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An Active Power Filter Using a Sensorless Muticell Inverter

Unlike traditional inverters, multicell inverters have the following advantages: lower switching frequency, high number of output levels and less voltage constraints on the IGBT's. Significant performances are provided with this structure which is constituted with flying capacitors. This paper deals with a predictive and direct control applied to the multicell inverter. To perform the capabilities of multicell active filter, a voltage control method of flying capacitor, based on the use of a switching table, is added. Flying capacitor voltages are kept on a fixed interval and precise voltage sensors are not necessary. The association of predictive control and voltage balancing increases considerably the bandwidth of active filter.

I. INTRODUCTION

In recent years, industrial applications and uses of multicell inverters (locomotive, modular design, low inductance busbars, etc) have increased [START_REF] Meynard | Multicell converters: Basic concepts and industry aplications[END_REF]. Also, active power filters have been performed [START_REF] Akagi | Active harmonic filters[END_REF] and different devices and control methods have been tested to perform the bandwidth of classical inverters (PWM, hysteresis, dead-beat control) [START_REF] Routimo | Comparison of voltage-source and current-source shunt active powers filters[END_REF], [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]. Pure active power filters are more expensive than hybrid active power filters, but they assume more functions than passive or hybrid active filters [START_REF] Akagi | Active harmonic filters[END_REF]. The use of multicell 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 active power filters [START_REF] Martins | Switching frequency imposition and ripple reduction in dtc drives by using a multilevel converter[END_REF]. Muticell inverters have as particularity to be constituted with flying capacitors. These 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 inverter would not be optimized 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 of the inverter, considering that voltage balancing and current regulation have not the same bandwidth, a control on several
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Fig. 1. Configuration(C i = 4) for a three-cell inverter switching periods is allowed for flying capacitors. It consist to impose a tendency on each flying capacitor on several periods of control. This paper propose a new method to control the balancing of flying capacitors coupled with a predictive control of current in the ba-ca referential. The predictive control is based on the repetitive principle of current reference. The voltage balancing repose on the control of tendency applied to each flying capacitor. This method requires only the detection of flying capacitor voltage compared to a threshold, which corresponds only at a binary value and don't require voltage probes. In consequence, the bandwidth of the multicell inverter is increased.

II. MODEL OF THE MULTICELL ACTIVE POWER FILTER

A. Definitions

Level:N i It is the instantaneous level of voltage at the output of the inverter (for the phase i). N i can take 4 values for a three cell inverter: 0,1,2 and 3 (cf fig. 4).

Configuration:C i

It represents the instantaneous output voltage state of the inverter, which is represented by the state of each commutation cell. The table I presents the eight possible configurations for a three cell multicellular inverter. 
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B. Model in the ba-ca referential

Figure 2 shows a three-cell inverter connected to a R,L,E charge, which is representative of an active filtering function. Active filter is connected to an electric network, so load voltages (V an , V bn and V cn ) will be considered as perturbations. Their measurement or their estimation is made to compensate their effects.

If flying capacitor voltages are constant, the output voltage of phase i, designed as V iO , can be expressed as [START_REF] Meynard | Modeling of multilevel converters[END_REF]:

V iO = E 3 * (N i ) with: i = A, B, C. (1) 
Output voltage can be expressed in the ba-ca referential considering that V AB = V AO -V BO :

V AB = E 3 * (N A -N B ) V BC = E 3 * (N B -N C ) (2) 
The use of ba-ca referential allows to equilibrate current with only 2 voltage references because the use of composed voltage guaranties the good balancing of the system (cf fig. 3). Moreover, in this referential, 3 variables (N A ,N B ,N C ) are used to control only 2 state variables (V AB ,V BC ) (Eq.2). On figure 4, it is shown that the average voltage value at the moment k (V k iO ) can be expressed as a function of N k i , which represents the average voltage value on a period Td.
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N k i can take continuous values between 0 and 3 and is comparable to the duty cycle of a classical inverter. The system is described on equation 3, it is a classical problem of least squares.

V k AB V k BC = E 3 * 1 -1 0 0 1 -1 *    N k A N k B N k C    (3) 
Variables i AB and i BC are introduced to replace

(i ch1 - i ch2 ) and (i ch2 -i ch3 ). 8 > < > : d(i AB ) dt = -r ch l ch * (i AB ) + 1 l ch * v AB -1 l ch * v ab d(i BC ) dt = -r ch l ch * (i BC ) + 1 l ch * v BC -1 l ch * v bc (4) 
Equations 4 can be expressed as a classical continue state-

space system: Ẋ = A * X + B * U with:        X= 0 @ i AB i BC 1 A ,U = 0 @ v AB -v ab v BC -v bc 1 A A= 0 @ - r ch l ch 0 0 -r ch l ch 1 A and B= 0 @ 1 l ch 0 0 1 l ch 1 A (5)
This system is discretized considering that the switching period T d is the same as the sampling period T e . The state matrix A of the continuous state space is diagonal, so the discretization is evident.

