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Geometrical Approach for a Predictive Current Controller applied to a Three-Phase Two-Level Four-Leg Inverter A. LIor, M. Fadel, A. Ziani LAboratoire PLAsma et Conversion d' Energie (LAPLACE), Universite de Toulouse FRANCE Email: (ana.llor.maurice.fadel)@laplace.univ-tlse.fr Abstract-Current model predictive control for a grid connected four-leg voltage source converter application is pre sented in this paper. The solution of the optimum criterion de fined by predictive control is considered as the reference current. This current will be applied based on projections of the different current control vectors corresponding to the switches states.

Geometrical properties of the predicted current projections are used to achieve a current control strategy operating at fixed switching frequency. A laboratory model of the four-leg converter and its load has been constructed and its performance has been tested through experiments.

Index Te rms-DC-AC power conversion, Four-leg converters, Several three-phase power applications use four-leg voltage source converters (4-leg VSC) involving neutral wire, such as distributed generation systems [1]- [START_REF] Farret | Integration of Alternative Sources of Energy[END_REF], uninterruptible power supply (UPS) [START_REF] Zeng | Modeling, analysis and mitigation of load neutral point voltage for three-phase four-leg inverter[END_REF]- [START_REF] Park | High performance transformerless online UPS[END_REF], and active power filters (APF) [START_REF] Lohia | A minimally switched control algorithm for three-phase four-leg VSI topology to compensate unbalanced and nonlinear load[END_REF] [15]. Compared with the conventional three-leg voltage source converter (3-leg-VSC), the use of the additional leg is very useful, especially in unbalanced load conditions, providing an additional degree of freedom. In recent years, model predictive control (MPC), has been progressively used to improve dynamic performance in four-leg converter control. MPC appears in literature in two distinct forms: continuous set model predictive control (CS-MPC) [START_REF] Ziani | Geometrical approach of current predictive control for four-leg converters[END_REF]- [START_REF] Ziani | Model predictive current controUer for four-leg converters under unbalanced conditions[END_REF] and finite set model predictive control (FS-MPC), which has been applied to different topologies [19]- [START_REF] Rodriguez | Model predictive control of three-phase four-leg neutral-point-clamped inverters[END_REF]. FS-MPC controllers pick the optimal switching orders from a finite set that represents the M. Rivera, J. Rodriguez Universidad Tecnica Federico Santa Maria (PowerLab), Valparaiso, CHILE Email: marco.rivera@usm.cl.jrp@usm.cl possible switching states. The control optImIzation is done according to a given criterion (or a cost function), which may vary depending on the control objectives. In the CS MPC approach, switching control signals are generated by a modulation module, combining different switching states in a sample period. This leads to several advantages, including reaching the entire control region of the power converter and working with constant switching frequency, which will reduce ripple in the output signals.

In this paper, a current controller with CS-MPC is proposed for a 4-leg VSc. A discrete-time predictive model of the sys tem (4-leg VSC + R-load) is established. The RL-load can be considered as a RL-filter for each converter phase connected to a R-Ioad. This model allows the evolution of the currents to be followed on a one-step time horizon, in a three-dimensional adapted frame (a, (3, ,), for all the available switching states of the converter. The control order is then defined in two steps. The first step consists of determining which of the three non zero current vectors must be applied in order to minimize the cost function. A geometrical algorithm is presented to determine the unique solution, depending on the different projections of the reference current vector in the a, (3" frame.

The second step is to calculate the aplication time corre sponding to the non-zero vectors and the two zero-sequence vectors that will compose the denominated control profile. The obtained profile will be applied through modulation, whose performance will be equivalent to a three-dimensional space vector pulse width modulation (3D SVPWM) method [START_REF] Aissani | Three-dimensional space vector modu lation for four-leg voltage-source converter used as an active compen sator[END_REF], [START_REF] Dai | A FPGA-based generalized pulse width modulator for three-leg center-split and four-leg voltage source inverters[END_REF], [START_REF] Perales | Three-dimensional space vector modulation in abc coordinates for four leg voltage source converters[END_REF]. The proposed current control method allows for simple and fast implementation, since the profiles can be calculated off-line and stocked in tables. Besides working with constant switching frequency, this method is interesting because of the possibility to work with unbalanced systems. The main contribution of this paper related to other publica tions of the same authors is the experimental validation of the proposed control method. The next section presents the four-leg inverter model used in the present work. In section III, the proposed direct predictive current control method is explained. In section IV, experimental results under conditions of balanced and unbalanced load and references are presented in order to confirm the performances and the efficiency of the control algorithm. Finally, section V presents our conclusions.

