] Salcone | Selecting film bus link capacitors for high performance inverter applications[END_REF]. But, their choice must take into account the constraints generated by the operational and environmental conditions. Here, the challenge is to size the devices like capacitors at the best cost and smallest volume, while ensuring trouble-free operation under operational conditions for the desired lifetime.

As shown in the Figure 3.1, the principle of power conversion consist of an electrical energy source, power electronic circuit that transfers the energy from source to load, and a control bloc. The latter is responsible part to supervise and regulates the various parameters such as the real and reactive power, voltages and currents for each part. The purpose of this chapter is to focus on the static converter through displaying its structure, working principle and mathematical model. In addition, the PWM strategies will be addressed by presenting the evaluation criteria for these strategies. Also the algorithm and concept for many strategies will be evoked such as SVPWM, GDPWM and DCPWM.

The voltage source converter

The purpose of this section is to present the preliminary concepts on the structure and modelling of two level three-phase inverter. The various quantities will be introduced in order to have a clear vision on the parameters those will be used later.

Structure of the VSC

The two level three-phase VSC shown in Figure 3.2 takes an important class of power electronics. It is present in a wide range of applications for the speed variation of AC electrical machines (industrial drives but also for traction machines for electric vehicles [START_REF] Nguyen | Etude de stratégies de modulation pour onduleur triphasé dédiées à la réduction des perturbations du bus continu en environnement embarqué[END_REF]. Despite its apparent simplicity, this converter is highly nonlinear and difficult to accurately identify. However, a simplified model of IGBT bridge can be elaborated under the assumption of Continuous Conduction Mode (CCM), ideal switches and no losses. It is composed of three bridge legs. Each leg has two switching components. According to the application requirements, those componnets might be MOSFET, JFET, IGBT or others.

The switches can be turned on or off by controlling the gate of the components. The diode connected in parallel provides the current throughways in the reverse direction because the semiconductor switches conduct only in one direction. The capacitor or the DC-link is used for the decouling between the energy source and the inverter.

In the same bridge leg of the VSC, the commands for the bottom and the top switches are opposite, i.e. when the switch at the top is turned on then the bottom switch is turned off and vice versa. While the ideal signal can't be obtained in the real case because of transition time present when changing the state, therefore a dead time 𝑡 𝑑 must be inserted to gate signals of switching devices before turning on the state of the switch. This time protects the circuit against short-circuit in the same leg of the VSC. Both switching devices 𝑐 𝑖 and 𝑐 𝑖+3

in the same leg are turned off during the dead time period 𝑡 𝑑 . This latter causes a miss control of the switches and the current can flows only through anti-parallel diode 𝐷 𝑖 and 𝐷 𝑖+3 [START_REF] Buchta | Adaptive compensation of inverter non-linearities based on the Kalman filter[END_REF].

That dead time lead to a distortion produced at the output signals. For this reason, 𝑡 𝑑 should be as small as possible to reduce the distortion. Figure 3.3-a represents the switching patterns of (𝑐 𝑖 , 𝑐 𝑖+3 ) that compares the real and the ideal cases, while Figure 3.3-b shows the four possible status of an inverter phase leg, noting that the third status appears because of the insertion of dead time, and in this case the current goes through the diodes. The last case is critical and it mustn't be happened, otherwise, it will produce a short circuit on the source. The used decoupling frequency 𝑓 𝑃𝑊𝑀 is in range of 10 𝑘𝐻𝑧 so the decoupling time is varying within a range of few fraction of milliseconds. Consequently, the dead time can be assumed to be zero with comparing to the decoupling time because of its value in range of a few microseconds.

In the next, a generic model of the three-phase VSC that has three bridge legs is presented in Figure 3. -The switching of the transistors is instantaneous.

-The voltage drop across the switches is insignificant.

-The three-phase load is balanced, star-connected with an isolated neutral. In order to avoid the short circuit happening on the voltage source, the two transistors of same leg never to be controlled at the same time. So, the authorized configurations are the following:

 𝑐 𝑖 is turned on and 𝑐 𝑖+3 is turned off.  𝑐 𝑖 is turned off and 𝑐 𝑖+3 is turned on.

So we can deduce that 𝑐 𝑖 = 𝑐 𝑖+3 ̅̅̅̅̅ and then only one binary variable is required to describe the state of a bridge arm (neglecting the inter-channel delay 2). In an arbitrary way, this one is defined as follows: 

𝑐 𝑖 = { 1 0 𝑖𝑓 𝑐 𝑖 𝑖𝑠
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With 𝐶 3 = (𝑐 𝑎 , 𝑐 𝑏 , 𝑐 𝑐 ) 𝑇 = (𝑐 1 , 𝑐 2 , 𝑐 3 ) 𝑇 is the switches state or the command vector coming from Pulse Width Modulation (PWM) strategy block which will be treated later. Noting that vector or matrix followed by a superscript of the letter " 𝑇 ", it means the transpose operation is applied to this vector or matrix.

With referring to Figure 3.5, the single-phase voltage 𝑣 𝑥𝑁 of phase 𝑥 can be done by (3.3).

𝑣 𝑥𝑁 = 𝑣 𝑥0 -𝑣 𝑁0 (3.3)
𝑣 𝑁0 is the neutral voltage, by applying Millman's theorem to the point 𝑁 for the circuit in Figure 3.5 [START_REF] Millman | A useful network theorem[END_REF], with the assumption that the three-phase machine is balanced, we have : By applying the same calculations for the other two phases 𝑏 and 𝑐, the simple voltages at the terminals of the machine have the expression : 

𝑣 𝑁0 = 𝑣 𝑎0 + 𝑣 𝑏0 + 𝑣 𝑐0 3 (3.4)
( 𝑣 𝑎 𝑣 𝑏 𝑣 𝑐 ) = ( 𝑣 𝑎𝑁 𝑣 𝑏𝑁 𝑣 𝑐𝑁 ) = 𝑣 𝑑𝑐 3 ( 2 -1 -1 -1 2 -1 -1 - 1 
Where 𝐺 = 1 3 [ 2 -1 -1 -1 2 -1 -1 -1 2
].

The value for three phase load current 𝐼 3 = (𝑖 𝑎 , 𝑖 𝑏 , 𝑖 𝑐 ) 𝑇 

DC bus

Modelling of DC bus requires study of the circuit shown in Figure 3.6. This circuit consists of decoupling capacitor 𝐶 which having 𝑣 𝑑𝑐 as voltage on its terminals. The current coming from the first side is represented by 𝑖 𝑑𝑐1 , it is divided into capacitor current 𝑖 𝑐𝑎𝑝 and the current 𝑖 𝑑𝑐2 that comes out of the DC bus. Finally, the voltage 𝑣 𝑑𝑐 on the capacitor is applied on the inverter input. 𝑣 𝑑𝑐 = 1 𝐶. 𝑠 𝑖 𝑐𝑎𝑝 (3.11) It is relevant to point out that the input current 𝑖 𝑑𝑐1 can be either constant or variable depending on the application. For instance in [START_REF] Rouhana | Contribution à la réduction des composants passifs dans les convertisseurs électroniques de puissance embarqués Thèse[END_REF], [START_REF] Nguyen | Etude de stratégies de modulation pour onduleur triphasé dédiées à la réduction des perturbations du bus continu en environnement embarqué[END_REF], it has been constant because the current (𝑖 𝑑𝑐1 ) comes out of the battery bank. While in [START_REF] Patin | Study of interleaved PWM strategies applied to two back-to-back three-phase full bridges[END_REF], [START_REF] Pena | Doubly fed induction generator using backto-back PWM converters and its application to variable-speed wind-energy generation[END_REF], 𝑖 𝑑𝑐1 represents the output current of the controlled converter (and more precisely a rectifier). Consequently, in such case, 𝑖 𝑑𝑐1 is controlled and can be variable depending on the application requirements. Some of PWM strategies are shown in Table 3.1 and they are classified according to whether they are continuous or discontinuous.

PWM strategies

Continuous (CPWM) Discontinuous PWM (DPWM)

Sinusoidal Pulse Width Modulation 

Common parameters of PWM strategies

Before starting with the various types of PWM strategies, it's important to mention essential and common parameters for all types of control strategies.

 Modulation index is defined as the ratio of the fundamental component amplitude of the line-to-neutral inverter output voltage to one-half of the available DC bus voltage [START_REF] Iqbal | Multiphase converters[END_REF] as expressed in (3.12). 𝑉 𝑚𝑎𝑥 is the maximum amplitude of the sinewave and 𝑣 𝑑𝑐 is the DC-bus voltage which is equal to the carrier peak value (here the carrier is not normalized yet). This ratio should be high (i.e. 𝑓 𝑃𝑊𝑀 should be high) in order to minimize the Total Harmonic Distortion (THD) [START_REF] Pawar | Effect of Carrier Frequency on the Performance of Three Phase SPWM Inverter[END_REF]. 

Evaluation criteria of the PWM strategies

PWM is the most commonly used strategy to control the output voltage of the inverter [START_REF] Sharma | Advanced Techniques for Controlling Output Voltage of Inverter[END_REF].

Because there are many types of PWM strategies, it should know the evaluation criteria which used to give the importance for one strategy over others. Furthermore, it will help us take a good decision to choose a specific strategy because of its advantages, or to avoid another strategy because of its disadvantages regarding to the application requirements.

Regarding to [START_REF] Vidal | Stratégie et technique pour le pilotage en modulation des convertisseurs statiques[END_REF]- [START_REF] Capitaneanu | Optimisation de la fonction MLI d'un onduleur de tension deuxniveaux[END_REF], the selection of a strategy is often based on optimizing some criteria such as:

 Wide linear modulation zone: the extension of the linearity range of the inverter, to extend the optimal operating range of the electric machine.

 Reduction of switching losses: this mainly implies a reduction in the size of the radiator attached to the inverter, thus reducing the cost of the drive and increase the life time of the inverter.

 Acoustic noise reduction, which is very important for the expansion of the use of electric drives in noise sensitive environments.

 Less total harmonic distortion (THD) in the output spectrum.

 Easy implementation and less computation time. According to [START_REF] Rouhana | Contribution à la réduction des composants passifs dans les convertisseurs électroniques de puissance embarqués Thèse[END_REF] and [START_REF] Nguyen | Etude de stratégies de modulation pour onduleur triphasé dédiées à la réduction des perturbations du bus continu en environnement embarqué[END_REF], these evaluation criteria are distributed on the output, input and inside of the inverter like the next: In order to compare and to evaluate the quality of the inverter output voltage (which one of the output criteria) for the different PWM strategies, the total harmonic distortion (THD) is used. If the THD is big, then the PWM strategy that used, it produced harmonics with high amplitude. In addition to the output voltage quality, the ripple current of the load and its harmonic content can be used as output criteria in order to compare the efficiency between the PWM strategies.

The input evaluation criteria

The sizing of a capacitor is based on two important criteria: its lifetime and the ripple of the maximum voltage applied to its terminals. Regarding the lifetime of the decoupling capacitor, noted 𝑙 𝑐 , it is determined by the level of the voltage applied to the capacitor terminals and the internal temperature of the latter as shown in the (3.13) [START_REF] Wang | Reliability of capacitors for DC-link applications in power electronic converters-An overview[END_REF].

𝑙 𝑐 = 𝑙 0 ( 𝑉 0 𝑉 ) 𝑛 . 2 𝑇 0 -𝑇 10 (3.13)
𝑙 0 : The life time duration for 𝑇 0 .

𝑇 0 : The ambient temperature.

𝑇:

The intern temperature of the capacitor.

𝑉:

The applied voltage on the capacitor.

𝑛 = [7 … 9.4] for film capacitors.

One can conclude by (3.13) that capacitor life time increase while the intern temperature decrease. This later, it happens when the RMS current value in the capacitor decrease. Like the output side, the harmonic content of the current in the decoupling capacitor and the ripple of the DC bus voltage, they are also used as evaluation criteria at the input side.

The inside evaluation criteria

The losses in the inverter can be classified into two categories: conductive losses and switching losses. The conduction losses are due to the switch resistance in the conduction state. These losses are given by:

𝑝 𝑐𝑜𝑛𝑑 = 3 2 . 𝑅 𝑆 . 𝐼 2 (3.14)
Where 𝑝 𝑐𝑜𝑛𝑑 𝑅 𝑆 and 𝐼 are respectively the power conduction losses, switch resistance and the peak value of the load current.

Concerning the switching losses, it influenced by the effective number of switches per second which can be reduced by using some strategies. The switching losses are caused by the coexistence of the voltage and the current at the moment of commutation. The switching losses inside a three-phase inverter can be evaluated with the following formula [START_REF] Hobraiche | A new PWM strategy to reduce the inverter input current ripples[END_REF]: being the sum of the switched current inside each half-bridge.

𝑃 𝑠𝑤 = 1 

Scalar-based approach for PWM

Generally, for PWM methods, there are two main implementation techniques, the scalar implementation and the space vector implementation. The scalar approach was one of the most used strategies before starting the development that has been seen in dedicated digital systems domain. The operating principle of the SPWM with triangular carrier is presented in Figure 3.9, for each inverter phase, a reference modulating sine wave is compared with a triangular carrier wave 𝑐(𝑡) and the intersections (red and green dashed lines) define the switching instants for the associated inverter leg switches [START_REF] Sharma | Comparison of SPWM VSI and SVPWM VSI FED Induction Machine Using Volt per Hertz Control Scheme[END_REF], [START_REF] Çetin | Scalar PWM implementation methods for three-phase three-wire inverters[END_REF]. If the modulating signal (also called reference signal) is a pure sinusoid, then this strategy is called SPWM. Consequently, the normalized reference signal (for phase "a") is defined as follows:

𝑣 1 * = 𝑚 • cos (𝜔𝑡) (3.16)
Recalling that 𝑚 = 𝑉 𝑚𝑎𝑥 𝑣 𝑑𝑐 2

is the modulation index (see 3. ) + 𝑣 𝑛0 (3.18) In the conventional scalar PWM method any zero-sequence signal can be injected to the reference modulation waves (see Figure 3.11). It can be freely varied, this degree of freedom can improve the waveform quality and reduce the switching losses significantly [START_REF] Hava | A generalized scalar PWM approach with easy implementation features for three-phase, three-wire voltage-source inverters[END_REF]. In other words, the addition of a zero-sequence component has no influence on the load voltage where it varies independently of 𝑣 𝑛0 .

Thanks to this property, several PWM strategies have been proposed in the literature in order to improve the inverter operation with respect to different criteria defined by the users.

It should be noted that the carrier can take several forms. Among them, the most common are: symmetrical carrier, saw tooth carrier or random slope carrier with fixed frequency or not (see Figure 3.12). Here, the symmetrical carrier is chosen to illustrate the generation of the bridge arm driving signals. Below we will discuss the vector-based approach for PWM or the SVPWM after the scalarbased method has been treated.

Vector-based approach for PWM

The SVPWM approach is a general method based on the direct use of a vector diagram.

Contrary to the previous approach which generates the signals for each bridge arm independently, this approach considers the whole states of the output voltage of the three bridge arms as a single vector in the plane thanks to the three-phase to two-phase transformation based on the Clarke (or Concordia) matrix (see Appendix A). Consequently, it positions the reference voltages obtained after regulation directly on the 𝛼𝛽 reference frame by using Clarke (or Concordia) transformation, then the control signals are developed by taking into account the OFF/ON state of the three inverter arms (𝑎, 𝑏, 𝑐) at the same time (inverter state vector control). The appropriate control commands are applied to the switches. Indeed, these calculations must be repeated for each switching period so higher switching frequencies require faster calculations. The objective of this approach is to generate voltages 𝑣 𝑎 , 𝑣 𝑏 and 𝑣 𝑐 (measured value) as close as possible to a fixed references 𝑣 𝑎 * , 𝑣 𝑏 * and 𝑣 𝑐 * [START_REF] Berkoune | Approche mathématique pour la Modulation de Largeur d'Impulsion (MLI) pour la conversion statique de l'énergie électrique: application aux onduleurs multiniveaux[END_REF], [START_REF] Tolunay | Space Vector Pulse Width Modulationfor Three-Level Converters: a LabVIEW Implementation[END_REF].

