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1. INTRODUCTION

In recent years, power quality has become a great concern due to the widespread use of non-linear
loads which has resulted in increased voltage distortion and current harmonics [1, 2]. Harmonics circulate
into the impedances of electrical networks and impact the normal operation of certain electrical equipment.
They lead to performance degradation, and can even damage the equipment in the long-term, because they
affect the grid voltage waveform at the connection point, and they can also increase reactive power
consumption. Several modern solutions have been proposed to reduce these harmonic disturbances, such as
shunt active filters, series active filters, and the shunt-series active combination, which is better suited for
industrial constraints than conventional passive filters [3, 4].

Multi-level inverters (MLI) have been extensively used in many recent applications because of their
ability to handle high voltage capacity.However, increasing the complexity of the converter topology and the
number of switching devices is a major disadvantage of multi-level converters [5, 6]. MLIs include a range of
power semiconductors and capacitor voltage sources which can be combined to generate outputs voltages
with stepped voltage waveforms. There are three different basic topologies of the multilevel converter,
namely the neutral point clamped (NPC), the flying capacitors (FC) and the cascaded H-bridge (CHB)
topologies [7]. Technically, the shunt active power filter (SAPF) is designed to produce a certain amount of
current to be injected into the electrical network in order to drain out the harmonic components of the current
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or voltage signals. The amount of injected current is controlled based on the error between the reference and
the measured current/voltage signals [8]. This error is then converted into pulse width modulation (PWM)
signal to control the inverter. From the power electronics point of view, this process is quite similar with the
voltage/current source inverter [9].

In this work, the SAPF based on a five-level NPC voltage inverter is controlled by ANFIS
connected to a passive R-L series output filter and injects equal harmonic currents, but in phase opposition
with that of the harmonics generated by the non-linear load in the network. A simulation study is presented to
demonstrate the compensation performance of the SAPF and associated ANFIS control scheme under steady
state operating conditions and the improvement in power quality [10].

2. MODELING AND CONTROL OF THE SAPF
2.1. Topologies of multilevel inverters

Multilevel converters seen as voltage synthesizers, in which the output voltage is synthesized from
several discrete voltage levels [11, 12]. Figure 1 shows the different multilevel converter topologies.
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Figure 1. Different topologies of multi-level converters [13]

2.2. Structure of the five-level NPC inverter

The neutral-point-clamped (NPC) structure was proposed, by Nabae et al., [14]. A three-phase five-
level NPC inverter is composed of eight controlled switches, which are unidirectional in voltage, and
bidirectional in current, and six sustaining diodes connected along the DC bus as shown in Figure 2.
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Figure 2. Circuit diagram of a three-phase NPC inverter with five levels [12]
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The inverter is supplied from a DC source Vdc, consisting of four capacitors of equal values which
generate four separate svoltage sources of VVdc/4 [6, 15]. The clamping diodes connected to the midpoints of
the voltage sources protect the external switches against excessive voltages. In addition, the number of diodes
increases with the number of levels [16].

2.3. Operation principle of a five-level inverter arm

Because of the symmetry of the three-phase, five-level NPC inverter structure, only one arm is
modeled [17]. Its configuration is depicted in Figure 3. Table 1 shows the output voltage (Vao) and the states
of the switches. State “1” represents the closed switch and state “0” represents the open switch.
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Figure 3. Structure of an NPC five-level inverter arm

Table 1. Output voltage and switch states of a five-level NPC inverter

switch states Out Va0
S; S, S3 S, S S, S; Sy
1 1 1 1 0 0 0 0 V5=V
0 1 1 1 1 0 0 0 V4=Viea
0 0 1 1 1 1 0 0 V3=V
0 0 0 1 1 1 1 0 V2=V
0 0 0 0 1 1 1 1 V=0

2.4. Shunt active power filter based on a five-level NPC inverter topology

Active filters are used to reduce harmonics generated by non-linear industrial loads. Usually the
control circuit of the filter detects the non-linear load harmonics and controls the active filter to inject the
compensating harmonic with an opposite phase [4]. The expression of the load current is:

i, (t) = ig(t) + ig(t) + iy (t) @)

where i,(t) is in phase component and ig(t) is quadrature component of phase current at fundamental
frequency. Except these, all the remaining in iy (t) [18].

Figure 4 represents the configuration of the power circuit of the system contains SAPF based on an
inverter with five levels NPC, to compensate for the harmonics of currents generated by a non-linear load.
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Figure 4. Synoptic diagram of application of the shunt active power filter (SAPF) [19]

2.5. Control algorithm

The quality of the compensation of current harmonics strongly depends on the performance of the
chosen identification method; even a very effective control system cannot achieve satisfactory filtering if the
harmonic currents are poorly identified [20]. To generate the reference signals used for the control of the
SAPF, we chose the method of instantaneous active and reactive powers p-q [21, 22]. This method requires
the measurement of instantaneous three-phase quantities of the electric network. The voltages at the
connection points and the currents absorbed by the non-linear polluting load can represented by the
components of Concordia.
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The active instantaneous real power p, and the reactive power ¢, can be expressed by a two-phase system:

[p ‘S/(:ﬁ Vsa] [Ic[?] “)

The instantaneous power can be expressed as (5).

