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The new power converter topologies based on the serial and parallel association of classical commutation cells are a good way for increasing the quality of the output signals while the power driven by the converters increases. The control strategies used with this type of converters must be able to ensure good control of the internal variables, such as differential currents in the parallel connection or voltages in flying capacitors, in order to get a correct behavior of the structure. This paper presents the application of the Model Predictive Control (MPC) strategy and an innovative strategy based on MPC but using variable commutation instants in a power converter topology with two Flying Capacitor (FC) converters connected in parallel. Some points of comparison between the two strategies are also mentioned.

I. INTRODUCTION

The association of classical commutation cells have been the solution for increasing the power handled by the power converters while standard semiconductor devices are used. The serial connection was used for increasing the input voltage of the converter while the quality of the output voltage was improved. Thus, many topologies have been introduced [START_REF] Franquelo | The age of multilevel converters arrives[END_REF]: Neutral-Point-Clamped (NPC) [START_REF] Nabae | A new neutral-point-clamped PWM inverter[END_REF], Flying Capacitor (FC) [START_REF] Meynard | Multi-level conversion: high voltage choppers and voltage-source inverters[END_REF], Cascade H-Bridge converter (CHB) among others. The parallel connection was conceived when the output current had to be increased. This connection has been applied in different types of energy conversion [START_REF] Li | Coupled-inductor design optimization for fast-response low-voltage DC-DC converters[END_REF], [START_REF] Wong | Performance improvements of interleaving VRMs with coupling inductors[END_REF], [START_REF] Liangliang | Application of coupled inductors in parallel inverter system[END_REF] and has been developed significantly given the advantages provided by InterCell Transformers (ICT). The use of multilevel converters connected in parallel combines the advantages of the two classical associations of commutation cells.

The control strategies used with these new multilevel topologies have to ensure a good performance by controlling the internal variables and respecting all the constraints of each topology. Many control strategies has thus been applied to multilevel converters over the last years [START_REF] Holtz | Pulsewidth modulation for electronic power conversion[END_REF]. In [START_REF] Franquelo | The age of multilevel converters arrives[END_REF] a classification of these strategies around two main groups is presented: the state-space vector domain with the classical Space Vector Modulation (SVM) strategy and the time domain. Model Predictive Control (MPC) [START_REF] Cortes | Predictive control in power electronics and drives[END_REF] uses the mathematical model of the system to be controlled and also an optimization criterion for selecting the optimal state of the converter at each sampling time. Different MPC strategies have been applied with multicell converters [START_REF] Silva | Predictive control of a flying capacitor converter[END_REF] [START_REF] Defay | A predictive control with flying capacitor balancing of a multicell active power filter[END_REF]. This paper applies the classical MPC strategy and another innovative strategy based on MPC with variable commutation instants and a state machine for controlling all the variables of a structure composed by two FC converters connected in parallel. The constraints of this topology concern the good distribution of the output current among the different phases and the balance of the flying capacitor voltages.

II. SERIAL AND PARALLEL CONNECTION OF COMMUTATION CELLS

The serial connection of n commutation cells using (n -1) flying capacitors is a multilevel topology introduced in the 90's [START_REF] Meynard | Multi-level conversion: high voltage choppers and voltage-source inverters[END_REF]. As all the multilevel converters, the Flying Capacitor topology (FC) allows the use of higher input voltages while the output voltage increases its quality thanks to the different voltage levels. The parallel connection can be implanted with separated inductors or ICT. When separated inductors are used with interleaved control strategies, the output current ripple is decreased but not the ripple of the phase currents. The ICT reduce the current ripple in the phases and decrease the flux swing in some regions of the core, obtaining thus a significant reduction of switching, copper and core losses [START_REF] Fran à §a | Design and Optimization of InterCell Transformers for Parallel MultiCell Converters[END_REF].

The studied topology, presented in Fig. 1(a), uses the serial and the parallel connection of commutation cells. Each phase contains two commutation cells connected via flying capacitors C 1,2 . Each FC contains four switches, the pair of switches S x and S nx must be always in complementary states. Two FC converters will be connected in parallel using separated inductors and also an ICT. The number of possibles states for the studied topology (N possible states in the serial connection with n converters connected in parallel) is: N n = 4 2 = 16. These states are presented in Table I where the state of a switch is 0 if the switch is OFF and 1 if the switch is ON.

