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In this paper a direct predictive current control is proposed for a three-phase flying capacitor multilevel inverter. This control method has been applied to increase the bandwidth of the inverter, defined as the ratio between the switching frequency and the current injected frequency. The current control is applied without modulation, using pre-calculated sequence tables with pre-defined profiles. The experimental results demonstrate the excellent performance of the predictive control in terms of current bandwidth, power factor and reduced switching frequency of each commutation cell.

I. INTRODUCTION

Electric power quality is a promising research field due to the increase of non-linear loads, power electronic interfaced distributed generation and a growing energy demand. Current harmonics produced by non-linear loads can provoke voltage harmonics and power distribution equipment problems.

Industrial applications of multilevel converters are increasing [START_REF] Rodriguez | Multilevel voltage-source-converter topologies for industrial medium-voltage drives[END_REF]. Active power filters are also improved [START_REF] Akagi | Active harmonic filters[END_REF] and different control methods have been tested to improve the bandwidth of classical inverters (PWM, hysteresis, dead-beat control) [START_REF] Mossoba | A controller architecture for high bandwidth active power filters[END_REF], [START_REF] Green | Control techniques for active power filters[END_REF], [START_REF] Allmeling | A control structure for fast harmonics compensation in active filters[END_REF]. But, in the last years, predictive control is more and more used for current control of classical inverters [START_REF] Rodriguez | Predictive current control of a voltage source inverter[END_REF] or rectifier [START_REF] Aurtenechea | Predictive direct power control of mv grid-connected three-level npc converters[END_REF], multilevel inverters [START_REF] Vargas | Predictive control of a three-phase neutral-point-clamped inverter[END_REF], [START_REF] Lezana | Model predictive control of an asymmetric flying capacitor converter[END_REF] and active filter [START_REF] Wojciechowski | Sensorless predictive control of three-phase parallel active filter[END_REF].

Multilevel inverters allow reducing switching constraints and keep the current quality. Flying capacitor inverters are a promising multilevel topology that can be used in several industrial applications including active power filtering. This structure presents several advantages such as low current distortion, low conduction losses and small dV/dt and an increased bandwidth for a given switching frequency [START_REF] Meynard | Modeling of multilevel converters[END_REF], [START_REF] Benabdelghani | Use of extra degrees of freedom in multilevel drives[END_REF]. The correct operation of this converter needs the flying capacitor voltages to be regulated in order to limit the voltage stress on each commutation cell to its rated value. The dynamic performance achieved with the natural balancing method is often not good enough [START_REF] Wilkinson | Natural balance of multicell converters: The general case[END_REF]. Better overall performance, including capacitor voltage balancing, can be achieved either by increasing the capacitor's size, and cost, or by increasing the switching frequency, what reduces the converter's efficiency. These inconveniences have lead to a significant effort to develop improved voltage regulation methods for the flying capacitors [START_REF] Mcgrath | Optimal modulation of flying capacitor and stacked multicell converters using a state machine decoder[END_REF], [START_REF] Defaÿ | A predicitve control with flying capacitor balancing of a multicell active power filter[END_REF]. This paper proposes a direct predictive current control which aims at finding a compromise between capacitor size and switching frequency, while achieving a bandwidth suitable for operation as active power filter. Predictive control is used for calculating the required average output voltage that yields a desired inverter current in each sampling period. The capacitor voltage dynamics is slower than that of the inverter current and voltage balancing is achieved over a small number of sampling periods.

Next Section presents the principle of the application of the Direct Control to an active power filter, through a block diagram where the main functions are detailed. In Section III the Predictive current control model is presented. A composed voltage reference frame is proposed for the formulation of the predictive model. The application of this direct control to a 4-levels flying capacitor inverter is presented in Section IV. Finally, experimental results are included in Section V showing good quality output signals while working with low switching frequency.

II. SHUNT ACTIVE FILTER PRINCIPLE

In order to reach high quality current waveforms for an active filter application, a predictive current control of a flying capacitor inverter has been investigated. The direct predictive control principle of the active filter is presented in Fig. 1 and is composed of five main blocks:

• A: Calculation of the harmonic currents. The method of the instantaneous active and reactive power [START_REF] Peng | Generalized instantaneous reactive power theory for three-phase power systems[END_REF] 
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• B: Prediction of current references and grid voltage.