II. F OUR-LEG INVERTER MODEL

A. Topology

The power circuit of the four-leg inverter is shown in Fig. 1. This topology presents a connection format similar to the conventional three-phase converter, with an additional leg connected to the neutral point of the load, allowing the zero sequence current/voltage to be controlled. The additional fourth leg increases the number of gating signals and thus the control complexity. However, the main advantage of this configuration is the independent generation of the voltages on each of the three phases of the inverter, which can also be controlled by using a proper control scheme.

As mentioned before, the most interesting application of this converter is to handle the neutral current caused by the unbalanced loads and/or polluted sources [START_REF] Zeng | Modeling, analysis and mitigation of load neutral point voltage for three-phase four-leg inverter[END_REF]- [START_REF] Park | High performance transformerless online UPS[END_REF], [START_REF] Aissani | Three-dimensional space vector modu lation for four-leg voltage-source converter used as an active compen sator[END_REF]- [START_REF] Dai | Application of 3D direct PWM in parallel power quality compensators in three-phase four wire systems[END_REF], [14], [15].

B. Mathematical model

To define the mathematical model of the converter, it is important to establish the relationship between the switching signals and load voltages. Similar to the conventional inverter, the basic principle of the four-leg inverter is that the semicon ductors switches are used to connect each terminal of the load to the point P or N of the DC-link for positive, negative, or zero voltages, respectively. The four control signals called Sj, with j = a, b, c, n form a total of 2 4 = 16 feasible switching states of the converter. The valid switching states with the corresponding line voltages are presented in Table I.

Unlike in conventional three-leg inverters, calculation of the neutral point load voltage is not necessary in four-leg inverters. The converter output voltages for a general case are:

d Vjn = VdeSj = Rjij + Lj dt ij + VON, j E {a, b, c, n } , (1)
where, ij, Sj, Rj, Lj are current, switching state, resistance and inductance of leg j, respectively. The sum of load currents is null, so the neutral current can be deduced knowing the phase currents ia, ib, ie. In addition, the load currents depend only on the differential voltages.

Thus, the state model of the system in abc frame can be expressed as:

where, x= Ax+Bu,

x = i = ria u = [Sa -Sn (2) (3) (4) 
Matrices A and B are given as indicated in the Appendix.

For the particular case where all the resistors and inductances of each phase are identical, this model can be simplified.

The state model can be represented in the a(3, frame, via Clarke transformation, as shown in eq. ( 5), The predictive current control method proposed in this paper is based on minimization of a given criterion. This criterion is defined according to the control objectives concerning the performance of current controllers. Thus, the chosen criterion is set as the Euclidean norm of current error, eq. ( 10). The 

TABLE I FEASIBLE SWITCHING STATES OF THE TWO-LEVEL FOUR-LEG INVERTER
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5050 current error is defined here as the difference between the current reference (i �i3 ,J and the predicted current ci ni3l' ) at instant (k + l)Ts. 9 = I li�i3I'(k + 1) -ini3l'(k + 1)11 2 = II L'lini31'(k + 1)11 2 = L'li; + L'li� + L'li;. [START_REF] Aissani | Three-dimensional space vector modu lation for four-leg voltage-source converter used as an active compen sator[END_REF] From the discrete system model, eq. ( 8), the relationship between the control voltages and the currents can be obtained to satisfy the minimum of 9 criterion.

In classical predictive control, only the vector giving the optimum value of the cost function will be applied. The application time of this vector is not fixed, since it depends on two conditions: the operation condition of the system (transient or steady state operation) and the dynamic response of the load. So, applying only one control vector, the operation of the system will naturally lead to variable switching frequency.

