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In this paper, a direct control of a flying capacitor inverter is proposed. This control allows to limit the number of commutations in a switching period with the use of a pre-calculated output voltage profile. A predictive control is made for the 3 phases 4 levels inverter in a active filtering operation. The advantages of this direct control is to reduce the switching frequency of the IGBTs, to use only a threshold voltage detector for flying capacitor voltages and to define offline pre-calculated switching tables. Experimental results for an active power filter application validate the performances of this control for static and dynamic conditions.

Introduction

Applications of power electronics are increasing due to the multiple uses of the electric power and the new applications of the last years. To assume the increase of power consumption, inverters have to be controlled more efficiently and increase their power. A solution to obtain both conditions is to use multilevel inverters [START_REF] Rodriguez | Multilevel voltage-source-converter topologies for industrial medium-voltage drives[END_REF] which present switching frequency capability and reduce stress voltage on the power switches [START_REF] Kouro | Reduced Switching-Frequency-Modulation Algorithm for High-Power Multilevel Inverters[END_REF], [START_REF] Du | Reduced Switching-Frequency Active Harmonic Elimination for Multilevel Converters[END_REF]. The predictive control and multilevel inverters are more and more used for active power filter applications [START_REF] Zhou | Direct power control of a multilevel inverter based active power filter[END_REF], [START_REF] Lin | Three-level voltage-source inverter for shunt active filter, Electric Power Applications[END_REF], [START_REF] Cortes | Three-phase inverter with output LC filter using predictive control for UPS applications[END_REF]. The use of flying capacitor inverters, which benefit of several advantages as low switching ripple, few conduction losses and small dV/dt, is a way to improve the bandwidth of the active power filter [START_REF] Martins | Switching Frequency Imposition and Ripple Reduction in DTC Drives by Using a Multilevel Converter[END_REF]. On the other hand, the voltage of the flying capacitors have to be balanced to guarantee the good voltage value at the output [START_REF] Meynard | Modeling of multilevel converters[END_REF]. The balancing of flying capacitors can be made naturally, but the control of the inverter would not be optimal from a current control point of view [START_REF] Donzel | New control law for capacitor voltage balance in multilevel inverter with switching rate control (CVC)[END_REF]. To perform the control, considering that voltage balancing and current regulation have not the same bandwidth, a control on several switching periods is allowed for flying capacitors. This paper presents a direct predictive control applied to the flying capacitor inverter for an active filter operation. The experimental results will show the improvement of the bandwidth, defined as the ratio between the switching frequency and the highest injected harmonics frequency, obtained from the combination of the presented control method and the flying capacitor inverter characteristics. This paper is organized as follows. In the next section the principle of the direct control for an active filter application is explained. The third section presents the definition of the profiles for the practical implementation of the control algorithm. The last section covers the codesign implementation of the controller and the experimental results for the active filter application.

Predictive control of the flying capacitor active filter

To assure the injection of high frequency references in an active power filter application, inverter switches have to be controlled with a frequency higher than the reference harmonics frequency. This is a particular inconvenient when power increases and/or network frequency increases. The use of a structure which benefit of several output voltage levels and have current ripple advantages, is particularly adapted to ensure this function.

The proposed control method will be applied to a three-cell inverter connected to a non-linear load (diode rectifier + RL load), in a shunt active power filter configuration (Fig. 1). The output voltage of the inverter can be expressed in a composed voltage frame which guarantees that the sum of voltages will be null, even in the case of a non-equilibrated system [START_REF] Defay | A Predictive Control With Flying Capacitor Balancing of a Multicell Active Power Filter[END_REF]. In this reference frame (AB, BC), the output voltage depends on the output voltage level of each phase which is defined by the corresponding switching state. The output voltages can be expressed (figure 1) with the variable N i which corresponds to the output level of phase i (i:A, B or C). N i can take 4 discrete values (0, 1 ,2 or 3) depending on the state of the switches. 8 configurations are available depending on the control orders (Table I).
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It can be noticed that 3 variables (N A , N B , N C ) (Eq.1)are used to control only 2 state variables (V AB ,V BC ) which have 7 possible output voltage values (±E, ±2E/3, ±E/3, 0). This additional degree of freedom can be used to add a complementary function to the control method as minimize the switching losses or the common mode voltage. The model of this system is given on equations (2) considering variables in the composed voltages frame.

       d(i A -i B ) dt = - r f ilter l f ilter * (i A -i B ) + 1 l f ilter * v AB - 1 l f ilter * v ab d(i B -i C ) dt = - r f ilter l f ilter * (i B -i C ) + 1 l f ilter * v BC - 1 l f ilter * v bc (2) 
In the next step, variables i AB and i BC are introduced to replace (i Ai B ) and (i Bi C ). Equations ( 2) are discretized considering that the switching period is the same as the sampling period T e .

