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New definition for active current in case of perturbed source voltages is developed and employed as reference compensation currents for an active power filter. In this paper, different control methods using the instantaneous power theory approach are applied to the 3-phase 4-wire splitcapacitor Shunt Active Power Filter (SAPF). The control techniques that have been considered for comparison are: the original p-q method, the modified p-q, the pseudo-mapping matrix, the p-q-r theory, the NF p-q method, and the proposed Direct Control for Active Power (DCAP) novel method issued from the novel definition of active current. All these control schemes are compared in two aspects. First, a qualitative comparison, based on simulation results, is performed on the source and neutral currents in all cases of sine-wave/distorted and balanced/unbalanced source voltages. Then, a quantitative comparison is carried out to evaluate the performance of each method in different operating conditions. Three indexes are used for this assessment: 1) the current Unbalance Factor (UFi) in accordance with IEEE 1195-1995, 2) the Total Harmonic Distortion (THD), and 3) the rate of neutral current compensation. It will be proven that the DCAP method ensures sinusoidal and balanced source currents with a THD and an UF that meet the standard requirements in all cases of operation, as well as a compensated neutral current on the source side.

I. INTRODUCTION

Nonlinear loads such as televisions, compact fluorescent lamps, personal computers and multimedia devices, phone chargers and battery chargers for electric vehicles, variable speed drivers in addition to other tertiary sectors and industrial loads are increasingly used in power distribution networks. All these devices absorb a non-sinusoidal current that increases the current and voltage THD [START_REF] Sharma | Harmonic impacts of widespread use of CFL lamps on distribution systems[END_REF], generates a noticeable circulating current in the neutral line [START_REF] Desmet | Analysis of the Neutral Conductor Current in a Three-Phase Supplied Network With Nonlinear Single-Phase Loads[END_REF] for 4wire distribution networks, and causes additional losses in the power transmission lines and transformers [START_REF] Masoum | Derating of Asymmetric Three-Phase Transformers Serving Unbalanced Nonlinear Loads[END_REF]. It has been shown in [START_REF] Mcbee | Evaluating the long-term impact of a continuously increasing harmonic load demand on feeder level voltage distortion[END_REF] that the voltage distortion can exceed levels set by IEEE 519 [START_REF]IEEE Recommended Practice and Requirement for Harmonic Control in Electrical Power systems[END_REF] due to the progressive use of nonlinear devices.

The SAPF was already presented as a solution for improving Power Quality (PQ) [START_REF] Nohra | A Four-leg active power filter for harmonic mitigation and reactive power compensation in unbalanced loads systems using CFL technology[END_REF] but researches are needed to improve the quality of the compensation, predominantly, when main voltages are distorted and/or unbalanced [START_REF] Depenbrock | Concerning "Instantaneous power compensation in three-phase systems by using p-q-r theory[END_REF].

The main objective of any compensation is to have a sinusoidal and balanced system of source currents, with unity power factor, that induces a null current in the neutral conductor.

Since the first Instantaneous Reactive Power (IRP) theory, known as the original p-q method [START_REF] Akagi | Instantaneous Reactive Power Compensators Comprising Switching Devices without Energy Storage Components[END_REF] for harmonic and reactive power compensation in active filter applications for 3-wire distribution system, many study have been done on the instantaneous power theory [START_REF] Nabae | A new definition of instantaneous activereactive current and power based on instantaneous space vectors on polar coordinates in three-phase circuits[END_REF][START_REF] Fang | Harmonic and reactive power compensation based on the generalized instantaneous reactive power theory for three-phase four-wire systems[END_REF] and several methods have been developed for 4-wire distribution systems under perturbed main voltages, like the modified p-q and the pseudo mapping matrix [START_REF] Akagi | The theory of instantaneous power in three-phase four-wire systems: a comprehensive approach[END_REF], p-q-r theory [START_REF] Kim; Blaabjerg | Instantaneous power compensation in three-phase systems by using p-q-r theory[END_REF] and the NF p-q method [START_REF] Hanna Nohra | A control strategy in Active Power Filter for power quality improvement[END_REF]. A comparison is made between the original p-q and the Modified p-q in [START_REF] Akagi | The theory of instantaneous power in three-phase four-wire systems: a comprehensive approach[END_REF] without showing the superiority of one relative to the other.