To avoid this operation and obtain the performances of a fixed switching frequency method, it is interesting to use the same pattern of the 3D SVPWM method. This modulation method provides many advantages, such as efficient voltage utilization, low conduction and switching losses, and high output voltage magnitude due to its switching properties, as reported in [START_REF] Aissani | Three-dimensional space vector modu lation for four-leg voltage-source converter used as an active compen sator[END_REF], [START_REF] Dai | A FPGA-based generalized pulse width modulator for three-leg center-split and four-leg voltage source inverters[END_REF], [START_REF] Perales | Three-dimensional space vector modulation in abc coordinates for four leg voltage source converters[END_REF].

The proposed control will apply several control vectors during a sample period, through modulation. Thus, the control profile is defined as a set of control vectors to be applied during the same sample period. In the case of four-leg converters, at least three active vectors are necessary to define a current reference vector. The control profile can then be assumed as the association of three non-zero vectors /la p l, /la p2 and /la p3 applied for the three application durations dlTs, d 2 Ts and d3 Ts, respectively. To complete the sample period Ts, two zero-sequence vectors are used. By commuting only one converter leg, transitions between two consecutive vectors are made. Calculated application durations are divided in order to impose symmetry upon half of the sample period. An exhaustive profile list is shown in Table II.

Fig. 2 illustrates an example of control profile representation (profile P 4 ). Each set of control vectors defines a volume in the space (tetrahedron) defined by the three directions correspond ing to the three non-zero control vectors. The converter action zone is divided into twenty-four distinct tetrahedrons. This volume is delimited by the DC-link voltage and the sample time. Placing all the fifteen different control vectors in an a(3, frame, results in the space representation shown in Fig. 3.

The next step is to define the volume containing the reference vector, which will determine the active vector set to apply (profile). A geometrical approach is used to obtain the tetrahedron including the reference vector. Tetrahedron summits represent the projections of the corresponding profile vectors and the zero-sequence vector. The intersection between two tetrahedrons represents plan interface. Neglecting these interfaces, any point inside the converter action-zone belongs to one and only one tetrahedron. Thus, to obtain a given current reference, the profile solution is unique. When the reference belongs to an interface, the projection is a linear combination of the control vectors that belong to both volumes. In that case, the third non-zero control vector contribution is null. The last step of the control algorithm is to determine the application durations of the vectors that make up the chosen profile. These values can be obtained from analytical calculation, as shown next.

The definition of the two components of the predicted current given by eq. ( 8) leads to a current error expression given by:

L'lini3l'(k + 1) = i� i3I'(k + 1) -ini3l'(k + 1) = i� i3 I'(k + 1) -Fini3l'(k) -GUni3l'(k) (11) = iR(k + 1) -is(k + 1) ,
, -axis Fig. 3. Three dimensional representation of the vectors in Table II in the af3'Y reference frame where, and, The criterion's minimum value is 9 = 0, so from eq. (10) optimal control can be deduced as: 9 = 0 B �iai3'Y(k + 1) = 0 B iR(k + 1) = is(k + 1). (12) 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. Since f.. la p o and f.. la p4 are zero-sequence vectors, the equation can be written as: [START_REF] Kasal | Voltage and frequency controllers for an asynchronous generator-based isolated wind energy conversion system[END_REF] 3

is(k + 1) = GUai3'Y(k) = 2..: djGf.. la p j = 2..: djiMj, ( 15 
)
j=l j=l

where i Mj is the control current corresponding to vector f.. la p j and defined as:

j = 1, 2, 3. (16) 
By replacing eq. ( 15) in the criterion optimization equation given by eq. ( 12), eq. ( 17) can be deduced as follows:

[iM1 iM 2 iM3] . [d1 d 2 d3] T = QpD = iR. ( 17 
)
Application durations corresponding to each non-zero vector dj are calculated by inversing Qp, as shown in eq. ( 18):

D = [d1 d 2 d3] T = Qp 1 iR- (18) 
Nevertheless, eq. ( 18) has two unknown quantities: vector D and matrix Qp. The first step in finding the profile to apply is to place the reference current vector in the 3D af3, frame.