Since the three-phase system is balanced, therefore, 𝑣 𝑎 + 𝑣 𝑏 + 𝑣 𝑐 = 0 and the arm voltages are shifted by This equation allows us to model a three-phase system by an equivalent two-phase model according to the formula:

( 𝑣 𝛼 𝑣 𝛽 ) = 𝐶 23 × ( 𝑣 𝑎 𝑣 𝑏 𝑣 𝑐 ) (3.23)
Where

𝐶 23 = 2 3 [ 1 - 1 2 - 1 2 0 √3 2 - √3 2 
].

If we have a balanced three-phase reference voltages shifted by Applying the Clarke transformation to the simple voltages of the load at the output of the inverter, we obtain: , so:

𝑣 𝑘 ⃗⃗⃗⃗ = 𝐶
𝑉 𝑘 ⃗⃗⃗⃗ = 𝑣 𝑘 ⃗⃗⃗⃗ 𝑣 𝑑𝑐 2 = 2 • 𝐶 23 • ( 𝑐 𝑎 𝑐 𝑏 𝑐 𝑐 ) (3.29)
In the 𝛼𝛽 plane, Therefore, there are eight discrete vectors of output voltage of the inverter 𝑉 𝑘 ⃗⃗⃗⃗ , two of them (𝑉 0 and 𝑉 7 ) are zero and located at the origin of the axis, while the other vectors 𝑉 𝑘 ⃗⃗⃗⃗ (𝑘 ∈ [1 … 6]) are called active vectors. The active vectors divide the plane into six different sectors (denoted 1 to 6). The representation on the 𝛼𝛽 coordinates of these vectors is shown in Figure 3.13.

In general, we will associate any vector 𝑋 = (𝑥 𝛼 , 𝑥 𝛽 ) 𝑇 in the 𝛼𝛽 plane with a complex number 𝑋 ̅ = 𝑥 𝛼 + 𝑗𝑥 𝛽 . Thus, in complex form, we have:

𝑉 𝑘 ̅̅̅ = { 4 3 • 𝑒 𝑗 (𝑘-1)𝜋 3 𝑖𝑓 𝑘 ∈ {1 … 6} 0 𝑖𝑓 𝑘 ∈ {0,7} (3.30) 
The correspondence of the states of the 3 bridge arms with the vectors is reported in Table 3.2.

Computing the applying time of each vector for the combination 𝑽 𝟎 ⃗⃗⃗⃗ , 𝑽 𝟕 ⃗⃗⃗⃗ , 𝑽 𝒊 ⃗⃗⃗ and 𝑽 𝒊+𝟏 ⃗⃗⃗⃗⃗⃗⃗⃗ Supposing 𝑡 𝑖 and 𝑡 𝑖+1 are the applying time of the active vectors 𝑉 𝑖 ⃗⃗ and 𝑉 𝑖+1 ⃗⃗⃗⃗⃗⃗⃗ respectively, while 𝑡 0 and 𝑡 7 are the times when the null vectors 𝑉 0 ⃗⃗⃗ and 𝑉 7 ⃗⃗⃗ are applied, noting that the time of applying vector 𝑉 0 ⃗⃗⃗ is equal to that of vector 𝑉 7 ⃗⃗⃗ (i.e. 𝑡 0 = 𝑡 7 ) when SVPWM strategy is applied [START_REF] Van Der Broeck | Analysis and realization of a pulsewidth modulator based on voltage space vectors[END_REF], [START_REF] Ogasawara | A novel PWM scheme of voltage source inverters based on space vector theory[END_REF].

𝑡 0 = 𝑡 7 = 𝑇 0 2 (3.31)
𝑇 0 : The period when the null vectors 𝑉 0 ⃗⃗⃗ and 𝑉 7 ⃗⃗⃗ are applied.

The sum of applying times of active and null vectors is equal to the decoupling time

𝑇 𝑑 = 𝑇 𝑃𝑊𝑀 = 1 𝑓 𝑃𝑊𝑀 . 𝑡 𝑖 + 𝑡 𝑖+1 + 𝑡 0 + 𝑡 7 = 𝑇 𝑑 (3.32)
During a decoupling period 𝑇 𝑑 , the reference vector in the sector 𝑖 can be done as function of the vectors 𝑉 0 ⃗⃗⃗ , 𝑉 7 ⃗⃗⃗ , 𝑉 𝑖 ⃗⃗ and 𝑉 𝑖+1 ⃗⃗⃗⃗⃗⃗⃗ as illustrated in Figure 3.14 and it can be generated on average by the relation:

𝑇 𝑑 𝑉 𝛼𝛽 * ⃗⃗⃗⃗⃗⃗ = 𝑡 0 𝑉 0 ⃗⃗⃗ + 𝑡 𝑖 𝑉 𝑖 ⃗⃗ + 𝑡 𝑖+1 𝑉 𝑖+1 ⃗⃗⃗⃗⃗⃗⃗ + 𝑡 7 𝑉 7 ⃗⃗⃗ 𝑇 𝑑 𝑉 𝛼𝛽 * ⃗⃗⃗⃗⃗⃗ = 𝑡 𝑖 𝑉 𝑖 ⃗⃗ + 𝑡 𝑖+1 𝑉 𝑖+1 ⃗⃗⃗⃗⃗⃗⃗ (3.33)
And then in complex notation we have: 

𝑇
𝑇 𝑑 • 𝑚 • 𝑒 𝑗𝜃 = 2 3 • 𝑡 𝑖 • 𝑒 𝑗𝛾 𝑖 + 2 3 • 𝑡 𝑖+1 • 𝑒 𝑗𝛾 𝑖+1 (3.36) { 𝑇 𝑑 • 𝑚 • cos 𝜃 = 2 3 • 𝑡 𝑖 • cos 𝛾 𝑖 + 2 3 • 𝑡 𝑖+1 • cos 𝛾 𝑖+1 𝑇 𝑑 • 𝑚 • sin 𝜃 = 2 3 • 𝑡 𝑖 • sin 𝛾 𝑖 + 2 3 • 𝑡 𝑖+1 • sin 𝛾 𝑖+1 (3.37)
By restating and manipulating the equation (3.37) as shown in Appendix C, we find the values of 𝑡 𝑖 and 𝑡 𝑖+1 as described in (3.38).

{ 𝑡 𝑖 = √3 • 𝑇 𝑑 • 𝑚 • sin(𝛾 𝑖+1 -𝜃) 𝑡 𝑖+1 = √3 • 𝑇 𝑑 • 𝑚 • sin(𝜃 -𝛾 𝑖 ) (3.38)
Consequently, the applying time for the null vectors 𝑉 0 ⃗⃗⃗ and 𝑉 7 ⃗⃗⃗ in the case of SVPWM can be computed by (3.39).

𝑡 0 = 𝑡 7 = 1 2 𝑇 0 = 1 2 (𝑇 𝑑 -𝑡 𝑖 -𝑡 𝑖+1 ) (3.39)
This method provides total control over the distribution of the used states, but it requires a processor with greater efficiency, and therefore more expensive to perform all the necessary calculations in a reasonable time comparing with the conventional scalar-based method.

Equivalence between scalar-based and vector-based methods

Each PWM strategy can be presented by both methods: scalar-based and vector-based approaches. Figure 3.15 shows the equivalence at the switching period scale, of these two approaches for the SPWM strategy and any other PWM strategy (such as SVPWM, THIPWM, GDPWM…) where a zero sequence component 𝑣 𝑛0 is added to the three reference sinusoidal signals. As we can see clearly in Figure 3.15, both strategies generate the same sequence of vectors at the inverter output. In the first sector of the hexagon, this sequence is 𝑉 0 ⃗⃗⃗ , 𝑉 1 ⃗⃗⃗ , 𝑉 2 ⃗⃗⃗ , 𝑉 7 ⃗⃗⃗ , 𝑉 2 ⃗⃗⃗ , 𝑉 1 ⃗⃗⃗ , 𝑉 0 ⃗⃗⃗ . Also we can notice that the duration of applying the active states (1,0,0) and (1,1,0) (which correspond to 𝑉 1 ⃗⃗⃗ and 𝑉 2 ⃗⃗⃗ respectively) still unaffected while it varies for the zero-states (0,0,0) and (1,1,1) (which are the correspondent states for 𝑉 0 ⃗⃗⃗ and 𝑉 7 ⃗⃗⃗ respectively). Also, Figure 3.16 allow us to compute the time of applying each vector during a switching period. For example, for the right sub-figure (sector 1) when the carrier varies between -1 and 1, the duty cycles of the three bridge arms are described in (3.40). Then the application times of each vector at the output of the inverter over each switching period 𝑇 𝑑 are defined in (3.41).

{ 𝛼 1 = 1 2 (𝑣 1 * + 1) 𝛼 2 = 1 2 (𝑣 2 * + 1) 𝛼 3 = 1 2 (𝑣 3 * + 1) (3.40)
In the case of SVPWM strategy is used, Table 3.3 shows the function of the required conduction time of each switch in the converter according to the sector number during decoupling cycle period. 𝑇 𝑎 and 𝑇 𝑏 represent the application time for the active vectors 𝑉 𝑖 ⃗⃗ and 𝑉 𝑖+1 ⃗⃗⃗⃗⃗⃗⃗ respectively in the sector 𝑖, while 𝑇 0 is the time of applying zero-states (0,0,0) and

(1,1,1), these times can be determined using (3.38) and (3.39). 

Sector

{ 𝑡 0 = 𝑇 𝑑 • (1 -𝛼 1 ) 𝑡 1 = 𝑇 𝑑 • (𝛼 1 -𝛼 2 ) 𝑡 2 = 𝑇 𝑑 • (𝛼 2 -𝛼 3 ) 𝑡 7 = 𝑇 𝑑 • 𝛼 3 (3.41)

SVPWM

In the space vector approach that illustrated in Figure 3.17, the time lengths of the inverter states are pre-calculated for each carrier cycle by employing space vector theory then the voltage pulses are directly programmed. This strategy allows to have the maximum linearity area, a low voltage harmonic distortion rate and a simple implementation in real time on digital media (microcontroller, DSP, FPGA) [START_REF] Çetin | Scalar PWM implementation methods for three-phase three-wire inverters[END_REF], [START_REF] Van Der Broeck | Analysis and realization of a pulsewidth modulator based on voltage space vectors[END_REF], [START_REF] Ogasawara | A novel PWM scheme of voltage source inverters based on space vector theory[END_REF].

By looking at Figure 3.17, we would like to recall once again that there are eight possible switching vectors for a three-leg inverter using space vector modulation from 𝑉 0 to 𝑉 7

(notice that V0 and V7 are zero-states while V1 until V6 are active states). Each vector of them represents the state of the inverter upper switches (𝑐 𝑎 , 𝑐 𝑏 , 𝑐 𝑐 ), it is ON-state when equal to "1" and OFF-state when equal to "0". For every PWM period, the reference vector 𝑉 𝑟𝑒𝑓 is averaged by using its two adjacent space vectors (𝑉 1 and 𝑉 2 in Figure 3.17) for a certain duration from the decoupling period and null vectors (𝑉 0 or 𝑉 7 ) for the rest of the period.

Figure 3.17: SVPWM graphical approach.

In regards to [START_REF] Holmes | The significance of zero space vector placement for carrier-based PWM schemes[END_REF], [START_REF] Blasko | A hybrid PWM strategy combining modified space vector and triangle comparison methods[END_REF], SVPWM is equivalent to sinusoidal modulation when a zerosequence component is added to the reference signals. The freedom in selecting the partitioning of the two zero-states "𝑉 0 " (000) and "𝑉 7 " (111) in the space vector approach is equivalent to the freedom in selecting the zero-sequence signal in the scalar-based approach. Table 3.2 shows the state of each switch depending on the switching vectors.

Well, as mentioned above, and thanks to the equivalence between the vector-based and the scalar-based methods, SVPWM can be achieved using the conventional approach (Figure 

𝑣 𝑛0 = 1 2 𝑣 𝑖 (3.44)
Where 𝑖 ∈ [START_REF]Turbines asynchrones ou synchrones[END_REF][START_REF] Irena | Global energy transformation: A roadmap to 2050[END_REF][START_REF] Ghennam | Supervision d'une ferme éolienne pour son intégration dans la gestion d'un réseau électrique, Apports des convertisseurs multi niveaux au réglage des éoliennes à base de machine asynchrone à double alimentation[END_REF] is the index of 𝑣 𝑖 such as

|𝑣 𝑖 | = min( |𝑣 1 * |, |𝑣 2 * |, |𝑣 3 * |).
Also 𝑣 𝑛0 can be computed as expressed in (3.45). Regarding to the first plot in Figure 3.19, it is noted that the maximum of 𝑚𝑜𝑑 𝑥 * is less than of that of 𝑣 𝑥 * . Consequently, the linearity zone limit for SVPWM is larger than its of SPWM.

𝑣 𝑛0 = - 1 2 (min(𝑣 1 * , 𝑣 2 * , 𝑣 3 * ) + max(𝑣 1 * , 𝑣 2 * , 𝑣 3 * )) (3.45) 
This linearity zone has been treated in [START_REF] Nguyen | Etude de stratégies de modulation pour onduleur triphasé dédiées à la réduction des perturbations du bus continu en environnement embarqué[END_REF], [START_REF] Bose | Power electronics and motor drives recent progress and perspective[END_REF]- [START_REF] Capitaneanu | Graphical and algebraic synthesis for PWM methods[END_REF] for various strategies, the limit of this 

DPWM

The injection of zero-voltage has been exploited for several purposes [START_REF] Shi | Optimized PWM strategy based on genetic algorithms[END_REF], [START_REF] Kakigano | Loss evaluation of DC distribution for residential houses compared with AC system[END_REF]. Among them is the reduction of inverter losses [START_REF] Ojo | The generalized discontinuous PWM scheme for three-phase voltage source inverters[END_REF], [START_REF] Gowri | A novel high performance Generalized Discontinuous PWM algorithm for reduced current ripple and switching losses using 131 imaginary switching times[END_REF], [START_REF] Hava | Simple analytical and graphical methods for carrier-based PWM-VSI drives[END_REF], [START_REF] Kakigano | Loss evaluation of DC distribution for residential houses compared with AC system[END_REF]- [START_REF] Reddy | Generalized discontinuous PWM based direct torque controlled induction motor drive with a sliding mode speed controller[END_REF]. The simplest method for decreasing this loss is to decrease the number of switching. The concept may be realized by using the saturation sequences of the modulating signals during a portion of their period as illustrated in Figure 3.21-b. So, the main idea is to keep the state of a bridge arm unchanged during each decoupling period. This principle can be done by to saturating the reference during 120° of the 360° period, which prevent the switching-on the arm during this time and thus lead to gain in terms of switching losses. Because the duty ratios 𝑎, 𝑏 and 𝑐 are adjusted to zero or unity within a total of one third of the cycle, discontinuous modulating functions result in a decreased number of pulses of the switching signals , 𝑏 and 𝑐 controlling specific phases of the inverter. Hence, the switching frequency is reduced by one third in comparison with that when continuous modulating functions are used. Based on this concept, any PWM strategies known as discontinuous PWM (DPWM), it is constituted of [START_REF] Johann | Minimizing the Current Harmonics RMS Value of Three-Phase PWM Converter Systems by Optimal and Suboptimal Transition Between Continuous and Disconinuous Modulation[END_REF]- [START_REF] Gowri | A novel high performance Generalized Discontinuous PWM algorithm for reduced current ripple and switching losses using 131 imaginary switching times[END_REF], [START_REF] Reddy | Generalized discontinuous PWM based direct torque controlled induction motor drive with a sliding mode speed controller[END_REF]- [START_REF] Kolar | Influence of the modulation method on the conduction and switching losses of a PWM converter system[END_REF]: i. DPWM0, DPWM1, DPWM2, DPWM3: they are special cases of the GDPWM where each bridge arm is clamped to either up and down states; each for one sixth of the fundamental period. These strategies differ from each other in the clamp position with respect to the fundamental period. Consequently, each is optimal in terms of switching losses for a given power factor value of the load.

