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New hybrid control approach of the pq control theory applied to the 3 phase 4 wire active power filter is proposed. This technique inherits not only the simplicity of the conventional direct power control but also offers a good dynamic response in active filtering. In this paper, the proposed control method is implemented for two different instantaneous power theories, i.e. p-q-0 and p-q-r power theory. The comparison between them is oriented around the harmonic contain of the source current for each method and the unbalanced current index. The analysis is verified using the PSIM simulation software.

INTRODUCTION

The instantaneous power theories have been interesting issues in the power quality field, especially its utilisation for analyzing the performance of electrical system and for the active power filtering. The formerly known p-q-0 theory, introduced in 1987 by Akagi, has changed the paradigm of active filtering from steady state to instantaneous power compensation. This theory also involves the source current balancing issue which can not be accomplished using the current-waveform based active filtering.

Following the p-q-0 theory, the latest power theory, p-q-r theory, has been recognized to have the best form for the power representation of electrical system. The p-q-r power theory has defined the power into 3 orthogonal variables which means can be changed separately without affecting each other. Thus it has 3 degree of freedom.

In the p-q-0 theory proposed in [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 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.

In the p-q-r power theory, the strategy to eliminate the neutral current is rather different. Instead of providing active power, the p-q-r theory has successfully defined the exact amount of reactive power to control 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.

In this paper, the two methods are implemented using the direct power control with hybrid approach [START_REF] Senesky | Hybrid Modeling and Control of Power Electronics[END_REF][START_REF] Hedlund | Optimal control of hybrid systems[END_REF]. A comparison between them will be an interesting issue to study. The comparison will involve the benchmarking of the source power quality, i.e. source current THD and unbalance current index in the source side. All of the simulation will be run on PSIM.

II.

THE ACTIVE POWER FILTERING WITH P-Q-0 THEORY Fig. 1 shows the power flow diagram according to p-q-0 theory in an electrical system with nonlinear load [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]. p is the instantaneous active power. p and p % are dc and ripple components of p respectively. p 0 is the instantaneous zero sequence active power and 0 p and 0 p % are dc and ripple components of p 0 respectively. q is the instantaneous non-active (reactive) power. In the p-q-0 theory, the calculation of the powers can be represented by :
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where : -0 , , X X X are the voltages and currents variables in ( 0)

system. All the values in ( 0) reference can be obtained using the transformation :

. X a X X b X X c = T 1 (2) 
With :
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where , , a b c X X X are the variables in the (abc) system. In the active power filtering, p and 0 p will be transferred permanently from the source to the loads, thus these power components will be the only components which are wished to be supplied by the source. The other power components can be compensated by the active power filter as shown in Fig. 2.
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Electric system with nonlinear loads and active power filter. 0 p will be absorbed first by the filter through the phase lines and then be transferred to the loads through the neutral line.

The transfer process of 0 p can be done by compensating the neutral current which will also include the case where the source voltage is balanced, i.e. v o = 0. The active power filter will be formed by the 3 phase 4 legs converter. In accordance with Fig. 2, this converter should be able to absorb 0 p and to provide 0 p % and q in the 3 phase lines, so that 0 ref p p p = % and ref q q = will be considered as the reference power values used to control the converter. In the other hand, the compensation of neutral current is carried out by the fourth leg of the converter using a PI current regulator. In the proposed method, the 3 phase part of the converter will be regulated by using direct power control with hybrid approach.

III.

3-PHASE 3-LEG SOURCE-CONVERTER MATHEMATICAL MODEL Fig. 3 shows the three phase source-converter representation.

From this figure there will be a mathematical relation as :

La a a u Lb b b v Lc c c w v i v v d v L i v v dt v i v v = = (5) 
where v La , v Lb , v Lc 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. The three line phase voltages are assumed sinusoid and balanced and are given by :

( ) ( ) (
)
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V m is the maximum value of the voltages and t = , is the source's angular frequency. From Eqs. ( 1) and ( 2), the instantaneous powers p and q can be presented in Eq. ( 9).

( ) ( ) ( ) ( ) sin cos 6 cos sin 2 p v v i i V m i i q v v = = (7) 
New variables i p and i q can be defined from the transformation of i and i shown in Eq. ( 8).