  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   (3) with: 
A k = e A * T e B k = A -1 * (e A * T e -Id) * B and:

           A = - r f ilter l f ilter 0 0 - r f ilter l f ilter B = 1 l f ilter 0 0 1 l f ilter
where I d is the identity matrix with the appropriate dimension. The direct predictive control law which will be implemented in the digital experimental system, is completely discrete and based on equation 3. From this equation it can be obtained the recurrence (Eq. 4) which consists in calculating the output voltage of the inverter which has to be applied in the next switching period v k+1 AB to impose the correct current [START_REF] Defay | A Predictive Control With Flying Capacitor Balancing of a Multicell Active Power Filter[END_REF]. The calculus of the control output actions to apply is made considering the actual state of the converter, with the measurement of currents and voltages at time instant t k , and the estimation of the current and network voltage references at time instants t k+1 and t k+2 given by the repetitive principle. This repetitive principle consists in recording the current reference during a network period and using this value to estimate the future value to apply in the next control periods. Using this method, the recurrence relationship can be written at time instant t k+1 considering that the reference of current i k+2

AB is known and is expressed as

   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    (4) 
where the three coefficients are constant and defined as

   K 1 = B -1 k K 2 = -B -1 k * A 2 k K 3 = -B -1 k * A k * B k (5) 
The recurrence (4) shows the predictive characteristics of the control law and allows to separate the different operations of measurement, calculus and control of IGBTs. The application of the predictive law does not give only one solution but many, so a choice criterion must be established. The chosen criterion consists to equilibrate the flying capacitor voltages with the direct control presented in the next section.

Figure 2 shows the principle of calculation, transmission and application of control actions, represented for four consecutive sampling time instants. 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. This predictive character of the implemented algorithm allows us to avoid the natural delay in the control orders application.
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Direct control of the IGBTs

The 4 levels flying capacitor inverter has 8 switches configurations depending on the state of the 3 commutations cells. The Table I presents the 8 configurations and their effects on each flying capacitor voltages, according to the sign of the phase current called i i for phase i.

Table I: Configuration of the inverter and variation trend of the flying capacitor voltages

i i > 0 i i < 0 Sc i3 Sc i2 Sc i1 Configuration Level V c i1 V c i2 V c i1 V c i2 T C i (1) T C i (2) 0 0 0 0 0 ; ; ; ; 0 0 0 0 1 1 E/3 ; ; -sign I i 0 0 1 0 2 E/3 sign I i -sign I i 0 1 1 3 2 * E/3 ; ; 0 -sign I i 1 0 0 4 E/3 ; ; 0 sign I i 1 0 1 5 2 * E/3 -sign I i sign I i 1 1 0 6 2 * E/3 ; ; sign I i 0 1 1 1 7 E ; ; ; ; 0 0
On the Table I, variables T C i (1) (for V c i1 ) and T C i (2) (for V c i2 ) are introduced to define the variation trend for each flying capacitor voltage depending on the chosen configuration and the sign of current.

T C i (1) = 1 if the voltage of V c i1 increase (-1 if decrease), T C i (1)
= 0 if the chosen configuration has no effect on the flying capacitor voltage. The principle of the direct control is to define a profile, to apply during a switching period, (Fig. 3) to assure the application of the good average value of the inverter voltage output. Each profile is composed by:

• 4 configurations • 4 applications times • 3

states transitions

The profiles are defined in a commutation table, generated off-line. For the definition of the commutation table, these variables of Table I have a primordial impact, because they are used to choose a criterion needed to select one profile for each case. The chosen criterion is to maximize the effects on the variation trend for the flying capacitor voltages (increase or decrease), but also to limit the switching frequency on the IGBTs. Each profile is composed by a sequence of 4 configurations applied during an adaptable time interval. The sum of these application times corresponds to the sampling period T e . The inverter output voltage is expressed for each profile by the equation 6, depending on the time application of each configuration. By adjusting these times, the desired output voltage can be applied with a high precision (1/100).
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v k iO = E 3 * 1 T d * (t k i1 * N k i1 + t k i2 * N k i2 + t k i3 * N k i3 + t k i4 * N k i4 ) i = A, B,C (6) 
In the profile definition, it has been also considered the limitation of the switching frequency of the IGBTs by limiting the number of level transitions in one switching period. At the same time, the good choice of the configurations which compose the profile, the corresponding time application and the level transitions will assure the balancing of the flying capacitor voltages in an hysteresis interval. The figure 4 presents the principle of the voltage balancing for the presented profile. are used to define the voltage trend variation that each flying capacitor has to follow to balance the flying capacitors in the correct range. In our case, we choose a range variation of +/-5% for the hysteresis band around the reference capacitor voltages.
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T k v c i j = 0 to increase v c i j T k v c i j = 1 to decrease v c i j
The flying capacitor converter presents redundancies since the same output voltage level can be obtained from different switching states. This additional degree of freedom is used to choose the profile of the direct control, with the calculus of the voltage trend of each possible profile (Eq. 7) from the 4 possible configurations ( j) composing each profile (Fig. 3).