As shown in Figure 3.22, for these strategies, each modulating signal is saturated for 𝛼 = 60° each half-period, but at different angles 𝜓 with respect to the sinusoidal reference (see Figure 3.22 and Appendix D):

-𝜓 = 0° for DPWM0 -𝜓 = 30° for DPWM1 -𝜓 = 60° for DPWM2 ii. DPWMMAX, DPWMMIN: where each bridge arm is set to high (or low resp.) state for one third of a fundamental period. So these methods use only one saturation for 120°, which means adding a DC voltage to the three voltage references. This DC The advantages of the GDPWM method [START_REF] Gowri | A novel high performance Generalized Discontinuous PWM algorithm for reduced current ripple and switching losses using 131 imaginary switching times[END_REF], [START_REF] Nguyen | Etude de stratégies de modulation pour onduleur triphasé dédiées à la réduction des perturbations du bus continu en environnement embarqué[END_REF], [START_REF] Capitaneanu | Optimisation de la fonction MLI d'un onduleur de tension deuxniveaux[END_REF], [START_REF] Reddy | Generalized discontinuous PWM based direct torque controlled induction motor drive with a sliding mode speed controller[END_REF]:

 The method provides up to 50% reduction in switching losses per arm and up to 30% reduction in total losses compared to the currently used three-phase PWM. This is the maximum loss reduction achievable by two-phase modulation strategies;  The losses remain symmetrically distributed on one arm, which is not valid for DPWMMIN. This does not unbalance the inverter bridge and does not require a different dimensioning of the top and bottom of the arm.

 The maximum linearity extension of the two-level inverter is always guaranteed; Some studies present another modulation strategy which is called dual-carrier or double carrier PWM that reduces the RMS value of the current absorbed by the capacitors [START_REF] Nguyen | Extended double carrier PWM strategy dedicated to RMS current reduction in DC link capacitors of three-phase inverters[END_REF].

The flowchart that describes the steps of GDPWM algorithm is depicted in Figure 3.24.

DCPWM

Supposing that the absorbed current by the decoupling capacitors is the oscillating part of the inverter input current 𝑖 𝑑𝑐 . Obviously, the average value of 𝑖 𝑑𝑐 can only come from the source but we will also admit that the impedance of the capacitors is negligible in front of the equivalent impedance (𝑍 𝑡ℎ ) of the cable and the source for all the spectral components of the fluctuating part of 𝑖 𝑑𝑐 . Therefore, the current coming from the source 𝑖 𝑠 will be assumed to be constant and thus the entire fluctuating term of 𝑖 𝑑𝑐 flows entirely through the decoupling capacitors as described in (3.49) (see Figure 3.25).

𝑖 𝑠 = 𝑖 𝑑𝑐 + 𝑖 𝐶 (3.46) Assuming that: Consequently, in order to reduce the current flowing in the capacitors, the fluctuating part of the DC-link should be reduced. This later is treated and achieved by DCPWM strategy

𝑖 𝑑𝑐 = 𝐼 𝑑𝑐 + 𝑖d 𝑐

3-Phase Load

that is proposed in [START_REF] Hobraiche | A new PWM strategy to reduce the inverter input current ripples[END_REF].

DCPWM is another type of PWM strategies, which use two carriers in phase opposition to each other [START_REF] Oriti | A new space vector modulation strategy for common mode voltage reduction [in PWM invertors[END_REF], [START_REF] Nguyen | A direct digital technique implementation of general discontinuous pulse width modulation strategy[END_REF], [START_REF] Nguyen | Etude de stratégies de modulation pour onduleur triphasé dédiées à la réduction des perturbations du bus continu en environnement embarqué[END_REF], [START_REF] Hobraiche | A new PWM strategy to reduce the inverter input current ripples[END_REF]. The strategies studied in [START_REF] Hava | A generalized scalar PWM approach with easy implementation features for three-phase, three-wire voltage-source inverters[END_REF], [START_REF] Un | A near-state PWM method with reduced switching losses and reduced common-mode voltage for three-phase voltage source inverters[END_REF] aim to reduce the common mode voltage ripple which is a result of semiconductor switching pulses, while [START_REF] Hobraiche | Comparaison des stratégies de modulation à largeur d'impulsions triphasées-Application à l'alterno-démarreur[END_REF], [START_REF] Nguyen | Etude de stratégies de modulation pour onduleur triphasé dédiées à la réduction des perturbations du bus continu en environnement embarqué[END_REF] focused on the reduction of the RMS current in decoupling capacitors. All these controls use a classical scalar approach with two opposite carriers instead of one.

From vector-based approach's point of view, instead of using two adjacent active vectors and zero vectors during each switching period to generate the reference vector, DCPWM strategies use three adjacent active vectors or two non-adjacent active vectors and one zero vector as depicted in Figure 3.26. Both cases are applied according to the positon of the reference vector 𝑉 * in different zones (see Figure 3.27).

Referring to [START_REF] Nguyen | Etude de stratégies de modulation pour onduleur triphasé dédiées à la réduction des perturbations du bus continu en environnement embarqué[END_REF], the instantaneous value of the DC-link current 𝑖 𝑑𝑐 is expressed, in the plane 𝛼𝛽, by a scalar product between the "normalized voltage" vector 𝑉 𝑘 ⃗⃗⃗⃗ at the output of the inverter and the vector of the load current 𝐼 as mentioned in (3.50). In other words the instantaneous value of 𝑖 𝑑𝑐 is (multiplied by a coefficient of 3/4) the orthogonal projection of the vector 𝐼 onto the vector 𝑉 𝑘 ⃗⃗⃗⃗ . 

Uni-DCPWM:

Applying of zero vectors (𝑉 0 and 𝑉 7 ) leads to significant current ripples at the input of the inverter. In fact, this ripple is a great interest in the dimensioning of DC link capacitors.

In general, the principle concept of DCPWM technique is to strictly avoid the application of freewheel vectors (𝑉 0 and 𝑉 7 ) where possible. But this technique isn't appropriate for lowest modulation factor range 𝑚 ≤ 2

3

. Therefore, the aim of the Uni-DCPWM technique is to benefit from DCPWM advantage even if the modulation factor is small (i.e. 𝑚 ≤ It can be noted that in the high power factor area (-50°≤ 𝜑 ≤ 50° motor mode and 150°≤

|𝜑| ≤ 180° generator mode), the ratio is less than 1, which means that the Uni-DCPWM strategy is more advantageous than the SVPWM strategy in this area in terms of decoupling capacitor stress. This ratio can go below 0.6, i.e. the reduction in current value is more than 40% compared to the SVPWM strategy.

Conclusion

The structure of the three-phase full bridge converter is well addressed in this chapter. It has touched on the converter component (switches) and its operating principle by presenting the possible status of each leg and which case should be avoided by adding a dead time delay between the switches transition in order to prevent happening a short-circuit. Also, the functions of the output voltages and the input currents have been expressed with regard to the input voltage and the switches states control signals (𝑐 𝑎 , 𝑐 𝑏 , 𝑐 𝑐 ). Then, the concept of controlling the converter has been treated by proposing different PWM methods. Each PWM strategy has a specific characteristics like the zero-sequence voltage 𝑣 𝑛0 and algorithm, which leads to different advantages. For instance, SVPWM can increase the modulation index range with respect to SPWM and it can improve the phase current quality.

While the DPWM strategies focus on the reduction of the switching losses (conduction and commutation). As for Uni-DCPWM, it aims reducing the stress on the decoupling capacitor and limit the switching losses too.

After we have touched on the DFIM, its control and the operating of the static converter, we are able to start in next chapter to study the global system including a back-to-back converters connected to the grid from one side and to the machine on the other side.

Chapter 4: Back-to-back converter system

Introduction

In the literature, different Pulse Width Modulation (PWM) strategies based on a double carrier have been developed in order to reduce the current in the DC link capacitor within the context of a single three-phase full bridge in comparison with classical (single carrier space vector PWM strategies). These techniques are presented in [START_REF] Nguyen | Extended double carrier PWM strategy dedicated to RMS current reduction in DC link capacitors of three-phase inverters[END_REF], [START_REF] Hobraiche | A new PWM strategy to reduce the inverter input current ripples[END_REF] and [START_REF] Nguyen | PWM strategy dedicated to the reduction of DC bus capacitor stress in embedded three phase inverter[END_REF]. The last one can be easily implemented on a DSP and is efficient for all practical operating points (for all modulation indexes and all usual power factors both in motor and generator modes).

Recent papers treating the DC link capacitors focus on multi-phase converters [START_REF] Nie | Multi-phase VSI DC-link capacitor considerations[END_REF]. It has been shown in [START_REF] Ye | An interleaving scheme to reduce DC-link current harmonics of dual traction inverters in hybrid electric vehicles[END_REF] that the reduction of the RMS current is important for the reduction of the size of DC link capacitors (or the reduction of their stress), especially in low voltage high current applications where they represent an important part of the overall volume of the converter. Indeed, in practice, the DC voltage ripple is never the tightest constraint for the design of the converter and, as a consequence, the capacitance is not the key parameter for the choice of aluminum electrolytic capacitors used within this context. All these studies have been performed in the case of a battery-fed inverter (in an electric or hybrid vehicle) for instance. However, other important cases that can be investigated are parallelized converters [START_REF] Ye | An interleaving scheme to reduce DC-link current harmonics of dual traction inverters in hybrid electric vehicles[END_REF], [START_REF] Voldoire | Analytical Calculation of DC-Link Current for N-Interleaved 3-Phase PWM Inverters Considering AC Current Ripple[END_REF] and another interesting configuration is the back-to-back topology [START_REF] Patin | Study of interleaved PWM strategies applied to two back-to-back three-phase full bridges[END_REF] (as shown in Figure 4.1) which can be found in various applications such as Doubly-Fed Induction Generators (DFIG) used as Variable Speed Constant Frequency Generators (wind mills [START_REF] Muller | Doubly fed induction generator systems for wind turbines[END_REF], small hydropower [START_REF] Kato | Small-scale hydropower[END_REF]). With two separate converters connected to a common point (DC link), an interleaved PWM technique is usually adopted (e.g. Voltage Regulation Modules dedicated to microprocessors) because it allows us to increase the effective frequency of the current in the capacitor in comparison with the switching frequency applied to the active components in the converters. This solution has been adopted in [START_REF] Ye | An interleaving scheme to reduce DC-link current harmonics of dual traction inverters in hybrid electric vehicles[END_REF] and [START_REF] Voldoire | Analytical Calculation of DC-Link Current for N-Interleaved 3-Phase PWM Inverters Considering AC Current Ripple[END_REF] clearly focused on the DC capacitor current.

The aim of this chapter is also the reduction of the RMS current. For this purpose, individual PWM strategies are applied for both converters, and more particular we will see the impact It must be noticed that, even if the Uni-DCPWM strategy has better performance than a SVPWM strategy for a single converter, this result has to be proved in the case of two backto-back converters. So, the innovating aspect of this work is to compare the performance of both strategies in the context of interleaving of carriers. Then, it will be shown that the needed interleaving rate has to be dynamically tuned in order to reach the optimal performance and a simple tracking technique is tested in simulation.

In both cases, a shift rate 𝜓, which is described in (4.1), is applied between carriers of both converters, where 𝑇 𝑃𝑊𝑀 is the common switching period or the decoupling period and Δ𝑡 is the delay introduced between carriers as shown in The carriers used in this study are symmetric triangles (a complementary study with a sawtooth waveform could be easily done).

Grid frequencies 𝑓 1 and 𝑓 2 are usually different and in practice (with a DFIG), 𝑓 2 is much lower than 𝑓 1 . Therefore, results presented in this chapter are given with 𝑓 1 = 50 𝐻𝑧 and

𝑓 2 ∈ [-15𝐻𝑧, +15𝐻𝑧].
Moreover, phase shift between voltages and currents are neglected on grid 1 and grid 2. In this chapter, the study is limited to real power transfer.

In Section 4.2, the instantaneous model of a three-phase inverter is presented and then, assumptions about splitting of low and high frequencies of the DC current are recalled in order to justify the previously published results in the cases of SVPWM and Uni-DCPWM strategies about the capacitor RMS current. These results and recalled in Section 4.3.

In Section 4.4, the simulation of the interleaving impact is detailed and the complete system is briefly described. In Section 4.5, simulation results for SVPWM and Uni-DCPWM are analyzed and compared. A spectrum analysis is also performed in order to evaluate the possibility of choosing another technology for DC link capacitors.

In Section 4.6, a real-time control is developed. It is based on a tracking technique. It aims to dynamically tune the interleaving rate when the operating point is modified in order to achieve optimal results. Finally, the conclusion highlights the interest of Uni-DCPWM within this new context and proposes an optimal interleaving strategy in the case of a unity power factor operating mode of both converters. Where 𝑣 1𝑑 and 𝑣 1𝑞 are direct and quadrature applied voltages respectively on the rectifier in synchronous reference frame. 𝜔 1 is the grid side frequency (𝑟𝑎𝑑/𝑠).

Load modeling

Take into consideration that the load is a RLE balanced three-phase system (which is a simplified model of the DFIG) similar to the source model with a resistor 𝑅 𝑙 , inductor 𝐿 𝑙 and source voltage 𝑒 𝑥 , the only different between equations of the source and the load is the current direction. As consequence, voltages can be expressed as follows: By using Clarke's transformation (Appendix A), the equations (4.8) and (4.9) can be reformulated as in (4.12) and (4.13) respectively.

𝑣 2𝑥 =
[ 𝑣 𝛼 𝑣 𝛽 ] = 2 3 𝑣 𝑑𝑐 [ 1 - 1 2 - 1 2 0 √3 2 - √3 2 ] [ 𝑐 𝑎 𝑐 𝑏 𝑐 𝑐 ] (4.12) 𝑖 𝑑𝑐 = 2 3 [ 𝑐 𝑎 𝑐 𝑏 𝑐 𝑐 ] • [ 1 0 - 1 2 √3 2 - 1 2 - √3 2 ] • [ 𝑖 𝛼 𝑖 𝛽 ] (4.13)
Based on (4.12), the dot product occurring in (4.13) can be rewritten as:

𝑖 𝑑𝑐 = 1 𝑣 𝑑𝑐 [ 𝑣 𝛼 𝑣 𝛽 ] • [ 𝑖 𝛼 𝑖 𝛽 ] (4.14)
Figure 4.5 shows the overall functional block diagram for back-to-back converter that is performed in Simulink in order to simulate the system and present the results. As it seems, the system requires four inputs source and load voltages (𝑣 𝑠 and 𝑒 respectively), also, the switches states signals 𝐶 1 and 𝐶 2 that come from PWM strategies blocs to control the converters. Due to the interaction of the converters in the configuration that presented in Figure 4.6, the situation is much more complex than one converter case. Indeed, the result about RMS capacitor current is not trivial even if the PWM controllers associated to the converters are synchronized with the same carrier. That is because constructive and destructive interferences can occur. This latter is due to different spectrum distributions of 𝑖 𝑎𝑐1 and 𝑖 𝑎𝑐2 linked to different operating points of the rectifier and the inverter (even if the DC components remain the same for both converters).

As a consequence, it is not possible to conclude about the effectiveness of a PWM strategy in this back-to-back topology on the basis of the performances obtained in a single converter configuration. Also, as it seems, the interleaving time is inserted to make shifting or to add delay between career of both PWM strategies. The aim is to monitor, observe and visualize its effect on the decoupling capacitor current 𝑖 𝑐𝑎𝑝 , which is the output of the DC bus bloc in Figure 4.5.

Control loops

Note:

The shift rate value is set to zero in the beginning in order to prove the control loops work well. Where 𝐼 𝑚𝑎𝑥 , 𝜑 and 𝑚 are respectively, the amplitude of AC currents, the phase shift between AC voltages and currents and 𝑚 is the modulation index.

Moreover, this result is not only limited to the SVPWM but also applied to the basic sinusoidal PWM and more generally to all strategies using only two adjacent vectors (including active and zero vectors) during a switching period.

