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1 Introduction

The increasing use of control systems based on power electronics in industry involves
more and more disturbance problems in the level of the electrical power supply net-
works. Non-linear electronic components such as diode/ thyristor rectifiers, switched
mode power supplies, arc furnaces, incandescent lighting and motor drives are widely
used in industrial and commercial applications. These nonlinear loads create harmonic or
distortion current problems in the transmission and distribution network. The harmon-
ics induce malfunctions in sensitive equipment, over voltage by resonance and harmonic
voltage drop across the network impedance that affect power quality [1].

The controller is the heart of the active power filter and many studies are being
conducted in this area recently. Conventional PI voltage and current controllers have been
used to control the harmonic current and the dc voltage of shunt APLC. Recently, fuzzy
logic controllers (FLC) are used in power electronic system and drive applications [2].

The power switching devices are driven with specific control strategy to produce
current able to compensate harmonic and poor power factor load. In this work, we take
the inverter supplied with a continuous source controlled by fuzzy logic system in series
with p-q algorithm method.

2 Shunt Active Power Filter

The shunt Active Power Filter is a power electronic device based on the use of power
electronic inverters (Figure 1). The shunt active power filter is connected in a common
point connection between the source of power system and the load system which present
the source of the polluting currents circulating in the power system lines. This insertion
is realized via low pass filter such as, L, LC or LCL filters [3].
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Figure 1: Shunt Active Power Filter principle schematics.

The most important objective of the APF is to compensate the harmonic currents
due to the non-linear load. Exactly to sense the load currents and extract the harmonic
component of the load current to produce a reference current as shown in Figure 2,
The reference current consists of the harmonic components of the load current which the
active filter must supply [4l/5]. This reference current is fed through a controller and then
the switching signal is generated to switch the power switching devices of the inverter, so
that the active filter will indeed produce the harmonics required by the load. Finally, the
AC supply will only need to provide the load fundamental component, resulting in a low



72 A. MORSLI, A. TLEMCANI AND M.S. BOUCHERIT

harmonic sinusoidal supply. A shunt active power filter is controlled to supply/extract
compensate current to/from the utility Point Common Coupling (PCC).
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Figure 2: Equivalent schematic of SAPF two levels.

3 Control strategy of the shunt active power filter

The control strategy permits to generate the gating signals to the APF switches. Mainly,
we distinguish between two kinds of control techniques. The first one, commonly called
the Sigma-Delta Modulation, is based on a hysteresis comparator and is characterized
by a non controllable switching frequency. The second one modulates the pulse width
and controls the switching frequency: it is called the Pulse width Modulation (PWM).
Several PWM techniques exist [6[7].

Particularly, we cite the carrier-based modulation, the calculated one, and the space
vector one. In this paper we applied the carrier-based PWM having the control law
described in Figure 3. As shown in Figure 3.a, the pulses (gating signals) are obtained
by the intersections of the modulation signal (Aic in our case) and one or many carrier
signals (generally triangular or saw-toothed signals). This can be realized by comparing
the APF error current with the triangular carrier signal (Figure 3.b). After that, the
output passes through a hysteresis comparator and is saturated between 0 and 1, corre-
sponding to the two states of the switch. Then, if the saturated output is equal to 1, the
leg upper switch is in the ’on’ position; else, it is in the ‘off’ position. Concerning the
lower switches, complementarities with the upper ones must be ensured (i.e. Si’ = not
(Si), i = a, b, ¢) in order to avoid the opening of voltage sources or the short-cutting of
current sources.

In this kind of PWM, the parameters that influence the switching frequency are

mainly the modulation index (modulating wave magnitude/carrier signal magnitude)
and the carrier frequency.
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Figure 3: The two-level shunt APF Control law. (a) Carrier-based PWM principle. (b) Pulses
generation.

4 Fuzzy Logic Controller

Fuzzy logic serves to represent uncertain and imprecise knowledge of the system, whereas
fuzzy control allows taking a decision even if we can not estimate inputs/outputs only
from uncertain predicates [8HIg]. Figure 4 shows the synoptic scheme of fuzzy controller,
which possesses two inputs: the error (e), (e = iref — ic) and its derivative (de), and one
output: the command (cde).

Signal Error (¢)
—
/>Q<\ Command
Reference dError/dt (ede
-
(de)

Fuzzy Contraller

Figure 4: Fuzzy controller synoptic diagram.

Figure 5 illustrates stages of fuzzy control in the considered base of rules and defini-
tions: fuzzification, inference mechanism, and defuzzification.

This step consists of transforming the classical low pass correctors (LPF) on fuzzy
ones. The main characteristics of the fuzzy control are:
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Figure 5: Fuzzy control construction.

Three fuzzy sets for each of the two inputs (e, de) with Gaussian membership

functions.

Five fuzzy sets for the output with triangular membership functions.