P=Dc+Pn » 4=4qc+qn )

To eliminate the continuous components, two low-pass filters of order 2 are used. The reference
currents are calculated as (6) and (7).

] =t b el (6)
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3. ADAPTIVE NEURO FUZZY INFERENCE SYSTEM (ANFIS) SYNTHESIS

ANFIS incorporates the concepts of fuzzy logic into neural networks. This neuro-fuzzy model maps
the relationship between input and output of a process. It based on fuzzy rules. "If ... then" by Takagi and
Sugéno [20]. ANFIS optimizes the membership functions of the fuzzy model [23]. For simplicity, we
suppose that the fuzzy Inference system considered has two inputs (x y) and an output f (x y) Figure 5. The
basis of the rules is of the form:

If xisAl and yisB1 then f1= plx + qly + rl
If xisA2 and yisB2 then f2= p2x + q2y + r2

where (X y) are the inputs, A1, A2, B1, and B2: are fuzzy sets, f1, f2: are the outputs of the fuzzy system, p1,
P2, 91, g2, r1, r2: are design parameters, which are determined during the training process. The final output is
the weighted average of the output of each rule.

3.1. Structure of ANFIS

Figure 5 shows the structure of ANFIS or in which a circle indicates a fixed node while a square
indicates an adaptive node. The fuzzy logic controller has two inputs, the error and rate of change of the
error, and one output named actuating (actuation). The error is the difference between the current data of the
voltage source inverter and the reference current data for each phase.

Eerror = Iinj + Iref (8)
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Figure 5. Structure of ANFIS [20, 24]

3.2. Description of the proposed system
The five-level NPC SAPF controlled by ANFIS is designed to attenuate the current harmonics, and
compensate for reactive power [25]. The basic equations for the SAPF and the system can given as (9-11).

d

Vsa =Vat+ Relp + Lfa Ig, 9)
d

Vsb =Vp + Rf Ifb + Lfalﬂj (10)
d

Vse =ve+ Relge + Lfalfc (11)

The block diagram of the proposed overall system divided into six sections as shown in Figure 6.
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Figure 6. Functional diagram of the SAPF based on the ANFIS controller [23]

4.  SIMULATION RESULTS
The model of the SAPF and its control scheme are implemented in MATLAB. The proposed

ANFIS-based controller is compared with a conventional PI controller with respect to the THD level and the
results are presented below.

4.1. Simulation parameters
The Table 2 represents the necessary data of the parts of the system for the simulation by

Matlab/Simulink such as -the source, -the nonlinear load, -the load of the rectifier, -SAPF and the data Ki and
Kp of the PI controller.

Table 2. Simulation parameters

Source side Vs=220 V between phase; f=50 Hz; Rs=0 Q; Ls=1.5 mH
Dimensioned nonlinear load Rc=4 Q; Lc=70 mH
Rectifier side Rch=100 Q; Lch=0.1 pF
Shunt active filter side Vierer =900 V; Cyc=2200 pF; Ri=1 Q; Li=1 mH
Proportional integral regulator (P1) Ki=37; Kp=300

4.2. Description of the simulation results

Figure 7 indicates the source current wave and the corresponding harmonic spectra before filter
operation (SAPF), before filtering. Figure 8 represents the source current simulation results for phase (A)
during the SAPF control by PI, after filtering. Simulation results of the source current of phase (A) when the
SAPF is controlled by an ANFIS controller represent in Figure 9. The shape of the current injected by the
SAPF controller by ANFIS shown in Figure 10 and the shape of the DC bus voltage (DC-Link) during the
control by ANFIS of the filter shown in Figure 11.
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Figure 7. Source current (Phase A) without SAPF Figure 8. Source current (phase A) with SAPF and
and the harmonic spectrum of the source current the harmonic spectrum of the source current using PI
controler
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controller

5. CONCLUSION

The shunt active power filter based in five-level inverter (NPC) is designed for the suppression of
harmonics. The proposed control scheme consists of two-control loops. One control-loop regulates the DC
link voltage and the other loop controls the AC voltage. A THD level of 0.89% is achieved with PI controller
and in the case of ANFIS-based control of the SAPF the THD is 0.81%. Hence it can be concluded that the
proposed ANFIS-based controller of SAPF with five-level converter leads to a substantial improvement of
the THD. In addition, the instantaneous power method has good performance in detecting reference harmonic
currents and adapts well to the variations of the non-linear load. Combining this p-q control strategy with
ANFIS based on the five-level inverter further improves dynamic behavior as well as power quality in the
distribution network.
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