These issues (sub-optimal switching losses and RMS current in the DC link capacitor) are both addressed by the Uni-DCPWM strategy. However, no analytical result (similar to (4.15)) has been established in the literature for double carrier PWM strategies [START_REF] Nguyen | Extended double carrier PWM strategy dedicated to RMS current reduction in DC link capacitors of three-phase inverters[END_REF], [START_REF] Nguyen | PWM strategy dedicated to the reduction of DC bus capacitor stress in embedded three phase inverter[END_REF], [START_REF] Hobraiche | A new PWM strategy to reduce the inverter input current ripples[END_REF]. For this purpose, numerical analysis has been used and the same methodology can be applied here with two converters as exposed in the following paragraph.

Uni-DCPWM

The Uni-DCPWM is derived to a single carrier discontinuous PWM technique called GDPWM [START_REF] Hava | A high-performance generalized discontinuous PWM algorithm[END_REF] which consists in adding a zero sequence component clamping a leg to one rail of the DC bus during a complete switching period. The interest of such behavior is the limitation of switching losses, which are proportional to the switched current. The decision of the algorithm is based on the actual currents (absolute value) measured in the potentially clamped legs (either the one with the maximal requested duty ratio -without zero sequence component -or the one with the minimal duty ratio).

Then, the Uni-DCPWM only uses two opposite carriers for modulation of non-clamped legs. The interest of a double carrier strategy (as shown in [START_REF] Nguyen | Extended double carrier PWM strategy dedicated to RMS current reduction in DC link capacitors of three-phase inverters[END_REF], [START_REF] Nguyen | PWM strategy dedicated to the reduction of DC bus capacitor stress in embedded three phase inverter[END_REF], [START_REF] Hobraiche | A new PWM strategy to reduce the inverter input current ripples[END_REF]) is that it avoids, or at least, it limits the use of zero voltage vectors 𝑉 0 ⃗⃗⃗ and 𝑉 7 ⃗⃗⃗ which dramatically increase ripples of the input current. According the assumption presented in Unfortunately, in the literature, no explicit function has been derived from double carrier techniques such as the original DCPWM presented in [START_REF] Hobraiche | A new PWM strategy to reduce the inverter input current ripples[END_REF], Uni-DCPWM [START_REF] Nguyen | PWM strategy dedicated to the reduction of DC bus capacitor stress in embedded three phase inverter[END_REF] or even the intermediate solution so-called Ext-DCPWM presented in [START_REF] Nguyen | PWM strategy dedicated to the reduction of DC bus capacitor stress in embedded three phase inverter[END_REF]. This is mainly due to the non-linear behavior of such kinds of PWM strategies which calculate duty ratios (and select one carrier or its opposite) not only on the basis of voltage references but also on measured AC currents.

However, the calculation of the RMS capacitor current can be based on idealized current waveforms since high frequency ripples can be neglected in practice. Thus, based on (4. Such an analysis allows us to check the impact of all key parameters:  Independent AC frequencies for both converters (𝑓 1 and 𝑓 2 ).

 Independent power factors for both converters (in this study, for converter 1, a unity power factor is assumed to be reached but this parameter could be easily modified).

 Delayed carriers between these two converters.

The only parameter that has to be initialized at the beginning of the analysis is the 𝑣 𝑑𝑐 reference. Thus, if voltage drop across grid side inductors is neglected, it gives:

𝑚 1 = 2𝑉 𝑠𝑚𝑎𝑥 𝑣 𝑑𝑐 (4.16)
Where V smax represents the amplitude of grid voltages (325 V in this study).

Finally, indexes 𝑚 1 and 𝑚 2 applied to PWM controllers (of both converters) are linked by the following equation:

𝑚 1 𝐼 1𝑚𝑎𝑥 cos 𝜑 1 = 𝑚 1 𝐼 1𝑚𝑎𝑥 = 𝑚 2 𝐼 2𝑚𝑎𝑥 cos 𝜑 2 (4.17)

Thus, for a given 𝜑 2 phase shift, the amplitude of grid currents in rotor windings of the DFIG are linked. As a consequence, the characterization of DC link capacitor RMS current for cascaded converters is similar to the one applied to a single converter (except a new degree of freedom which is the delay introduced between carriers for both converters) (see In Figure 4.13, this result is presented for the same operating conditions with the Uni-DCPWM strategy. And, in this case, we can notice that the RMS current in the DC link capacitor is lower than the case of SVPWM strategy. However, it seems that the optimal shift rate is slightly higher than 50%, and it should probably be adapted to the modulation index. This result is coherent with the one obtained in the case of a single inverter.

This comparison is illustrated in Figure 4.14 by presenting the ratio of RMS currents (Uni-DCPWM/SVPWM) in both cases for all operating points. If this ratio is greater than 1, then

It should be noted that the gain at 15 Hz is lower than the gain at 0 Hz. Moreover, it can be seen in Figure 4.14 that the optimal shift rate (applied to the Uni-DCPWM) is not 50% and must vary according the operating point (i.e.modulation index). Finally, in Figure 4.16, the capacitor current spectra for SVPWM and Uni-DCPWM show that the interleaving does not clearly increase the apparent frequency of the current on DC side. Indeed, significant harmonic components appear around the switching frequency (10 kHz) even if the most significant terms of the spectrum are located at 20 kHz. This result is quite similar to the one obtained with a single converter, and in such a situation, the most valuable capacitor technology remains the aluminum electrolytic one.

Real-time interleaving control and Tracking algorithm 4.6.1 Preliminary analysis

Since the impact of the interleaving of carriers is proved for both strategies and as it is shown the best performance for RMS DC link capacitor current is achieved with the Uni-DCPWM technique, it is clear that an adapted real-time control is required. Indeed, with this PWM strategy, as it is shown in Figure 4.13, the interleaving rate needs to be dynamically tuned when the operating point is modified for achieving optimal results.

However, this closed-loop control cannot be based on a classical reference-based controller because the objective is a minimization of the RMS current in the DC link capacitor and not a regulation at a given value. Thus, a good choice for this purpose is to use a tracking technique similar to the one used in Maximum Power Point Tracking (MPPT) strategies applied to photovoltaic converters as in [START_REF] Esram | Comparison of photovoltaic array maximum power point tracking techniques[END_REF].

Structure and start-up sequence

The global structure of the controller used for both converters is presented in Figure 4.17. The key element studied here is the "tracking block". However, in order to obtain a proper behavior of the whole system, the following start-up sequence is necessary (a flowchart is presented in Figure 4.18):

1. Activation of the converter 1 (converter 2 is inhibited) with its dedicated control loops in order to reach the DC link voltage reference (720 V here).

2. When the DC bus voltage reference is reached, converter 2 is activated with an initial interleaving rate equal to 50%. Simultaneously, the associated AC currents control loop is activated with given 𝑑𝑞 references. Since the RMS current is measured with a first order low pass filter having a cut-off frequency equal to 200 𝐻𝑧, its time constant is lower than 1 𝑚𝑠. As a consequence, a sampling period of 1 𝑚𝑠 can be used for the reconfiguration of the interleaving rate resulting in a significant evolution of the estimated RMS current (ICRMS).

Then, the sensitivity of this current according to the interleaving rate (ILR) which is observed in the cartography of Figure 4.12, the variation step used in the controller is equal to 2%. The algorithm applied in this study can be illustrated by the flowchart shown in Even if this kind of control scheme does not give a quick response, it should be noted that the aim of this tracking is to limit losses in the DC link capacitors. More precisely, it is well known that the aluminum electrolytic capacitors are very sensitive to their internal temperature, which plays a direct role in their lifetime. Thus, the minimization of the instantaneous RMS current is not as crucial as its minimization on a large time span and within this context, a convergence in few tenths of milliseconds is perfectly satisfying in comparison with the thermal time constant of several hundreds of seconds even for small capacitors [START_REF] Furukawa | Electrolytic capacitor thermal model and life study for forklift motor drive application[END_REF], [START_REF] Nguyen | Analyse des sollicitations sur les c continu d'onduleur pour[END_REF]. 118 As it can be seen in Figure 4.22, the capacitor current waveform is significantly modified by the operating point (including the interleaving rate) with three different configurations.

More particularly, it can be noticed that, even the interleaving allows to reduce the RMS value of currents, peak value can be very high due to narrow spikes as it can be seen for the third operating point presented in this figure (for a modulation index 𝑚 2 = 1, an output frequency 𝑓 2 = 10𝐻𝑧 and with an output phase shift angle 𝜑 2 = 0 𝑟𝑎𝑑). 

Conclusion

This chapter showed that the use of two interleaved PWM controllers is of great interest in the context of two back-to-back converters, because it can significantly reduce the RMS current in the DC link capacitor, especially at high (output -i.e. converter 2) modulation index. Moreover, it seems that the Uni-DCPWM strategy is the most adapted strategy within the context of a converter connected to the rotor of a DFIG with a limited range (±30%) around the synchronous speed (corresponding to ±15𝐻𝑧 if the grid frequency is equal to 50 𝐻𝑧). For a larger output frequency range, the SVPWM could be more efficient under the condition of a dynamic adaptation of the shift rate between carriers. Therefore, a real-time interleaving control is elaborated based on a tracking technique. Its application yields to minimize the losses in the decoupling capacitor(s) and as a consequence, their internal temperature. This is the basis of different PWM strategies proposed in the literature because this component modifies the time distribution of the null vectors and thus modifies the quality of the voltage supplied to the load, the linear zone of the PWM strategy or the switching losses of the converter. Among these PWM strategies, a review of the literature on the SVPWM, GDPWM and Uni-PWM is presented with their principle and algorithm.

Finally, chapter 4 treated the entire system including two back-to-back three-phase full bridges converter, load, closed-loops control scheme and the PWM controller. Both strategies SVPWM and Uni-DCPWM are applied to converters besides introducing the interleaving time value between the PWM strategies controlling both converters. It has been demonstrated that this interleaving time has a great impact on the value of the decoupling capacitor current. The best or the most advantageous value of the interleaving time is 0.5 * 𝑇 𝑃𝑊𝑀 (50 %) when SVPWM is used. While the optimal shift rate applied to the Uni-DCPWM is not 50 % and must vary according the operating point. And it should probably be adapted to the modulation index. Also, it is clear that there is an improvement on the RMS current reduction when Uni-DCPWM is used compared to the use of SVPWM with a limited range (±30%) around the synchronous speed. In addition, a dynamic adaptation of the shift rate and a real-time control has been elaborated based on a tracking technique with the aim of minimizing the RMS current in the decoupling capacitor and as a consequence, their internal temperature which leads increasing the lifetime.

With regard to future perspectives, the door is open for discussion and any suggestion but we mention some perspectives that might be important to be treated. Among these perspectives, it may be interesting to implement other robust commands for the DFIG and make a comparison between them. Also, as we have seen in this thesis, both converters (RSC and GSC) are controlled by same strategy in same time (SVPWM or Uni-DCPWM). Therefore, applying different strategies for both converters in same time can be a good idea, for example the first converter is controlled by SVPWM while the second one is controlled by Uni-DCPWM and vice versa. Moreover, it may be good applying other PWM methods evoked in literature (such as GDPWM) to see if we can obtain a better optimization of stress reduction on the bus by mitigating thermal cycling under variable operating point of the DFIG. Finally, since circumstances did not permit to validate the simulation results, it is important to realize a test bench in order to verify the simulation results experimentally. Where 𝑇 23 = √ ].

While the inverse transformation which means the transition from a dual-phase 𝛼𝛽 system to a three-phase 𝑎𝑏𝑐 system is obtained via: Where 𝑇 32 = √ .

[

Park transformation

The Park transformation consists of a three-phase -dual-phase transformation followed by 
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  Magnetic fluxes are additive.  The selves inductances are constant.  The variation of the mutual inductances between the stator and rotor windings is a sinusoidal function of the electrical angle 𝜃 𝑒 = 𝑝. 𝜃 along the considered axes (𝜃 is the mechanical position of the rotor with respect to the stator).
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 1 Figure 1.7 illustrates the equivalent circuit of DFIM where all variables and parameters are transferred to the stator side.
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 1 Figure 1.10 presents the real power transfer between stator, rotor and shaft of the ideal model of the DFIM in generating mode for (a) super-synchronism and (b) sub-synchronism cases.
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 21 Figure 2.1:Categorization of variable frequency drive methods[START_REF] Hannan | Optimization techniques to enhance the performance of induction motor drives: A review[END_REF].
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 122 Figure 2.2: Reference frame linked to the stator rotating flux.

  Figure 2.3 shows the schematic diagram of the conventional SRF-PLL, the input signal is denoted by (𝑣 𝑎 , 𝑣 𝑏 , 𝑣 𝑐 ) while the output phase is denoted by 𝜃 𝑠 .
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 23 Figure 2.3: Block diagram structure of a three phase SRF-PLL.
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 24 DFIG modelling under SFO concept With the aim of obtaining a decoupled control of real and reactive stator powers, the DFIG model requires all values to be computed under the Stator-Flux Orientation (SFO) or Field Oriented Control (FOC) concept. The stator flux equations can be then simplified to equations (2.2) thanks to the linking between stator flux with 𝑑 -𝑎𝑥𝑖𝑠 of the 𝑑𝑞 reference frame as illustrated in Figure 2.2.
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 24 Figure 2.4: Simplified block diagram of the DFIM in SRF.

  Figure 2.4 illustrates the simplified block diagram of DFIM in SRF.2.2.5 Control structure of the systemProportional-Integral (PI) controllers are widely used in industry due to their performance and calculation speed. Their operating principle is to compare the actual measured values with the reference or desired values and to stabilize the system to be regulated. PI control combines the advantages of integral control (zero steady-state error) with those of proportional control (increasing the speed of the transient response)[START_REF] Bucz | PID controller design for specified performance[END_REF]-[START_REF] Åström | PID control[END_REF].
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 25 Figure 2.5: Rotor side control of the DFIM.

Figure 2 .

 2 Figure 2.5 illustrates the rotor side control structure of the DFIM. It consists of three imbricated control loop: 𝑖 𝑟𝑑 and 𝑖 𝑟𝑞 current regulation, real and reactive power regulation and speed regulation. When tuning the PI controllers, the disturbances variables (𝑒 𝑟𝑑 , 𝑒 𝑟𝑞 , 𝑒 𝜑 and 𝑇 𝐿 ) are assumed to be well compensated in the global structure of the system. Therefore, they are not considered while calculating the controller parameters. This assumption allows to simplify the loops as depicted in Figure 2.6, Figure 2.8 and Figure 2.7.
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 2754253 Figure 2.7: Power control loop.
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 28 Figure 2.8: Speed control loop.
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 29 Figure 2.9: Grid side control.

  This paragraph will allow to test the performance of the DFIG control and compare the obtained values with their references values for the different parameters. The simulation is performed when the machine is connected to an ideal source for the following scenario: Sub-synchronous mode [0,1𝑠].  Super-synchronous mode [1𝑠, 2𝑠].Concerning the reference stator active power, its value was 𝑃 𝑠 * = -3500 𝑊 at 𝑡 = 0𝑠. After 𝑡 = 1𝑠, it has decreased from 𝑃 𝑠 * = -3500 𝑊 until it has arrived 𝑃 𝑠 * = -5500 𝑊 (𝑃 𝑠 * is negative during the operation of the machine, hence the DFIM operates in generator mode).Regarding the reference value of the reactive power, there was no demand for reactive power at the stator at the beginning. Between 𝑡 = 0.2𝑠 and 𝑡 = 0.6𝑠, 𝑄 𝑠 * = 1000𝑉𝐴𝑅 is injected into the stator; then the reactive power was generated out of the stator from 𝑡 = 0.6𝑠 up to 𝑡 = 1𝑠. The evolution for the stator reactive power in the interval [1𝑠; 2𝑠] is identical to the evolution between 𝑡 = 0𝑠 and 𝑡 = 1𝑠.
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 2 Figure 2.10 illustrates the variation of the stator active and reactive powers, also the electromechanical torque. The result demonstrates that the effective values converge towards the desired values.
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Figure 2 .