Trend k V c i (1) (pro f ilx) = 4 ∑ j=1 (T k C i j (1) * t k i j ) for the flying capacitor C i1 , i = A, B,C (7) 
In addition, in order to limit the number of level transitions and the noise in the measurement, the beginning configuration of each profile is imposed to be the same that the final configuration of the previous profile. This will also allow, from an experimental point of view, to make the measurements at the beginning of the switching period without being perturbed by the dynamic effects of level transitions. The limitation of the number of level transitions in a switching period to three (one per commutation cell) leads to the particularity of offering an output voltage with a frequency two times higher than the IGBTs switching frequency. So, in the case of a direct predictive control applied to a flying capacitor converter, the reduced switching frequency in the power switches presents the advantage of offering a wider distance between the switching harmonics and the load harmonics (so, a higher bandwidth) and leads to a filtering operation more effective than with a PWM control technique. Figure 5 presents the synthesis of the control applied from the actual values of the system to the calculus of the currents. Once the control actions are determined by the predictive control algorithm, they can be expressed, through the inverse discrete model, as a function of n k+1 i (i = A, B,C), which represents the average voltage value to apply on a switching period. n k+1 i can take continuous values between 0 and 3 and is equivalent to the duty cycle of a classical control approach (PWM).

i k BA ,i k CA i k+2 refBA i k+2 refCA v k+1 ba v k+1 ca Inverse discret model n k+1 A n k+1 C n k+1 B Direct control of IGBTs Predictive control Inverter caracteristics n k B S k CB1,2,3 S k CC1,2,3 S k CA1,2,3 n k A n k C Load Profile choice

Experimental results

The implementation of the proposed direct control algorithm is performed through a codesign approach (DSP-FPGA), which allows partitioning advanced control algorithms between hardware and software parts. Although the implemented algorithm does not requires a very high computation velocity, which is the first justification of these mixed control systems, it is interesting to use this approach due to the high number of analogical measurements and power switches to control. The classical association of a high performance DSP processor board and a FPGA is entirely justified. The FPGA has a fast execution time and flexibility and the DSP includes the computational power necessary to accomplish the proposed control method. The application of the control orders to the power switches is done by the FPGA. The DSP is charged of the control orders calculation from the informations provided by the AD converters. An interface card has been developed for their information exchange and for the security informations (error signals treatment). The scheme of the implemented control is presented in The DSP card selection has been done regarding to the necessity of a high number of ADC converters, so a modular dSPACE system based on the DS1005 card is chosen. The analogical inputs are present in the DS2004 which has 16 fast ADC converters (16 bits -1µs). The I/O TTL are present in the three DS4003 cards (3*32 bits), used mainly for the information exchange between the FPGA and the DSP cards. The used FPGA system is an ALTERA of the EPK100 family with is a cheap and easy solution with enough capabilities for the proposed application. The harmonics spectrum is also represented at the bottom of the figure where the important harmonics reduction can be appreciated. The measured THD has been reduced from 22% to 2.8% with only 2.5kHz switching frequency. Switching harmonics appears at a 2 * f switching frequency due to the direct control algorithm and to the physical characteristics of the flying capacitor converter. The direct control guarantee to have at maximum a 2.5kHz switching frequency on each commutation cell case of three level transitions in a switching period) but the switching frequency is lower in most of the cases, so the harmonics level is attenuated on the spectrum. During normal operation, the flying capacitor voltages (Fig. 8) are balanced on an interval of +/-5% of their nominal value with only 200µF flying capacitors. For the DC bus, the regulation is efficient and shows a reduced DC ripple. The figure 9 presents the dynamics response of the capacitor voltage balancing during two load variations. The first variation is about +100% and the second is about 50%. For these dynamic conditions it can be verified that the flying capacitor voltages are correctly balanced in a 5% interval with a short response time of about 150 ms. These experimental results allows us to validate the proposed direct control algorithm.
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Conclusion

In this paper a direct predictive control algorithm applied to a flying capacitor converter has been presented and developed. It has been showed that the association of the direct control and this structure of multilevel converter allows to increase considerably the bandwidth of the converter for an active filter application. The control algorithm has been performed from a codesign point of view, taking into account the design flexibility of the FPGA and the high computational power provided by the DSP. Experimental results with a non-linear load shows the important reduction of the THD of the network current with a low switching frequency (2.5kHz). The balancing of flying capacitors voltages, rather independent of the current regulation, is also accomplished in a fixed interval with only 200µF capacitors. Moreover, the use of switching tables calculated off-line, presents the advantage of not requiring an important computing time. This control law allows to fit the trade off between the size of capacitors (price), the switching frequency (losses) and the effective bandwidth (performance).
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 6 The experimental test-bench is composed by: • 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
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 6 Figure 6: control implementation of the flying capacitor inverter
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 77 Figure 7: Active filter results for f switching = 2.5kHz
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 8 Figure 8: Flying capacitor voltage balancing for f switching = 2.5kHz
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 9 Figure 9: Flying capacitor voltage balancing with load variation
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