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A Shunt Active Power Filter (SAPF) based on the multilevel flying-capacitor topology is used for a three-phase four wire power distribution networks. The compensator consists of three active legs, each having three cells, and a neutral connection at the mid-point of a DC capacitor leg. A new control method for adjusting the current zero sequence is presented in this work. Combined with the known instantaneous reactive power theory, this proposed control strategy is applied to the active filter the inverter to achieve a perfect compensation for harmonics and reactive power when the load currents are non-sinusoidal and severely unbalanced.

I. INTRODUCTION

The massive use of nonlinear loads equipment causes a major problem through the presence of harmonics within three-phase four-wire power distribution networks. The nonsinusoidal current absorbed by nonlinear loads induces current harmonic distortion in the power grid which affects severely its Power Quality (PQ), increases the voltage Total Harmonic Distortion (THD) and causes additional losses in the power transmission lines and transformers [START_REF] Desmet | Analysis of the Neutral Conductor Current in a Three-Phase Supplied Network With Nonlinear Single-Phase Loads[END_REF][START_REF] Gupta | Evaluation of Distribution TransformerLosses Under Harmonic LoadsUsing Analytical and SimulationMethods[END_REF][START_REF] Masoum | Derating ofAsymmetricThree-Phase Transformers Serving UnbalancedNonlinear Loads[END_REF].

The standards EN50160 [START_REF]EN50160. Voltage characteristics of electricity supplied by public electricity networks[END_REF]related to power quality constraints fixes the acceptable rates of disturbances on power grid in terms of voltage and frequency variation, voltage unbalance, flicker and harmonic content.

PQ does not only concern only energy distributors who have to ensure stable and reliable electrical supply networks, but also the industrials who require an acceptable PQ that would not compromise the operation and the efficiency of the electromechanical systems in use, in addition to the final consumers in the domestic and tertiary sectors.

Solutions for harmonic compensation in electrical networks have adopted mostly Active Power Filter (APF) [START_REF] Kanaan | Averaged Modelling, Simulation and Linear Control Design of a PWM Fixed Frequency Three-Phase Four-Wire Shunt Active Power Filter for a Typical Industrial Load[END_REF][START_REF] Kanaan | AverageModeling and Carrier-Based Control Strategies Applied to a Three-Phase Four-Leg Shunt Active Power Filter[END_REF][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]and Multilevel Active Power Filter (MAPF) [START_REF] Zhou | Direct power control ofa multilevel inverter based active power filter[END_REF][START_REF] Montero | Comparison of Control Strategies for Shunt Active Power Filters in Three-Phase Four-Wire Systems[END_REF][START_REF] Franquelo | Threedimensional space-vector modulationalgorithm for four-leg multilevel converters using abccoordinates[END_REF][START_REF] Lopez | Four-dimensional space vector PWM algorithm for multilevel four-leg converters[END_REF][START_REF] Hu | Active power filtering by a flying-capacitor multilevel inverter with capacitor voltage balance[END_REF][START_REF] Geethalakshmi | Harmonic compensation using multilevel inverter based shunt active power filter[END_REF] in the last three decades, although extensive research work are still being conducted to optimize the MAPF structures and improve their performance through modern and more adequate control algorithms [START_REF] Wilson | Model predictive control for Cascaded H-bridge multilevel inverters with even power distribution[END_REF][START_REF] Defay | Predictive control of flying capacitor active power filter[END_REF][START_REF] Rodriguez | State of the Art of Finite Control Set Model Predictive Control in Power Electronics[END_REF][START_REF] Stolze | Model predictive control of a flying capacitor converter with output LC filter for UPS applications[END_REF][START_REF] Prathiba | A comparative study of Total Harmonic Distortion in Multi level inverter topologies[END_REF][START_REF] Marzoughi | Selective harmonic elimination for cascaded H-bridge rectifiers based on indirect control[END_REF][START_REF] Sai Baba | New Multi Level Inverter with LSPWM[END_REF][START_REF] Buccella | Harmonics elimination in 5-level converters operating at very low switching frequency[END_REF].

In [START_REF] Rodriguez | Multilevel inverters: a survey of topologies, controls, and applications[END_REF][START_REF] Abu-Rub | Medium-Voltage Multilevel Converters-State of the Art, Challenges, and Requirements in Industrial Applications[END_REF][START_REF] Malinowski | A Survey on Cascaded Multilevel Inverters[END_REF][START_REF] Zhang | Control Techniques for Active Power Filters[END_REF][START_REF] Franquelo | The age of multilevel converters arrives[END_REF][START_REF] Kouro | Recent Advances and Industrial Applications of Multilevel Converters[END_REF], a survey and a comparative study on several industrially-used multilevel inverters were performed on the structural as well as the control levels. These converters can be grouped into three categories: 1) the Neutral Point Clamped-Voltage Source Converters (NPC-VSC), also known as Diode Clamped, and among which the three-level NPC-VSC is the most known topology, are widely used in medium voltage application such as AC motor control, despite the balancing difficulties of the split DC voltages and the presence of a large output LC filter that these topologies suffer from [START_REF] Nabae | A New Neutral-Point-Clamped PWM Inverter[END_REF]; 2) the Series Cascaded H-Bridges (SCHB), among which the five-level SCHB is the most popular one, provide an easier voltage and voltage control given the modular nature of these converters [START_REF] Hammond | A new approach to enhance power quality for medium voltage AC drives[END_REF][START_REF] Ceglia | A New Simplified Multilevel Inverter Topology for DC-AC Conversion[END_REF]; 3) the Flying-Capacitor Converters (FLC)are also used in motor control and active filtering, and have naturally balanced DC voltages through an auxiliary capacitor and a specific and adaptive switch modulation [START_REF] Meynard | Multi-level conversion: high voltage choppers and voltage-source inverters[END_REF][START_REF] Meynard | Multicell converters: basic concepts and industry applications[END_REF].