From a mathematical point of view, solving eq. ( 18) consists of finding the control-current coordinates in the basis formed by the three control profile vectors (the three nonzero tetrahedron summits). These coordinates represent the vector D. On the other hand, the 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 application durations given by eq. ( 18) become positive.

IY. E XPERIMENTAL RESULTS

A laboratory prototype was used to validate the presented control method using a dSPACE DSll04 digital signal pro cessor (DSP) board. The DSI104 is a real-time DSP board based on PowerPC technology (MPC8240 64-bit floating-point processor with PPC603e core running at 250MHz). It serves as a platform for rapid control prototyping. The DSP 1104 is used for feedback signal conditioning, implementing the control scheme and gate signal generation.

The combination of dSPACE DSI104 DSP and MATLAB/SimulinkiReal-Time Interface (RTI) effectively created a rapid control prototype environment in which the designer focused on control design rather than programming details or debugging control languages. The design and implementation phases have been carried out using MATLAB/Simulink environment and the commercial real-time hardware dSPACE DSI104 DSP-based DAC system. A total processing time of approximately 25 f.. l s was measured where the response time of the sensors in the conversion is I f.. l s. are also present in the current spectrum. Their presence can be explained from the symmetry of the control orders from half of the sample period. This also means that the output harmonics are present in a higher frequency, so the distortion will be lower and they will be easier to filter. In this case, a Total Harmonic Distortion (THD) of 6.37%, 6.11 % and 6.26% was observed for currents ia, ib and ie, respectively. It is expected that with a clean AC supply, the THD can be reduced.

Figs. 5, 6 and 7 show experimental results with balanced load and unbalanced references (Fig. 5), unbalanced load and balanced references (Fig. 6) and, finally, unbalanced load and references (Fig. 7). It can be noted that the unbalanced references have a higher influence on the system operation than the unbalanced load, since the neutral current is influenced.

For all the cases, neutral current mean value is zero, and reference currents are tracked correctly with low harmonic distortion. In Fig. 5, the THD of the currents ia, ib, and ie, are 6.43%, 12.79% and 7.16%, respectively. In this case, the higher THD value is observed in phase b, which is because this current has the lowest amplitude. It is expected that with higher current values and with a clean AC supply, the THD values could decrease. Under unbalanced load, the THD observed in Fig. 6 is 6.64%, 6.25% and 6.32% for currents ia, ib and ie, respectively. The THD values obtained in Fig. 7 are 6.67%, 13.00% and 7.00% for current ia, ib and ie, respectively.

A small increment of THD values for the currents under unbalanced load was observed, but these results are not very significant and can be improved by considering a parameter's observer. In this case, the information about the parameters's variation was not given to the controller. Results shown in Figs. o to 100Hz. Only a small perturbation occurs in the neutral current at the step occurrence. Results are equivalent under balanced (Fig. 8) or unbalanced (Fig. 9) load conditions, thus manifesting the robustness of the control method. Results showing single voltage at neutral point are presented in Figs. 10 and 11, for balanced load and references and balanced load and unbalanced references, respectively. Harmonics content in the neutral voltage is higher than in the current, resulting from the current control method and the modulation pattern. Also, current reference tracking is still very good; voltage harmonics centered at 2 kHz and (2fs± 2 kHz) should be eliminated in order to attenuate the output voltage distortion and to improve the output voltage quality. Since the proposed method correctly achieves the current control, the improvement of the voltage distortion is considered as a future work.

V. C ONCLUSION

In this paper, a model predictive current control for a two level four-leg inverter has been proposed.

The control algorithm uses the predicted values of output currents to evaluate the best converter states considering the output current error. The converter states for a given sample period compose a profile, applied through modulation, which leads to a constant switching frequency operation.

A geometrical approach is used to find the volume contain ing the reference current vector, which determines the three non-zero vectors to apply in a sample period. Advantages of the 3D SVPWM switching pattern are conserved.

Experimental results show that the output current follows the reference very accurately under balanced and unbalanced load and reference conditions, including when the controller and load parameters do not match.
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  Fig. 1. Two-level four-leg inverter topology.

