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I. INTRODUCTION

I NCREASING the power of the static converters is generally obtained by increasing the voltage because of efficiency requirements. For example, industrial applications with power of a few megawatts generally use voltages of several kilovolts. The static converters should follow the same rule, but medium-voltage switching devices are not available. The tradeoff between efficiency, waveform purity, and volume of the converter and of corresponding filters must also be carefully studied. In this logic, the studies and development carried out on the capacitor clamped multicell converters over the past ten years revealed excellent characteristics regarding the previous criteria. Indeed, this type of structure makes it possible to split the voltage constraints and to distribute them on several switches of smaller ratings in series. These structures also make it possible to obtain a significant improvement of the output waveforms and to increase the apparent frequency of this wave, allowing a significant reduction of the filtering elements. This type of converter uses flying capacitors to split the input voltage and the evolution of their voltages must be carefully studied since the survival of the converter depends on it.

Many studies [START_REF] Meynard | Multilevel choppers for high voltage applications[END_REF], [START_REF] Meynard | Structure et commande des convertisseurs multicellulaires[END_REF], [START_REF] Gateau | Contribution à la commande des convertisseurs statiques multicellulaires: Commande non linéaire et commande floue[END_REF], [START_REF] Meynard | Modeling of multilevel converters[END_REF] have shown that, under certain conditions, a simple open-loop control guarantees natural balancing of the flying voltages. Nevertheless, in this case, the dynamics involved in the balancing transient depend on the impedance of load at the switching frequency. If the impedance at the switching frequency is high (small current harmonic at this frequency) then the natural balancing is very slow and inversely. This observation has allowed the development of solutions based on an extra "balance booster" which is a simple RLC circuit with a natural frequency equal to the switching frequency [START_REF] Gateau | Contribution à la commande des convertisseurs statiques multicellulaires: Commande non linéaire et commande floue[END_REF], [START_REF] Carrere | Convertisseurs multicellulaires[END_REF]. However, although the dynamics of rebalancing are really improved, they t may still be too slow to follow rapid variations of the input voltage.

All these observations lead us to propose solutions for an active control of the flying voltages. This control can be carried out in duration (duty cycle [START_REF] Gateau | Contribution à la commande des convertisseurs statiques multicellulaires: Commande non linéaire et commande floue[END_REF]) or in amplitude (sliding mode [START_REF] Pinon | Sliding mode control for a two-cell chopper: Study of the convergence to limit cycle[END_REF]).

Section II of this paper will be dedicated to modeling of the converter. Then, in Section III, we will present a synthesis of control strategies based on the theoretical principle of input/output linearization. In Section IV, we will tackle the problem of the observation of the flying-capacitor voltages by using an original model of the converter sampled at times the switching frequency if the number of cells is . We will give finally some conclusions on this work in Section V.

II. MODELIZATION OF MULTICELL CONVERTERS

Modeling represents an essential part in the study of a control strategy for a given converter. In power electronics, we often use a model with the instantaneous average values while shifting the average value over one switching period. The case of the multicell converter is a little particular because the generation of harmonics at the switching frequency contributes to the natural balancing of the flying capacitor voltages [START_REF] Meynard | Multilevel choppers for high voltage applications[END_REF]. In this case, the average model does not make it possible to represent the natural dynamics of balancing of the flying capacitor voltages. However, this phenomenon remains generally rather slow and can be easily neglected when using active regulation of the voltages.

A. Instantaneous Model of the Converter

The topology of the converter being variable, its operation can be described by a set of state equations corresponding to the various electric configurations established during one period of operation.

With commutation cells, each one having two possible states, we have 2 possible configurations. The control signal associated with each commutation cell is noted as where represents the number of cells of the topology. This signal will be equal to 1 when the upper switch of the cell is conducting and 0 when the lower switch of the cell is conducting.

Fig. 1 represents a three-cell chopper associated with a load formed by a resistor and an inductor .

From the circuit equations, it is possible to write in this case three differential equations (1) representing the evolution of the three state variables of the converter, namely, the two flying capacitor voltages as well as the current in the load [START_REF] Meynard | Multilevel choppers for high voltage applications[END_REF] with representing the state of the commutation cells and the state vector of the system. This model is the instantaneous model of the converter and can be used for any purpose such as simulation or control of the converter. It can be used also for studying the natural balancing phenomena of the flying-capacitor voltages.

