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Active power filter represents an interesting device to make a clean electrical network. In this paper, a filter is proposed using a multicell inverter on which is applied a direct and predictive control. The use of this kind of inverters, which proposed more than two output voltage levels, allows to increase the bandwidth of the active filter. This benefit is particularly interesting to reduce the switching frequency on semiconductors. So this device could be attractive for huge power installation or hight frequency network. The control of multicell inverter proposed in this paper is made on a original frame, the voltage composed frame which allows to have a particular approach of inverter control.

Introduction

Active power filters are used to ensure power quality and have been performed the last years [START_REF] Akagi | Active Harmonic Filters[END_REF]. Many control laws have been tested with classical inverters (PWM, hysteresis, dead-beat control). These devices need powerful inverters to assume the injection of harmonics current at a high frequency (ten or twenty times more important than the network frequency). To assure the injection of high frequency references, inverter interrupters have to be switched with a higher frequency than the reference harmonics frequency. This is a particular inconvenient when power increases and/or network frequency increases. The use of multicell structure which benefit of several output voltages and have current ripple advantages [START_REF] Meynard | Multicell Converters: Basic Concepts and Industry Applications[END_REF], is particularly adapted to ensure this function. The benefit of multiple level is applied to reduce the appearing witching frequency on the interrupters. Multicell inverter has a particularity which is the control of flying capacitor needed to establish the different output voltage levels. These voltages capacitors have to be maintained at a constant value to ensure the good output levels. This paper presents a direct predictive command applied to the multicell inverter on an active power filter function.

The flying capacitor active filter in the composed voltage frame

The flying capacitor active filter concerned by this paper is a three-phase active power filter using a three phase muticell inverter with 4 output levels. On this paragraph, a description of the multicell is given on a classical frame first, and on the composed frame. The use of this particular frame will be explain in this paragraph. A predictive model of an active power filter is made on the composed frame. All components are considered without any loss and the flying capacitor voltages are considered as constant.

The four level multicell inverter

The figure 1 presents one arm of the inverter which constitute the active power filter. It appears two flying capacitor and three commutation cells on this structure. If flying capacitor voltages are considered as constant, the instantaneous output voltage (N i ) could take 4 values for a three cell inverter: 0,1,2 and 3 [START_REF] Meynard | Modeling of Multilevel Converters[END_REF]. The state of the three commutation cells is described by the inverter configuration (C i = 4), the table I presents configurations, output levels and flying capacitor tendencies corresponding. 

E o Vc i2 Vc i1 S ci3 S ci2 S ci1 Ich i > 0 V io =E/3 Ic i1 Ic i2
I ch i > 0 I ch i < 0
Configuration: Level:

C i : [S c i3 S c i2 S c i1 ] N i * E/3 V ci1 V ci2 V ci1 V ci2 0 : [0 0 0] 0 ; ; ; ; 1 : [0 0 1] E/3 ; ; 2 : [0 1 0] E/3 3 : [0 1 1] 2 * E/3 ; ; 4 : [1 0 0] E/3 ; ; 5 : [1 0 1] 2 * E/3 6 : [1 1 0] 2 * E/3 ; ; 7 : [1 1 1] E ; ; ; ;
According to these conditions, the output level of phase i is designed as V iO can be expressed as:

V iO = E p * (N i ) with: i = A, B,C N i = {0, 1, 2, 3} (1) 
The three phase multi-cell inverter

Figure 2 shows a three-cell inverter connected to a R,L,E charge, which is representative of an active filtering function. The active power 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 are made to compensate their effects. Output voltages can be expressed for the three phase using equation 1:

