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INTRODUCTION

Four-Leg Converters (FLCs) are used in several threephase power applications that involve neutral wire, such as Distributed Generation Systems (DGS) [START_REF] Patel | PV based distributed generation with compensation feature under unbalanced and non-linear load conditions for a 3-, 4 wire system[END_REF], Uninterruptible Power Supplies (UPS) [START_REF] Lock | Digital Control of a Three Phase 4 Wire Inverter for UPS Applications[END_REF] and Active Power Filters (APF) [START_REF] Rachmildha | Hybrid Direct Power Control Using p-q-r Power Theory Applied on 3-Phase 4-Wire Active Power Filter[END_REF]. The use of the additional leg, compared with usual threeleg converter, is very useful especially under un-balanced conditions providing an additional freedom degree.

The first power converter implementation schemes proposed classical controls (basically PID controllers) with pulse width modulation (PWM) or hysteresis controllers, mainly for calculation technological limitations. More advanced and newest methods, such as fuzzy logic [START_REF] Chen | Fuzzy Logic Control for Switched Reluctance Variable Speed Linear Generator System[END_REF], sliding mode [START_REF] Singh | Sliding Mode Control Technique for Indirect Current Controlled Active Filter[END_REF] and predictive control, have gradually been used thanks to computational capabilities progress.

In predictive control, system behaviour is predicted based on a system model. The controller uses this prediction to optimize a predefined criterion in order to select the optimal actuation or control order. Several predictive control techniques, as dead-beat control [START_REF] Yang | A deadbeat current controller for field oriented induction motor drives[END_REF] and model predictive control (MPC) [START_REF] Rachmildha | Hybrid Direct Power Control Using p-q-r Power Theory Applied on 3-Phase 4-Wire Active Power Filter[END_REF], [START_REF] Antoniewicz | Virtual-Flux-Based Predictive Direct Power Control of AC/DC Converters with Online Inductance Estimation[END_REF]- [START_REF] Lezana | Model Predictive Control of an Asymmetric Flying Capacitor Converter[END_REF], have been proposed in the literature.

MPC appears in literature in two distinct forms: Continuous Control Set MPC (CCS-MPC) [START_REF] Antoniewicz | Virtual-Flux-Based Predictive Direct Power Control of AC/DC Converters with Online Inductance Estimation[END_REF]- [START_REF] Xu | Predictive Current Control of Doubly Fed Induction Generators[END_REF] and Finite Control Set MPC (FCS-MPC) [START_REF] Rachmildha | Hybrid Direct Power Control Using p-q-r Power Theory Applied on 3-Phase 4-Wire Active Power Filter[END_REF], also called Finite State MPC (FS-MPC) [START_REF] Rodríguez | Predictive Current Control of a Voltage Source Inverter[END_REF]. FS-MPCs select the optimal control vector which is applied during the whole sample period. However, to reach similar performances of standard PI-PWM controller, the sample frequency must be higher. In CCS-MPC approach, controller calculates needed converter voltages to reach the reference. Switch control signals are generally generated by a PWM module [START_REF] Antoniewicz | Virtual-Flux-Based Predictive Direct Power Control of AC/DC Converters with Online Inductance Estimation[END_REF]- [START_REF] Xu | Predictive Current Control of Doubly Fed Induction Generators[END_REF].

In this paper, current predictive controller is proposed for 4-leg voltage-source converter. A discrete-time predictive model of the system (FLC + RL-load) is established based on the continuous-time system model. Unlike 3-DSVPWM, control signals are generated by the controller using current projections that take into account the predictive aspect of the control. A control profile notion, that defines switch commutation succession, is introduced. Using geometrical properties of the predicted current projections, two control profile selection methods are proposed for balanced and unbalanced load operations.

SYSTEM MODEL

To design a Model Predictive Controller (MPC) algorithm, the first step is to model the studied system. In this work, the aim is to control the current of a 4-leg 3-phase inverter. In m o s t F L C a p p l i c a t i o n ( A P F , D G S ) , t h e c o n v e r t e r i s connected to resistive-inductive-active loads R-L-e. In this paper, since load voltages did not significantly affect the behaviour of the converter toward the control, the studied system is a resistive-inductive load R-L (see Fig. 1). The algorithm can easily be extended to R-L-e loads.

The load voltages are given by the following expression:
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are current, switching state, resistance and inductance of leg j, respectively. E dc denotes the dc-link voltage.