B. Affine Representation of the Model

It is possible to put the differential equations of the system in an affine linear form in order to apply thereafter the theory of input-output linearization. For this purpose, we use the average model over one switching period for all the state variables and the control input. It is then possible to rewrite the equations as follows:

(2) with with identity matrix.

(

) 3 
These equations enable us to highlight the nonlinear form of the converter. These nonlinearities are present mainly in matrix .

III. CONTROL OF MULTICELL CONVERTERS

The main objective of the active control of the converter is multiple: obviously, we have to control the output current but we also have to control the voltages across the flying capacitors. Indeed, even if many studies have shown that the flying-capacitor voltages are balanced in a natural way when the duty cycles are equal with a phase shift of (where is the number of cells), the dynamics of balancing remain slow. For this reason, we propose an active control of the flying-capacitors voltages which will allow the converter to follow fast variations of the input voltage.

A. Nonlinear Control by Input-Output Linearization

We initially wish to obtain a complete linearization of the system. In the second pass, we will carry out the regulation of the state variables by using a linear synthesis. Decoupling enables us to associate a control input to each state variable. Each control input thus becomes dedicated to one and only one state variable and the action on this control input does not modify the other state variables.

The linearization of the system is obtained by an algebraic transformation described in [START_REF] Slotine | Applied Nonlinear Control[END_REF]- [START_REF] Oukaour | Non linear control of a variable frequency DC-DC converter[END_REF]. It uses a new input of the system defined by (4) (4) with and v is the new input.

The definition of this new input vector is, thus, carried out by using a decoupling matrix as well as a vector defined, respectively, by ( 5) and ( 6), shown at the bottom of the page, where is the Lie derivative of over , and is the number of inputs. Fig. 2 represents the nonlinear linearization of the system with the definition of the new input vector .

The result of this exact linearization corresponds to integrators (where is the number of cells), each one controlled by an input as shown in Fig. 3. It will be necessary to provide a second linear loop in order to set the dynamic on each state variable. . . . . . . . . .

. . . 

B. Application of Input-Output Linearization on Three-Cell Converter

In the case of the state equations given in ( 2) and (3), we obtain after calculation the decoupling matrices given in (7) [START_REF] Meynard | Modeling of multilevel converters[END_REF] As we can note, the decoupling of the system reveals two singularities, one when the input voltage is equal to zero and the other when the output current is null. These two singularities correspond to the fact that, in these cases, the control of the flying capacitors voltages is not possible.

The problem of the zero crossing of the input voltage will be solved simply by supposing that, for such a system, we always work with an input voltage greater than 0.

The problem of the current will be solved by blocking the linearization in the vicinity of zero current. This will disturb slightly the dynamic, since in this point the evolution is proportional to the current amplitude, which means a very slow evolution for low current.

After the realization of the input-output linearization based on Fig. 2, it is necessary to control the state variables by using the new uncoupled model of the system represented in Fig. 3.

C. Proportional Regulation of State Variable

We initially present the choice of a simple proportional regulation as represented in Fig. 4 and where is a vector composed by the reference for each state variable. A simple proportional regulation is normally sufficient and must make it possible to obtain a null static error in steady state because we obtain after decoupling a system with a natural integration as shown in Fig. 3.

The choice of the proportional constant is carried out by fixing a closed-loop dynamic for the system. The transfer function in closed loop is given by ( 8) [START_REF] Carrere | Convertisseurs multicellulaires[END_REF] with being the Laplace variable and the proportional action of the corrector.

The proportional action should not be selected too large to avoid the saturation of the control signal. For the validation of this control strategy we simulated a three-cell converter having the following parameters: mH s (switching period) F mH F (input filter).

The test cycle imposed on the state variables is as follows:

• -start reference current with 80 A; • ms-variation of 60 A for ; • ms-variation of 60 A for ; • ms-sinusoidal perturbation of (300 V).

The simulation gives very good results as shown in Fig. 5. The current response is very fast and the tracking of the flyingcapacitor voltages reference is very good.

It should be noted that the decoupling of the state variables is correct and, thus, that the variation of one state variable does not influence the other.