In [START_REF] Herrera | Instantaneous Reactive Power Theory Applied to Active Power Filter Compensation: Different Approaches, Assessment, and Experimental Results[END_REF], a comparison was established between, among others, the original p-q, modified p-q and p-q-r methods for 3-cases of voltages conditions that conclude that these methods cannot give a sinusoidal system of source currents in the case of perturbed voltages.

All these methods are based on the principle of instantaneous power compensation and, they have the same performance in the case of sinusoidal source voltages but their results are different when voltages are perturbed. A direct control for active power (DCAP) method is proposed by the authors to mitigate harmonic and reactive power in 4-wire distribution systems under perturbed source voltages. This method is compared to all others for four-case of source voltages: sinusoidal and balanced, unbalanced, balanced but perturbed and unbalanced and perturbed.

All above-mentioned methods need the same measurements to perform their control algorithm such as 3phase load currents, 3-phase filter currents and, 3-phase voltages source measurements.

This paper is organized as follows. In Section II, a presentation of the six strategies listed above is established. In section III, The simulation results for the waveforms of source currents and neutral current for the modified p-q, p-q-r and the new DCAP method using Psim are presented and discussed for four-cases of source voltages. In Section IV, a comparison is made on the performances of the six methods, using radar charts, based on the unbalance factor, THD and the rate of compensation for neutral current. The paper ends with some concluding remarks in Section V.

II. CONTROL STRATEGIES

The Original p-q theory also called the Instantaneous Reactive Power (IRP) theory was developed and has been considered as the base of the analysis for compensation techniques. The IRP was defined in abc/αβ frames, mainly, for three-phase systems. This method cannot reach the objective mentioned above in term of balanced source currents in case of distorted source voltages for 4-wires distribution systems but the neutral current can be compensated.

The modified p-q theory presented and developed in takes into account the zero-sequence power component and is based on a modification on the concept of powers existing in an electrical circuit, however, three instantaneous reactive powers and one instantaneous active power have been considered in the modified p-q theory. This method cannot eliminate the neutral current in 4-wires system, which leads to unbalanced source currents. In addition, source currents are distorted if the ac voltages are distorted.

An artificial voltage is added in the mapping matrix of the modified p-q theory that leads to the Pseudo mappingmatrix method. This method can eliminate the current in the neutral conductor, but the source currents remain unbalanced and perturbed when the source voltages are distorted.

The p-q-r method was presented as a candidate to eliminate the neutral current and give a sinusoidal system of source currents. Although this method gives better performance than the others, it requires more computing for the extraction of the currents references. Also, it cannot ensure sine-wave source currents and the neutral current is reduced but not compensated as in the others methods. A new formulation of the p-q method, called the NF p-q control strategy, was developed and validated in [START_REF] Hanna Nohra | A control strategy in Active Power Filter for power quality improvement[END_REF]. It is based on the equal repartition of the zero-sequence current components that permits to obtain a sinusoidal system of source currents and filtered neutral current in the case of sinusoidal source voltages but it cannot equilibrate the source currents in the case of unbalanced and/or perturbed voltages.

The proposed method based on the direct control of active power (DCAP) is compared to the above mentioned methods. This new method is based on a new definition for active current in case of unbalancing and distortion of source voltages. It is no need for this method to extract the symmetrical positive sequence of source voltages. It could be applied in single phase, three phase three-wire and three phase four-wire systems. This method is under patent process, for that, it is not described in this paper, only its results are presented.