Implications using the minimum operator, inference mechanism based on fuzzy
implication containing five fuzzy rules.

o Defuzzification using the ’centroid’ method.

The establishment of the fuzzy rules is based on the error (e) sign and variation. As
explained in Figure 6, and knowing that (e) is increasing if its derivative (de) is positive,
constant if (de) is equal to zero, decreasing if (de) is negative, positive if (icref > ic),
zero if (icref = ic), and negative if (icref < ic), the command (cde) is:

e zero, if (e) is equal to zero,

e big positive (BP) if (e) is positive both in the increasing and the decreasing cases,
o big negative (BN) if (e) is negative both in the increasing and the decreasing cases,
o negative (N) if (e) is increasing towards zero,

e positive (P) if (e) is decreasing towards zero.

Finally, the fuzzy rules are summarized as follows:

1. If (e) is zero (ZE), then (cde) is zero (ZE).

2. If (e) is positive (P), then (cde) is big positive (BP).

3. If (e) is negative (N), then (cde) is big negative (BN).

4. If (e) is zero (ZE) and (de) is positive (P), then (cde) is negative (N).

5. If (e) is zero (ZE) and (de) is negative (N), then (cde) is positive (P).

The fuzzy inference mechanism used in this work is presented as follows. The fuzzy
rules are summarized in Table 1.

pu(t)) = %1}{’( (a1 (€(t)), pazi (Ae(t)), ups (cde(t))] (1)
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Figure 6: Fuzzy rules establishment.

Fuzzy output cde(t) can be calculated by the center of gravity defuzzification as:

i we(pi(t))cde;
cde(t) = =L ; (2)
> up(pi(t))

i=1

where 7 is the output rule after inferring [19].

e(t)
cde(t)y BN SN Z SP BP
BN BN BN SN SN 7
SN BN SN SN Z SP
de(t) Z SN SN Z SP SP
SP SN Z Sp SP BP
BP Z SP SP BP BP

Table 1: Fuzzy inference rules.

The following Figure 7 to Figure 10 show FIS editor, FIS file viewer, Surface file
viewer Fuzzy and the degree of membership for the error and its derivative and the
command signal respectively.

5 Mathematical Model of the Instantaneous Power

5.1 Instantaneous active and reactive powers

This method of identification of harmonic currents is simply to eliminate the dc compo-
nent of instantaneous active and reactive power which is relatively easy to achieve [20].
Respectively denote the vectors of voltages at the connection point [vg] and load currents
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Figure 7: FIS Editor.

Figure 8: Rule viewer.
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Figure 9: Surface viewer.

[ir] in a balanced three phase system by:

VSa
[vs] = | vsb (3)

USc
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Figure 10: The degree of membership function of fuzzy logic controller for (a) the error, (b)
derivative and (c) the command signal.

and
iLa
i) = | iy |- (4)
iLc
The transformation of three-phase instantaneous values of voltage and current in the
reference frame of coordinates is given by the following terms:

R R v A 5

v
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and currents :

RIRER A

The real and imaginary instantaneous power denoted p and q are defined by the following

matrix relation: o
D | _|VSa Vsg|| tLa (7)
q —Usp VSa] | LB

By replacing the two-phase voltages and currents by their counterparts phase, we obtain:
P = USalLa + VSBILE = VSalLa T+ VUshiLb + VsciLe. (8)

Similarly, for the imaginary power we have:
. . 1 . . .
q = VSalLp — VSBiLa = *%[(vsa —vsb)iLe + (Vsh — Vse)ira + (Vse — Vsa)iry].  (9)

From the expression (8), asking:

N = v%a + ’U%«ﬂ,

| Lo ]-3{ks Il "

ita | 1 [|vsa —vsg| | p Usa —Usg| | O i Lap iLaq
Lo | = — + . +1
LB A | |vsg  VSa 0 Vs UVSa q tLBp YLBq

we have :

(11)
with
. USa . Usp . Usp . USa
YLap = Tpa "Lag = _Tqa LLBp = TP, LLBq = T‘]-
From the expressions (9), we can write:
P = DPap +Pgp + Pag +PBq = Pap + Psp- (12)
The instantaneous powers p and q are expressed as:
p=DP+p; ¢=7+q (13)

with:

p and g : Continuous power related to the active and reactive fundamental component
of the current.

p and ¢ : Power alternatives related to the sum of harmonic components of current.

1 0

(o 5 -
S _ 1 V3 Ca
"g‘b V3|2 "2 { ity ] : (14)

The diagram in Figure 11 shows the steps for obtaining the current harmonic components
of nonlinear load [21].

Figure 12 shows the block diagram of the shunt active power filter controlled by fuzzy
logic system with p-q algorithm.
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Figure 12: Schematic of a shunt Active Power Filter controlled by a fuzzy logic system.