 2 Figure 2.13 displays the three-phase voltage and current signals for stator and rotor sides of the machine, while Figure 2.14 displays them in 𝑑𝑞 frame.
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 213 Figure 2.13: Variation of the three-phase voltage and current on the stator and rotor sides.
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 214 Figure 2.14: Variation of the voltage and the current on the stator and rotor sides in dq-frame.
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 31 Figure 3.1: Global diagram of a power conversion system.
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 32 Figure 3.2: Three-phase two level VSC circuit.
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 33 Figure 3.3: (a) High and low switches' patterns for the real and ideal cases. (b) The possible status of each leg.
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 4 Each bridge leg (noted 𝑖 with 𝑖 = 1. . .3) has two switches, which are bidirectional in current and unidirectional in voltage: upper switch 𝑐 𝑖 , and lower switch 𝑐 𝑖+3 . The switches of the inverter are transistors of type IGBT (because we are going to work on high voltage application) associated with anti-parallel diodes. It's important to mention that a simplified model of VSC is elaborated under the following assumptions:

Figure 3 . 4 :
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 36 Figure 3.6: DC bus circuit.
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1

 1 converter. 𝑇 𝑜𝑛 is the total ON period of the switch and 𝑇 𝑃𝑊𝑀 is the switching time (or the carrier period)[START_REF] Naidu | Dynamic energy management and control 137 of a grid-interactive DC microgrid system[END_REF]. Always 0 < 𝐷 < 1. or number of switching cycles per sinewave period. 𝑓 𝑃𝑊𝑀 = 1 𝑇 𝑃𝑊𝑀 is carrier frequency while 𝑓 𝑠 = 1 𝑇 𝑠 defines the sinewave frequency.

Figure 3 .

 3 Figure 3.7 illustrates various parameters for 𝑁 = 4 and 𝑚 = 0.8.
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 37 Figure 3.7: PWM waveforms for N=4 and m =0.8.

Figure 3 .

 3 Figure 3.8 categories some of PWM strategies under three optimisation umbrellas: extension of linearity, minimization of the losses and reduction of the noise [76]-[79].
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 38 Figure 3.8: Classification of PWM methods.

2 .

 2 𝑓 𝑃𝑊𝑀 . 𝑣 𝑑𝑐 (𝑡 𝑂𝑁 + 𝑡 𝑂𝐹𝐹 )(|𝑖 𝑎 (𝑡)| + |𝑖 𝑏 (𝑡)| + |𝑖 𝑐 (𝑡)|) (3.15) With 𝑃 𝑠𝑤 being the power switching losses per fundamental cycle, 𝑓 𝑃𝑊𝑀 is the frequency of the used PWM strategy, 𝑣 𝑑𝑐 is the DC link voltage, 𝑡 𝑂𝑁 + 𝑡 𝑂𝐹𝐹 being the sum of the turnon time and turn-off time of the switching devices and (|𝑖 𝑎 (𝑡)| + |𝑖 𝑏 (𝑡)| + |𝑖 𝑐 (𝑡)|)

Figure 3 . 9 :

 39 Figure 3.9: SPWM or scalar approach for PWM.

Figure 3 .

 3 Figure 3.9 shows an example where the reference signal is a pure sinusoid of frequency 𝑓 𝑠and the carrier is a "symmetrical triangle" with high frequency 𝑓 𝑃𝑊𝑀 . In this case, we suppose that the average value of the control signal over one carrier period is constant and equal to the reference signal value thanks to the assumption 𝑓 𝑃𝑊𝑀 ≫ 𝑓 𝑠 (i.e. we have a very

3 . 1 )

 31 where 𝜔 is the angular frequency of the sinewave.

Figure 3 .

 3 Figure 3.10 shows how PWM technique generates the signals 𝑐 𝑎 , 𝑐 𝑏 and 𝑐 𝑐 . These are the signals that control the inverter' transistors. Their values are "1" (if the switch turned on) or "0" (if the switch turned off) depending by the comparing result between the amplitudes of the carrier 𝑐(𝑡) (saw-tooth signal 𝑐(𝑡) ∈ [-1,1]) and the normalized reference sine waves voltages (𝑣 1 * , 𝑣 2 * and 𝑣 3 * ).
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 310173 Figure 3.10: Block diagram of the basic scalar SPWM method.
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 3111920 Figure 3.11: Block diagram of the conventional scalar PWM method employing zero-sequence signal injection and a common triangular carrier wave.
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 312 Figure 3.12: Carrier types.
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 3313 Figure 3.13:Representation in the αβ coordinates of the inverter voltage vectors and the reference voltage in the first sector.

) 25 )

 25 to the 𝛼𝛽 plane is : The equation (3.25) lead us to conclude that the trajectory of the Clarke transformation of the vector (𝑣 𝑎 * , 𝑣 𝑏 * , 𝑣 𝑐 * ) 𝑇 describes a circle in 𝛼𝛽 plane, with radius 𝑉 𝑚𝑎𝑥 (see Figure 3.13). In sinusoidal steady state, we have 𝜃 = 𝜔𝑡 + 𝜃 0 where 𝜔 is the pulsation of the three voltages 𝑣 𝑎 * , 𝑣 𝑏 * and 𝑣 𝑐 * which corresponds in vector representation to the angular velocity of the equivalent rotating vector 𝑣 𝛼𝛽 * ⃗⃗⃗⃗⃗⃗⃗ in Clarke frame (𝛼𝛽). A complete rotation of 𝑣 𝛼𝛽 * ⃗⃗⃗⃗⃗⃗⃗ (from 0 to 2𝜋) corresponds to a fundamental period of the voltages.

  𝑑 𝑉 𝛼𝛽 * ̅̅̅̅̅ = 𝑡 𝑖 𝑉 𝑖 ̅ + 𝑡 𝑖+1 𝑉 𝑖+1 ̅̅̅̅̅ (3.34) Assuming 𝜃 = (𝛼 , 𝑉 𝛼𝛽 * ⃗⃗⃗⃗⃗⃗ ), 𝛾 𝑖 = (𝛼 , 𝑉 𝑖 ⃗⃗ ), 𝛾 𝑖+1 = (𝛼 , 𝑉 𝑖+1 ⃗⃗⃗⃗⃗⃗⃗ ) = 𝛾 𝑖 + 𝜋 3 and 𝑣 𝛼𝛽 * = |𝑉 𝛼𝛽 * ⃗⃗⃗⃗⃗⃗ | = 𝑚, then the equation (3.34) can be rewritten as a system of two equations with two unknowns as shown in (3.37).𝑇 𝑑 𝑉 𝛼𝛽 * 𝑒 𝑗𝜃 = 𝑡 𝑖 𝑉 𝑖 𝑒 𝑗𝛾 𝑖 + 𝑡 𝑖+1 𝑉 𝑖+1 𝑒 𝑗𝛾 𝑖+1(3.35) 
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 315 Figure 3.15: Pulse patterns during a decoupling period for SPWM (a) and others PWM strategies (b).

Figure 3 .𝑣 3 *

 33 Figure 3.16 illustrates the pulse patterns in the case of using SPWM strategy for both sectors 1 and 2 knowing that 𝑣 1 * > 𝑣 2 * > 𝑣 3 * in the first sector while in the second sector 𝑣 2 * > 𝑣 1 * > 𝑣 3 * . Noting that 𝑣 1 * , 𝑣 2 * and 𝑣 3 * represent the reference voltages.
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 316 Figure 3.16:Pulse patterns for SPWM strategy in first sector (a) and second sector (b).
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 318 Figure 3.18: SVPWM duty ratios calculation flowchart.

Figure 3 .

 3 Figure 3.19-(a) illustrates the modulating signal 𝑚𝑜𝑑 𝑥 * , reference signal 𝑣 𝑥 * and zero-voltage 𝑣 𝑛0 in case of SVPWM strategy. While in Figure 3.19-(b), we have the carrier 𝑐(𝑡) and 𝑚𝑜𝑑 𝑥 * . As for 𝑐 𝑥 that is depicted in Figure 3.19-(c), it represent the comparison result between them.

Acquisition of 𝑣 1 * , 𝑣 2 * and 𝑣 3 *

 123 Determination of 𝑣 𝑖* where 𝑖 is the index of 𝑚𝑖𝑛(|𝑣 1 85 zone is depicted in Figure3.20 and Table3.4 for SPWM, THIPWM4, THIPWM6 and SVPWM.
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 319 Figure 3.19: Modulation waveform and zero-sequence signals of the SVPWM strategy.
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 320 Figure 3.20: Linear zone in the αβ plane.
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 321 Figure 3.21: PWM paterns, (a) for SPWM and (b) for DPWM .

Figure 3 . 23 :

 323 Figure 3.23: Ratio of switching losses of DPWM strategies with respect to SVPWM strategies as a function of load power factor [59].

Figure 3 .

 3 Figure 3.24: GDPWM duty ratios calculation flowchart.

𝑡𝑟𝑢𝑒

  Acquisition of 𝑣 𝑥 * 𝑎𝑛𝑑 𝑖 𝑥 where 𝑥 ∈ [1,2,3] Determination of 𝑀 and 𝑚 with { 𝑉 𝑀 = 𝑚𝑎𝑥 𝑣 𝑥 * 𝑉 𝑚 = 𝑚𝑖𝑛(𝑣 𝑥 * ) 𝑣 𝑛0 = -1 -𝑉 𝑚 𝑓𝑎𝑙𝑠𝑒 𝑖 𝑀 > 𝑖 𝑚 𝑣 𝑛0 = 1 -𝑉 𝑀 𝑚𝑜𝑑 𝑥 * = 𝑣 𝑥 * + 𝑣 𝑛0 𝑥 ∈ 1,2,3

48 )Figure 3 . 25 :

 48325 Figure 3.25: Simplified circuit to calculate the effective current absorbed by the decoupling capacitors.
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 326 Figure 3.26: Vector-based principle of the DCPWM strategy.

Figure 3 . 27 : 50 )

 32750 Figure 3.27: Various zones of the DCPWM strategy.

Figure 3 .

 3 Figure 3.28: DC-link current during a decoupling periode.

92 Figure 3 . 29 :

 92329 Figure 3.29: Uni-DCPWM flowchart.

Figure 3 . 93 Figure 3 . 30 :

 393330 Figure 3.30 illustrates the cartography of the ratio between RMS current for Uni-DCPWM and SVPWM strategies as a function of the phase shift 𝜑 of the AC load and of the modulation factor 𝑚.

Figure 4 . 1 :

 41 Figure 4.1: Two back-to-back converters.

  on the DC-link current for two different PWM strategies:  Classical SVPWM with one carrier per converter  Uni-DCPWM with two opposite carriers per converter And as shown in Figure 4.2, interleaved carriers are used for these PWM controllers.

Figure 4 . 2 :

 42 Figure 4.2: PWM carriers interleaving principle.

Figure 4

 4 

Figure 4 . 4 :

 44 Figure 4.4: DC bus circuit bloc diagram.

Figure 4 . 5 :

 45 Figure 4.5: Block diagram for back-to-back converter.

Figure 4 . 6 :

 46 Figure 4.6: the configuration of a DC-link with two converters.

Figure 4 .

 4 Figure 4.7 illustrates two control loops in synchronous frame (𝑑𝑞 reference frame). At the top (the control loop for the first converter which is a rectifier), we have DC voltage loop. This loop is used to find the desired voltages 𝑣 1𝑎 * , 𝑣 1𝑏 * and 𝑣 1𝑐 * that have to be injected into the first converter's PWM strategy, they are calculated based on the desired DC-link voltage

Figure 4 . 7 :

 47 Figure 4.7: Control loops and insertion of interleaving time.

Figure 4 .

 4 Figure 4.8 illustrates the load current 𝑖 2 and the DC-link voltage 𝑣 𝑑𝑐 in the case of applying SVPWM strategy. The simulation is performed with consideration that desired DC voltage is 𝑉 𝑑𝑐 * = 722𝑉 and load current peak is 𝐼 2 𝑚𝑎𝑥 *

Figure 4 . 8 :

 48 Figure 4.8: Test for PWM rectifier control.

Figure 3 .

 3 25 (total AC component flowing through the capacitor), the Uni-DCPWM significantly reduces the RMS current in the capacitor of a single converter as shown in Figure 3.30.

  [START_REF] Camblong | Minimisation de l'impact des perturbations d'origine éolienne dans la génération d'électricité par des aérogénérateurs à vitesse variable[END_REF] and since the DC components of 𝑖 𝑑𝑐1 and 𝑖 𝑑𝑐2 must be the same in steady state operation (in order to achieve the stability of the DC bus voltage), a script-based analysis of the behavior of PWM strategies in steady-state operating mode can quickly (less than 0.1𝑠 per operating point and approximately 30𝑠 for a cartography like those presented in Figure4.12, Figure4.13 and Figure4.14) confirm the results obtained with transient simulations.
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 4 Figure 4.9).

Figure 4 . 10 :

 410 Figure 4.10: Single simulation: DC link voltage and AC output currents waveforms.

Figure 4 . 12 :

 412 Figure 4.12: Interleaving effect on the RMS capacitor current for a SVPWM strategy when 𝑓 2 = 0𝐻𝑧.

Figure 4 . 13 :

 413 Figure 4.13: Interleaving effect on the RMS capacitor current for a Uni-DCPWM strategy when 𝑓 2 = 0 𝐻𝑧.

Figure 4 . 16 :

 416 Figure 4.16: Comparison of capacitor currents spectra in both cases.

Figure 4 . 17 :

 417 Figure 4.17: Global control scheme.

115 3 .

 3 Then, the tracking algorithm is used in order to reach the minimal RMS current in the DC link capacitor.

Figure 4 . 18 :

 418 Figure 4.18: Startup flowchart.

Figure 4

 4 Figure 4.19.

Figure 4 . 20 :

 420 Figure 4.20: Dynamic interleaving tuning.

Figure 4 . 21 :

 421 Figure 4.21: Reduction of the capacitor RMS current due to the optimal interleaving rate tracking.

Figure 4 . 22 :

 422 Figure 4.22: Instantaneous capacitor current waveforms (for three different operating points).

  .4) is used to obtain the inverse Clarke Transformation:

  a rotation. It allows you to move from the 𝑎𝑏𝑐 frame to the 𝛼𝛽 frame and then to the 𝑑𝑞 frame. The 𝛼𝛽 reference is always fixed in relation to the 𝑎𝑏𝑐 reference (Figure A.2), but the 𝑑𝑞 reference is rotating. It forms an angle with the fixed frame 𝛼𝛽 which is called the Park transformation angle or Park angle 𝜃. ] ⟺ [𝑥 𝑑𝑞 ] = 𝑃(𝜃)[𝑥 𝛼𝛽 ] (0A.5) Where 𝑃(𝜃) = [ cos 𝜃 -sin 𝜃 sin 𝜃 cos 𝜃 ]. a. Inverse Transformation: Where 𝑃(-𝜃) = [ cos 𝜃 sin 𝜃 -sin 𝜃 cos 𝜃 ].

Figure A. 2 :

 2 Figure A.2: Park transformation.
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Table 3 .

 3 

  𝑥 𝑟 = 𝑥 𝑟𝑑 + 𝑗𝑥 𝑟𝑞 Complex notation of the rotor variable 𝑥 𝑟 . 𝑠 , 𝑅 𝑟 Stator and rotor windings resistance of the machine per phase. 𝑣 𝑠 , 𝑣 𝑟 Stator and rotor voltage in 𝑑𝑞 -𝑓𝑟𝑎𝑚𝑒. 𝑖 𝑠 , 𝑖 𝑟 Stator and rotor currents in 𝑑𝑞 -𝑓𝑟𝑎𝑚𝑒. 𝜑 𝑠 , 𝜑 𝑟 Stator and rotor linkage flux in 𝑑𝑞 -𝑓𝑟𝑎𝑚𝑒.