( 5 )

 5 Aa(3'Y = TAT-I , Ba(3'Y = TB T-1 , ia(3'Y = Ti, ua(3'Y = Tu, the controller operates at discrete time, it is necessary to model the system in the discrete time domain. From the continuous time domain state model given in eq. (2), the recursive equation of the discrete model is: with, F = eAa(3-yTs G = A-I (eAa(3-yTs -I ) B ' a(3'Y d a(3'Y ' III. P ROPOSED DIRECT PREDICTIVE CURRENT CONTROLLER (9)
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 4 ai3'Y = T 2..: tjf.. lapj = S j=O dOf.. la p o + d1f.. lap1 + d 2f.. lap2 + d3f.. lap3 + d4f.. la p4 ,

  The sampling time has been defined as Ts = 125 f.. l s. Unbalanced load conditions have a different resistance (Rb = 5[2) for phase b only. Unbalanced references have different amplitudes and frequencies in one or two phases. Figs. 4 to 7 corresponds to several experimental results to test the performance of the proposed control method under different working conditions. In Fig. 4 results are obtained under balanced load and reference conditions. The neutral current is null, as corresponds to a balanced operation (in = ia + ib + i c ). Fast Fourier Transform (FFT) of a-phase current shows harmonics in low frequencies (around 1kHz) due to the use of an autotransformer connection feeding a three-phase rectifier connected to the AC source side. This connection leads to a contaminated DC-link source for the experimental prototype. Harmonics corresponding to 16kH z±50H z (2 * is )

Fig. 4 .

 4 Fig. 4. Experimental results with balanced load and balanced references; I� = lOA, I� = 50Hz, Ii; = lOA Ii; = 50Hz, I� = lOA I� = 50Hz.

Fig. 5 .

 5 Fig. 5. Experimental results with balanced load and unbalanced references; I� = lOA, I� = 50Hz, Ii; = 5A Ii; = 100Hz, I� = 7 A I� = 50Hz.

Fig. 6 .100mAFig. 7 .

 67 Fig. 6. Experimental results with unbalanced load and balanced references; I� = lOA, I� = 50Hz, Ii; = lOA Ii; = 50H z, I� = lOA I� = 50Hz.

Fig. 8 .

 8 Fig. 8. Experimental results with balanced load and a current step change in phase c; I� = Ti, = lOA, I� = Ii, = 50H z, I� = 0 to 5A I� = 0 to 100Hz.

Fig. 9 .

 9 Fig. 9. Experimental results with unbalanced load and a current step change in phase c; I� = Ii, = lOA, I� = fb = 50H z, I� = 0 to 5A I� = 0 to 100Hz.

  Fig. 10. Experimental results with balanced load and references; I� = Ii, = I� = lOA, I� = Ii, = I� = 50Hz; in this case Van and its respective FFT are shown.

TABLE II PROFILE VECTOR TABLE

 IIVECTOR Nonzero applied vectors

	/.tapl	/.tap2	/.tap3
	/.tl	/.t3	/.t7
	/.tl	/.t3	/.tll
	/.tl	/.t5	/.t7
	/.tl	/.t5	/.t13
	/.tl	/.t9	/.tll
	/.tl	/.t9	/.t13
	/.t2	/.t3	/.t7
	/.t2	/.t3	/.tll
	/.t2	/.t6	/.t7
	/.t2	/.tIO	/.tll
	/.t4	/.t5	/.t7
	/.t4	/.t6	/.t7
	/.ts	/.t9	/.tll
	/.ts	/.tIO	/.tll
	/.t4	/.t5	/.t13
	/.ts	/.t9	/.t13
	/.t4	/.t12	/.t13
	/.ts	/.t12	/.t13
	/.t2	/.t6	/.t14
	/.t4	/.t6	/.t14
	/.t2	/.tIO	/.t14
	/.ts	/.tIO	/.t14
	/.t4	/.t12	/.t14
	/.ts	/.t12	/.t14
		I	
		!	

/.tapl /.tap2 /.tap3 /.tap3 i /.tap2 /.tapl /.t o /.t15 (/.t13) I (/.t5) (/.tIl /.t o Fig. 2. Example of profile representation corresponding to P 4 in Table
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Vel c L,q l ( 0) and where the coefficients of The parameters considered in our experimental setup are indicated in Table III.