The study of the parallel connection, especially when an ICT is used, can be simplified if instead of working with phase currents a common/differential model is employed [START_REF] Cougo | PD modulation scheme for three-phase parallel multilevel inverters[END_REF]. The common mode describes the current flowing through the load i mc (Fig. 1(b)) whereas the differential mode describes the current flowing trough the inductors that is not flowing through the load (Fig. 1(c)). These models are obtained from equations describing each leg connected in parallel and they are represented by the equations ( 1) and [START_REF] Nabae | A new neutral-point-clamped PWM inverter[END_REF]. The voltages V 1 and V 2 are function of the switching states and the input voltage 
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V md = (L f + 2 * L m ) di md dt + R 1,2 i md , (2) 
dV C1,2 dt = S 2,4 -S 1,3 C 1,2 i mc 2 ± i md , (3) 
where

V mc = (V 1 + V 2 )/2, V md = (V 1 -V 2 )/2, i mc = i 1 + i 2 and i md = (i 1 -i 2 )/2.
The voltage of each flying capacitor in a FC converter depends on its adjacent switches and the output phase current. The equation (3) describes the evolution of the capacitor's voltage of each FC used in the topology. This equation takes into account the common/differential model used for describing the parallel connection.

III. PREDICTIVE CONTROL STRATEGY

The Model Predictive Control (MPC) is a control strategy applied recently in the control of power converters. This strategy uses the mathematical model of the system for predicting, at each sampling instant k, the behavior of the system at k + 1. In order to choose the optimal state of 
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the converter, a cost function g considering mainly the control requirements is used. This function is commonly composed of several terms, containing the differences between the reference and the predicted values of the variables to be controlled at each k + 1 instants. Other terms representing some specific request, such as limitation of the switching frequency or nonlinearities can also be included.

Fig. 2(a) shows the MPC scheme for controlling the proposed topology. The predicted values of all the variables V C1 , V C2 , i mc and i md are carried out from the measurements and the forward Euler approximation used to get the discrete system from equations (1), ( 2) and (3). The cost function is thus evaluated at each sampling instant T s for all the states and the choice of the optimal state is based upon its minimization. The chosen state will be applied over the next switching period. Fig. 2(b) presents the principle of the MPC strategy over a finite horizon. The cost function used to control the two FC connected in parallel is:

g = α|i * mc (k + 1) -i mc (k + 1)| 2 + β|i * md (k + 1) -i md (k + 1)| 2 +δ 1 |V * C1 (k +1)-V C1 (k +1)| 2 +δ 2 |V * C2 (k +1)-V C2 (k +1)| 2 (4) 
The first term of this equation represents the difference between the predicted common current variable i mc and its reference. The second and third terms take into account the internal variables of the converter: differential current and the voltages of each capacitor. α, β and δ 1,2 are known as weighting factors and they are used to adjust the difference of the variables nature or just to fix some priorities in the control strategy. The way to select the value of each weighting factor is a current research topic. In [START_REF] Rodriguez | Predictive Control of Power Converters and Electrical Drives[END_REF] is presented an algorithm that uses a certain number of simulations for getting the appropriate values in a specific operating point.

A term including the number of commutation in a period (T s ) can also be added. This term can be used for avoiding the transitions between two states involving more than one commutation in one cell of the structure. With the cost In order to select the optimal values for the weighting values, a quality criterion is chosen. This criterion is the total mean value of the absolute difference between the references and the measurements of the variables to be controlled. The first approach for selecting the weighting factors will be based on the parallel connection and classical commutation cells will be then used. The next step includes the serial connection with flying capacitors.
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The current mean error e current is defined as an average between the mean value of the error of the common and differential mode current e mc , e md described by the equation [START_REF] Wong | Performance improvements of interleaving VRMs with coupling inductors[END_REF] where m represents the number of points used for these calculations. However, if we want to give more priority to one current than the other, the e current must include weighting coefficients instead of an average value.

e current = 0.5e mc + 0.5e md .