	PWM List of symbols and notations Pulse Width Modulation
	DFIM	Doubly Fed Induction Machine
	DFIM THD 𝑃 𝑠 , 𝑃 𝑟	Doubly Fed Induction Machine Total Harmonic Distortion Stator and rotor real power respectively.
	IM CPWM 𝑄 𝑠 , 𝑄 𝑟	Induction Machines Continuous PWM Stator and rotor reactive power respectively.
	WT DFIG SPWM SVPWM 𝜑 𝑙𝑠 , 𝜑 𝑙𝑟 𝑖 𝑠 = (𝑖 𝑠𝑎 , 𝑖 𝑠𝑏 , 𝑖 𝑠𝑐 ) Wind Turbine Sinusoidal PWM Space Vector PWM Stator and rotor leakage flux in 𝑑𝑞 -𝑓𝑟𝑎𝑚𝑒. 𝑖 𝑟 = (𝑖 𝑟𝑎 , 𝑖 𝑟𝑏 , 𝑖 𝑟𝑐 ) Three-phase instantaneous stator and rotor currents. Mutual linkage flux in 𝑑𝑞 -𝑓𝑟𝑎𝑚𝑒. 𝜑 𝑚 Doubly Fed Induction Generator SCIM THIPWM Third Harmonic Injection PWM 𝐹 𝑠 , 𝐹 𝑟 𝑀 Cyclic mutual inductance in 𝑑𝑞 -𝑓𝑟𝑎𝑚𝑒. Stator and rotor magneto-motive forces. Squirrel Cage Induction Machine MMF Magneto-Motive Force EMF Electro-Motive Force RSC Rotor Side Control DCPWM 𝑓 𝑠 , 𝑓 𝑟 Stator and rotor frequencies. 𝐿 𝑙𝑠 , 𝐿 𝑙𝑟 Stator and rotor leakage inductance per phase in 𝑑𝑞 -𝑓𝑟𝑎𝑚𝑒. Double Carrier PWM APWM 𝜔 𝑠 , 𝜔 𝑟 Stator and rotor angular frequencies. Stator and rotor cyclic self-inductance per phase in 𝑑𝑞 -𝑓𝑟𝑎𝑚𝑒. 𝐿 𝑐𝑠 , 𝐿 𝑐𝑟 Adjacent PWM DPWM 𝑝 𝐿 𝑠 , 𝐿 𝑟 Stator and rotor self-inductance per phase. Number of pair of poles. Discontinuous PWM 𝑚 𝑠 , 𝑚 𝑟 Mutual inductance between two stator (rotor) phases.
	SRF GDPWM	Synchronous Reference Frame Generalized Discontinuous PWM
	PLL RPWM	Phase-locked loop Random PWM
	VOC RCD-PWM	Voltage Controlled Oscillator Random Centered Distribution PWM
	SFO RZD-PWM 𝑇 𝑒𝑚	Stator-Flux Orientation Random Zero-Vector Distribution PWM Electromagnetic torque.
	FOC Ext-DCPWM Extended Double Carrier PWM Field Oriented Control 𝑠 Slip of the machine.
	PI Uni-DCPWM Unified Double Carrier PWM Proportional-Integral 𝑃 𝑚 Mechanical power.
	DC WECS	Direct Current Wind Energy Conversion Systems
	AC	Alternative Current
	IGBT	Insulated Gate Bipolar Transistor
	MOSFET	Metal-Oxide Semiconductor Field-Effect Transistor
	TRIAC	Triode for Alternating Current
	SCR	Silicon Controlled Rectifiers
	VSC	Voltage Source Converters
	ASD UPS 𝑣 𝑠 𝑟 𝑠 , 𝑣 𝑟	Adjustable Speed Drives Uninterruptible Power Supplies Complex notation for stator (respectively rotor) voltage of the machine referred to the stator (respectively rotor) 𝛼𝛽-frame.
	PV VSI 𝑖 𝑠 𝑟 𝑠 , 𝑖 𝑟	Photovoltaic Voltage Source Inverter Complex notation for stator (respectively rotor) current of the machine referred to the stator (respectively rotor) 𝛼𝛽-frame.
	CCM 𝜑 𝑠 𝑠 , 𝜑 𝑟	Continuous Conduction Mode
	JFET	Junction Field-Effect Transistor

Ω 𝑠 , Ω 𝑟

Rotating speeds for 𝐹 𝑠 and 𝐹 𝑟 forces respectively (Ω 𝑠 is called synchronous speed too).

Ω

Mechanical speed of the machine.

𝑁 𝑠 , 𝑁 𝑟 Number of the wire turns in the stator and rotor coils per phase.

𝜃

Mechanical position of the rotor with respect to the stator.

𝜃 𝑒 = 𝑝𝜃

Electrical position of the rotor with respect to the stator.

𝜔

Electrical rotor speed regarding to the stator stationary frame.

𝑥 𝑖 𝑗

The superscript (𝑗 = 𝑠, 𝑟) denotes if the parameter 𝑥 is stator or rotor related variable. While the subscript (𝑖 = 𝑠, 𝑟) denotes the 𝛼𝛽-frame where the parameter 𝑥 is viewed.

𝑥 𝑠 = 𝑥 𝑠𝑑 + 𝑗𝑥 𝑠𝑞 Complex notation of the stator variable 𝑥 𝑠 .

𝑟

Complex notation for stator (respectively rotor) flux of the machine referred to the stator (respectively rotor) 𝛼𝛽-frame. 𝑅

  Peak value of the stator voltage.

	𝑅	Load Resistor
	𝑣 𝑑𝑐	DC-link voltage
	𝐶 3 = (𝑐 𝑎 , 𝑐 𝑏 , 𝑐 𝑐 )	
	Φ 𝑠	Peak value of the stator flux.
	𝑥 *	Desired value of variable 𝑥.
	𝐾 𝑝 𝑖 , 𝐾 𝑖 𝑖	Gain parameters for the current controller.
	𝐾 𝑝 Ω , 𝐾 𝑖	
	𝐾 𝑝 𝑝 , 𝐾 𝑖 𝑝	Gain parameters for the power controller.
	𝜏 𝑖	Constant time of the current controller.
	𝜏 Ω	Constant time of the speed controller.
	𝜏 𝑝	Constant time of the power controller.
	𝑡 𝑑	Dead Time
	𝑣 𝑎 , 𝑣 𝑏 , 𝑣 𝑐	Three-phase voltage
	𝑖 𝑎 , 𝑖 𝑏 , 𝑖 𝑐	Three-phase current
	𝐿	Load Inductor

Ω

Gain parameters for the speed controller.

  in phasor notation. This MMF 𝐹 creates a magnetizing flux in the air gap 𝜑 𝑚 . 𝑁 𝑟 . 𝑖 𝑟 , 𝐹 𝑠 = 𝑁 𝑠 . 𝑖 𝑠 and 𝐹 = 𝑁 𝑠 . 𝑖 𝑚[START_REF] Bennani | Machine asynchrone à double alimentation: Les lois de commande en régime permanent[END_REF] (note that 𝑁 𝑟 and 𝑁 𝑠 are the numbers of the wire turns in the rotor and stator coils per phase respectively, while 𝑖 𝑟 , 𝑖 𝑠 and 𝑖 𝑚 are rotor, stator and magnetizing currents respectively). 𝑁 𝑠 . 𝑖 𝑚 = 𝑁 𝑠 . 𝑖 𝑠 -𝑁 𝑟 𝑖 𝑟 ⟹ 𝑖 𝑠 = 𝑖 𝑚 +

	𝐹 = 𝐹 𝑠 + 𝐹 𝑟		(1.1)
	Equation (1.1) can be reformulated as function of the currents as mentioned in (1.2) thanks
	to 𝐹 𝑟 = -𝑁 𝑟 𝑁 𝑠	𝑖 𝑟	(1.2)

  in(1.14) and taking into account the angular frequency of the stator flux density 𝜔 𝑠 , the relation of the complex vectors of the stator voltage, current and flux is done as mentioned in(1.31).𝑣 𝑠 𝑒𝑗𝜔 𝑠 𝑡 = 𝑅 𝑠 𝑖 𝑠 𝑒 𝑗𝜔 𝑠 𝑡 + 𝑑(𝜑 𝑠 𝑒 𝑗𝜔 𝑠 𝑡 ) 𝑑𝑡 𝑣 𝑠 𝑒 𝑗𝜔 𝑠 𝑡 = 𝑅 𝑠 𝑖 𝑠 𝑒 𝑗𝜔 𝑠 𝑡 + 𝑑𝜑 𝑠 𝑑𝑡 𝑒 𝑗𝜔 𝑠 𝑡 + 𝑗𝜔 𝑠 𝜑 𝑠 𝑒 𝑗𝜔 𝑠 𝑡 Similarly, we repeat the same steps, on the equation (1.15), for the rotor windings which have 𝜔 𝑟 as an angular frequency. 𝑣 𝑟 𝑒 𝑗𝜔 𝑟 𝑡 = 𝑅 𝑟 𝑖 𝑟 𝑒 𝑗𝜔 𝑟 𝑡 + 𝑑(𝜑 𝑟 𝑒 𝑗𝜔 𝑟 𝑡 ) 𝑑𝑡 𝑣 𝑟 𝑒 𝑗𝜔 𝑟 𝑡 = 𝑅 𝑟 𝑖 𝑟 𝑒 𝑗𝜔 𝑟 𝑡 + 𝑑𝜑 𝑟 𝑑𝑡 𝑒 𝑗𝜔 𝑟 𝑡 + 𝑗𝜔 𝑟 𝜑 𝑟 𝑒 𝑗𝜔 𝑟 𝑡

	𝑣 𝑠 = 𝑅 𝑠 𝑖 𝑠 +	𝑑𝜑 𝑠 𝑑𝑡	+ 𝑗𝜔 𝑠 𝜑 𝑠	(1.31)
	𝑣 = 𝑅 𝑟 𝑖 𝑟 +	𝑑𝜑 𝑟 𝑑𝑡	+ 𝑗𝜔 𝑟 𝜑 𝑟	

𝑣 𝑟 = 𝑅 𝑟 𝑖 𝑟 + 𝑑𝜑 𝑟 𝑑𝑡 + 𝑗( 𝜔 𝑠 -𝜔 )𝜑 𝑟

(1.32) 

41 )

 41 By remanipulating equations(1.40) and (1.41), we can find the state-space representation as mentioned in(1.42) for this model. Noting that the stator and rotor currents represent the

	𝑑𝑖 𝑠𝑑 𝑑𝑡	𝑑𝑖 𝑠𝑞 𝑑𝑡	𝑑𝑖 𝑟𝑑 𝑑𝑡	𝑑𝑖 𝑟𝑞 𝑑𝑡	]

state variables and the output signals together as we have here:

𝑥̇= [𝐴]𝑥 + [𝐵]𝑢

(1.42) 𝑥 = [ 𝑖 𝑠𝑑 𝑖 𝑠𝑞 𝑖 𝑟𝑑 𝑖 𝑟𝑞 ] 𝑇 is the state vector and at the same time it contains the output signals (currents) for the model while 𝑥̇= [ 𝑇 is its derivative, and 𝑢 = [ 𝑣 𝑠𝑑 𝑣 𝑠𝑞 𝑣 𝑟𝑑 𝑣 𝑟𝑞] 𝑇 represent the input (or control) vector of the DFIM. With regard to

  as illustrated in(2.5) and (2.6), the stator current components can be written as function of the rotor current components as shown in (2.7). { 𝜑 𝑠𝑑 = 𝐿 𝑐𝑠 𝑖 𝑠𝑑 + 𝑀𝑖 𝑟𝑑 = Φ 𝑠 𝜑 𝑠𝑞 = 𝐿 𝑐𝑠 𝑖 𝑠𝑞 + 𝑀𝑖 𝑟𝑞 = 0 𝑒 𝑟𝑑 = -𝜎 𝐿 𝑐𝑟 𝜔 𝑟 𝑖 𝑟𝑞 Transforming equation (2.14) from time domain into frequency domain yields to (2.15).

						(2.11)
					𝑒 𝑟𝑞 = 𝜎 𝐿 𝑐𝑟 𝜔 𝑟 𝑖 𝑟𝑑	(2.12)
					𝑒 𝜑 =	𝑀 𝐿 𝑐𝑠	𝜔 𝑟 𝜔 𝑠	𝑉 𝑠	(2.5) (2.13)
	{ The rotor current components can be expressed then by (2.14). 𝑖 𝑠𝑑 = -𝑀 𝐿 𝑐𝑠 𝑖 𝑟𝑑 + 1 Φ 𝑠 𝐿 𝑐𝑠 𝑖 𝑠𝑞 = -𝑀 𝐿 𝑐𝑠 𝑖 𝑟𝑞 { 𝑖 𝑠𝑑 = -𝑀 𝐿 𝑐𝑠 1 𝑉 𝑠 { 𝜎𝐿 𝑐𝑟 𝑑𝑖 𝑟𝑑 + 𝑅 𝑟 𝑖 𝑟𝑑 = 𝑣 𝑟𝑑 -𝑒 𝑟𝑑 𝑑𝑡 𝜎𝐿 𝑐𝑟 𝑑𝑖 𝑟𝑞 𝑑𝑡 + 𝑅 𝑟 𝑖 𝑟𝑞 = 𝑣 𝑟𝑞 -𝑒 𝑟𝑞 -𝑒 𝜑 𝑖 𝑟𝑑 + 𝐿 𝑐𝑠 𝜔 𝑠 𝑖 𝑠𝑞 = -𝑀 𝐿 𝑐𝑠 𝑖 𝑟𝑞 𝑖 𝑟𝑑 = 1 𝑅 𝑟 + 𝜎𝐿 𝑐𝑟 𝑠 (𝑣 𝑟𝑑 -𝑒 𝑟𝑑 )	(2.6) (2.14) (2.7)
		{ 𝑖 𝑟𝑞 =	𝑅	1
			𝑇 𝑒𝑚 = -	3. 𝑝. 𝑉 𝑠 . 𝑀 2. 𝜔 𝑠 . 𝐿 𝑐𝑠	. 𝑖 𝑟𝑞	(2.8)
			{ 𝜑 𝑟𝑑 = 𝜎𝐿 𝑐𝑟 𝑖 𝑟𝑑 +	𝑀 𝐿 𝑐𝑠	𝑉 𝑠 𝜔 𝑠	(2.9)
				𝜑 𝑟𝑞 = 𝜎𝐿 𝑐𝑟 𝑖 𝑟𝑞
	Recalling that 𝜎 = 1 -	𝑀 2 𝐿 𝑐𝑠 .𝐿 𝑐𝑟	is dispersion coefficient.
	By substituting (2.9) into (1.36), the rotor voltage equations become:
		{ 𝑣 𝑟𝑞 = 𝑅 𝑟 𝑖 𝑟𝑞 + 𝜎𝐿 𝑐𝑟 𝑣 𝑟𝑑 = 𝑅 𝑟 𝑖 𝑟𝑑 + 𝜎𝐿 𝑐𝑟	𝑑𝑖 𝑟𝑑 𝑑𝑡 𝑑𝑡 𝑑𝑖 𝑟𝑞	+ 𝑒 𝑟𝑑 + 𝑒 𝑟𝑞 + 𝑒 𝜑	(2.10)

Then the electromagnetic torque as computed in

(1.44) 

and (1.45) is simplified into

(2.8)

.

This equation demonstrates that the control of the electromagnetic torque is possible by controlling the quadrature rotor current 𝑖 𝑟𝑞 .

By rearranging the rotor flux components cited in (1.35) using the stator current components in (2.7), the rotor flux components are expressed as in (2.9).