III. SIMULATION RESULTS

The simulation platform is built with 2-level Voltage Source Inverter (VSI) based on SAPF connected to 4-wire distribution networks that feeds three non-linear loads connected between each phase (phase a,b,c) and the neutral wire presented as shown in Fig. 1. The system was simulated and studied in the following four operating cases of source voltages:  Case-1: Sinusoidal and balanced source voltages  Case-2: Sinusoidal unbalanced source voltages  Case-3: Balanced and perturbed source voltages  Case-4: Unbalanced and perturbed source voltages

The system of three source voltages is expressed as follow:

(1)

With the fundamental components: 3

(2)

And the system perturbations with fifth harmonic:

(3) Table 1 shows the numerical values for voltages in the considered four cases of operation. In accordance with (1), ( 2) and (3), Fig. 2 shows the phase-neutral voltages waveforms for the four cases of operations.

Source voltages conditions

Case-1

Case-2

Case-3 Case-4 Fig. 2. Voltages waveforms in the 4-case of operation.

In Table 2, the numerical values of voltage unbalance Factor (UFv) are calculated according to (4) and the THD values for voltage of the phase (a) are calculated according to [START_REF]IEEE Recommended Practice and Requirement for Harmonic Control in Electrical Power systems[END_REF]. For the UFv calculation, the phase to phase voltages are considered according to IEEE 1195-1995 [START_REF]IEEE Recommended Practice for Monitoring Electric Power Quality[END_REF], e.g.in case 2, . The average value is and the maximal deviation is , which lead to .

(4)

(5) Note that, the UF criterion is more significant than the THD. For example, for the balanced voltages system in (2) with negative sequence component composed only by the fifth harmonic in (6) instead of (3), the resulting voltage system in (1) illustrated in Fig. 3 remains balanced with zero UF but distorted with a non-zero THD. In Table 3, the changed numerical values for case-3 and case-4 are given. In the following study, we have considered Eq. (3) instead Eq. ( 6), then, Table 2 is taken into account. This choice is to introduce a real perturbation when the fundamentals of voltages are balanced. Fig. 4 shows the waveforms of the perturbed and unbalanced load currents and of the neutral current before compensation for case-1.

In this section, the Modified p-q is chosen among other pq methods for the comparison with the p-q-r and the DCAP method. The Quality of the shapes of the source currents and the filtered neutral current are studied under the 4cases of voltage perturbations. In section IV, a quantitative assessment is made on the performance of the six methods. Modified p-q control method Source currents after compensation Neutral current after compensation Case-1

Case-2

Case-3

Case-4 Fig. 5. Source currents and neutral current after compensation for the Modified p-q control method.

It is shown that this method, first cannot eliminate the neutral current in the case of unbalanced voltages (cases 2 and 4) and second, the currents are not sinusoidal in the case of perturbed and/or unbalanced voltages (cases 2 to 4). The neutral current contains a component (Table 4) at the low frequency value (50 Hz) related to the unbalancing of the fundamentals of the voltages and a component at the high frequency (10kHz) due to the switching frequency which appears in the neutral line for all methods.

Fig. 6 shows the results for p-q-r method. The neutral current, in case of unbalanced voltages (case-2 and 4), is not compensated like as the cases of balancing (case-1 and 3). The fundamental and the third harmonic components are not fully filtered for cases 2and 4 (Table 4). The source currents remain unbalanced and perturbed under voltages perturbations (case-2 to 4). Case-4 Fig. 6. Source currents and neutral current after compensation for the p-q-r method.

In Fig. 7 the results for the new DCAP method are presented. It achieves a sinusoidal and balanced system of source currents despite the voltages perturbations. Neutral current is filtered for the 4-case of operations. The Arms value is due to the high frequency component (2.7A).

All methods have the same performance in case of sinusoidal and balanced voltages source.