             V AO = 1 2 * E 3 * (2 * N A -3) V BO = 1 2 * E 3 * (2 * N B -3) V CO = 1 2 * E 3 * (2 * N C -3) (2) 
Equation 2 can be expressed in the composed voltages frame (ba-ca frame): It can be notice that in the composed frame witch is defined by the composed voltage V AB as abscissa and V BC as ordinate, only 2 voltages component are useful to define inverters output. The figure 3(a) presents all points that could be defined on the composed frame. There are 37 possibilities that correspond at more configurations of a classical inverter giving the fact that we have different means to assume one level at the output of multicell inverter (table I). The use of the composed voltage frame (ba,ca) guaranties that V AB + V BC + V CA = 0 that is not sure when we have V AO + V BO + V CO . Moreover, the control variable are measurable and don't need any transformation. On a classical frame (a, b, c), (d, q), (α, β), the control of the neutral point '0' is not evident and this has an effect on the common-mode voltage on a electric device and network. The use of this (ba,ca) frame allows to equilibrate current with only 2 voltage references because the use of composed voltages guaranties the good balancing of the system (cf fig. 3(b)). On the next paragraph, this specific point is treated to understand how it work with an unbalanced load .

     V AB = V AO -V BO = E 3 * (N A -N B ) V BC = V BO -V CO = E 3 * (N B -N C ) (3) 
S c33 S c32 S c31 v an v cn V bn v AB v BC i ch3 i ch2 i ch1 r ch2 l ch2 r ch3 l ch3
0 E/3 2E/3 E E/3 2E/3 E -E -2E/3 -E/3 -2E/3 -E/3 -E V BC V AB (a) V An V Bn V Cn n V AB V BC V CA A B C n' V An' V Bn' V Cn' (b)

Predictive model of the multicell active filter

The predictive model will be established in the composed frame an the load R,L,E is considered as equilibrated. This will be guaranties because inductors of active filter is chosen, network voltage are calculated and resistor will be tiny. Variables i AB and i BC are introduced to replace (i ch 1i ch 2 ) and (i ch 2i ch 3 ), it allows to wok in a composed frame for the current (control variables) and the output voltage of the inverter (control orders).

       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 = i AB i BC U = v AB -v ab v BC -v bc A = -r ch l ch 0 0 -r ch l ch B = 1 l ch 0 0 1 l ch (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 with: A k = e A * T e B k = A -1 * (e A * T e -Id) * B (6)
To assure an direct control, equation 6 have to be inverted to obtain required average at the output of inverter.

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 ab v k BC -v k bc (7)
All the parameters used for calculate coefficients are constant, that guaranties a good control model. To assure a best control of the current and to be independent of the calculation, sampling times, a model at the time k + 1 is used and is described 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 with:    K 1 = B -1 k K 2 = -B -1 k * A 2 k K 3 = -B -1 k * A k * B k (8) 
The recurrence 8 obtained is dependent of the next values of voltage and current. In the next paragraph, the use of this recurrence will be explain.

Direct predictive control of the multicell active filter

The direct predictive control 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 8. The direct predictive control system of the active filter is presented on the figure 4 and is composed of four main blocs:

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 frame. The active component is defined as the scalar product and the instantaneous reactive power as the vectorial product.

The references are calculated with the power and the instantaneous voltage. On the composed frame, the principle of the method do not change as long as the network have no neutral point connected. This particular frame has one advantage because the neutral point of the network is not necessary, only the composed voltage.

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 and sinusoidal. At each switching time, the equation 8 gives the next average voltages which has to be applied to the inverter. In this frame, 3 variables (N A ,N B ,N C ) are used to control only 2 state variables (V AB ,V BC ) (Eq.3). On figure 5(a), 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. N k i can take continuous values between 0 and 3 and is comparable to the duty cycle of a classical inverter. The system obtained is described on equation 9, 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    (9)
The equation 9 is an 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.

   N k+1 A N k+1 B N k+1 C    = A † * V k+1 AB V k+1 BC ( 10 
)
Equation 10 shows that the orders of control are not completely determined. The three orders of control could be represented in a three-dimension frame given in figure 5(b). For example, if

V k AB =2 * E/3
and V k AB =-1 * E/3 are the next orders of control calculated, there is a lot of solution which respect this orders. On the figure 5(c), all the point placed on the line which is include in the cube are solution. The two-extreme solution (2, 0, 1) and (3, 1, 2) are solution if we calculate the resulting output:

     V k AB = N k A -N k B * E 3 2 * E 3 = (2 -0) * E 3 = (3 -1) * E 3 V k BC = N k B -N k C * E 3 - E 3 = (0 -1) * E 3 = (1 -2) * E 3 (11) 
The choice of one solution is determined by the desired characteristics. The common mode voltage can be reduced, the number of commutations could be deceased, the control of flying capacitor could be ameliorated... This is not the aim of this publication to demonstrate all this point. For the work presented, we choice the point at the center of the line if the solution exists. If there are no solution, we take the point which is the nearest of the solution.