With the following Electro-Motive Force (EMF): 𝑟 + 𝜎𝐿 𝑐𝑟 𝑠 (𝑣 𝑟𝑞 -𝑒 𝑟𝑞 -𝑒 𝜑 )

(2.15)

  𝐺 𝑖 (𝑠) is the open-loop transfer function and 𝐹 𝑖 (𝑠) is the closed-loop transfer function, therefore the expression of 𝐺 𝑖 (𝑠) is: Concerning 𝐹 𝑖 (𝑠), it can be computed by using 𝐺 𝑖 (𝑠) as mentioned in (2.20). By replacing 𝐾 𝑖 𝑖 value computed by (2.22) in equation (2.18), 𝐾 𝑝 𝑖 is written as a function of 𝜎, 𝐿 𝑐𝑟 and 𝜏 𝑖 :

				𝐹 𝑖 (𝑠) =	𝑖 𝐾 𝑖 𝑅 𝑟 𝑠 1 + 𝐾 𝑖 𝑖 𝑅 𝑟 𝑠
				𝐹 𝑖 (𝑠) =	1 +	1 𝑅 𝑟 𝐾 𝑖 𝑖 . 𝑠	(2.21)
	𝐺 𝑖 (𝑠) = 𝐶 𝑖 (𝑠). 𝐻 𝑖 (𝑠) 𝐹 𝑖 (𝑠) represents the first order transfer function of type 1 + 𝜏 𝑖 .𝑠 1	(2.16) ; 𝜏 𝑖 is the desired current time
	𝐺 𝑖 (𝑠) = (𝐾 𝑝 𝑖 + constant. By identification, we obtain:	𝐾 𝑖 𝑖 𝑠	) (	1 𝑅 𝑟 + 𝜎𝐿 𝑐𝑟 𝑠	)
	𝐺 𝑖 (𝑠) =	(	𝐾 𝑖 𝑖 (1 + 𝑠 𝐾 𝑖 𝑖 = 𝐾 𝑝 𝑖 𝐾 𝑖 𝑖 𝑠) 𝑅 𝑟 ) 𝜏 𝑖	(	1 +	1 𝑅 𝑟 𝜎𝐿 𝑐𝑟 𝑅 𝑟	𝑠	)	(2.22)
	𝐺 𝑖 (𝑠) =	𝐾 𝑖 𝑖 𝑅 𝑟 𝑠	(1 + 𝐾 𝑝 𝑖 = 𝐾 𝑝 𝑖 𝐾 𝑖 𝑖 𝑠) ( 1 + 𝜎𝐿 𝑐𝑟 𝜏 𝑖	1 𝜎𝐿 𝑐𝑟 𝑅 𝑟	𝑠	)	(2.17) (2.23)
	When finding the controller parameters 𝐾 𝑝 𝑖 and 𝐾 𝑖 𝑖 , the dominant-pole compensation method
	is used. It yields to:								
						𝐾 𝑝 𝑖 𝐾 𝑖 𝑖 =	𝜎𝐿 𝑐𝑟 𝑅 𝑟	(2.18)
	Therefore:								
	𝐺 𝑖 (𝑠) =	𝐾 𝑖 𝑖 𝑅 𝑟 𝑠	(1 +	𝜎𝐿 𝑐𝑟 𝑅 𝑟	𝑠) (	1 +	1 𝑅 𝑟 𝜎𝐿 𝑐𝑟	𝑠	)
						𝐺 𝑖 (𝑠) =	𝑖 𝐾 𝑖 𝑅 𝑟 𝑠	(2.19)
				𝐹 𝑖 (𝑠) =	𝐺 𝑖 (𝑠) 1 + 𝐺 𝑖 (𝑠)	(2.20)
										52

  The control of the stator reactive power is possible by controlling the 𝑖 𝑟𝑑 current. The control of the stator real power is possible by controlling the 𝑖 𝑟𝑞 current. Also the reference value for the stator real power 𝑃 𝑠 * is given by:

	{	𝑃 𝑠 = -𝑄 𝑠 = -3 𝑀 𝑉 𝑠 2 𝐿 𝑐𝑠 3 𝑀 𝑉 𝑠 𝑖 𝑟𝑞 2 𝐿 𝑐𝑠 𝑖 𝑟𝑑 +	2 𝐿 𝑐𝑠 𝜔 𝑠 3 𝑉 𝑠 2	(2.27)
	We deduce from equations (2.27) that:			
	 Hence, the rotor desired currents can be expressed as function of the desired stator powers
	by (2.28):						
		{	𝑖 𝑟𝑑 * = -𝑖 𝑟𝑞 * = -3 𝑀 𝑉 𝑠 2 𝐿 𝑐𝑠 3 𝑀 𝑉 𝑠 2 𝐿 𝑐𝑠	𝑄 𝑠 * + 𝑃 𝑠 *	𝑉 𝑠 𝑀 𝜔 𝑠	(2.28)
			𝑃 𝑠 * = Ω. 𝑇 𝑒𝑚 * =	𝜔 𝑠 𝑝	. 𝑇 𝑒𝑚 *	(2.29)
	2.2.5.2 Power controller						
	Figure 2.7 illustrates the power control loop. For this loop, the power controller parameters
	𝐾 𝑝 𝑃 and 𝐾 𝑖 𝑃 are mentioned in (2.30) and (2.31). They are obtained by following the same
	{ steps taken for current controller. 𝑄 𝑠 = 𝑃 𝑠 = 𝐾 𝑝 𝑃 = 3 2 (𝑣 𝑠𝑑 𝑖 𝑠𝑑 + 𝑣 𝑠𝑞 𝑉 𝑠 ⏞ 3 2 (𝑣 𝑠𝑞 ⏞ 𝑉 𝑠 2. 𝜎. 𝐿 𝑐𝑟 . 𝐿 𝑐𝑠 3. 𝑉 𝑠 . 𝑀. 𝜏 𝑃 𝑖 𝑠𝑑 -𝑣 𝑠𝑑 𝑖 𝑠𝑞 ) 𝑖 𝑠𝑞 ) { 𝑃 𝑠 = 3 𝑄 𝑠 = 2 𝑉 𝑠 𝑖 𝑠𝑑 3 2 𝑉 𝑠 𝑖 𝑠𝑞 𝐾 𝑖 𝑃 = 2. 𝑅	(2.24) (2.30) (2.25)
	{ 𝑄 𝑠 = 𝑃 𝑠 =	3 2 3 𝑉 𝑠 (-2 𝑉 𝑠 (-𝐿 𝑐𝑠 𝑀 𝑀 𝐿 𝑐𝑠	𝑖 𝑟𝑞 ) 𝑖 𝑟𝑑 +	1 𝐿 𝑐𝑠	𝜔 𝑠 𝑉 𝑠	)	(2.26)

By rearranging

(1.48) 

and (1.49) using equations (2.3) and (2.7), the stator real and reactive powers are written as function of the direct and quadrature rotor currents as following: 𝑟 . 𝐿 𝑐𝑠 3. 𝑉 𝑠 . 𝑀. 𝜏 𝑃

(2.31) 

  With the two possible states of each bridge arm, the voltages 𝑣 𝑎0 , 𝑣 𝑏0 and 𝑣 𝑐0 take two values 𝑣 𝑑𝑐 or 0 (see 3.2.1), the simple voltages with respect to ground at the output of the inverter (𝑣 𝑎0 , 𝑣 𝑏0 and 𝑣 𝑐0 ) have the expression:

	𝑐𝑙𝑜𝑠𝑒𝑑 𝑎𝑛𝑑 𝑐 𝑖+3 𝑖𝑠 𝑜𝑝𝑒𝑛𝑑𝑒𝑑 𝑖𝑓 𝑐 𝑖 𝑖𝑠 𝑜𝑝𝑒𝑛𝑑𝑒𝑑 𝑎𝑛𝑑 𝑐 𝑖+3 𝑖𝑠 𝑐𝑙𝑜𝑠𝑒𝑑	(3.1)
	3.2.2 Analysis and modelling of the system		
	3.2.2.1 Inverter					
		𝑣 𝑎0	𝑐 𝑎		
	(	𝑣 𝑏0 𝑣 𝑐0	) = 𝑣 𝑑𝑐 × (	𝑐 𝑐 𝑐 𝑏	)	(3.2)

  So the function of the three-phase load voltage 𝑉 3 = (𝑣 𝑎𝑁 , 𝑣 𝑏𝑁 , 𝑣 𝑐𝑁 ) 𝑇 depends on the DClink voltage value 𝑣 𝑑𝑐 and the switches state 𝐶 3 multiplied by a coefficient matrix 𝐺 as mentioned in (3.7).

	𝑉 3 = 𝑣 𝑑𝑐 . 𝐺. 𝐶 3			(3.7)
		𝑐 𝑎		
	) (	𝑐 𝑏	)	(3.6)
	2	𝑐 𝑐		

  Basing on Figure3.4, the DC-link current 𝑖 𝑑𝑐2 is divided into three current 𝑖 𝑎 , 𝑖 𝑏 and 𝑖 𝑐 depending on the state of switches 𝑐 𝑎 , 𝑐 𝑏 and 𝑐 𝑐 as mentioned in (3.9). 𝑖 𝑑𝑐2 = 𝐶 3 . 𝐼 3 = 𝑐 𝑎 𝑖 𝑎 + 𝑐 𝑏 𝑖 𝑏 + 𝑐 𝑐 𝑖 𝑐

								in relation with 𝑉 3 can be obtained
	as expressed in (3.8).									
	𝐼 3 = [	𝑖 𝑎 𝑖 𝑏 𝑖 𝑐	] =	1 𝑅 + 𝐿. 𝑠	[	𝑣 𝑎 𝑣 𝑏 𝑣 𝑐	] =	1 𝑅 + 𝐿. 𝑠	𝑉 3	(3.8)

(3.9) 

  This section is dedicated to present the popular PWM strategies those are used to generate injected signals on the switches gates. Actually there are many strategies which can be

classified into two groups. The first group are continuous PWM (CPWM) while the second are discontinuous PWM (DPWM).

Under these groups' umbrella, many strategies can be found such as Sinusoidal PWM (SPWM), Space Vector PWM (SVPWM), Third Harmonic Injection PWM (THIPWM), double Carrier PWM (DCPWM), Unified Double Career PWM (Uni-DCPWM), DPWM3, DPWMMAX, DPWMMIN and generalized discontinuous PWM (GDPWM)

[START_REF] Nguyen | Etude de stratégies de modulation pour onduleur triphasé dédiées à la réduction des perturbations du bus continu en environnement embarqué[END_REF]

,

[START_REF] Hobraiche | A new PWM strategy to reduce the inverter input current ripples[END_REF]

-

[START_REF] Hava | Simple analytical and graphical methods for carrier-based PWM-VSI drives[END_REF]

. Also

[START_REF] Un | A near-state PWM method with reduced switching losses and reduced common-mode voltage for three-phase voltage source inverters[END_REF]

-

[START_REF] Cacciato | Reduction of common-mode currents in PWM inverter motor drives[END_REF] 

dealt Active Zero State PWM (AZSPWM), Near State PWM (NSPWM) and Remote State PWM (RSPWM).
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1: Most common PWM strategies.

  [START_REF] Tapia | Wind generation optimisation algorithm for a doubly fed induction generator[END_REF] 

  𝑣 𝑘 ⃗⃗⃗⃗ can be done as function of the DC-link voltage 𝑣 𝑑𝑐 and the switches state of the converter 𝐶 3 = (𝑐 𝑎 , 𝑐 𝑏 , 𝑐 𝑐 ) 𝑇 by replacing (𝑣 𝑎0 , 𝑣 𝑏0 , 𝑣 𝑐0 ) 𝑇 in (3.27) by its function that obtained in(3.2).As previously mentioned, each control command 𝑐 𝑖 can take 2 values 0 or 1 (turned OFF or turned ON), so the control vector 𝐶 3 = (𝑐 𝑎 , 𝑐 𝑏 , 𝑐 𝑐 ) 𝑇 takes eight possible values (it has 2 3 = 8 possible switching modes).

	𝑣 𝑘 ⃗⃗⃗⃗ = 𝐶 23 • (	𝑣 𝑎0 𝑣 𝑏0 𝑣 𝑐0	) -𝑣 𝑁0 𝐶 23 • ( ⏟	1 1 ) 1
					(	0 0 )
					𝑣 𝑎0
	𝑣 𝑘 ⃗⃗⃗⃗ = 𝐶 23 • (	𝑣 𝑐0 𝑣 𝑏0	)	(3.27)
					𝑐 𝑎
	𝑣 𝑘 ⃗⃗⃗⃗ = 𝐶 23 • 𝑣 𝑑𝑐 • (	𝑐 𝑐 𝑐 𝑏	)	(3.28)
	Let us suppose that 𝑉 𝑘 ⃗⃗⃗⃗ is the normalized vector of the vector 𝑣 𝑘 ⃗⃗⃗⃗ with respect to	𝑣 𝑑𝑐 2
					𝑣 𝑎𝑁
				• (	𝑣 𝑏𝑁	)	(3.26)
					𝑣 𝑐𝑁
				𝑣 𝑎0 -𝑣 𝑁0
	𝑣 𝑘 ⃗⃗⃗⃗ = 𝐶 23 • (	𝑣 𝑐0 -𝑣 𝑁0 𝑣 𝑏0 -𝑣 𝑁0	)
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3: Computing of the switching time in each sector.

  .11) after using equations(3.42),(3.43) and(3.44) [START_REF] Nguyen | Etude de stratégies de modulation pour onduleur triphasé dédiées à la réduction des perturbations du bus continu en environnement embarqué[END_REF],[START_REF] Hava | A generalized scalar PWM approach with easy implementation features for three-phase, three-wire voltage-source inverters[END_REF],[START_REF] Hava | Simple analytical and graphical methods for carrier-based PWM-VSI drives[END_REF],[START_REF] Dabour | Analysis of scalar PWM approach with optimal common-mode voltage reduction technique for five-phase inverters[END_REF]. 𝑣 𝑎 * , 𝑣 𝑏 * and 𝑣 𝑐 * are respectively the desired load voltage on the phase a, b and c. While 𝑣 1 * , 𝑣 2 * and 𝑣 3 * represent the normalized value with regard to 𝑣 𝑑𝑐 . The flowchart that describes the steps of SVPWM algorithm is depicted in Figure 3.18.

	𝑣 1 * =	𝑣 𝑎 * 𝑣 𝑑𝑐	= 𝑚 cos(𝜃)		
		𝑣 2 * =	𝑣 𝑏 * 𝑣 𝑑𝑐	= 𝑚 cos(𝜃 -	2𝜋 3	)	(3.42)
	{	𝑣 3 * =	𝑣 𝑐 * 𝑣 𝑑𝑐	= 𝑚 cos(𝜃 +	2𝜋 3	)
		{ 𝑚𝑜𝑑 2 𝑚𝑜𝑑 1 * = 𝑣 1 * + 𝑣 𝑛0 * = 𝑣 2 𝑚𝑜𝑑 3 * = 𝑣 3 * + 𝑣 𝑛0 * + 𝑣 𝑛0			(3.43)
				Instantaneous	voltage
				Average		voltage
				current
				Instantaneous DC current when is applied
				Instantaneous DC current when is applied
				Summarized:		orthogonal projection of	on
				instantaneous voltage
				Remark:	if or is applied.

3
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	4: Linear zone limit for PWM
	strategies.

  By reorganizing (4.2), we can compute the values for the rectifier input current 𝑖 1 = (𝑖 1𝑎 , 𝑖 1𝑏 , 𝑖 1𝑐 ) 𝑇 .