(
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where:

e mc = 1 m m k=0 |i * mc (k) -i mc (k)| e md = 1 m m k=0 |i * md (k) -i md (k)|
With the cost function selected, a procedure based in the algorithm presented in [START_REF] Rodriguez | Predictive Control of Power Converters and Electrical Drives[END_REF] is programmed by repeating simulations in a particular operational point and introducing an increment in the weighting factors after each simulation. The variation of e current in function of the ratio α/β for a current reference, two commutation cells connected in parallel and uncoupled inductors is shown in Fig 3(a).

The switching frequency is variable but limited to half the sampling frequency. This because there may be periods where the structure does not commute. The sampling frequency used in the simulations was f s = 50 [kHz], thus the maximal switching frequency is around 25 [kHz]. The average frequency has been calculated with the next equation and the results are shown in Fig 3(a).

f comm = 1 2 2 cell=1 ∆t N ∆t (6) 
N represents the number of commutations effectuated in the ∆t interval.

The parameters used in the simulations for obtaining the optimal point are:

i * mc = 3 [A], V dc = 100 [V ], L f = 6 [mH], L m = 0 [mH], C 1,2 = 100 [µF ], R 1,2 = 250 [mΩ], R l = 10 [Ω].
For higher α/β ratios, e mc decreases whereas e md increases. The optimal value of e current is obtained for a ratio equal to 1. The use of an ICT (which normally have a strong magnetic coupling) produces a fast reduction of e mc , with similar phase currents. Therefore, a magnetic coupling decreases the constraints for choosing an optimal value of β in the cost function. Fig. 3 shows the simulation results in steady state for (b) uncoupled and (c) coupled inductors. In both cases the ripple of the output current i mc is the same. When coupled inductors are used, the output phase currents i 1 and i 2 are similar and the differential current i md is significantly reduced. The optimal ratio α/β previously obtained for two commutation cells connected in parallel is used to get the optimal weighting factors for the cost function including the capacitor voltages V C1 and V C2 for the two flying capacitors connected in parallel. Fig 4(a) presents the evolution of e mc , e md and the average error between the capacitors voltages V C1 , V C2 when the ratio α/β is 1 and the ratio α/δ changes. The optimal value described by the next equation, is chosen with a weighted mean.

e tot = 0.8(0.5e mc + 0.5e md )+ 
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The weighting factors used to calculate e tot depend on the control priorities. For the studied topology and the control strategy, this priority concerns the common and differential currents which have a faster dynamic response than the voltages of the flying capacitors. Thus e current is multiplied by a higher factor than the term concerning the capacitor voltages. The optimal value obtained with the same procedure used for the case of two classic commutation cells is presented in Fig. 4(a). This optimal value is obtained for an α/δ ratio around . However, even if all the variables are controlled around their references, this figure shows some important perturbations of i md . These perturbations are produced by the states 4 and 13 of the converter (Table I), where the differential voltage V md is fixed to its maximum value V dc /2. In order to reduce these perturbations, these states were forbidden and the results are presented in Fig. 4(c). 
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IV. PREDICTIVE CONTROL STRATEGY WITH VARIABLE COMMUTATION INSTANTS

A second strategy based in MPC with variable commutation instants [START_REF] Solano | Control strategy with variable commutation instants for model predictive control based on two flying capacitors connected in parallel (to be plublished)[END_REF] will also be used for controlling the proposed topology 1(a). A schema with the different stages used in this strategy is presented in Fig. 5(a). The first part of this strategy uses a simplified cost function [START_REF] Cortes | Predictive control in power electronics and drives[END_REF] containing the difference between the reference and the predicted value for the variables to be controlled with higher priority. For the studied topology, this variable will be common mode current i mc .

g = |i * mc (k + 1) -i mc (k + 1)| (8) 
For simplicity, it is considered that the reference current i * mc does not change in one sampling interval, so i * mc (k + 1) is equal to i * mc (k). The predictions of i mc (k + 1) are based on the predictive model, the measures taken at each sampling instant and the possible variation of the common mode voltage V mc when only one commutation in the structure is carried out. These variations are:

• V mc = +E/4 if S x = 1 with x = 1, 2, 3, 4. • V mc = -E/4 if S x = 0 with x = 1, 2, 3, 4.
• V mc = 0 if there is no commutation (only applied for the states 1 and 16).