Regarding the switch modulation methods, the most popular technique in industrial applications is the« carrierbased sinusoidal PWM ». Other alternatives, such as the Selective Harmonic Elimination (SHE) [START_REF] Patel | Generalized Techniques of Harmonic Elimination and Voltage Control in Thyristor Inverters: Part I--Harmonic Elimination[END_REF], the Space Vector Modulation (SVM), have also been applied [START_REF] Holmes | Pulse width Modulation for Power Convertes-Principales and Practice[END_REF].

In the following, a new control approach for the zerosequence current using the instantaneous reactive power theory is developed and applied to a three-cell, three-leg, four-wire FLC used as a SAPF in a distribution system. The proposed control law achieves balanced and sinusoidal source currents, while the load currents are strongly unbalanced and distorted.

This paper is organized as follows. In Section II, the instantaneous reactive power theory is presented, based on which a new formulation for the zero-sequence current compensation is developed. In Section III, the FLC-based SAPF and its control system are presented. In Section IV, the simulation results using the Psimtool are presented and discussed. The dynamics and robustness of the converter are 2 tested under severe disturbances. The paper finally ends with some concluding remarks in Section V.

II. REFERENCE CURRENTS EXTRACTION

A.Instantaneous reactive power theory

The abc to αβ frame transformation applied to the currents and voltages in any balanced three-phase system would give respectively:

݅ ఈ ݅ ఉ ൨ = ට ଶ ଷ . 1 -1/2 -1/2 0 √3/2 -√3/2 ൨ . ݅ ݅ ݅ ൩ (1.a)
and:
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According to [START_REF] Akagi | Instantaneous Reactive Power Compensators Comprising Switching Devices without Energy Storage Components[END_REF], the instantaneous active power and reactive power can be expressed as:
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Each power contains a DC component generated by the fundamental current and voltage, and an AC component representing their fluctuations:

 = ̅ +  (5) ݍ = ݍ ത + ݍ (6) 
In order to compensate the reactive power and harmonics, all components of the instantaneous reactive power q are taken into account. On the other hand, the SAPF is not supposed to provide the active power but it should compensate the ripple  in the expression of p [START_REF] Takeda | Harmonic current and reactive power compensation with an active filter[END_REF]. The reference currents would be then deduced as follows:
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In case of an unbalanced three-phase system, the instantaneous active power would be expressed as [START_REF] Akagi | Instantaneous Reactive Power Compensators Comprising Switching Devices without Energy Storage Components[END_REF][START_REF] Akagi | The theory of instantaneous power in three-phase four-wire systems: a comprehensive approach[END_REF]:
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and, therefore, we may write the following:
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with:
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When inverting the matrix in [START_REF] Montero | Comparison of Control Strategies for Shunt Active Power Filters in Three-Phase Four-Wire Systems[END_REF] to obtain [START_REF] Franquelo | Threedimensional space-vector modulationalgorithm for four-leg multilevel converters using abccoordinates[END_REF], it was assumed that v 0 is non-zero [START_REF] Akagi | The theory of instantaneous power in three-phase four-wire systems: a comprehensive approach[END_REF]. Obviously, equation [START_REF] Franquelo | Threedimensional space-vector modulationalgorithm for four-leg multilevel converters using abccoordinates[END_REF] still holds even for negligible values of v 0 .

B. New formulation for zero-sequence current compensation

In this paper, a new method for compensating the zerosequence current i 0 is proposed. It is based on the separation of this component from power p 0 .The current unbalance due to an asymmetric load will be treated regardless of voltage unbalance.

In the following, new expressions of the reference currents are derived in the case of balanced voltages and unbalance and distorted currents, where we may write:
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It yields:
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For the balanced voltages, we get:
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The active and reactive powers have the same expressions given respectively by ( 2) and (3). As the capacitor should provide the amount of active power, denoted by p C , necessary to compensate the power losses in the compensator, the reference currents in the αβ frame are therefore: 
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III. FLC-BASED SAPF AND CONTROL DESIGN

The three-phase FLC-based SAPF is depicted in Fig. 2, and the equivalent circuit for the first leg corresponding to phase a is illustrated in Fig. 3. It is connected to a four-wire three-phase power grid supplying three independent and unbalanced single-phase loads. Each load consists of semicontrolled thyristor-based rectifier with a firing angle equal to 55º, connected between a phase and the neutral and feeding a series R-L DC load.

