An hybrid control approach of the p-q-r power theory applied to a 3 phase 4 wire active power filter is proposed. The mathematical model developed is based on the direct power control theory. This technique inherits not only the simplicity of the conventional direct power control but also offers a good dynamic response in active filtering. The analysis is verified using the PSIM simulation software.
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Hybrid Direct Power Control using p-q-r Power Theory Applied on 3-Phase 4-Wire Active Power Filter

Tri D. Rachmildha * , Ana Llor * , Maurice Fadel * and P.A. Dahono ** , Y. Haroen ** INTRODUCTION The active filters have been widely used to compensate the harmonic currents caused by the nonlinear loads of the electrical systems. Most of these active filters use the conventional control method based on the measurement of the load currents and are implemented using a multi-loop structure with PI current control. This multi-loop structure consists of an inner-loop which regulates the current and the outer loop to control the dc capacitor bus voltage. The inner loop has a faster dynamic response compared to the outer one. The size of the dc capacitor will determine its ability to stabilize the dc bus voltage during the transient state [START_REF] Benhabib | New control approach for four-wire active power filter based on the use of synchronous reference frame[END_REF], [START_REF] Riyadi | A new control strategy for three-phase shunt active power filter that based on source instantaneous power[END_REF].

The development of the active filters has been enhanced along with the PWM technique applied to the converters such as inverters and rectifiers. Besides the researches concerning the reduction of the sensors [START_REF] Riyadi | A new control strategy for three-phase shunt active power filter that based on source instantaneous power[END_REF], [START_REF] Noguchi | Direct power control of PWM converter without power-source voltage sensors[END_REF], many PWM techniques have been proposed to increase its performance or to simplify the implementation. One of them is the Direct Power Control (DPC) method [START_REF] Chen | Direct Power Control of Active Filter with Averaged Switching Frequency Regulation[END_REF] based on the Direct Torque Control (DTC) used commonly in the high performance induction motor drive systems. The DTC is able to control 2 variables (torque and flux) directly and simultaneously, similar to DPC, which controls active and reactive powers [START_REF] Ohnishi | Three phase PWM converter/inverter by means of instantaneous active and reactive power control[END_REF].

In this paper, the hybrid direct power control is proposed. This new control approach optimizes the performance during each calculation sample according to a certain criterion [START_REF] Senesky | Hybrid Modeling and Control of Power Electronics[END_REF], [START_REF] Hedlund | Optimal control of hybrid systems[END_REF]. Different from the normal direct power control, the hybrid control not only removes the use of modulation but also does not need the hysteresis control. The mathematical expressions are derived to clarify the technique. This method will be applied to a 3 phase 4 legs active power filter with p-q-r power theory. To verify the method, a digital simulation will be done.

II. ACTIVE POWER FILTERING WITH THE P-Q-R THEORY

In the p-q-0 theory proposed in [START_REF] Afonso | Active Filters with Control Based on the p-q Theory[END_REF], [START_REF] Akagi | The theory of instantaneous power in three-phase four-wire systems: a comprehensive approach[END_REF], the strategy to eliminate the neutral current in the source side is to add the zero-sequence active power absorbed by the load to be provided by the source through the phase line. Thus it is clear that there will be interaction between the active power variables, especially if the active power filtering is wanted not to use energy storage element. In the case of a distorted or unbalanced voltage source, to control the phase and neutral current separately, the system requires additional instantaneous active power. This will distort the phase current waveforms [START_REF] Kim; Blaabjerg | Instantaneous power compensation in three-phase systems by using p-q-r theory[END_REF].

In the p-q-r power theory, the strategy to eliminate the neutral current is rather different. Instead of providing the active power, the p-q-r theory has successfully defined the exact amount of reactive power to control in order to force the neutral current to zero. Since the controlled variable is a component of reactive power, there will be no issue regarding the use of energy storage element.

The p-q-r power theory is based on the source voltage vector [START_REF] Kim; Blaabjerg | Instantaneous power compensation in three-phase systems by using p-q-r theory[END_REF], [START_REF] Kim; Akagi | The instantaneous power theory on the rotating p-q-r reference frames[END_REF], [START_REF] Fang | Generalized instantaneous reactive power theory for three-phase power systems[END_REF]. The active and reactive powers which are delivered to the load are defined using this source voltage vector. This means that there will be only one voltage variable. Also, in this power theory, the powers are decomposed into 3 types, one of them is the active power and the other 2 are the reactive powers.

The voltage and current variables in the p-q-r theory are calculated based on the variables in (αβo) system. These αβo variables can be obtained from the (abc) system with the transformation expressed in equation (1). 0
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where , , a b c X X X are the variables (voltage and current) of the source in the (abc) system, and 0 , , X X X α β are the variables in the (αβo) system.

The modulus of voltage vector p v can be defined as :
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where v α , v β , and v 0 are the voltage variables in the (αβ0) system.