Based on (1), the load neutral point voltage can by expressed as follows: where,
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Combining (1) and ( 2), load-current differential equations can be deduced in order to obtain state representation of the system in abc frame. Besides, knowing that the sum of load currents is null, neutral current can be deduced from phase currents. In this case, the state vector X is set as the phase load currents. The state model is shown in (3): The state model of the system in the frame is obtained by applying the Clarke transformation, as shown in (4). Control vectors (µ x ) corresponding to all possible switch states, expressed in coordinates, are given in Table I. Since controller operates at discrete times, it is necessary to model the system in the discrete time domain. The discrete time model consists in a recursive matrix equation that allows system evolution prediction. This means that for a given sample time (T s ), it is possible to predict the system states at any instant ((k+1).T s ) knowing system states and control variables at instant (k.T s ). Based on state representation in continuous time domain given in (4), the recursive equation of the system represented in Fig. 1 is given by (5):
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In this recursive equation, two components appear: a free response component, noted I F (free current) and given by ( 6), and a forced response component, noted I S (control current) and given by [START_REF] Antoniewicz | Virtual-Flux-Based Predictive Direct Power Control of AC/DC Converters with Online Inductance Estimation[END_REF]. These components will be used in the following section. 
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. 1 [START_REF] Antoniewicz | Virtual-Flux-Based Predictive Direct Power Control of AC/DC Converters with Online Inductance Estimation[END_REF] The objective of this work is to design a discrete controller that generates optimal switch control signals in regard of an optimization criterion. Since the control set is continuous, during one sample period many control vectors are applied. Thus, considering the discrete nature of the control, it is necessary to represent control orders during a sample period by an equivalent vector. This equivalent control vector is assumed to be equal to the mean value of applied vectors. If m vectors µ j are applied during given times t j , equivalent control vector is given by ( 8): 

PROPOSED MPC CURRENT CONTROLLER

A. Selection Criterion and Algorithm Structure

To design MPC load current controller, it is necessary to define a criterion or a coast function to be minimized. In this work the chosen criterion represents the Euclidian-norm square of the current error, as shown in [START_REF] Rodríguez | Predictive Current Control of a Voltage Source Inverter[END_REF]. The current error is defined as the difference between the current reference ( ) and the predicted current (
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Considering the two components of the predicted current defined in ( 6) and ( 7), current error is given by ( 10): [START_REF] Lezana | Model Predictive Control of an Asymmetric Flying Capacitor Converter[END_REF] The criterion minimum value is zero. So, optimal control is obtained by solving (11):
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Before solving (12), it is necessary to have some definitions. Control profile is defined as a set of control vectors to be applied in a specific order with imposed applying-duration properties. In this work, control profiles are defined as follows:

Every control profile includes 3 nonzero vectors µ ap1 , µ ap2 and µ ap3 applied for applying durations d 1 .T s , d 2 .T s and d 3 .T s , respectively. The number of nonzero control vectors is minimal considering the system order. Indeed, the order of 4wire systems is 3 because in these systems any current can be deduced knowing the 3 other currents. So, there exist three linearly independent currents. Thus, three nonzero control vectors, at least, are necessary to reach the reference. From a geometrical point of view, currents (as well as control vectors) can be represented in a 3-D frame ( frame in this work). Every point in this frame (representing current projections) corresponds to a (current) vector that can be expressed as linear combination of 3 nonzero base current vectors. Linear combination weights represent relative applying durations of nonzero base control vectors.

The control profile contains also the two zero-sequence vectors µ 0 and µ 15 . Zero-sequence applying duration (d 0 .T s ) is distributed between µ 0 and µ 15 . The sum of applying duration is equal to a sample period (13). Modulation (sample) periods start and end by applying vector µ 0 . Transitions between two successive vectors are made by commuting only one leg. Applying durations are divided in order to obtain symmetry with regard to the half of the sample period.