.

i i p i i q = T 2 ; with ( ) ( ) ( ) ( ) sin cos cos sin = T 2 (8) 
While the relation between the instantaneous powers and these currents is shown in Eq. ( 9)

6 . 2 p i p V m q i q = (9)
From Eq. ( 9), it is easy to see that if the instantaneous powers are defined as the reference values p ref and q ref , the reference currents, i p and i q , can be directly determined. However, to regulate directly i p and i q , it is necessary to know its mathematical relation with the converter voltage. Combining the Eqs. ( 3), [START_REF] Afonso | Active Filters with Control Based on the p-q Theory[END_REF], and (9), Eqs. ( 10) and (11) will be obtained as follow :

6 2 i V v Li d p q m cp L i dt q v Li p cq + = (10) 
where :

v u v cp v v v cq v w = T T 2 1
. .

If the dc side converter voltage is E d , the possible values of the ac side converter voltages as function of the switch states (vectors) and their transformed values can be calculated and are shown in Table 1.

Table 1. ac side converter voltages and their transformed values v cp and v cq In this section, the proposed method i.e. the hybrid direct power control will be explained. It is based on the conventional direct power control which has been modified to improve its performance.

v u v v v w v cp v cq S 1 S 2 S 3 (vector) 3 E d × 2 3E d × 101 1 -2 1 sin( ) 3 + cos( ) 3 + 100 2 -1 -1 sin( ) cos( ) 110 1 1 -2 sin( ) 3 cos( ) 3 010 -1 2 -1 2 sin( ) 3 2 cos( ) 3 011 -2 1 1 sin( ) cos ) ( 001 -1 -1 2
Combining Eqs. ( 9) and (10), it is possible to express the powers as the function of the converter voltages as :

6 2 2 3 6 2 2 3 m L dp V v q cp V V dt m m dq L L v p cq dt V m + = (12) 
From Eq. ( 12), the values of p and q can be directly determined by v cp and v cq . If the voltage E d is assumed constant over a small period of time, v cp and v cq can be calculated instantaneously as the function of E d and , as already done in table 1. Also, if the change of p (and q) is supposed linear during this small time, Eq. ( 12) can be expressed in the sampled form shown in Eq. ( 13).
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T will be the sampling period. p(k) (and q(k)) are the sampled powers, whereas p(k+1) (and q(k+1)) are their next values in the next sampling period. v cp (k) and v cq (k) are the converter voltages to apply during the switching period. To express the next values of powers as the function of all the current variable values, Eq. ( 13) is easily changed to Eq. ( 14). 
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Since there are only 7 combinations of the converter voltages, it is possible to do the selection among these voltages that can enable the active power filter to approach the reference values p ref and q ref . This technique is normally known as the hybrid control [START_REF] Senesky | Hybrid Modeling and Control of Power Electronics[END_REF][START_REF] Hedlund | Optimal control of hybrid systems[END_REF]. As the control criterion, the of the apparent power between reference and the actual point will be used. Fig. 4 illustrates the control criterion. S ref is the apparent power reference value and is defined as : After obtaining the present value of power, (p(k) and q(k), and calculating S(k)), it is possible to estimate the next values of powers (p(k+1), q(k+1), S(k+1)) led by each converter voltage vector by using Eq. ( 14). Since there are 7 different converter voltages, there will be 7 values of S(k+1). Among these values, there will be one which is the closest to S ref .

To calculate the distance between S(k+1) and S ref , S is introduced in Eqs. ( 16) and ( 17).

( ) ( ) ( )

( ) ( ) ( ) 2 2 2 1 1 ref ref S p p k q q k = + (17)
The vector which brings the S minimum will be selected for the switching period.

V. ACTIVE POWER FILTERING WITH P-Q-R THEORY

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 loads 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.

Figure 5 shows the active power filtering in p-q-r theory. In Figure 5, the source provides only the average value of active power while the other power components will be compensated by the active power filter.

The following shows the transformation toward p-q-r system.

The modulus of voltage vector, p v , can be defined as :

2 2 2 0 p v v v v = + + (18)
where v , v , and v 0 are the voltage variables in ( 0) system. The current variables in p-q-r system, i p , i q , and i r , can be expressed as in equation (19). where :

0 0 0 0 0 0 0 0 0 0 v v v v v v v v v v v v v v v v v v v v = pqr T ( 20 
)
where :

2 2 v v v = + (21) 2 2 2 0 0 v v v v = + + (22)
To have the variables of ( 0) system back from (pqr) system, it is possible to do the inverse process of the transformation matrix in equation ( 19), and the result can be shown in equation ( 23).

0 0 0 0 0 0 0 1 0 p q r v v v v v v v i i v v v v i v i v v v i i v v = ( 23 
)
The definition of power variables in p-q-r system can be shown in equation ( 24).