For the study of the saturation phenomena of the duty cycle limited between 0 and 1, we have to carry out a test cycle under weak load of the following:

• -start reference current with 80 A; • ms-variation of 70 A for ; • ms-variation of 200 V for input voltage.

The results shown in Fig. 6 are very good for load current and flying capacitors voltages, even if we can see a small perturbation at ms due to the saturation of the duty cycle. Fig. 7 shows the three duty cycles applied to the converter. The first part of the trial is similar to the results obtained on Fig. 5. However, at ms, the reference of the current takes a very low value and we impose a variation of the input voltage. As we can see in this figure, the duty cycles are saturated and the result is a small perturbation on the current (shown in Fig. 6). 

D. Integral Proportional (IP) Regulation of State Variables

The decoupling of the state variables leads to a linear system made of simple integrators. In the case of variable or badly identified parameters, these integrators are transformed into first order systems, not revealing directly an integration and whose form (gain and dynamics) depends on the parametric error. To solve this problem, it is possible to add to the corrector an integral factor. This addition can be carried out by choosing a PI or IP corrector.

According to the observation of our decoupling struture, it appears more judicious to use a IP regulation as shown in Fig. 8, even if the adjustment of the corrector parameters cannot be made in an independent way.

For the choice of the parameters, it is necessary to write the closed-loop function ( 9) and to identify it with a classical second-order system with known damping and pulsation [START_REF] Carrere | 4000V-300A eight level IGBT inverter leg[END_REF] with the Laplace variable and . The parameters of the converter and the control law are given in [START_REF] Pinon | Sliding mode control for a two-cell chopper: Study of the convergence to limit cycle[END_REF] mH s (switching period) F s.

(10) The test cycle will be as follows:

• -start reference current with 80 A; • ms-perturbation on control signal ; • ms-load variation (3 ). Figs. 8 and9 show very good results when starting the converter as well as during the perturbations applied to the system. At ms, the disturbance carried out on control input (shown in Fig. 9) is compensated quickly by the integral and the output current is only slightly disturbed (Fig. 8).

In order to validate this control law experimentally, we built a control unit based on a digital signal processor (DSP) to control a three-cell chopper. The parameters of the experimental model are the same as given in [START_REF] Pinon | Sliding mode control for a two-cell chopper: Study of the convergence to limit cycle[END_REF]. Fig. 10 shows the flying-capacitors voltages as well as the input voltage and Fig. 11 corresponds to the load current. It should be noted that the results are completely satisfactory and in conformity with the forecasts.

The balancing of the flying capacitors voltages is obtained in approximately 2 ms and induces a slight disturbance of the current for this period, as shown in Fig. 11. At ms, the voltages across the capacitors are well balanced, and even if we applied large transient on the output current, these voltages would be very well controlled. Fig. 12 displays experimental results obtained with this setup.

IV. OBSERVATION OF THE FLYING CAPACITOR VOLTAGES

As shown before, an active control of the flying-capacitor voltages requires the knowledge of the state. Usually, differential voltage sensors are used to measure the capacitor voltages, but the presence of these sensors increases the drive cost and size. As an example, the control of a three-cell three-phase inverter requires, at least, six floating voltage sensors plus two current sensors. Furthermore, in high-voltage applications, the design of the voltage sensors is not simple and usually requires a good insulation quality.

In order to reduce these sensors, several solutions are available and have been tested.

The first one is very simple and needs only one voltage sensor. Its basic principle consists of the measurement of the converter output voltage each time the input control vector changes. Thus, using the switches state information, one can easily find the capacitor and the supply voltages by resolving a linear algebraic equation system [START_REF] Gateau | Contribution à la commande des convertisseurs statiques multicellulaires: Commande non linéaire et commande floue[END_REF]. Obviously, this method does not correspond to a state observation since the system dynamics are not considered. The major drawback of this estimation technique is due to its high measurement noise sensitivity since any perturbation on the measurement is directly transposed to the estimated state and cannot be filtered by the system dynamics.

The second solution is to develop a state observer using a load current measurement. For this purpose, a good model representation of the system must be adopted. One can plan to use an exact discrete-time model of the converter, but this solution leads to a heavy computational load and consequently remains complex for a real-time [START_REF] Brown | Introduction to Random Signals and Applied Kalman Filtering[END_REF].

