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In this paper, current predictive controller is proposed for grid connected 4-leg VSCs that generates control signals without voltage reference calculation. This direct control of switch control signals is based on geometrical approach. For this purpose, the predicted and reference currents are projected in a 3-D space. To reach the reference, an association of three active vectors is used. This association represents a control profile. The profile projections divide the action zone of the converter into 24 parts. The appropriate control profile is selected according to a criterion optimization. In this task, geometrical properties of current projections are used.

Introduction

Four-Leg Converters (FLCs) are used in several three-phase 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 nonlinear load conditions for a 3-φ, 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 conventional threeleg voltage source converter (VSC), is very useful especially under unbalanced conditions providing an additional degree of freedom. FLCs can also be used in Fault-Tolerant Machine Drives [START_REF] De Lillo | Multiphase Power Converter Drive for Fault-Tolerant Machine Development in Aerospace Applications[END_REF]. In recent years, Model Predictive Controllers (MPCs) have been progressively used to improve dynamic performances for FLC control [START_REF] Rachmildha | Hybrid Direct Power Control Using p-q-r Power Theory Applied on 3-Phase 4-Wire Active Power Filter[END_REF]. MPC appears in literature in two distinct forms: Continuous Control Set MPC (CCS-MPC) applied for 3-leg VSC [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) applied for 3-leg [START_REF] Rodríguez | Predictive Current Control of a Voltage Source Inverter[END_REF][START_REF] Lezana | Model Predictive Control of an Asymmetric Flying Capacitor Converter[END_REF] and 4-leg VSCs [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 FCS-MPC controllers select the optimal switching orders from a finite set. This set represents the possible switching states. The control optimisation is made according to a given criterion (or a coast function). This criterion may differ depending on control objectives. In CCS-MPC approach, switch control signals are generated generally by 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, CCS-MPC current controller is proposed for 4-leg VSC. Firstly, a discrete-time predictive model of the system (FLC + R-L-e load) is established. Secondly, mathematical development is made to define the methodology to solve criterion optimization problem. This criterion is set according to the control objectives. Thirdly, the matrix equation given by the proposed methodology is solved using a geometrical approach. In this approach, the predicted and reference currents are projected in a 3-D current frame. In addition, a control profile pattern is defined. The profile switching properties are inspired by the 3-D SVPWM in order to keep the advantages provided by this modulation technique. Finally, efficiency of the proposed control is illustrated by simulation results under different load impedance and load voltage operating conditions.

Four-leg converter applications

Power unbalance in three-phase electrical networks could cause neural current circulation. Thus, power converters connected to the network may be concerned by this circulation. To handle these currents through the converter, two common solutions are proposed in literature: the Split-Link Topology (SLT), shown in Fig. 2-b [START_REF] Soares | Digital Implementation of a DC Bus Voltage Controller for Four-Wire Active Filters[END_REF], and the FLCs, shown in Fig. 2-b [START_REF] Patel | PV based distributed generation with compensation feature under unbalanced and nonlinear load conditions for a 3-φ, 4 wire system[END_REF][START_REF] Lock | Digital Control of a Three Phase 4 Wire Inverter for UPS Applications[END_REF][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 first topology is the simplest solution because it uses a conventional three-leg converter. However, it requires an additional coast due to the capacitor midpoint. In addition, capacitor voltage regulation must be taken into account in the control strategy. The FLCs provide another advantage compared to SLT. Indeed, the FLC output voltage is greater than the output voltage obtained with the SLT. Fig. 3 shows the normalised output voltage that can be generated by FLC (solid blue line) and SLT (red volume) in αβ0 frame. In APF application shown in Fig. 1-a, the FLC role is to provide the necessary current to achieve harmonic and reactive power compensation. The converter current references are generated according to load currents and AC supply voltages. If AC supply impedance is neglected (ideal source case), the non linear load does not impact the converter behaviour. Therefore, control strategy includes two parts: current reference generation and converter current control. In the second part, the load is not taken into consideration. So, the system is considered as an FLC feeding an R-L-e load, represented in Fig. 4 (the supply can be assumed as a part of the load). On the other hand, in DGS application shown in Fig. 1-b, the system can also be considered as an FLC feeding an R-L-e load. Indeed, the DGS control aims to regulate the output voltages measured in LCoutput-filter capacitors. In a cascade control scheme, capacitor-voltage control represents the outer control loop, while the inner loop controls the converter currents.