If i α , i β , and i 0 are the currents in the (αβ0) system, the current variables in the (pqr) system, i p , i q , and i r , can be expressed as

0 . p q r i i i i i i α β ⎡ ⎤ ⎡ ⎤ ⎢ ⎥ ⎢ ⎥ = ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎣ ⎦ ⎣ ⎦ pqr T (4) 
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To obtain the variables of the (αβo) system back from the (pqr) system, the inverse process can be done by using the transformation matrix in equation ( 4).The result is shown in equation ( 8):
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The definition of the power variables in the p-q-r system is shown in equation [START_REF] Akagi | The theory of instantaneous power in three-phase four-wire systems: a comprehensive approach[END_REF].
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where p is the active power while q r and q q are the 2 non-active powers.

From equation ( 9), it is clear that the power variables are directly related to the current variables. Thus, working with the current variables will give the same comprehension as if it is done using the power variables.

The p-q-r power theory offers the degree of freedom equals to 3, which means that it is possible to regulate each power variable without affecting the other variables. Figure 1 shows the representation of the different power variables p, q q , and q r in the (pqr) system reference. The active power filtering of an electrical system involves 2 objectives, i.e. the elimination of the neutral current and to obtain sinusoidal balanced phase currents at the source side.

The elimination of the neutral current can be done if the current vector can be forced to be maintained on the αβ plan [START_REF] Kim; Blaabjerg | Instantaneous power compensation in three-phase systems by using p-q-r theory[END_REF]. Hence, the i 0 component should be equal to 0. From equation [START_REF] Afonso | Active Filters with Control Based on the p-q Theory[END_REF], considering only the i 0 component, equation ( 10) can be obtained as :
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To force i 0 = 0, the relation in equation ( 11) should be satisfied, as:

0 r p v i i v αβ = - (11)
The mathematical relation expressed in equation [START_REF] Kim; Akagi | The instantaneous power theory on the rotating p-q-r reference frames[END_REF] explains the benefit of the reactive power decomposition. This equation has successfully distinguished the particular part of reactive power which must be regulated to force the neutral current to zero in the source side.

The second objective of the active power filtering, i.e. sinusoidal balanced phase currents can be obtained if i p and i q of the source are constant values. Since the nonlinear load absorbs rippled powers, the existence of the active filter should be able to compensate these ripples. Thus, in the source side, i p will be forced to have only the dc value, and i q will be always zero. Meanwhile the active power filter will provide the ripple component of i p and all the i q to the load.

Figure 2 shows the active power filtering in the p-q-r theory, where : I p_dc : average value of i p i p_ac : ripple component of i p i r_nc represents the reactive power for neutral current compensation, where :
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. Active power filtering using p-q-r system Figure 2 shows that the source provides for the load only the average value of the active power, while the other power components will be compensated by the active power filter. The active power filter also give, i r_nc , the small part of reactive power to the source for neutral current compensation as stated previously in the equation [START_REF] Kim; Akagi | The instantaneous power theory on the rotating p-q-r reference frames[END_REF].

Seeing only the active power filter side in Figure 2, the 3 current shown should be provided by the active power filter. Therefore these values will be determined for the acrive power filter as the references : i p_ref , i q_ref , and i r_ref , where :

_ _ p ref p ac i i = - (13) ( ) _ _ r ref r r nc i i i = -+ (14) _ q ref q i i = - (15) 
III. GENERAL MATHEMATICAL MODEL It is easier to derive the mathematical expression starting with 3 phase 4 wire model of the source-converter connection as shown in Figure 3.

From this figure, it is clear that for each phase, there will be a mathematical relation as:
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where: v a_L , v b_L , v c_L are the inductor voltages of phase a, b, and c respectively. v a , v b , v c are the source voltages and, v u , v v , v w are the ac side converter voltages.

From equation ( 16), the evolution of the currents can be represented in discrete form as:
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Using the transformation in (1), the equation ( 11) is expressed: The converter represented in Figure 3 has 16 different switching states, which are presented in Table 1. The corresponding ac voltages are also calculated. 
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S 1 S 2 S 3 S 4 represents the switching states where it has been considered that S n = 1 means that Tr n (in Figure 3) is closed and Tr n ' is opened, for n = 1,2,3,4. E d will be the dc side voltage of the converter. Figure 4 shows the representation of the 16 ac side voltage vectors in the αβ0 system. 

IV. HYBRID DIRECT POWER CONTROL

The objective of the hybrid direct control is to apply directly (without voltage modulation) the best voltage vector of the converter in order to approach the current objective point defined, at each time instant t k , by the equations ( 13) -(15).