On the other hand, the classical average model is not precise enough and does not satisfy the observability condition when only the load current is measured.

In this paper, a novel and simple model based on average values over one-third of switching period is presented. We will show that this model represents sufficiently well the behavior of the converter and the capacitor voltages remain observable even if the natural balancing dynamics are not correctly represented.

A development of a discrete-time Kalman filter (KF) for the capacitor voltages estimation is then proposed. This structure of observer is actually well adapted since it takes into account the noise phenomena really present. Simulation and experimental results using a sensorless control strategy are presented to validate the observer.

A. Average Model Over One-Third Switching Period

In this section, a simple discrete-time model based on a state average technique is obtained for a three-cell chopper (Fig. 1). In the following, we assume a fixed switching period and suppose that all switches are perfect. We also assume that the duty cycles and the source voltage remain constant during the time interval [ , ]. The instantaneous model of the chopper in the state-space representation can be described by the following:

(11) where , the input voltage source the control signal vector, and is the measured state (observer input) and correspond to the load current.

The average model over is then obtained by replacing the instantaneous variables in (1) by their average values over one-third period (

). Of course, this is valid only if the time constants of the system are much larger than [START_REF] Cuk | A general unified approach to modeling switching converters power stages[END_REF]. Thus, on the time interval [ , , we calculate three new duty-cycle vectors which represent the average of the control signals over each interval of duration (Fig. 13) (12) We then obtain three continuous models per switching period [START_REF] Oukaour | Non linear control of a variable frequency DC-DC converter[END_REF] where where Thereafter, these models are sampled with a period of using a second-order approximation to obtain three discrete-time equations per switching period, expressing the state at time according to the state at time [START_REF] Bensaid | Flying voltages estimation in three-cell converters using a discrete-time Kalman filter[END_REF] where (15) Finally, a global model, sampled with a period of is obtained from the preceding equations ( 16) with [START_REF] Fossard | Systèmes Non Linéaires[END_REF] Note that, since and depend on the duty cycles applied to the converter, and are time varying in transient and, for simplicity, will be noted and instead of and . In steady-state operation, the duty cycles are constant and the model is stationary.

B. Validation of the Model

The following simulation (Fig. 14) shows that the average model over represents correctly the behavior of the converter in the closed-loop operation. The control strategy used for this simulation is the linear state feedback decoupling control [START_REF] Tachon | Control of series multicell converters by linear state feedback decoupling[END_REF] and the converter parameters are given in [START_REF] Pinon | Sliding mode control for a two-cell chopper: Study of the convergence to limit cycle[END_REF].

However, this model does not correctly represent the natural balancing of the capacitor voltages since many harmonics are lost when averaging the instantaneous model. Nevertheless, since the main goal of an observer design is to estimate the capacitor voltages for a closed-loop control use, we can neglect the natural balancing dynamics according to the desired closed-loop dynamics.

C. Discrete KF

In the last section, it has been assumed that the system can be represented perfectly by a deterministic state-space model [START_REF] Bensaid | Flying voltages estimation in three-cell converters using a discrete-time Kalman filter[END_REF]. In practice, this is not the case, due to the presence of disturbances for which modeling would be difficult and result in complex equations.

For handling system uncertainties of this nature, a stochastic model is used. This stochastic model is obtained by adding Gaussian white-noise vectors to the deterministic model where denotes the expectation operator. Taking into account the system noises, the KF algorithm will adapt the gains in order to minimize the trace of the error covariance matrix [START_REF] Brown | Introduction to Random Signals and Applied Kalman Filtering[END_REF], [START_REF]Applied Optimal Estimation[END_REF].

The KF equations are as follows:

(23) (24) (25) (26) ( 27 
)
where is the Kalman gain vector, is the state estimate, and the estimation error covariance is denotes the prior estimate that represents our best estimate prior to assimilating the measurement , while denotes the updated (or a posteriori) estimate after the measurement .

, and are, respectively, their associated error covariance matrices.

D. Capacitor Voltages Estimation

In this section, the application of the KF for the capacitor voltages estimation in a three-cell converter is presented. Since the model matrices depend on the duty cycles applied to the converter, the estimator is time varying and the Kalman gains must be evaluated online.