Considering one-leg commutation property for every vector transition, µ ap1 can be picked from four possibilities (one for each leg). To select µ ap2 , three legs can be commuted which gives 3 possibilities. µ ap3 has two possibilities due o the two left legs to be commuted. Finally, there exist 24 different profiles. An exhaustive profile list is shown in Table II. An example of control profile representation (profile P 4 ) is given in Fig. 2. Equation ( 14) is replaced in [START_REF] Antoniewicz | Virtual-Flux-Based Predictive Direct Power Control of AC/DC Converters with Online Inductance Estimation[END_REF] to obtain (15): where I µj is the control current corresponding to µ j , (16). (18)

To solve this matrix equation, the profile control current matrix Q P is defined in (19) as the matrix containing the control currents corresponding to the control vectors included into the profile. Each profile is characterized by its own Q P matrix. 
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Nevertheless, (21) have 2 unknown quantities: vector D and matrix Q P . Thus, to resolve this equation, the matrix Q P must be known. This means that the control profile or the control vectors must be identified.

B. Solution Existence and Uniqueness Conditions

Before solving (21), it is necessary to prove the solution existence. Furthermore, solution uniqueness conditions should be investigated. To do this task, current frame geometrical properties are used.

The main geometrical property is that vector projections of each profile represent a tetrahedron. Origin of the volume (representing converter action-zone) belongs to all tetrahedrons (origin represents zero-sequence vectors). Tetrahedron-shape sub-volumes are distinct: intersection between 2 sub-volumes represents, at most, plan interface. Neglecting those interfaces, any point inside converter actionzone belongs to one and only one tetrahedron. Thus, to achieve a given current reference, profile solution is unique. Graphical representation is given by Fig. 3.

C. Membership-Based Selection Method (MBSM)

The controller role is to solve (21) in order to obtain applied control profile (P ap ) and the corresponding applying durations. For this aim, some points should be taken into consideration.

Firstly, the control feasibility depends on applying duration signs. Indeed, considering the physical aspect of the task, it is impossible to apply a control for a negative time. Secondly, there exists only one control profile that allows reaching the current reference. Thirdly, it can be geometrically proven that a point belongs to a given volume if and only if the volume summit vector linear combination weights are positive.

Considering all these points, the unique solution of ( 21) is the profile corresponding to the matrix Q P that gives positive applying duration for each control vector. To find this unique solution, control profiles are successively tested until applying durations become positive.

However, this method generates an important calculation c o s t . I n d e e d , c o n t r o l l e r s o l v e s ( 2 1 ) o n c e i n t h e m o s t favourable case and 24 times in the most unfavourable case.

To reduce calculation volume, another profile selection method is proposed in the following section. Nevertheless, this second method can only be used under balanced load conditions.

D. Proximity-Based Selection Method (PBSM)

In the section II-A, it has been seen that the choice of profile vectors is not arbitrary and is submitted to some rules. In other words, for a given control vector µ j , there exists a set of control vectors that can be associated with µ j in a same profile. According to this, the associable vector set (AVS) of a control vector µ j is defined as the group of vectors that can be associated with µ j in the same profile. Profile selection algorithm can be described on the following form:

Step 1 Evaluate the criterion g for all control vectors (9).

Step 2 Sort the vectors following the criterion value in the ascending order. Step 3 Select the first element of the sort as the first optimal vector (µ opt1 ).

Step 4 Select the next element of the sort that belongs to the AVS of µ opt1 , defined as the second optimal vector (µ opt2 ) (Table III).

Step 5 Select the next element of the sort that belongs simultaneously to the AVSs of µ opt1 and µ opt2 , defined as the third optimal vector (µ opt3 ) (Table IV).

Step 6 Select the control profile that contains µ opt1 , µ opt2 and µ opt3 (Table II).

Step 7 Calculate applying durations by solving (21).

To illustrate this method, let us see the following example: At a given sample step, the criterion is evaluated for all control vectors (step 1). Assume that control vector sort gives the following order (step 2): {µ 5 , µ 9 , µ 8 , µ 1 , µ 4 , µ 12 , µ 2 , µ 13 , µ 3 , µ 11 , µ 14 , µ 7 , µ 6 , µ 10 } As mentioned in algorithm description (step 3), µ opt1 is set as the first element of the sort. Thus, in this example, µ opt1 corresponds to µ 5 . Since µ 9 and µ 8 do not belong to AVS of µ 5 (see 5 th row of Table II), µ 1 represents µ opt2 (step 4). To select µ opt3 , o n l y i n t e r s e c t i o n o f A V S s o f µ 5 and µ 1 is considered (see Table IV, 5 th column, 1 st row). In this case, µ opt3 is µ 13 (step 5). According to Table II, the profile containing µ 5 , µ 1 and µ 13 is P 4 (step 6). Matrix Q P corresponding to P 4 is used to solve (21) and obtain applying durations (step 7).