The converter is controlled using the Phase-Shift carrier modulation (PS-PWM) strategy illustrated in Fig. 4, according to which we may set:

ߙ = ߙ + ߙ (18) with: ߙ = ݐ ܶ ௦ = ் ೞ ଶ ܶ ௦ = 1 2
Fig. 2.FLC-basedSAPF connected to the grid. For an FLC inverter with a three-cell structure, three carriers shifted by 120 degrees are employed and compared to the same reference signal. Three resulting control signalsݑ ଵ ݑ,)ݐ( ଶ ()ݐand ݑ ଷ )ݐ( are generated. By assumed the switching frequency much higher than the reference frequency, the conducting periods of the switches are practically equal on a switching cycle T s , i.e.:

ݐ ଵ = ݐ ଶ = ݐ ଷ = ݐ (19)
The average value of the control signal u(t) on a switching period T s is therefore:
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and the duty cycle is calculate as: It yields:
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This assumption is essential for the operation of the FLC to ensure a natural balancing of the split DC voltages [START_REF] Meynard | Modeling of multilevel converters[END_REF].

IV. SIMULATION RESULTS ANS DISCUSSIONS

The system in Fig. 2 has been simulated using the Psim tool. The system's parameters and operating conditions used in the simulations are listed below: Three-phase source: 220V RMS,50Hz APF:

C h =C b =1mF,C 1 =C 2 =0.1mF, L f = 2mH, switching frequency f s =10kHz
Load for phase a: R 1 = 5Ω, L 1 = 9mH, R 2 = 0.5Ω,L 2 = 20mH,C= 480µF, and thyristor bridge firing angle ψ=55º Load for phase b: R 1 =10Ω,L 1 ,R 2 , L 2 ,C and ψ are the same as for phase a Load for phase c: R 1 = 8Ω,L 1 ,R 2 , L 2 ,C and ψ are the same as for phase a

The system was simulated and studied in three operating cases:

Case 1: From 0 to 2s, all three loads are connected. Case 2: From 2s to 6s, phase b is disconnected on the load side. Case 3: From 6s to 9s, both phases b and c are disconnected on the load side. Fig. 5 shows the time variations of all DC voltages between 0 and 9s, where it appears clearly that the system stability is guaranteed when disconnection of phases are applied respectively at 2s and 6s. In addition DC voltage balancing is obtained in all considered operation cases. On the other hand, referring to the third case where only one phase only is connected to the circuit, the FLC ensures the generation of three sine-wave and relatively balanced currents as depicted in Fig. 6 that represents the dynamic behavior of the system in terms of the source and load currents in all cases of operation; however, as shown in the bottom of Fig. 5, the DC voltages in that are not as balanced as in the first or second case of operation. The obtained numerical values evaluating the system performance are given in Table 1.

Fig. 7 shows that the neutral current on the source side is compensated and becomes negligible compared to its value before compensation. V. CONCLUSION A multilevel three-leg four-wire active power filter employing the flying capacitor topology for low voltage distribution electric power network was developed in this 5 paper. A new formulation of the current reference generation law was adopted for power quality improvement. This modified control strategy is simple, efficient and achieves sine-wave and balanced source currents, with a THD of 1.25% compared to the 30% load currents THD. In addition, the neutral current is compensated, and the control system guaranteed an acceptable robustness even for severe disturbances, as the loss of two phases that feed the load for instance. This high performance of the filter is directly related to the modified formulation proposed in this work, which has also permitted to control an equal repartition of the zero-sequence current component within the three phases of the supply distribution network yielding, thereby, the elimination of the neutral current. 

2ndFig. 1 Fig. 1 .

 11 Fig. 1 represents the block diagram of the control strategy with the novel formulation of the current references, where i La,b,c are the load currents and v sa,b,c are the phase-to-neutral voltages at the Point of Common Coupling(PCC). The instantaneous active power ripple  is extracted by a highpass filter (HPF) [38].

Fig. 3 .Fig. 4 .

 34 Fig.3. Equivalent circuit for phase aof theFLC-SAPF.
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 5 Fig. 5. DC voltages waveforms across all capacitors for the three operating cases.
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 676 Fig. 6. Source and load currentswaveforms for the three operating cases.

Table 1 .

 1 Mean values of DC voltages and current THD for the three operation cases

	f s =10Khz	Case 1	Case 2	Case3
		0s <t<2s	2s <t<6s	6s <t<9s
	THD iLa %	30	30	30
	THD isa %	1.25	2.16	3.8
	Mean values of the voltages across DC capacitors
	Time	1.9s to 2s	5.98s to 6s	8.98s to 9s
	VC1a V	399	399	397
	VC1b V	398	399	405
	Vc1c V	398	396	386
	VC2a V	797	793	793
	VC2b V	801	792	782
	Vc2c V	799	793	808
	Vcb V	601	600	599.8
	Vch V	598	596	594.8
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