D: Balancing of flying capacitor and DC capacitor:

The control of balancing of flying capacitor is the aim of another publication. It consists to apply goods averages outputs voltages on a period, which balance at the same time flyings capacitors. DC bus is regulated by injecting active component on the current reference.

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 multicell filter, the THD of current is decreased from 25% to less than 1% (Table III). 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]. 

Bandwidth of the association: predictive control and multicell active power filter

To demonstrate the excellent bandwidth of the filter, a current load is added to increase the 23th-harmonic level to 2A. Figure 8 shows the harmonics spectrum between 400Hz and 6000Hz of the load and the network. The 23th-harmonic level is considerably decreased (2A to 0.5A) with a switching frequency of the filter of only 2.5kHz. 

Results for a non-equilibrate load

To test the effectiveness of the presented control method, a test is made with a non-equilibrate load. The load and the network currents are given on the figure 9 which shows the good filtering and equilibrate operation. The analysis (cf. tab IV) of current amplitudes and THDs of the three phases shows that the value of flying capacitors have not a real influence. This control method allows to equilibrate current correctly. 

Conclusion

The direct predictive control applied to a multicell inverter is well adapted to the active filtering operation. The bandwidth is considerably increased. Results of the simulation with a switching frequency of 2.5kHz are comparable to the ones obtained with a classical inverter switching at a 10kHz frequency. Advantages of this solution are multiple, the current ripple can be reduced thanks to the 4 levels of the inverter output and the switching frequency is weak, so the switching losses on the interrupters can be decreased. The computing time of the control is really short, due to the use of commutation tables (calculated off-line) to control the inverter and the simplicity of the predictive control applied.

Figure 1 :

 1 Figure 1: Configuration (C i = 4) for a three-cell inverter
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 2 Figure 2: Flying capacitor inverters with R,L,E charge
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 3 Figure 3: (a) Voltage outputs in the composed voltage frame, (b) vectotial voltage diagram
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 4 Figure 4: Description of control operations
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 5 (a) representation of the output voltage, (b) order control frame, (c) exemple of solutions
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 6 Figure 6: Electrical configuration of active filter

  0.28 0.85% The evolution of capacitor voltage is shown on the figure 7(b), it correspond to the start of active filter and the effect of some load variation. The flying capacitor voltage are balanced on an interval of 10% of nominal value with only 200F flying capacitors. For the DC bus, the regulation is efficient and allows to have small DC ripple.

  Figure 8: Harmonic composition of the currents of load (a) and network (b)

Figure 9 :

 9 Figure 9: Unbalanced current of the load and the network

Table I :

 I Configuration and capacitor voltage tendency for a three-cell inverter

Table II

 II 

		: simulation parameters
	V bus	600V		P load	12kW
	C bus	1.5mF		T sampling	5kHz
	L f ilter	5mH		T switching 2.5kHz
	U network 220V	C f lyingcap 200µF
	The figure 6 presents the electrical configuration and the table II gives the principal parameters.
					I network
	V bus	Multicel Active	I filter
		Filter		
					I load
				Non linear
					load

Table III :

 III Harmonics current levels (A)

		I f ond	I h7	I h11	I h13	I h17	I h19 I h23 I h25	T DH
	I load	17.15 7.7 3.45 0.34	0.85 0.48 0.39 0.28 24.5%
	I network 17.25 0.27 0.13 < 0.1 < 0.1 0.19 0.17

Table IV :

 IV Unbalanced currents analysis

			I load	I network
		phase		C=200µF C=400µF
	I f ond	A	19A	16.1A	16.2A
	T HD		21.2%	0.22%	0.21%
	I f ond	B	13.3A	16.2A	16.2A
	T HD		18.9%	0.22%	0.22%
	I f ond	C	16.5A	16.4A	16.3A
	T HD		21%	0.26%	0.25%