In the simulation results presented bellow, only a load current measurement is used for the capacitor voltages estimation. The supply voltage must also be measured to impose the correct capacitor voltage references ( , ). The converter parameters are assumed to be known accurately and are given in [START_REF] Pinon | Sliding mode control for a two-cell chopper: Study of the convergence to limit cycle[END_REF]. The current measurement has a Gaussian white noise added to account for imperfections in an experimental system. The measurement noise covariance is

The process noise covariance is where represents the 3 3 identity matrix.

Note that selection of the covariance matrices requires trials in practice and should be carried out with experimental data.

For the initial error covariance matrix , an iterative research that yields the best estimation performance possible must be done.

In the following simulation, the best filter performance was obtained with

The simulation results are shown in Fig. 15 for a three-cell chopper when the algorithm starts with initial conditions different than the system initial conditions.

The estimates are used for a linear state feedback decoupling control strategy [START_REF] Tachon | Control of series multicell converters by linear state feedback decoupling[END_REF]. The control sequences used for this simulation are as follows:

• at start of the converter with V and A;

• at ms step of the reference current of 50 A; • at ms step of the input voltage of 600 V; • at ms step of the reference current of 30 A. We see that the estimated capacitor voltages are able to track the actual floating voltages quickly, even in the presence of measurement noises.

E. Real-Time Implementation and Experimental Results

In order to validate the simulation results, a test bench has been realized. The overall structure of the system is shown in Fig. 16. It contains a three-cell chopper, two analog sensors for source voltage measurement and current measurement, and an ADSP 21062 DSP system board including a XILINX 4010E field-programmable gate array (FPGA) and 14 converters. We see that the estimated and measured voltages are identical and the actual voltages are maintained at their optimal values: and .

V. CONCLUSIONS

Multicell converters are very interesting since they are suitable for high-power/high-voltage applications and considerably improve the output signal harmonics.

To take full advantage of this topology, the flying-capacitor voltages must be balanced to their optimal values ( and for a three-cell converter). This objective can be achieved using a closed-loop control of the flying-capacitor voltages. A noninteractive control strategy based on an exact input-output linearization has been presented and experimentally validated.

In contrast to the passive control, the active control needs the knowledge of the converter states, especially the flying-capacitor voltages. In order to reduce the number of sensors in these converters and, consequently, the cost of the control system, the flying-capacitor voltages can be observed using only the load current measurement.

To achieve this purpose, the authors have proposed a novel model dedicated to observation based on state averaging techniques. This simple model allows the reduction of the required computational load and simplifies the real-time implementation of the observer.

Since the physical signals in the practice are noisy, a recursive KF has been adopted to take these random phenomena into account in the state estimation.

Simulation results show that the estimated voltages converge quickly toward the actual capacitor voltages, even in the presence of measurement noises. Experimental results obtained for a three-cell chopper confirm the usefulness of online estimation using a KF.
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 14 Fig. 14. Validation of the average model over one-third switching period.
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 15 Fig. 15. Actual and observed states in the three-cell chopper. Linear state feedback decoupling control is used here. Simulation results.
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 16 Fig. 16. DSP/FPGA-based sensorless control of the three-cell converter.
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 17 Fig. 17. Measured and estimated states when the converter starts with unknown initial conditions. Experimental results.
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 18 Fig. 18. Measured and estimated states in steady-state operation. Experimental results. The DSP operates at 32 MHz and has a single cycle instruction of 31.25 ns. The PC is used to program the board (DSP/FPGA) and to communicate with the DSP in real time.The DSP software contains the algorithm of the linear state feedback control strategy, the model calculations, and the recursive KF algorithm. The pulsewidth modulation (PWM) modulator is implemented in the FPGA. At the beginning of each switching period, the FPGA interrupts the DSP which starts the A/D conversions and executes the sensorless control algorithm. At the end of the algorithm the DSP writes the new duty-cycle values into the FPGA registers in order to be used by the modulator in the next switching period.The converter parameters are as follows:F mH

  shows the results when the converter starts with discharged floating capacitors while the initial conditions for the observer are V V A . In Fig.18, experimental results are shown when the following control sequence is imposed:
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