IV. COMPARATIVE PERFORMANCE EVALUATION AND DISCUSSIONS

In order to quantify the difference between all these approaches, the calculation of the source current Unbalance Factor (UFi) and THD and the compensation rate (used here by RC) of the neutral current is carried out using equations ( 7), ( 5) and ( 8) respectively: It is shown on the chart in Fig. 8 that the DCAP method has the smallest UFi value, less than 2% that is required by the standard [START_REF]IEEE Recommended Practice for Monitoring Electric Power Quality[END_REF]. The p-q-r method cannot achieve values recommended (≤ 2%) by the standard for cases 3 and 4, and more, for the case-1 UFi for p-q-r is the higher compared with other methods. It is the same for methods based on p-q theory for all cases unbalanced and/or perturbed voltages source.

Fig. 9 illustrates the comparison on the filtered current THD, for phase a, for all methods under the four cases of source perturbations. Table 6 presents the numerical values for current THD, for phase a, after filtering. It is shown on the chart in Fig. 9 that the DCAP method has the smallest THD value that closed up 2.8% for all cases of operations. All other methods have the same THD (2.8%) in case of sinusoidal and balanced voltages sources and they have different performances and high values of THD on the other cases of perturbation and that reach 10.5% for the p-qr method for case-4.

Fig. 10 presents the comparison on the rate of compensation, based on (8), for neutral current. The original p-q, the pseudo mapping matrix, the NF p-q and, the DCAP have the same values for all cases of operation whereas the modified p-q and the p-q-r methods do not have the same performance of above-mentioned methods.

V. CONCLUSION

In this paper, a comparative analysis of different instantaneous power based control methods applied to the 3phase 4-wire split-capacitor Shunt Active Power Filter has been presented. All these methods have been developed and studied in sine-wave/distorted balanced/unbalanced source voltage modes of operation, and compared in terms of current Unbalance Factor, Total Harmonic Distortion, and neutral current compensation. It is shown that the DCAP method exhibits the highest performance by ensuring sinusoidal and balanced source currents in case of unbalanced and perturbed voltage sources with a THD equal to 2.8% and an UFi closed up 1.5% that meet the standard requirements and more in all cases of operation, as well as a compensated neutral current on the source side. 
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 1 Fig.1. VSI 2-level scheme on SAPF application. All experiments are made with the following numerical values:  Source frequency: f = 50Hz,  2-level VSI inverter: Ch=Cb=C =1mF, Lf =10mH  Modulation frequency: fsw =10kHz  Resistive loads: R1a=5Ω, R1b=10Ω, R1c=8Ω  Firing angle: 40º  Common load: L1a,b,c = 9mH, R2a,b,c = 0.5Ω, L2a,b,c = 20mH, C1a,b,c = 480µF
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 3 Fig. 3. Balanced voltage system with negative-sequence component (6).
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 54 Fig.5illustrates, for the modified p-q, the three-phase and the filtered neutral currents for the case-1 to 4 of voltages perturbations respectively from top to bottom. Numerical values for the most significant neutral harmonic components are shown in Table4from cases 2 to 4.Characteristic of the load
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 87 Fig.8illustrates the comparison on the current UFi for all methods and for 4 cases of perturbations defined previously.DCAP control method Source currents after compensationNeutral current after compensation
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 8 Fig. 8. Comparison on the current Unbalance Factor (UFi)

Fig. 9 .

 9 Fig. 9. Comparison on the filtered current THD for phase a.

Fig. 10 .

 10 Fig. 10. Comparison of the rate of compensation for neutral current.

Table 1 .

 1 Numerical values for source voltages for 4-cases of perturbation.

	Case 1	Case2	Case3	Case4

Table 2 .

 2 Numerical values for UFv and THDva for the 4-cases of source voltages perturbations.

	Case 1	0	0
	Case2	5.1	0
	Case3	3.8	9.7
	Case4	2.6	9.2

Table 3 .

 3 Numerical values for and THDva in the case of negativesequence component.

	Case3	0	9.7
	Case4	3.9	9.2
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