Current references and grid voltage are obtained using the repetitive reference principle coupled to an interpolation. It consist in recording the reference on an interval of time -one grid period (20ms) -and using the recorded value to make a projection at the time instants t k+1 and t k+2 . The hypothesis of a stationary grid (50Hz frequency) and slow load variations are considered, which means that the information of one grid period is preserved for the next one. Fig. 2 shows the three phase flying capacitor inverter considered in this paper with a topology based on three seriescommutation cells on each phase. The grid is represented by
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Fig. 2. Flying capacitor active filter principle scheme (V an , V bn , V cn ) and n is the neutral point which is generally not accessible in a 3-phase grid. These voltages are considered as inputs for the control algorithm. If the flying capacitor voltages are kept constant, the output voltage of phase i, designed as V iO , can be expressed as

V iO = E 3 * (N i ) with: i = A, B, C. (1) 
Ii > 0 Ii < 0
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for a three parallel cell flying capacitor inverter (p = 3) [START_REF] Meynard | Modeling of multilevel converters[END_REF]. The variable N i is defined as the instantaneous output level of phase i and the denominator 3 is due to the three seriescommutation cells. The table I presents the eight switching states that can be obtained at the output of each phase. Each arrow represent the evolution of each capacitor voltage, depending on the chosen switching state and on the current sign. This voltage evolution can be to increase ( ), to decrease ( ) or to maintain ( ) the voltage level. For the phase A, the basic equation describing the system is

d(i A ) dt = - r f ilter A l f ilter A * i A + 1 l f ilter A * V AO - 1 l f ilter A * (V an + V nO ) (2)
where appear V nO and V an . The first value expresses the common-mode voltage and can be expressed as regarding the three equations of each phase; and the second is the grid voltage which needs to obtain the neutral point n (which is not evident to measure). Consequently, the system is going to be considered using a composed voltage and current reference frame (phase-to-phase reference frame). The composed voltage at the output of the inverter is named v AB and is defined as the difference between the phase voltages v A and v B and the composed current will be respectively i AB (difference between i A and i B ). Inverter output voltages are also expressed in the composed voltage frame (also called ba-ca frame) [START_REF] Ozturk | Power factor correction of direct torque controlled brushless dc motor drive[END_REF] considering that v AB = V AO -V BO and using (1)

     v AB = E 3 * (N A -N B ) v BC = E 3 * (N B -N C ) (3) 
The passive elements r f ilteri and l f ilteri are considered constant and equal on each phase as r f and l f . The basic equations describing the system, expressed as a classical continue state-

space system: Ẋ = A * X + B * U , are:    d(i AB ) dt d(i BC ) dt    =    - r f l f 0 0 - r f l f    * i AB i BC +    1 l f 0 0 1 l f    * v AB -v ab v BC -v bc (4) 
The model can be discretized considering that the switching period T d is the same as the sampling period

  i k+1 AB i k+1 BC   = A k *   i k AB i k BC   + B k *   v k AB -v k ab v k BC -v k bc   (5) 
The state matrix A of the continuous state space is diagonal and the coefficients are constant, so the discretization is the exponential form of the continuous state matrix. The two constant matrix coefficients are:

A k = e A * T d B k = A -1 * (e A * T d -Id) * B (6) 
At time instant t k , it is possible to calculate the control action v k AB that has to be applied in order to reach the point i k+1 AB at the end of the next switching period. v k AB is the output average voltage of the inverter and can be calculated as is showed in Eq. [START_REF] Aurtenechea | Predictive direct power control of mv grid-connected three-level npc converters[END_REF].

  v k AB v k BC   = B -1 k *   i k+1 AB i k+1 BC   -B -1 k * A k *   i k AB i k BC   +   v k ab v k bc   (7) 
v k ab represents the average value on a grid period. The sample period (100µs) is more than twenty times higher than the grid period, so the average value can be replaced by the discretized value v k ab . The recurrence [START_REF] Aurtenechea | Predictive direct power control of mv grid-connected three-level npc converters[END_REF] can be written at time
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   v k+1 AB v k+1 BC    = K 1   i k+2 AB i k+2 BC   + K 2   i k AB i k BC   +   v k+1 ab v k+1 bc   + K 3   v k AB -v k ab v k BC -v k bc   (8)
where the three coefficients are constant and defined as

K 1 = B -1 k ; K 2 = -B -1 k * A 2 k ; K 3 = A k ; (9) 
Fig. 3 shows the principle of calculation, transmission and application of control actions. Between two sampling time instants three main operations are realized by the DSP sequencer: 1) the data acquisition (measurements, references determination), 2) the next control action calculation, determined by the control algorithm and 3) the transmission of the control actions to the FPGA. These actions are done between the time instants t k and t k+1 and the calculated control actions will be applied at the beginning of the t k+1 time instant. The recurrence [START_REF] Vargas | Predictive control of a three-phase neutral-point-clamped inverter[END_REF] gives the expression of the control actions which have to be applied at time instant t k+1 , which are determined using the measurement of currents and voltages at time instant t k , and the currents and voltages references at time instants t k+1 and t k+2 given by the repetitive principle.