  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   (6) with: A k = e A * Te B k = A -1 * (e A * Te -Id) * B (7) 

III. APPLICATION FOR AN ACTIVE POWER FILTER

To ameliorate the bandwidth of an active power filter, a direct predictive control will be applied. It consists to calculate the switching orders of the next switching period during the actual period. This command requires that all flying capacitor voltages are equilibrated. This control is completely discrete and is based on the equation 6. The direct predictive control system of the active filter is presented on the figure 5 and is composed of four main parts:

• 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] is used on the ba-ca referential. On this referential, the principle of the method do not change as long as the network have no neutral point connected.

• B: Prediction of reference current and network voltage: Current value is obtained using the repetitive reference principle coupled to a simple interpolation. It consist to record the reference on an interval of time, and use the recorded value to make a projection at the time k + 2.

Voltage is easily predicted considering that the network is regulated.

• C: Calculation of the average inverter output voltage for the next switching period:

To obtain a powerful control law, a predictive control can be applied to the inverter. Equation 6 can be inverted to obtain required average outputs for the next switching period. The recurrence obtained is given on equation 8.

References needed at the time (k + 1) and (k + 2) will be given thanks to the repetitive reference principle (B).
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with:

   K 1 = B -1 k K 2 = -B -1 k * A 2 k K 3 = -B -1 k * A k * B k
At each switching time, the equation 8 gives the next average voltage which has to be applied at the output of the inverter. An output solution is obtained and the calculation of the switching orders can be made to respect the flying capacitor balancing. The equation 3 is Tendency of variation for V ci2 -20% +10% +20% +25% Fig. 6. Exemple of two profiles a under-determined problem of least squares. To find the solution, a singular value decomposition (S.V.D.) is used to calculate the pseudo-inverse A † of the matrix A.
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   N k+1 1 N k+1 2 N k+1 3    = A † * V k+1 AB V k+1 BC (9) 
• D: Balancing of flying capacitor and DC capacitor:

The principle of flying capacitor balancing is exposed in the next section. The DC bus is regulated by injecting an active component of the current reference.

IV. BALANCING FLYING CAPACITOR ON A INTERVAL OF VOLTAGE

A. Definitions

Profile: P i The profile applied to the phase i is composed by the sequence of 4 configurations. It is defined for one switching period (T d ). To create profiles, the switching period is divided in an hundred intervals. It allows to have a good precision on the output voltage value and to be easily programmable with an FPGA. Figure 6 shows two different profiles which are defined by 4 configurations (C i1 ,C i2 ,C i3 ,C i4 ), 4 application times (t 1 ,t 2 ,t 3 ,t 4 ) and 4 corresponding output level voltages (N i1 ,N i2 ,N i3 ,N i4 ). One profile is then defined as:

P i =    (C i1 ,C i2 ,C i3 ,C i4 ) (t i1 ,t i2 ,t i3 ,t i4 ) (N i1 ,N i2 ,N i3 ,N i4 )
The average voltage at the output for one switching period is expressed as: State:E i This is a variable which represents the state of the multicell inverter related to the instantaneous current. In fact, this state will be useful for the choice of the profile to apply.

V iO = 1 T d * (t 1 * N i1 + t 2 * N i2 + t 3 * N i3 + t 4 * N i4 ). ( 10 
)
sign i 0 0 0 0 1 1 1 1 T V ci2 0 0 1 1 0 0 1 1 T V ci1 0 1 0 1 0 1 0 1 State E i 0 1 2 3 4 5 6 7
Two binary variables are introduced to define the table II. First, sign i represents the sign of the current at the output such as "sign i = 1" if "I chi > 0" and respectively "sign i = 0" if "I chi < 0". Second, T V cij represents the tendency that will be given at the flying capacitor voltage V c ij . It has been chosen that "T V cij = 0" corresponds to decrease V c ij and "T V cij = 1" corresponds to increase V c ij . The tendency is determined by the comparison of voltage with a threshold. An analogical comparison gives a numerical information which represents the value of T V cij . None analog-to-digital converter is required to control one flying capacitor voltage but only a digital bit.

B. Principle

On a multicell inverter, the flying capacitor current is directly proportional to control signals:

I Cij = (S cij+1 -S cij ) * I chi . (11) 
The current predictive control gives the three orders of control (average voltages for the next switching period) with the use of equation 8 and equation 3. On the example giving on the figure 7, the value 1.5 can be applied with different means, due to the fact that different levels are available at the output of the inverter.