Therefore, this strategy removes the selection of the weighting factors in the cost function of the classical MPC strategy and also reduces the number of predictions of the controlled variable because these are not made for each state of the converter but just for the three possible variations of V mc . Another difference between the classical MPC and this strategy is the use of a variable commutation instant. Thus, not only the best variation of V mc is chosen but also the best instant to make the commutation in order to reduce the error of the controlled variable at the end of the sampling period. The commutation instant and the predicted value of the output current are obtained from the equations ( 9) and ( 11):

i mc (k + 1) = i mc (t k ) + (T s -t k ) L mc V ′ mc ( 9 
)
where:

i mc (t k ) = t k L mc (V mc (k) -V out (k)) + i mc (k) V ′ mc = V mc (k) -V out (k) + ∆V mc (t k ) t k = T s ∆V mc (t k ) V ′ mc - L mc ∆V mc (t k ) ǫ imc (k) (10) 
with:

ǫ imc (k) = |i * mc (k + 1) -i mc (k)| (11) 
The second part of this strategy uses the ∆V mc obtained in the first part and the state machine presented in Fig. 6 to choose the next state . In Fig. 6(a), the states with the same V mc voltage level have been arranged in the same row and all the possible transitions between the states, using only one commutation in order to fix the switching frequency, have been included. Fig. 6(b) shows the relative variations of i md , V C1 and V C2 for each state, when I mc is positive. In order to reduce the fast variations of i md , states 4 and 13 (Table I) which produce a high value of V md are forbidden.

Control of the differential current i md :

The differential current i md represents the magnetic flux flowing inside the core of the ICT. The control strategy must ensure the oscillations of i md around zero in order to avoid the non linearities phenomena (saturation, hysteresis ) of the magnetic core. That means that the reference value for the differential current is i * md = 0. The control of this current is indirectly made by controlling the transitions between the different states in the state machine. Thus, when the ∆V mc is selected, the next state with the suitable voltage level will be the one that can take the current closest to zero at the end of the sampling time. Control of the Capacitor Voltages V C1 and V C2 : The control of each flying capacitor voltage follows the same principle that the differential current control with a lower priority. Thus, the selection between the states having the suitable V mc and V md , will be made according the required evolution of the voltage for each flying capacitor. These steps will be explained through an example:
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Let's say that the state applied at the k instant is 16. Currents and flying voltages measures are made and t k is calculated. Let's suppose that ∆V mc to be applied at t k is negative. Fig. 6 shows that there are four possible states to commutate: 14, 12, 8 and 15. States 12 and 8 produce a positive variation of i md while states 14 and 15 produce a negative variation of this current. If the differential current i md at the instant k is greater than zero, there are two possible states for decreasing this current at the next commutation: states 14 and 15. For these two states V C2 will not change but V C1 rise in the state 15 and decrease in state 14. So, if the measured value of V C1 is greater than the required value, the next state will be 14. If the value of this capacitor voltage is lower than the required value, the next state will be 15. 
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Fig. 7: Simulation results of the strategy with variable commutation instants Fig. 7 presents an example of the proposed strategy for a variation of i * mc . The selected states and the variation of each variable are presented in this figure.

