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The quality of electrical energy in the distribution systems is a priority, from the producer of energy to the consumer. The increased consumption pushed both sides to seek solutions incorporating the cost of energy. Therefore, more and more 4-leg converters appears in order to control the neutral current appearing during unbalanced load operation on three-phase network connections. This structure of conversion is controlled by pulse width modulation techniques and more specifically by SVM (Space Vector Modulation). This work is therefore interested in the control of a 4-leg flying capacitor multilevel structure, using a direct control, with a geometrical approach to define adequate duty cycles for each calculation period. The control algorithm determines the status of switches providing balancing voltage capacitors and control of absorbed currents, with a large dynamic range adjustment from a SVM -3D. The qualities of the algorithm are shown through simulation tests.

INTRODUCTION

In electrical energy production and distribution systems, several major issues are now identified and are the subject of intensive research. In addition to the quality of the supplied energy, there are the cost of production, the losses in the networks and the reduction of the volume of equipment which are the subject of attention and research. In these systems become more and more present the 4-wire systems (three phases and neutral), since the presence of unbalanced loads causes the flow of currents in the neutral wire. Then, static converters connected to these networks must be able to harness these currents either to supply loads (autonomous networks, UPS...), either to improve the quality of waveforms (active filters,…). Connecting a 4-wire load is theoretically possible using the neutral point from the continuous bus with a capacitive midpoint. However, the difficulty in balancing the voltages around the midpoint and the relative control effort penalize this particular solution for applications with high currents [START_REF] Kouzou | The Space Vector Modulation PWM Control -Method Applided on Four Leg Inverters[END_REF]. A simpler solution is to use a structure of conversion to 4-leg 2-level (Fig 1). In order to increase power and/or voltage, the series connection of power switches is necessary. This series implementation appears in the literature as so-called multilevel converters, available in NPC structure (Neutral Point Clamped), distributed voltage structures in overlapping and stacked cells (SMC) or cascaded converters [START_REF] Rodriguez | Multilevel voltage-source-converter topologies for industrial medium-voltage drives[END_REF], [START_REF] Meynard | Multicell converters: basic concepts and industry applications[END_REF]. Flying capacitors converters have specifically envisioned the dual purpose of generating a multilevel output voltage, and reducing the voltage constraints on the power switches. In this work, a control algorithm for 4-leg flying capacitor converter is proposed. This algorithm is based on two aspects, both of them related to one of the two specific features of the converter. The first aspect is the control of voltages in the floating capacitor by using a control by predetermined profiles [START_REF] Defaÿ | A predicitve control with flying capacitor balancing of a multicell active power filter[END_REF]. This control needs a floating voltage action from a low resolution sensor or even a voltage threshold. The second aspect is the use of a geometrical approach to determine the space region containing the objective vector and the control orders to apply, preserving the benefits offered by the threedimensional SVM control and properties. Simulation results are presented to demonstrate the relevance of the solution and obtained performances 2. MODELING OF THE 4-LEG 2-LEVEL CONVERTER Fig. 1 shows the 4-leg converter supplying RLE load which is a general case to represent most of the general applications. The control voltage volume that can provide the inverter can be divided into 24 tetrahedra. The desired reference voltage should be first placed to identify the relevant tetrahedron which contains this vector.

SVM FOR THE 2-LEVEL INVERTER CASE

In the 3D geometrical algorithm, the vector representing the reference voltage (V out ) can be synthesized by a minimum of three active vectors. To reduce the current ripple, these active vectors are chosen as the closest to the reference vector.

Table 2.1: Switching vectors in abc and frames

Based on works presented in [START_REF] Kouzou | The Space Vector Modulation PWM Control -Method Applided on Four Leg Inverters[END_REF], the tetrahedron which contains the reference vector can be determined directly by comparing the values of the vector voltages between them. V nn voltage, which is null, is also taken into account. These voltages are classified by descending order (D 1 to D 4 ). Each tetrahedron is characterized by a particular classification of these voltages. The ordered storage gives 24 different combinations (4!). Thus, each combination identifies one of the 24 tetrahedra as shown in Table 3.1.