System Model

According to Fig. 4, converter output voltages are given by the following expression:
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where
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, , , , are current, switching state, load voltage, resistance and inductance of leg j, respectively. Edc denotes the dc-link voltage.

Based on (1), load-current differential equations can be deduced in order to obtain state representation of the system in abc frame. Since the sum of load currents is null, the neutral current in can be deduced knowing the phase currents (ia, ib and ic). In addition, the load currents depend only on the differential voltages. Thus, the state model of the system can be expressed by [START_REF] Lock | Digital Control of a Three Phase 4 Wire Inverter for UPS Applications[END_REF].
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Table I: Control Vectors in αβο Coordinates

Switches States

Coordinates in αβο frame

Sn Sc Sb Sa Uα Uβ Uo μ0 0 0 0 0 0 0 0 µ1 0 0 0 1 3 / 2 0 3 / 1 µ2 0 0 1 0 6 / 1  2 / 1 3 / 1 µ3 0 0 1 1 6 / 1 2 / 1 3 / 2 µ4 0 1 0 0 6 / 1  2 / 1  3 / 1 µ5 0 1 0 1 6 / 1 2 / 1  3 / 2 µ6 0 1 1 0 3 / 2  0 3 / 2 µ7 0 1 1 1 0 0 3 µ8 1 0 0 0 0 0 3  µ9 1 0 0 1 3 / 2 0 3 / 2  µ10 1 0 1 0 6 / 1  2 / 1 3 / 2  µ11 1 0 1 1 6 / 1 2 / 1 3 / 1  µ12 1 1 0 0 6 / 1  2 / 1  3 / 2 µ13 1 1 0 1 6 / 1 2 / 1  3 / 1  µ14 1 1 1 0 3 / 2  0 3 / 1  µ15 1 1 1 1 0 0 0
The state model of the system in the αβο frame is obtained via Clarke transformation, as shown in [START_REF] Rachmildha | Hybrid Direct Power Control Using p-q-r Power Theory Applied on 3-Phase 4-Wire Active Power Filter[END_REF].
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Control vectors (µx) corresponding to all switches possible states, expressed in αβο frame, are given in Table I.

Since the controller operates at discrete times, it is necessary to model the system in the discrete time domain. Based on continuous time domain state model given in [START_REF] Lock | Digital Control of a Three Phase 4 Wire Inverter for UPS Applications[END_REF], the recursive equation of the system presented in Fig. 1 is given by (4). It represents the discrete model of the system.
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The predicted current can be divided into two components, as shown in (5): a free response component (or free current), noted IF (see ( 6)), and a forced response component (or control current), noted IS and given by [START_REF] Rodríguez | Predictive Current Control of a Voltage Source Inverter[END_REF]. These two components will be used in the following section.
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Proposed Predictive Current Controller

In a CCS approach, many control vectors have to be used. In other words, more than one leg may switch during one sample period. The control profile can be assumed as a set of control vectors to be applied during the same sample period. On the other hand, thanks to its switching properties, the 3-DSVPWM provides many advantages such as high dc link and more efficient voltage utilization, low conduction and switching losses, more output voltage magnitude [13]. In order to exploit these advantages, it is interesting to use the same pattern. Thus, the control profile is defined as the association of three nonzero vectors µap1, µap2 and µap3 applied for the three applying durations d1.Ts, d2.Ts and d3.Ts, respectively. To complete the sample period Ts, two zero-sequence vectors are used. Transitions between two vectors are made by commuting one leg. Applying durations are divided in order to impose symmetry with regard to the half of the sample period. An exhaustive profile list is shown in Table II. Fig. 5 illustrates an example of control profile representation (profile P4). The predictive MPC control proposed in this paper is based on minimization of a given criterion. This criterion is defined according to the control objectives which concern current controller performances. Thus, the chosen criterion is set as the Euclidian norm of current error [START_REF] Lezana | Model Predictive Control of an Asymmetric Flying Capacitor Converter[END_REF]. The current error is here defined as the difference between the current reference (
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The definition of the two components of the predicted current given by ( 6) and ( 7) leads to current error expression given by ( 9):
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The criterion minimum value is zero. So, optimal control is obtained by solving [START_REF] Li | Analysis and Simplification of Three-Dimensional Space Vector PWM for Three-Phase Four-Leg Inverters[END_REF]:
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Considering the aforementioned profile definition, the equivalent control vector, for a sample period, is assumed to be the mean value of the applied profile vectors (13). 
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where Iµj is the control current corresponding to µj and defined in (16). By replacing (15) in the criterion optimisation equation given by ( 11), ( 17) can be deduced as follows:
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Profile control current matrix, QP, is defined as the matrix containing the control currents (Is) corresponding to the control vectors included into the profile. Each profile is characterized by its own profile control current matrix.