There are many solutions to apply the desired voltages v k+1 AB and v k+1 BC given by (8) as vectorial modulation, scalar modulation, choice of one voltage configuration depending on a specific criterion. In this paper, a direct control is described to apply the control actions, which consist of the definition of a sequence table created with an algebraical criterion to control the flying capacitor voltages. The inverter average voltage is expressed as

v k AB v k BC = E 3 * 1 -1 0 0 1 -1 *    N k A N k B N k C    = M *    N k A N k B N k C    (10) 
where N k i can take continuous values between 0 and 3 corresponding to the output average voltage of the inverter. Three control variables (N k i ) are used to control two state variables (v AB ,v BC ) (3). Fig. 4 shows the 37 (p 2 * (p + 1) + 1) possible instantaneous couple of values for v AB and v BC where p is the number of parallel cells (p = 3) of the flying capacitor converter to define the average desired values. The equation [START_REF] Wojciechowski | Sensorless predictive control of three-phase parallel active filter[END_REF] gives the average value that is obtained with the three control actions but the system is not reversible. The aim of a classical modulation is to inverse this system considering that the neutral point is well equilibrated as in (α,β) or (d,q) frames. An original method is used based on the inversion of this matrix due to the use of the composed voltage frame. The system defined by Eq. ( 10) corresponds to an underdetermined problem of least squares. To find the solution, a singular value decomposition (S.V.D.) is used to calculate the pseudo-inverse of the matrix M of Eq. ( 10)

IV. APPLICATION OF THE DIRECT CONTROL TO A 4-LEVEL FLYING CAPACITOR INVERTER

The control actions calculated by the direct predictive control are determined in order to:

• Obtain the desired average output levels for v k+1 AB and v k+1 BC .

• Balance the six flying capacitors at the correct voltage value • Reduce the switching frequency: only one state change for each switch is allowed during one sampling period. In this way, the switching frequency is divided by 2 compared to a classical modulation scheme where each switch turns on and off once per modulation period. These three constraints have been respected to elaborate profiles, which are sequences of switching state combinations defined in a sampling period and which will define the "sequence table". A profile is composed by:

• 4 configurations (C i1 ,C i2 ,C i3 ,C i4 ) • 4 application times (t 1 ,t 2 ,t 3 ,t 4 ) • 4

corresponding output level voltages

The desired voltages v k+1 AB and v k+1 BC calculated by ( 8) will be applied considering an algebraic criterion to control the flying capacitor voltages, used in the sequence tables definition. The criterion chosen to establish the sequence table is based on the variation of the flying capacitor voltages, considering also the redundancies of the flying capacitor converter. This variation is controlled through hysteresis controllers which consider only one binary information per capacitor through a comparison with a threshold. This leads to an additional simplicity where no precise analogical to digital converters are needed. For the definition of the sequence table, some constraints must be respected:
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• Large level variations are not allowed (output voltage transitions larger than E/3 are forbidden). • The initial and final levels of each profile can take only two values (E/3 or 2E/3). • The number of output voltage level changes is limited to 3 on a sampling period in order to reduce the number of possible profiles to apply (several profiles can provide the same output voltage level due to the redundancies of the inverter). Also, it allows to divide the switching frequency by 2 on the IGBTs because only one state change by commutation cell is allowed during one sampling period. To respect these constraints for the choice of the next profile to apply, the sequence table contains the previous profile as an input parameter. To avoid large transitions, the first configuration of a given profile is forced to be the same as the last configuration of the previous profile. According to the state of the inverter (which depends on the flying capacitor voltage value and the current sign), the desired voltage level and the previous configuration, it is possible to find the best profile to apply which contains the 4 configurations and the 4 application times (as a percentage). Considering that each configuration impose a different trend of flying capacitors voltage variation depending on the current sign (Table I), the global trend of each profile can be calculated proportionally to the application times of each applied configuration. For this determination it can be considered that the current is constant during a sampling period. If the trend is positive, the voltage globally increases. The detailed definition and construction of this sequence table is presented in [START_REF] Defaÿ | A predicitve control with flying capacitor balancing of a multicell active power filter[END_REF], [START_REF] Defay | An active power filter using a sensorless muticell inverter[END_REF].