Table 3.1: Classification of voltages and tetrahedra identification

From a physical point of view, this is explained as follows: using active vectors of a given tetrahedron (for example (V 1 , V 9 , V 11 ) (Fig 2) pulse durations will have the same order. In our example, the pulse on phase n will be always the longest, and then, in descending order, a, b, and c. As a result, provided voltages will also have the same order (0 V an V bn V cn ). Thus it can be determined the T (x, y, z) tetrahedron which includes vector V x ; V y ; V z :

x = 2i; y = x + 2j ; z = y + 2k (3.1)

From x, y, z parameters, three switching vectors can be defined following table 3.1 from the 24 possible tetrahedrons. In a modulation period, the obtained mean voltage must be equal to the reference voltage, which is expressed by equation:

(3.2)

: reference voltage T 1 ,T 2 ,T 3 the application times respectively of V x ,V y ,V z during the switching period T s It is then possible to calculate directly the application time from the "classified" voltages [D1; D2; D3; D4] as shown in eq 3.3.

(3.3) Then it is simple to determine the commands to apply to the converter to the 4 legs.

EXTENSION OF THE CONTROL LAW IN THE CASE OF THE FLYING CAPACITOR STRUCTURE

The structure represented in Fig. 3 contains 24 controllable switches. If it is considered that the same leg switches are in mutual exclusion, it remains several configurations by leg which allows generating outputs (points A, B, C) with 4 voltage levels. Therefore, each leg is characterized by 4 levels: (0, 1, 2 and 3) corresponding to 4 output voltage levels (0, E/3, 2/3, E). Thus this structure of conversion (4 legs, 4 levels) has 256 4 4 different switching states. In the case of the 4-level 4-leg converter, it will be also 24 big tetrahedrons, as for 2level 4-leg converter, and each tetrahedron can be associated with 3 adjacent vectors corresponding to 4 voltage levels. Therefore, a big tetrahedron contains 27 small tetrahedra corresponding to 4 new base vectors (see Fig 4). Each big tetrahedron can be divided into 4 levels (0, 1, 2 and 3). Level 1 contains 1 small tetrahedron, level 2 contains 7 small tetrahedra and level 3 contains 19 small tetrahedra (Fig. 5). As for the 2-level 4-leg converter, the control algorithm will seek 4 base vectors which will form a small tetrahedron containing the reference vector. Some definitions are given below:

-Big tetrahedron: tetrahedron related to 2-level definition. This is the case when the cells of a same phase switch at the same time to obtain only E or 0 output voltages.

-Small tetrahedron: tetrahedrons formed by intermediate vectors (with voltages output (k.E./p) where p is the number of cells in eac h phase, he re p = 3). Moving from one small tetrahedron to an adjacent is done with a single switching of a commutation cell. For the geometrical construction of the small tetrahedrons, it will be considered that the ends of the vectors are represented by points (summits of the tetrahedrons). The research of small tetrahedron containing the reference vector is complicated in the two reference frames abc and . For this reason a new reference base located in the origin of each small tetrahedron xyz is defined, as showed in Fig 6 .  From this new reference, each vector inside a small tetrahedron can be easily identified with integer indexes (0, 1, 2 and 3). Therefore each big tetrahedron is defined by of 3 active The set of 4 chosen vectors to be applied compose which will be called as current profile. Since the same output voltage of the converter can be obtained with several switching states combinations (several control voltage vectors) that mean that there are redundancies in the output voltage definitions.

Figure 7 Profile definition So, several profiles may be applied to obtain the same output voltage of the converter. To limit the number of profiles, some constraints are fixed on the profile definition: -big voltage transitions are forbidden (voltage level changes greater than E/p are not allowed) as can be seen in Fig 7 .  -each profile must start with the same voltage level than the precedent current profile (Fig 7). Profile redundancies can be grouped in the called configurations. The balancing of flying capacitor voltages can be also considered using these configurations. For each sampling period it may be chosen the configuration which will provide good overall trends for floating voltages in the considered period, as shown in Table 4.1. This table shows the voltage variation on the terminals of each floating capacitor on each configuration (the meaning of an arrow indicates the evolution of the floating voltage), which depends also on the sign of the phase current (i i ). Table 4.1