In fact, the important is to assure the good average value. It is the same to apply E during 1/2 period and 0 during the rest of the period or 2E/3 during 1/2 period and E/3 during the other 1/2 period. But the configuration which is applied on the inverter has an influence on the current of flying capacitor (eq.11), so an influence on the voltage.

The table I gives variations of flying capacitors for each configuration. For each average level at the output, there are different profiles available. The figure 8 gives some profile examples starting with the same level (0). Different profiles could be applied to assure one average level, but they have not the same effects on each flying capacitor (Fig. 6). 

C. The switching table

The main idea is to assume the balancing of flying capacitor with the use of switching tables (calculated off-line) to guarantee a good computing time for practical implementation. For its definition, some constraints must be respected:

• Strong level transitions are not allowed (output voltage transitions of more than E/3 are forbidden). • Initial and final levels can take only two values (1 or 2).

• Number of level changes is limited to 3 on a switching period in order to reduce the number of possible profiles. Also, it allows to divide the switching frequency by 2 on the IGBT because only one state change is allowed during one switching period. To respect these constraints, the profile table contains as an input parameter the old profile to avoid brutal transitions and to indicate the starting level of the new profile, which corresponds to the last level of the old profile. According to the state of the inverter, the desired level of voltage and the last configuration, it can be found the best profile to apply which contains the 4 configurations and the 4 application times. This table has been generated automatically with an adapted algorithm. It is important to note that this table is fixed and calculated offline. A table for a higher number of levels can be generated automatically.

V. SIMULATION RESULTS

The flying capacitor control has been extensively tested in simulation, including current prediction models, the discrete reverse model, the choice of commutations and the sampling of variables. Simulations are made with a Matlab instantaneous model of an active power filter with this principal parameters: A. Results for a diode rectifier load

V bus 600V P load 12kW C bus 1.5mF T sampling 5kHz U network 220V C f lyingcap 200µF
Figure 9 shows the current of the network is nearly sinusoidal compared to the current of the load, which correspond to a simulation of a diode rectifier. The multicell inverter is able to generate harmonics current up to 1.25kHz with a switching frequency of only 2.5kHz. With this multicell filter, the THD of current is decreased from 22% to less than 1% (Fig. 10). The harmonics compensation is comparable to results obtain with a classical inverter switching at a 10kHz frequency [START_REF] Routimo | Comparison of voltage-source and current-source shunt active powers filters[END_REF].

B. Results for a strong level harmonics load

To demonstrate the excellent bandwidth of the filter, a current load is added to increase the 25th-harmonic level to 3A. Figure 11(a) shows the active filter operation on a strong level harmonics load. The 25th-harmonic level is considerably decreased (3A to 1.2A) with a switching frequency of the filter of only 2.5kHz. Moreover, the THD is considerably decreased from 45% to 1.2% with this predictive control of mutlticellul active filter. 

C. Results for a non-equilibrate load

To test the effectiveness of the ba-ca control, a test is made with a non-equilibrate load. The load and the network currents are given on the figure 12 which shows the good filtering and equilibrate operation.

The analysis (cf. fig13) of current amplitudes and THDs of the three phases shows that the value of flying capacitors have not a real influence. This ba-ca control allows to equilibrate current correctly.

D. Voltage balancement

Figure 14 and figure 15 show the variation of flying capacitor voltages and the DC bus for two different values of flying capacitors. Three perturbations are introduced, one at the time 0.02s (start of the active filtering function), one at the time 0.2s (which is due to a first load variation) and one at the time 0.6s (load variation and non-equilibrate current).

The flying capacitor voltages are well kept in the interval of +/-5% for a 400µF flying capacitor and are slightly out of the intervall for a lower flying capacitor value. Voltage balancement is performant considering that the switching frequency (2.5kHz) is low and the harmonic curent content (more than the 25th harmonics) is important. Moreover, the value of the flying capacitor has an effect on the voltage ripple but has no really influence on the current control (cf. Fig. 11). This results validate the control on a interval of voltage which allows to increase the bandwidth of the multicell inverter.

VI. CONCLUSION

The bandwidth of the active filter is considerably increased compared to a classic inverter, due to the use of multicell inverter combined with a predictive control. The balancing of flying capacitor voltage, which is rather independent of current regulation, allows to benefit of four output levels without being dependent of voltage regulation. This control needs only one binary information for each flying capacitor and no more sensors than a classical active filter. Moreover, the use of switching tables presents the advantage of not requiring an important computing time. Finally, the predictive control allows to be independent of the delay control because instants of commutation are calculated for the next switching period.
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