It is then possible to define new variable ΔI as :

_ _ 0 _ 0 ( 1) ( 1) 
( 1)

ref ref ref i i k i k i k i i α α β β ⎡ ⎤ ⎡ ⎤ ⎢ ⎥ ⎢ ⎥ Δ + = + - + ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎣ ⎦ ⎣ ⎦ I (19)
where (i α_ref , i β_ref , i 0_ref ) are the reference values for the i α , i β , and i 0 obtained after the transformation from (pqr) to (αβ0) system.

The substitution of the equation ( 18) into the equation (19) yields:
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A new variable ( )

1 k + N I
can be introduced, which represents the known variables in equation ( 20), as:
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Equation ( 20) can now be expressed as:
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Since the objective is to find the minimum value of ( 1) k Δ + I among the result of the application of the 15 different voltage vectors, all of them should be tested in equation ( 16). This equation is represented in Figure 5, where only the voltage vectors approaching the destination point (D), in a particular case, are represented. To choose the best vector to apply, it is possible to use the angle between the I N (k+1) direction and the different voltage vectors, which can be considered fixed in a sampling time period. Thus, assuming that the vector length of voltage vector multiplied by T L Δ are much less than the vector I N (k+1), the largest angle between the two vectors will define the correct voltage vector to select for the next sampling period.. In this case the vector v 2 is chosen and its application during 3 sampling periods will approach the system from the origin point (O) to the destination point (D). If the ΔT is small enough, the voltage vectors can be considered as linear. This value will also determine the maximum length of the voltage vectors, and hence the maximum application time.

V. SIMULATED RESULTS

To verify the proposed control method, a digital simulation using PSIM has been done. Figure 6 shows the whole simulation circuit. Three single phase diode rectifiers are used as the non-linear loads. The simulation will be done under these following conditions: 3 identical loads with unbalanced source voltage without and with injected third harmonic, non identical 3 phase loads with balanced source voltage, and non identical loads with unbalanced harmonic injected source voltage. 

A. Identical Loads, Unbalanced Source

The simulated results under this condition are showed in Figure 7. From this figure, it can be seen that the active power filter works successfully to provide the active filtering in the 3 phase lines. While the load currents contain harmonic and are unbalanced, the source phase currents are successfully forced to be sinusoid and balanced. The frequency spectrum of the source and load currents can be shown in Figure 8 where a significant harmonic reduction is noted.

The active power filter has also successfully compensated the neutral source current. Figure 9 shows the comparison between source and load neutral current. The load neutral current is detected having a peak value of about 10 Ampere, while the source neutral current is forced around 0. 

B. Identical Loads, Unbalanced and Harmonic Injected Source

Figure 10 shows the simulated results under this conditions. Note that the phase c voltage rests lower compared to the others to demonstrate the unbalanced source. Here the phase currents are still successfully forced to be sinusoid and balanced, as shown in their frequency spectrums in Figure 11. Figure 12 shows the comparison between the source and load neutral current.

C. Non-identical Loads, Balanced Source

The problem with non-identical loads for each phase is the unbalanced source current. Figure 13 shows that the active power filter has succeeded to balance the source current and can be confirmed clearly by the source current spectrum in Figure 14. 

D. Non-identical Loads, Unbalanced and Harmonic Injected Source

In this case, both the source and the loads are not balanced. The objective of balancing the source current and eliminating the source neutral current is successfully achieved. Figure 16 shows the waveform of the source and load current. In this figure, the source currents are sinusoidal and balanced and the spectrum in confirms it. The elimination of neutral current can be observed in . VI. CONCLUSION A hybrid control technique for direct power control has been applied on 3 phase 4 wire active power filter using pq-r power theory. The technique has the calculation simplicity of direct power control as it is not necessary to use current regulator for each phase. It also shows a good dynamic response as it's well tested in active power filter.

The hybrid control technique gives also the possibility for others optimization in power electronic application.

The choose of criterion would be the main concern on this method while the calculation simplicity can be still maintained.
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 6 Figure 6. Simulation circuit The simulation parameters are set as follows: the sampling period is fixed to 20 µs, L filter = 5 mH, L s = 1 mH, C dc = 2200 µF. The amplitude of balanced 3 phase sources is normally 220 V. For unbalanced source, the phase c is set 200 V. The injected third harmonic voltage is 40 V (18%). Identical loads use the same resistors, inductors and capacitors with the values are 20 ohm, 20 mH, and 220 µF respectively. When using non-identical load, the resistor in the load of phase c is set to 10 ohm.A. Identical Loads, Unbalanced SourceThe simulated results under this condition are showed in Figure7. From this figure, it can be seen that the active power filter works successfully to provide the active filtering in the 3 phase lines. While the load currents contain harmonic and are unbalanced, the source phase currents are successfully forced to be sinusoid and balanced. The frequency spectrum of the source and load currents can be shown in Figure8where a significant harmonic reduction is noted.The active power filter has also successfully compensated the neutral source current. Figure9shows the comparison between source and load neutral current. The load neutral current is detected having a peak value of about 10 Ampere, while the source neutral current is forced around 0.
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