E. Saturation Algorithm

In steady state, current reference projection is located inside converter action-zone. Thus, the condition on applying durations expressed in (8) is verified. However, in transient mode, reference could get out of the control range. So, the converter cannot reach it in one sample step and the calculated-applying-duration sum (issued from (21)) is greater than the sample period T s . In this case, the saturation sub-algorithm recalculates new applying durations whose sum is equal to T s . For this purpose, the applying durations are normalized as shown in (22). This method allows keeping the same current direction. In PBSM, an initial step is introduced in the saturation algorithm. It avoids negative times by setting all negative applying durations to zero. However, this step is useless for MBSM because the membership criterion imposes positive applying durations.

SIMULATION RESULTS In order to study algorithm performances, the proposed controllers are simulated under a MATLAB/Simulink environment. Simulation parameters are given in Table V.

MBSM is tested under balanced and unbalanced load conditions. In both cases, neutral and phase load currents are presented, as well as Phase c load current spectrum. The choice of phase c is due to the unchanged parameters under unbalanced conditions (same resistance and inductance in both balanced and unbalanced cases, see Table V). Current control performance is evaluated by calculating current total harmonic distortion (THD) defined in (23) 

where I 1 , I h and h max are the fundamental current, h-rank harmonic current and the maximal harmonic rank, respectively. PBSM is tested under balanced conditions only. As well as MBSM, neutral and phase load currents and phase c load current spectrum are presented. Current control performance is also expressed by calculating current THD.

A. PBSM simulation results under balanced and unbalanced load conditions

Fig. 4 presents simulation results for MBSM algorithm under balanced conditions. As shown in Fig4-a, load phase currents have sinusoidal shape and the same phase and amplitude of the reference. Further, current waveforms and ripples are similar for all phases and the neutral current is null. 
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 4756 Fig. 4. Neutral and phase load currents (a) and phase c harmonic spectrum (b) for balanced load using MBSM algorithm (THD=0.84%)

TABLE I SWITCHES

 I STATES AND CONTROL VARIABLES IN COORDINATES

		Switches States		Control Variables in	frame
	Sn	Sc	Sb	Sa	U	U	Uo
	0						

On the other hand, phase c current spectrum (Fig4-b) shows a significant attenuation of low order harmonics (<-100dB). This means that for a sinusoidal reference (only fundamental), no low order harmonics are injected by controller. In addition, frequency peaks appear around sample frequency multiples. Hence, switches are commuting at a constant frequency.

Phase current THD have the same value (0.84%) on all phases. This equality accords with load balance.

Under unbalanced load conditions, currents still follow their reference (Fig. 5-a). However, current ripple is different for each phase as well as current THD values (1.38%, 0.66% and 0.92% for phases a b and c , respectively). Despite THD increase on phase c, harmonic peaks are still located around fs multiples and low-order-harmonic attenuation is too significant (Fig 5-b).

Fig. 6 shows relative applying durations (before saturation) for MBSM algorithm under unbalanced load conditions. In transient mode (about 0.4ms), the sum of relative applying d u r a t i o n s i s g r e a t e r t h a n 1 . I n t h i s c a s e , t h e s a t u r a t i o n algorithm recalculates applying durations (see section III-E).

B. PBSM simulation results under balanced load conditions

Simulation results for PBSM algorithm under balanced load conditions are presented in Fig. 7. These results are similar to those obtained for MBSM in steady state (Fig. 4.). For both MBSM and PBSM, load current THDs are equal.

In transient, negative values of applying durations appear contrary to MBSM that imposes positive applying durations. Nevertheless, saturation algorithm truncates these negative values as mentioned in section III-E.

CONCLUSION In this work, a Continuous Control Set Model Predictive

Current Controller for a four-leg voltage source converter is designed. This control algorithm is based on the geometrical properties of the predicted current projections. In this approach, the notion of control profile is introduced and defined as a set of control vectors to be applied in a specific order with given properties. Profile projections divide current frame into 24 separate volumes. The control profile that allows reaching reference corresponds to the volume containing reference projection.

A Membership-based Selection Method is proposed and tested even under balanced and unbalanced load conditions. Simulation results showed the efficiency of the control with regard to the load currents THD in both load conditions.

To reduce calculation coast under balanced load conditions, proximity-based profile selection method (PBSM) is proposed. Simulation results for PBSM are equivalent to those obtained using MBSM.