1 0 0 0 1 0 . 0 0 1 p r p q q r p i

q v i q i = ( 24 
)
where p is active power while q r and q q are the 2 non-active powers.

From equation ( 24), it is clear to see 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 power variables.

The elimination of neutral current can be done if the current vector can be maintained on the plan. Hence, the i 0 component should be equal to 0. From equation ( 23), writing only for the i 0 component, equation ( 25) can be obtained as :

( )

0 0 0 1 p r i vi v i v = + (25) 
To force i 0 = 0, the relation in equation ( 26) should be satisfied, as :

0 r p v i i v = (26)
The mathematical relation expressed in equation ( 26) explains the benefit of the reactive power decomposition. This equation has successfully distinguished the particular part of reactive power which can be to force the neutral current to zero.

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 equal to constant values. Since the non-linear 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. These 3 equations below summarize the reference values which will be used by the active power filter :

_ _ p ref p ac i i = (27) 0 _ r ref r p v i i i v = + (28) _ q ref q i i = (29) VI.
3-PHASE 4-LEG SOURCE-CONVERTER MODEL Figure 6 shows the 3-phase 4-leg source-converter configuration. From this figure, it is clear that for each phase, there will be a mathematical relation as :

La a a u Lb b b v Lc c c w v i v v d v L i v v dt v i v v = = (30) 
where -v La , v Lb , v Lc 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. Rewriting equation (30) in sampled form, yields :

( 1) ( ) ( ) ( ) a a u a b b v b c c w c i v v i T i k v k v k i k L i v v i + = + (31) 
Using the transformation in (1), the equation ( 31) is expressed:

_ _ 0 0 0 _ 0 side converter voltage ( 1) ( ) ( ) ( ) c c c ac i v v i T i k v k v k i k L i v v i + = + 1424 3 (32) 
Equation ( 32) gives a direct relation between the evolution of currents and the ac side converter voltage in ( 0) system. From Figure 6, ac side converter voltage as the function of the switching state can be presented as shown in table 2. In this section, the proposed method i.e. the hybrid direct power control will be explained. 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 ( 25)-( 27). The hybrid control will select among 16 converter voltage vectors to approach the reference values p ref , q qref , and q rref . The minimisation of the apparent power between reference and the actual point will be used as the control criterion. Figure 7 illustrates the control criterion. Point "O" is the point "origin" and "D" is the point "destination" after an application of a voltage vector.

Table 2. ac side converter voltage as a function of switching state

v u v v v w No.
S ref is the apparent power reference value and is defined as :

2 2 2 _ _ ref ref q ref r ref S p q q = + + (39) 
After obtaining the present values of power, (p(k) and q q (k), q r (k) and calculating S(k)), it is possible to estimate the next values of powers (p(k+1), q q (k+1), q r (k+1), hence S(k+1)), led by each converter voltage vector by using equation (35).

To calculate the distance between S(k+1) and S ref , S is introduced in equations ( 40) and (41).

( ) ( ) ( )

2 2 2 2 q r S p q q = + + (40) ( ) ( ) ( ) ( ) ( ) 
( )

2 2 2 2 _ _ 1 1 1 ref q ref q r ref r S p p k q q k q q k = + + + + + (41) 
The vector which brings the S minimum will be selected for the switching period. To verify the 2 control methods, a digital simulation using PSIM has been done. The simulation schema can be shown in Fig. 8. The sampling period is fixed to 20 Ms, L filter = 5 mH, C dc = 2200 µ F, V ph-ph = 380 V, Vdc_ref = 700 V.

The system using pq0 theory uses PI current regulator for the 4 th leg with triangular carrier frequency of 5 kHz. Figure 9 shows the waveform of the load and source currents for each used method. The source current resulted using pqr theory appears to be better then the ones of pq0 theory as represented in spectrum shown in figure 10. Table 3 shows the summary of each method. In this table, the number of calculation, THD of the source current, and the unbalanced current index are used as the comparison terms. The system with pqr theory needs a lot of calculation for one vector selected; hence it will need a fast computing hardware for the implementation. The results are slightly better from the
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system using pq0 system, shown in source current's THD and unbalance current index. 

IX. CONCLUSION

In this paper, the hybrid approach is used for the direct power control implemented in active power filter. Two different power theories, i.e p-q-0 and p-q-r theory are used. If the implementation hardware is a constraint, the system using p-q-0 is recommended to be utilised, as it needs small number of calculation with a satisfying result. However, with the pqr power theory, it is possible to have a better quality, but the number of calculation grows significantly.