5.2 Apparent power, reactive power and distortion power

Steady deformed, it must amend the definition of power so that it reflects the current

harmonic:

P2+ Q2+ D2 (15)

Figure 13 shows the vector representation of apparent power.
In single phase, if the instantaneous voltage and current are expressed as:

v(t) = V2V, s sin(wt), (16)
i(t) =Y V2L cppsin(nwt + ¢n). (17)

This is the case for a strong network. Then we have:

P =Versherscos(¢r), (18)
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Figure 13: Vector representation of apparent power.

Q= Vesrlierssin(¢r), (19)

S =Veprlegy, (20)

Tepg =\ Reps T Bogs T By ot Loy (21)
— 2 2 2

D=V\[By+ B+t gy (22)

5.3 Total Harmonic Distortion (THD)

Our work focuses on using a parallel active filter, which means we need to calculate the
Total Harmonic Distortion of current, as shown in this expression [22]:

2?22 I?z(wns)
THD; = Y——-—. (23)
Il(rms)

6 Simulation Result and Analysis

The SIMULINK toolbox in the MATLAB software is used to model and test the system
under steady state and transient conditions before and after using fuzzy logic controller.
The system parameters values are summarized in Table 2.

Three-phase network of supply :

Supply’s voltage & frequency, 220 V rms, 50 Hz
Line’s inductance Ls & resistance Rs, 19.4 p H, 0.25 m)
Non-linear DC link’s :

InductanceLde, Resistance Rdc & capacitance Cdc, 20 mH, 6 2, 0.01 puF
Inductance Lo & resistance R¢, 0.1 mH, 0.5

Shunt Active Filter:

DC supply voltage F, resistance Ry & inductance Ly, 650 V, 4 mQ, 1.5mH
Control bloc:

1 st order Low Pass Filter: ic LPF, K=1,T=50e76 s
icref LPF, K=1,T=2e"%s
Carrier bipolar saw-toothed, signal magnitude & frequency, | 10, 20 kHz
Switching frequency 5 kHz

Table 2: Simulation parameters common to the applications considered.
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6.1 Characteristics of the source current before active filtering

The graphs of the source current before application of active filtering are shown in Figures
14, 15 and 16. There is a symmetrical distortion of current iy, from the point of half
period (Figure 14), which means that the harmonic multiples of 2 and 3 are absent in
the spectrum of iz, and that only those of rank (6h + 1) are present (Figure 15), this
is confirmed by the spectrum of iy, representing the top 30 most significant harmonics
with a THD of 26.37% for an observation period of 0.1 s.

Load current iLa(A)

i i i i i i i i i
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (sec)

Figure 14: Load current waveform before compensation.
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Figure 15: Harmonic spectrum of iLa before compensation.

Harmonic distortion is not the only problem here as Figure 16 shows a degradation in
power factor (estimated late 0.0015 s, then ¢ = 27°, or cosp = 0.891), so we can expect
a change in the reactive energy of the system.

6.2 Characteristics of the source current after active filtering

To improve the waveform ig,, was inserted an inductance Lo of 0.1 mH and a resistance
Re of 0.59 input of the pollutant load with a sAPF, as shown in Figure 2. The result
was satisfactory since the distortions have been reduced and it is the same for the THD
(Isq) with a new rate of 2.82%, as shown in Figures 17 and 18.

The source side, the two curves in Figure 19, representing the current and voltage
source in phase, despite the presence of a slight delay (delayed ig, from vg,) generated



82 A. MORSLI, A. TLEMCANI AND M.S. BOUCHERIT

VeV iA)

-100

-200

Source voltage & load current
°

=300

i i i i i i i i i
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (sec)

-400

Figure 16: Voltage and current waveforms before compensation.

Source current |Sa(A)
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Figure 17: Supply current waveform after compensation.
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Figure 18: Harmonic spectrum of iSa after compensation.

by Lc and Re, indicating a power factor corrected, very close to unity. Therefore, so a
good compensation of reactive power source.

The deformations in the form of ig, are in the intersection points nonzero of iy, and
iCa, as shown in Figure 20.

The effectiveness of the fuzzy control strategy is illustrated in Figure 21 mentioning
the sAPF current pursuing its reference.

Figure 22 gives us an idea about the non-linear DC side current and voltage waveforms
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Figure

Figure 20: Source current iSa, sAPF filter iC'a and non-linear load current iLa.

Figure 21: sAPF current and its reference with fuzzy correctors.

with fuzzy controller.

7 Conclusion
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19: Voltage and current waveforms after compensation.
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The results obtained allow us to visualize the effectiveness of shunt active power filter
(sAPF) using a fuzzy controller in series with p-q algorithm method. In fact, the harmonic
distortion THD drops from 26.37% to 2.82% after using the active filter. Thus the power

factor has been fixed.
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Figure 22: Non-linear DC side current and voltage after compensation.

For future work, we plan to extend our study for other structures by increasing the

number of levels of the inverter and compare between them. We also intend to consider
a pollution load with more than 26.37% of total harmonic distortion.
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