	𝑖 1 = [ 𝑖 1𝑎 𝑖 1𝑏 𝑖 1𝑐	] =	1 (𝑅 𝑠 + 𝐿 𝑠 . 𝑠)	(𝑣 𝑠 -𝑣 1 ) =	1 (𝑅 𝑠 + 𝐿 𝑠 . 𝑠)	[	𝑣 𝑠𝑎 -𝑣 1𝑎 𝑣 𝑠𝑐 -𝑣 1𝑐 𝑣 𝑠𝑏 -𝑣 1𝑏	]	(4.3)
	Where 𝑠 represents the Laplace operator.					
	By using Park transformation, equation (4.2) can be reformulated in 𝑑𝑞-frame as mentioned
	in (4.4) for control purpose.						
		{ 𝑣 1𝑑 = 𝑣 𝑠𝑑 -𝑅 𝑠 𝑖 𝑠𝑑 -𝐿 𝑠 𝑣 1𝑞 = 𝑣 𝑠𝑞 -𝑅 𝑠 𝑖 𝑠𝑞 -𝐿 𝑠	𝑑𝑖 𝑠𝑑 𝑑𝑡 𝑑𝑡 𝑑𝑖 𝑠𝑞	+ 𝜔 1 𝐿 𝑠 𝑖 𝑠𝑞 -𝜔 1 𝐿 𝑠 𝑖 𝑠𝑑		(4.4)

  Concerning the three-phase voltage vector 𝑣 1 = (𝑣 1𝑎 , 𝑣 1𝑏 , 𝑣 1𝑐 )𝑇 for the first converter (rectifier) or 𝑣 2 = (𝑣 2𝑎 , 𝑣 2𝑏 , 𝑣 2𝑐 ) 𝑇 for the second converter (inverter), their function is shown in equation (4.8), it depends on the DC-link voltage value 𝑣 𝑑𝑐 and the switches state 𝐶 𝑘 multiplied by matrix 𝐺 (see equation (3.7)), where 𝑘 allows us to distinguish both Basing on the Figure 4.3 and the Kirchhoff's current law, the output rectifier current 𝑖 𝑑𝑐1merges three currents 𝑖 1𝑎 , 𝑖 1𝑏 and 𝑖 1𝑐 depending on the state of switches 𝑐 1𝑎 , 𝑐 1𝑏 and 𝑐 1𝑐 . In the same way, the input inverter current 𝑖 𝑑𝑐2 is divided into three current 𝑖 2𝑎 , 𝑖 2𝑏 and 𝑖 2𝑐 depending on the state of switches 𝑐 2𝑎 , 𝑐 2𝑏 and 𝑐 2𝑐 . Basing on (3.9), 𝑖 𝑑𝑐1 and 𝑖 𝑑𝑐2 are mentioned in (4.9). 𝑖 𝑑𝑐,𝑘 = 𝐶 𝑘 . 𝑖 𝑘 = 𝑐 𝑘𝑎 𝑖 𝑘𝑎 + 𝑐 𝑘𝑏 𝑖 𝑘𝑏 + 𝑐 𝑘𝑐 𝑖 𝑘𝑐 . { Finally, the DC bus voltage is characterized by equation (4.11), the current coming from the rectifier 𝑖 𝑑𝑐1 is split in two terms, the first is the current that come in the decoupling capacitor 𝑖 𝑐𝑎𝑝 . While the second term correspond to the inverter input current 𝑖 𝑑𝑐2 . Finally, the voltage 𝑣 𝑑𝑐 on the capacitor is taken to be applied on the inverter input.Suppose that 𝑖 𝑑𝑐1 and 𝑖 𝑑𝑐2 are calculated using (4.9), therefore (4.10) and (4.11) lead to find two unknowns variables 𝑖 𝑐𝑎𝑝 and 𝑣 𝑑𝑐 respectively. They can be done using a control diagram represented in Figure4.4.

			{ 𝑣 2𝑞 = 𝑅 𝑙 𝑖 2𝑞 + 𝐿 𝑙 𝑣 2𝑑 = 𝑅 𝑙 𝑖 𝑙𝑑 + 𝐿 𝑙	𝑑𝑖 2𝑑 𝑑𝑡 𝑑𝑡 𝑑𝑖 2𝑞	-𝜔 2 𝐿 𝑙 𝑖 2𝑞 + 𝑒 𝑑 + 𝜔 2 𝐿 𝑙 𝑖 2𝑑 + 𝑒 𝑞	(4.7)
	4.2.3 Rectifier/Inverter modeling			
	converters:							
	𝑣 𝑘 = 𝑣 𝑑𝑐 . 𝐺. 𝐶 𝑘 {	𝑘 = 2 𝑓𝑜𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑘 = 1 𝑓𝑜𝑟 𝑓𝑖𝑟𝑠𝑡 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟	(4.8)
	4.2.4 DC bus modeling					
									𝑘 = 1 𝑓𝑜𝑟 𝑓𝑖𝑟𝑠𝑡 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑘 = 2 𝑓𝑜𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (4.9)
				𝑅 𝑙 𝑖 2𝑥 + 𝐿 𝑙	𝑑𝑖 2𝑥 𝑑𝑡	+ 𝑒 𝑥 𝑥 = (𝑎, 𝑏, 𝑐)	(4.5)
	By reorganizing (4.5), we can compute the values for the inverter output current 𝑖 2 =
	(𝑖 2𝑎 , 𝑖 2𝑏 , 𝑖 2𝑐 ) 𝑇 .							
	𝑖 2 = [	𝑖 2𝑎 𝑖 2𝑏 𝑖 2𝑐	] =	1 (𝑅 𝑙 + 𝐿 𝑙 . 𝑠) 𝑖 𝑐𝑎𝑝 = 𝑖 𝑑𝑐1 -𝑖 𝑑𝑐2 (𝑣 2 -𝐸) = (𝑅 𝑙 + 𝐿 𝑙 . 𝑠) 1	[	𝑣 2𝑎 -𝑒 𝑎 𝑣 2𝑏 -𝑒 𝑏 𝑣 2𝑐 -𝑒 𝑐	]	(4.6) (4.10)
	Where 𝑠 represents the Laplace operator. 𝑣 𝑑𝑐 = 1 𝐶. 𝑠 𝑖 𝑐𝑎𝑝 =	1 𝐶. 𝑠	(𝑖 𝑑𝑐1 -𝑖 𝑑𝑐2 )	(4.11)

Then, if needed for control purpose, a 𝑑𝑞model can be derived from equation (4.5):

𝐶:

The capacitance value for the decoupling capacitor.

Table 4 .

 4 2 : shift rates between carriers applied to PWM controllers of converters 1 and 2, output current references with different amplitudes and frequencies), all scripted simulations must be verified by checking these two indicators which guarantee the stability of regulations in all cases.

	Parameter

Table 4 .

 4 2: Tuning ranges of key parameters.
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Based on (3.26) and (3.27), it is useful to note that if the Clarke transformation is applied to the load voltages referenced to the neutral 𝑁 (𝑉 𝑎𝑁 , 𝑉 𝑏𝑁 and 𝑉 𝑐𝑁 ), the vector obtained in the reference frame is the same as that obtained when the transformation is applied to the voltages referenced to ground (𝑉 𝑎0 , 𝑉 𝑏0 and 𝑉 𝑐0 ). This finding in the vector approach is perfectly consistent with that established in the conventional scalar PWM approach. This, once again, confirms that the zero-sequence component 𝑣 𝑁0 has no influence on the phase voltages seen by the load.

To illustrate the principle of PWM with the vector approach, we take the case where the reference vector 𝑉 𝛼𝛽 * ⃗⃗⃗⃗⃗⃗ is located in the first sector as illustrated in Figure 3.14.

𝑉 𝑘 ⃗⃗⃗⃗

𝑐 𝑎 𝑐 𝑏 𝑐 𝑐 𝑉 0 ⃗⃗⃗ = (0,0) 0 0 0 voltage unbalances the inverter bridge; therefore, they are rarely used because of the unbalanced switching loss distribution between the two switches on each bridge arm.

iii. GDPWM that allows minimizing switching losses in a wide range of power factor of the load, especially in the area where it is close to the unit. All these strategies offer a maximum linearity extension, but the gain in losses is different each time. The comparison of the Joule losses over the whole load variation range shows that the GDPWM is the best method as illustrated in Figure 3.23.

The switching loss performance of the DPWM methods is compared to the SVPWM strategy in Figure 3.23. It can be seen that the GDPWM strategy reduces the switching losses by up to 50% compared to the SVPWM strategy.

Modeling

In this part, we are going to model each part of the back-to-back converter system illustrated in Figure 4.3. Firstly, we will talk about the source, the load then we will treat the converters part, and finally the DC-link will be dealt.

In order to establish a cartography of dc-link capacitor RMS current for many operating points, a large amount of transient simulations has to be performed. As a consequence, a simple global model is needed. Therefore, the DFIG (the load) is not modeled as presented in Chapter 1: but as a three-phase RLE series similar to the model of the source (utility grid). 

Source modeling

Supposing that we have a balanced three-phase grid. According to Kirchhoff's voltage law (KVL), its mathematical model is presented in equation (4.2).

𝑣 𝑠𝑥 : 𝑥-phase voltage of the source.

𝑖 1𝑥 : 𝑥-phase current of the source or incoming current into first converter.

𝑅 𝑠 and 𝐿 𝑠 : Resistor and inductor of the grid side filter.

𝑣 1𝑥 : The applied voltage on the rectifier (first converter).

Remark. On the grid side, 𝜑 1 is equal to zero in this study but if a static reactive power compensation is needed, it could be modified as needed. In such a case, the current in the DC-link capacitor is significantly increased but the dependence on interleaving remains. The control of converter 1 is based on an inner 𝑑𝑞-current loop included in a DC voltage regulation loop allowing us to maintain the DC bus voltage to a constant reference (722 V).

During all simulations, this voltage is initially regulated before the activation of converter 2.

Then, the output current of converter 2 is regulated in a 𝑑𝑞-reference frame with different references from 1 to 10 Amperes, requiring a variation of the modulation index in a wide linear range (from 0 to 1).

Validation waveforms

The satisfactory operation of the system can be checked with two key indicators (see Figure

4.10):

 Regulation of DC bus voltage.

 AC output currents (converter 2).

4.5 Interleaving effect and comparison of PWM strategies

Interleaving time factor

This section is going to study the impact of interleaving time on the behavior of the DClink current. The PWM strategies are interleaved when an interleaving time (delay time) is injected between the PWMs' inputs carriers (see Figure 4.11). This delay Δ𝑡 (in [𝑠]) is varying from 0 up to 𝑇 𝑃𝑊𝑀 (i.e. the shift rate percentage varies from 0 to 90% in our case as depicted in Table 4.2). 𝑇 𝑃𝑊𝑀 represents the carrier period of PWM strategy. 

Simulation results

In Figure 4.12, it can be seen that the interleaving (for SVPWM) has an effect essentially at high modulation indexes applied to converter 2 (linked to the output current reference) when the output frequency 𝑓 2 = 0𝐻𝑧. Moreover, the "intuitive" optimal shift rate of 50% can be verified for all modulation indexes.

the Uni-DCPWM is less efficient than the SVPWM. Thus, it can be noted that it is never the case for any observed operating points. The same result can be observed in Figure 4.15 when the output frequency 𝑓 2 = 15𝐻𝑧.

Other simulations at other frequencies (5 and 10 Hz, not presented) have also led to the same result. 

Simulation results

Simulations have been performed using the methodology detailed in the previous paragraph.

The obtained results are presented in Figure 4.20.

In this simulation, we can see that the DC bus voltage is pre-loaded at 650 V. This result can be obtained in practice when the gate signals are inhibited since converter 1 operates as a three-phase full-bridge diode rectifier. The associated controller (activated at 𝑡 = 0𝑠)

allows us to reach the voltage reference and, as a consequence, converter 2 is activated at 10 𝑚𝑠 with a ramp signal applied to the 𝑖 𝑑 current reference (reaching a steady-state value equal to 10 𝐴 at 𝑡 = 30 𝑚𝑠). The actual currents (their amplitude) reach this value 10 𝑚𝑠 later.

Finally, the algorithm dedicated to the tracking of the optimal interleaving rate is started @ 50 𝑚𝑠 as we can see in Figure 4.20: before this instant, the interleaving rate is constant (50%) and then, variations can be observed with a "steady-state" after 𝑡 = 100𝑚𝑠. It can be seen that the optimal interleaving rate found by the algorithm is greater than 50% (more precisely between 66 and 68%). Finally, from 𝑡 = 0.05s to 0.12𝑠, the RMS current in the DC-link capacitor can be seen in Figure 4.21.

General conclusion and perspectives

In conclusion, it is important to remind that the wind power is one of the fastest-growing renewable energy technologies [109]- [START_REF] Georgilakis | Technical challenges associated with the integration of wind power into power systems[END_REF]. Since countries are increasingly interested in producing electricity from wind power in order to produce clean and sustainable energy. In earlier period, the technology used in Wind Energy Conversion Systems (WECS) was based on SCIG, operating at fixed speed, and directly connected to the utility grid [START_REF] Shukla | A novel voltage and frequency controller for standalone DFIG based Wind Energy Conversion System[END_REF]. Currently, the technology is evolving to variable speed WECS that have been used with DFIG connected to two back-to-back converters.

Growing interest in DFIG connected to two back-to-back converters prompted us to study this system and in particular the stress on the decoupling capacitor which represents a weak point of the system.

In this thesis work, the assigned goal is to make a study on a power generation system based on a DFIG. This study allowed us to realize a complete and global modeling of a back-toback converters system connected to a machine operating at variable speed. We have established a mathematical model of DFIM in the first chapter. In this model, the stator of the machine is directly connected to the grid and the rotor is connected to the grid through static converters. Their operation principle and power transfer between the machine and the grid are presented in the first chapter too.

In order to manipulate the power transfer between the generator and the utility grid, we should be able to control the generator. This was the goal of the second chapter, where the control of RSC is addressed based on the SFO concept that helps to simplify the DFIG model and obtaining a decoupled control of real and reactive stator powers. Also the control of GSC is treated. It includes outer loop that aims to control and stabilize the DC-bus voltage, and inner loop that regulates the 𝑑𝑞-axis decoupling current components. In the end of this chapter, the control of the machine has been validated by presenting simulation results for super and sub synchronism modes.

Chapter 3 has been dedicated to deal with the issue of static converter. This chapter presents the preliminary basics on the structure and control of a three-phase full bridges converter.

Two approaches for the representation of PWM strategies have been introduced (scalarbased and vector based). The concept of zero-sequence component has been presented too.

Appendix A

Mathematical transformation

The mathematical transformations (Concordia, Clarke and Park) are used with the aim to facilitate and simplify the model, also they allow us to control the system easily by decoupling the real and reactive stator power as we will see later.

Three-phasetwo-phase transformation

The objective of using this transition is to pass from a three-phase system 𝑎𝑏𝑐 to a diphase system 𝑎𝛽 in order to simplify the model (see Figure A.1), where we reduce the system from three equations to two equations. There are primarily two transformations: Clarke and Concordia.

Clarke's transformation preserves the degree of amplitude, but not the power nor the torque (a 3/2 coefficient must be multiplied). While that of Concordia, which is normalized, it keeps the power without changing but not the amplitudes. 

a. Concordia transformation

The Transition from a three-phase 𝑎𝑏𝑐 system to a dual-phase 𝛼𝛽 system (i.e. direct transformation) is obtained via:

Appendix B

The DFIM parameters are shown in the following table [START_REF] Becker | Emulation d'une chaîne éolienne de conversion d'énergie[END_REF]: 

Appendix C

Computing the duration for applying each vector during the decoupling period:

In order to find the values of 𝑡 𝑖 and 𝑡 𝑖+1 which represent the times when the vectors 𝑉 𝑖 ⃗⃗ and 𝑉 𝑖+1 ⃗⃗⃗⃗⃗⃗⃗ are applied in vector based implementation, we have to solve the following system of two equations which is done in (3.37).

By multiplying the first and the second equation of (C.1) by (sin 𝛾 𝑖+1 ) and (cos 𝛾 𝑖+1 )

respectively, we get:

If we add the equations which are obtained in (C.2), we get an equation with one unknown as follows:

And then,

Finally we find the value of 𝑡 𝑖 as described in (C.6).

𝑡 𝑖 = √3 The adding of these two equations give us:

And then,

Finally we find the value of 𝑡 𝑖+1 as described in (C.6).

Appendix D

Different PWM strategies 1-THIPWM

In order to improve and to extend the linearity rang of PWM strategies, several investigations have been carried out [START_REF] Monmasson | Projet pédagogique autour de la MLI vectorielle[END_REF]. By adding a zero-voltage component with a frequency three times greater than the fundamental as following:

𝑣 𝑛0 = 𝐴 • cos(3𝜔𝑡 + 𝜃 0 )

It is possible to extend the linear zone of the SPWM strategy by choosing the right value of 𝐴. It has been demonstrated that the optimum in terms of linearity is obtained with 𝐴 = , this strategy, called THIPWM4, it minimizes the voltage harmonics supplied to the load.

The limit value of the linearity zone for these two strategies are:

-𝑚 = 

2-DPWM

Some studies focussed on the switching or conduction losses reduction like [START_REF] Ogasawara | A novel PWM scheme of voltage source inverters based on space vector theory[END_REF], [START_REF] Kolar | Influence of the modulation method on the conduction and switching losses of a PWM converter system[END_REF],