Applying durations, dj, are calculated by inversing QP, as shown in (18):
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Nevertheless, eq. ( 18) has 2 unknown quantities: vector D and matrix QP. To solve this equation, it is necessary to find the profile that should be applied. For this purpose, control currents (Is) are projected in a 3-D αβ0 frame. Fig. 6 shows the 3-D representation of control current projections for balanced (Fig. 6-a) and unbalanced (Fig. 6-b) load impedances. Each profile is represented by a tetrahedron. The converter action zone is divided into 24 distinct tetrahedrons. Tetrahedron summits represent the projections of the corresponding profile vectors and the zero-sequence vector. The intersection between two tetrahedrons represents, at most, plan interface. Neglecting these interfaces, any point inside converter action-zone belongs to one and only one tetrahedron. Thus, to obtain a given relative current reference (IR), profile solution is unique. When the reference belongs to an interface (ex. interface between profiles P4 and P6), the projection is a linear combination of the control vectors that belong to both volumes (in the example, vectors µ1 and µ13). In this case, the third nonzero control vector contribution is null (in the example, contribution of µ5 in profile P4 or µ9 in profile P6 is null: d2 = 0). Since the resulting control vector is the same for both profiles, it can be considered that any interface is included in the first profile in the profile list (in the example, the interface belongs to profile P4). From a mathematical point of view, solving (18) consists on finding the control-current coordinates in the basis formed by the three profile control vectors (the three nonzero tetrahedron summits). These coordinates represent the vector D. On the other hand, any point, here current projection, belongs to an octant (limited to a tetrahedron in this case) if and only if its coordinates are positive. This geometrical property means that the appropriate profile can be found by testing the sign of the vector D. For this purpose, control profiles are successively tested until all applying durations given by (18) become positive. A synthesis of the proposed control scheme is presented in Fig. 7.

Simulation Results

In order to study algorithm performances, the proposed controller is simulated in MATLAB/Simulink environment. Performance of the control is evaluated according to the load current Total Harmonic Distortion (THD). The THD is given by (19). 
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Voltages ea=100V∠ 0° eb=100V∠ -120° ec=100V∠ -240° Voltages ea=80V∠ -90° eb=120V∠ 180° ec=100V∠ -240°
To illustrate those performances, the algorithm is tested under different load and load voltage conditions. In cases 1 and 2, the load impedances are balanced while in cases 1 and 3, the load voltages are balanced. In case d, both load impedances and load voltages are unbalanced. Simulation parameters are given by Table III. The load impedances and load voltages are chosen in order to keep phase c unchanged in all cases. Thus, harmonic performances (harmonic spectrum and THD) can be compared for the unchanged phase (phase c). Fig. 8 shows the simulation results for all cases. It can be seen that for all cases the currents have a sinusoidal shape with the same phase and amplitude of their references. The current ripples seem to be equal for all phases under balanced load impedance conditions (cases 1 and 2). Under load impedance unbalance (cases 3 and 4), the current ripple appears more important for phase a (represented in blue). This ripple increase is due to a lower inductance value (5mH for balanced cases, 2mH for unbalanced cases). On the other hand, phase c current spectrum shows a significant attenuation of low order harmonics (<-100dB), for all cases. 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. However, in cases 3 and 4, a small harmonic pick (about -100dB) appears around 3.3kHz (fs/6). This peak is due to the load impedance unbalance. Table IV shows load current THDs. Notice that the THD values are equal for all phase when both voltages and impedances are balanced. Besides, the load impedance unbalance impacts more on current THD than voltage unbalance impact.