Finally, the average output voltage for one sampling period is

V iO = 1 T d * 4 j=1 (t j * N ij ) (11) 
and the application times can be adjusted in order to apply the correct average output voltage given by Eq. [START_REF] Meynard | Modeling of multilevel converters[END_REF].

V. EXPERIMENTAL RESULTS

The electrical configuration is given on Fig. 2 with the principal parameters. Other parameters are a 2.5kHz switching frequency, a 600V DC bus, a 10kVA maximal load and Experimental results have been carried out with the experimental test-bench composed of a flying capacitor inverter able to work with a 1800V DC bus and 60A line current. The experimental test-bench is made with the association of a high performance DSPACE processor board and a FPGA which allows to control the 18 semiconductor switches. A serial communication has been established for their information exchange. The diode rectifier can be considered as a classical load for an active filter, which appears in many industrial applications. For this experiment, a resistive and inductive load have been added. Fig. 5 presents the experimental results for the active filtering operation (load current, grid current and filter current, between phases A and B) in the composed voltage ba-ca frame, used for the control algorithm. Before the active power filter operation, the THD of currents is about 21%, calculated taking into account the 30 first harmonics. After the active power filter connection, the THD of the line current is decreased to 2.8% (experimental results). The THD is significantly decreased with only a 2.5 kHz switching frequency and a three-cells flying capacitor inverter.

Fig. 6 shows the fft analysis of phase A load current after compensation. Harmonics due to switching frequency are around 2.5kHz whereas the control harmonics are concentrated at 5kHz, at the sampling frequency. That is due to the switching limitations imposed in the sequence table of the direct control. In order to demonstrate the benefit of the predictive control applied to the flying capacitor inverter, a linear state feedback decoupling control [START_REF] Tachon | Control of series multicell converters by linear state feedback decoupling[END_REF] adapted for active filtering operation is tested with the same switching frequency (2.5kHz). This control is based on the flying capacitor voltage decoupling and a PI controller for the current. Fig. 7 presents the experimental results of decoupling and predictive control. The load is composed of a diode rectifier with a capacitive and resistive load with a THD of 46 %. On this figure, the load current, the grid current ant the fft analysis are presented for both control techniques. The predictive control allows to reduce the THD to 3.8% whereas the PI controller is not able to compensate correctly the harmonics of the load (THD about 32 %). The excellent bandwidth of the proposed direct predictive control is proven since the current harmonics are around 5 kHz, while, in the case of the classical decoupling control, they are at only to 2.5 kHz, perturbing considerably the injected currents.

C. Dynamic response

A load variation of 100% has been made to study the dynamic response of the direct predictive controller for the active filtering operation. The load current, the grid current and the injected current in the ba-ca reference frame are presented on Fig. 8. The perturbation is compensated after only one grid period which means that the dynamic response is quite acceptable for this active filtering application. The repetitive principle for the reference current determination is also validated since the load normally is not strongly perturbed.

Fig. 9 presents the capacitor voltage balancing during the load variation. The first variation is about +100% and the second is about -50%. Flying capacitor voltages are correctly balanced in a ±5% interval with only 200µF capacitors. The direct control is validate and allows to use only 1 electronic hysteresis to control each capacitor voltage, no analogical to digital converters are needed. The sequence table can be extended automatically to more number of cells (more levels) in order to reduce the switching frequency.

VI. CONCLUSION

The bandwidth of the active filter is significantly increased with the direct current predictive control applied to a flying capacitor inverter. The frequency of current references (up to 1000Hz with only 2.5kHz switching frequency) is higher with the predictive control than with a classical control (PI) or a 2-level inverter. Advantages of the multilevel converter related to the redundancy of states are used to limit the switching frequency. The 200µF flying capacitor voltages are balanced with an equivalent time constant lower than the current of the DC-bus regulation. The advantages of this four level inverter, which is not a classical structure, are shown. The ba-ca composed frame can be directly applied to the measure of line-to-line voltages. The use of tables calculated off-line guaranties a low computation time. Finally, the direct predictive control allows to be independent of the delay control because instants of commutation are calculated for the next switching period. 

•

  A three phase flying capacitor inverter with 18 IGBT • A Dspace DS1105 controller with 16 fast ADC converters • An Altera FPGA for protection and IGBT control • 6 flying capacitors of 200µF The flying capacitor control has been extensively tested in simulation which are based on an instantaneous model of a flying capacitor inverter for active power filter.
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