CONSTRUCTION OF THE PROFILES TABLE

In the control algorithm represented in Fig 8, there are 24 big tetrahedra, each of which contains 27 small tetrahedra. Therefore there will be 24x28=648 small tetrahedra in total. Using the 3D SVM algorithm, it can be found 4 base vectors that form a small tetrahedron [U 0 U 1 U 2 U 3 ]. Each base vector is identified by three indexes which correspond to three differential output voltage levels on phases a, b, and c to the neutral phase n:

(5.1) S1, S2, S3 and S4 are control order vectors which contain 4 indices of voltage level for each phase (a, b, c, n). Thus it can be deduced the control order vectors from the base vectors as follows:

(5.2) 

2 1 0 i i i i i S S S S S
to ensure that the base vector remains unchanged. Valid control order vectors are those which have levels between 0 and 3. Ensuring that there is maximum one change at the output voltage level of the converter, it can be developed the list of the successive switching states in a small tetrahedron, from its 4 base vectors. For example, the small tetrahedron number 6 has 4 base vectors:

(5.3) The successive states of commutation in this small tetrahedron are then:

(5.4) The chosen profile will need to have its first configuration 

k i i C C
to ensure a profile transition without voltage change at the end of the sampling period. Then, according to the chosen small tetrahedron to be applied, it will be defined a transition step. To minimize the period of transition, the trajectory from the actual point to the nearest first configuration of the small tetrahedron will be calculated. Once determined this transition phase, the corresponding states of commutation are applied, considering the constraints of output voltage level change. Application time of each vector are determined with Eq. (4.6), taking into account the sign of currents and the state of charge of capacitors to determine the controls to apply to the converter, according to table 4.1. Below (Table 5.2) shows the calculation result obtained for a Ci3 -Ci7 base configuration. Eq. ( 5.5) provides the application times for this case: The current tracks correctly the reference and spectral content is easily identifiable. Some harmonics appears around the switching frequency of 10kHz but most of them are mainly located around three times the switching frequency (30kHz) The direct control of a 4-leg flying converter operating as parallel active filter is shown in this paper. The control law is defined without a classic device modulation but using a table calculated offline to provide adequate control sequence at the k instant. This procedure allows increasing the bandwidth of the converter and the relationship between the frequency of the bandwidth and the filtering frequency which can then become very important. The harmonic spectrum of the injected current has very good quality. This approach allows resolving the tradeoff between the filtering frequency, the size of the capacitors and the desired dynamic performance.
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 1 Figure 1: Model of the Converter 4 legs with RLE load Considering the state of the switches associated with a binary variable Sj defined as Sj = 1 if the switch is closed and Sj = 0 if the switch is open, it can be established the following model where Vj is the voltage from point G to a, b, c, n phases.

(2. 1 )

 1 The basic laws of electrical circuits allow us to express the potential of neutral point O of the load in relation to the G point as: (2.2) In a general case phase inductances are different: (2.3) This allows expressing the state equation as: (2.4) With : The representation of the output voltages (Table2.1) can be made either in the reference frame (Fig 2.a), either in the abc coordinate system (Fig 2.b). The passage between both frames is done through the Concordia transformation for unbalanced systems, which is expressed by equation (2.6). With 4 switches there are 16 possibilities of control, 2 of which provide zero output voltages.
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 2 Figure 2: Patterns of distribution of 16 vectors of bases a) frame b) abc frame

Fig. 3 :

 3 Fig. 3: 4-leg flying capacitor structure for active filtering.

Figure 5 :

 5 Figure 5: Feasible voltages in 4-level 4-leg It can be then defined: --Ui (i = 0.. 3) as differential vectors in a small tetrahedron which have three differential voltage levels (an, bn, cn):cn i

Figure 4 :

 4 Figure 4: Tetrahedrons by levels

Figure 6 :

 6 Figure 6: xyz reference for one small tetraedron Then, in the xyz reference system, the coordinates of the output vector are (x,y,z)=(3T 1 ,3T 2 ,3T 3 ) : T 1 ,T 2 ,T 3 o r t 1 ,t 2 ,t 3 respectively, represent the application time of
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 8 Figure 8: Profile control algorithm
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  k i C 1 equal to the last one of the previous profile:

Table 5 . 2 :

 52 Figure 6.1.a : Line current 1
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 6 Figure 6.1.b: Current spectrum