Conclusion

In this work, a continuous control set model predictive current controller of a four-leg voltage source converter for load connected application is proposed. 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 the current reference corresponds to the volume containing the reference projection.

The proposed controller gives excellent performance expressed by the current THD even under load and load voltage unbalanced conditions. Furthermore, simulation results shows that load impedance unbalance has more impact on current THD than voltage unbalance.
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 2 Fig. 2. Examples of FLC applications: (a) Active Power Filter (APC); (b) Distributed Generation Systems (DGS).
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 2 Fig. 2. Common ways to handle neutral current in three-phase converters: (a) Split-Link Topology (SLT); (b) Four-Leg Converter (FLC).
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 3 Fig. 3. Normalised output voltage (Vout/Edc) in αβ0 frame: FLC (solid blue line) and SLT (red solid volume).
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 4 Fig. 4. Representation of a 4-leg 3-phase inverter connected to an R-L-e load.

4 0

 4 Since µap0 and µap4 are zero-sequence vectors, (13) become (14).

  into[START_REF] Rodríguez | Predictive Current Control of a Voltage Source Inverter[END_REF] leads to (15):

2

 2 

Fig. 5 .

 5 Fig. 5. Example of Control Profile (P4) definition.

5 Fig. 6 . 3 -

 563 Fig. 6. 3-D representation of control current projections (Is) for balanced (a) and unbalanced (b) load impedances.
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 7 Fig. 7. Proposed MPC control scheme.
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 8 Fig. 8. (up to down) Load voltages (ea blue, eb green, ec red), neutral and phase load currents (ia blue, ib green, ic red, in light green) and phase c harmonic spectrum; case 1: balanced load & balanced voltages; case 2: balanced load & unbalanced voltages; case 3: unbalanced load & balanced voltages; case 4: unbalanced load & unbalanced voltages.

Table II : Profile Vector Composition

 II 

	Profiles	Nonzero Applied Vectors µap1 µap2 µap3	Profiles	Nonzero Applied Vectors µap1 µap2 µap3
	P1	µ1	µ 3	µ 7	P13	µ 8	µ 9	µ 11
	P2	µ 1	µ 3	µ 11	P14	µ 8	µ 10	µ 11
	P3	µ 1	µ 5	µ 7	P15	µ 4	µ 5	µ 13
	P4	µ 1	µ 5	µ 13	P16	µ 8	µ 9	µ 13
	P5	µ 1	µ 9	µ 11	P17	µ 4	µ 12	µ 13
	P6	µ 1	µ 9	µ 13	P18	µ 8	µ 12	µ 13
	P7	µ 2	µ 3	µ 7	P19	µ 2	µ 6	µ 14
	P8	µ 2	µ 3	µ 11	P20	µ 4	µ 6	µ 14
	P9	µ 2	µ 6	µ 7	P21	µ 2	µ 10	µ 14
	P10	µ 2	µ 10	µ 11	P22	µ 8	µ 10	µ 14
	P11	µ 4	µ 5	µ 7	P23	µ 4	µ 12	µ 14
	P12	µ 4	µ 6	µ 7	P24	µ 8	µ 12	µ 14

Table III : Simulation Parameters

 III 

	System Parameters		Balanced Load Parameters (cases 1 and 2)
	DC-Link Voltage	Edc=600V	Resistances	Ra=Rb=Rc=Rn=10Ω
	Current Reference Frequency	f0=50Hz	Inductances	La=Lb=Lc=Ln=5mH
	Current Reference Amplitude	I * MAX=20A	Unbalanced Load Parameters (cases 3 and 4)
	Sample Frequency	fs=20kHz	Resistances	Ra=10Ω ; Rb= 1Ω Rc=10Ω ; Rn=10Ω
	Maximal Harmonic Rank (in THD calculation)	hmax=2000	Inductances	La=2mH ; Lb=5mH Lc=5mH ; Ln=6mH
	Balanced Voltage Parameters (cases 1 and 3)	Unbalanced Voltage Parameters (cases 2 and 4)

Table IV : Current THDs

 IV 

	Phase	Case 1	Case 2	Case 3	Case 4
	a	0.95%	1.07%	1.82%	1.70%
	b	0.95%	0.97%	0.77%	0.66%
	c	0.95%	0.95%	1.12%	1.14%