V. SIMULATIONS AND RESULTS

The parameters used in these simulations are the same used in the steady state simulation presented before (Fig. 3 Fig. 8 presents the response of the system when the classical MPC strategy is used with different output current references. The main characteristic of the MPC strategy, concerning the fast dynamic response, can be seen in this figure .   Fig. 8(a) presents the response of the system when a square current i * mc = 1.5 ± 1.5[A] is establish as reference and separated inductors are used. It is clear that variations in the output current reference around the operating point does not entail a significant perturbation in the other variables to control. Some overshoots of i mc can be seen at each variation of the current reference for some operating points, these overshoots are produced by the switching limitation included in the cost function. Fig. 8(b) presents the response of the control strategy for a sinusoidal reference. All the internal variables are controlled around the desired values and there are not perturbations in i md , V C1 and V C2 when i mc changes. Fig. 9 shows the response of the system with the same parameters used in Fig. 8 but using the predictive control strategy with variable commutation instants. This strategy also presents a fast dynamic response with a good control of each variable around its reference. There are some overshoots of i mc as in the previous strategy for some particular operating points. These perturbations are produced by the limitation in the number of commutations in one sampling period. The priority given to all the variables to control produces some perturbations of i md , V C1 and V C2 when i mc changes (Fig. 9(b)). Nevertheless, these perturbation are lower than the ripples and the perturbations obtained with the classical MPC strategy. Fig. 10 presents the response of this strategy for other operating points and output current references, obtained for a switching frequency of 20[kHz]. When i mc changes, there are no perturbations of the other variables and their control around the reference values is quite good. These results prove that even with much lower sampling frequency, the proposed strategy keeps good tracking performances and works with fixed switching frequency unlike the classical MPC approach. This implies a reduction of the computational requirements for its numerical implementation.
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The implementation of the classical MPC strategy is easier than the strategy using variable commutation instants but its 
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Fig. 9: Dynamic response of the strategy with variable commutation instants for a particular operating point optimal operation is limited to the operating point where the weighting coefficients were calculated. If the operating point changes, an optimal behavior of the strategy demands new weighting factors. An important advantage of the second strategy concerns its ability to work optimally in different operating points. The authors have proposed some variations of the proposed strategy for reducing the impact of the calculation time [START_REF] Solano | Control strategy with variable commutation instants for power converters connected in parallel (to be plublished)[END_REF].

VI. CONCLUSION

The serial and parallel connection of commutation cells is used for increasing the power handled by the converter. The serial connection is used for increasing the input voltage of the converter whereas the parallel connection is used for increasing the output current. When both connections are used together, the control strategy used must be able to guarantee the control of the internal variables in order to ensure a good behavior of the converter. Thus, the quality of the output voltage in a FC structure depends on the correct balance of the flying capacitor and the control of the differential current in the parallel connection is necessary for avoiding the saturation of the magnetic core used in the ICT.

The Model Predictive Control (MPC) is a recent control strategy that uses the mathematical model of the system to control and also an optimization criterion, such as a cost function, for selecting the optimal state of the converter at each sampling instant. This control strategy was used in this paper for controlling two flying capacitor converters connected in parallel. In order to select the appropriated weighting factors in the cost function, a first approach to the parallel connection with classical commutation cells was carried out. The weighting factors obtained for the common and differential current were then included for controlling the multilevel structure. The weighting factors obtained show a good behavior of the structure for different types of output current references.

Another strategy based on MPC but using variable commu- 
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 1 Fig. 1: (a) Studied topology: two FC converters connected in parallel (b) common mode circuit (c) differential mode circuit.
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 2 Fig. 2: (a) Model Predictive Control (MPC) strategy (b) commutations in MPC strategy
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Fig. 3 :

 3 Fig. 3: Variation of e current and f comm with the ratio α/β (b) Steady state behavior of two commutation cells connected in parallel for uncoupled and (c) coupled inductors

Fig. 4 :

 4 Fig. 4: (a) Variation of e tot with the ratio α/δ (b) Steady state behavior for the studied topology with and without (c) perturbation of i md

Fig. 5 :

 5 Fig. 5: (a) Control strategy based on MPC with variable commutation instants (b) Variable commutations of this strategy

Fig. 6 :

 6 Fig. 6: (a) State machine for two flying capacitors connected in parallel and the possible transitions between the different states. (b) Variation of V md , V C1 and V C2 for each state for a output current greater than zero.

  (b)(c), Fig.4(b)(c) and 7):V dc = 100 [V ], L f = 6 [mH], L m = 0 [mH], C 1,2 = 100 [µF ], R 1,2 = 250 [mΩ], R l = 10 [Ω].The sampling frequency used in these simulations is 50 [kHz] but the switching frequency for the classical MPC strategy is lower than 25 [kHz].
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 8 Fig. 8: Dynamic response of the classical MPC strategy for a (a) squared and (b) sinusoidal current reference

5 VFig. 10 :

 510 Fig. 10: Dynamic response of the strategy based on MPC with variable commutation instants for a (a) squared and (b) sinusoidal current reference

TABLE I :

 I States of two 3-levels FC converters connected in parallel

	State	S1	S2	S3	S4	Vmc	V md	dV C1 dt	dV C2 dt
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