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ABSTRACT. The low harmonic distortion and reduced switching losses are the advantages of using
the multilevel inverter. For this purpose, the three-level inverter is used in this paper as a three-phase
four-leg shunt active power filter (SAPF). The SAPF is used to eliminate the harmonic current to
compensate the reactive power current, and to balance the load currents under an unbalanced non-linear
load. A fuzzy logic controller and self-tuning filters (STF) are used to control the active power filter
(APF) and generate the reference current. To demonstrate the validity of the proposed control strategy,
we compared it with a conventional p — g theory, under distortion voltage conditions and unbalanced
non-linear load. The Matlab-Simulink toolbox is used to implement the algorithm of Fuzzy logic control.
The performance of the SAPF controller is found very effective and adequate as compared with the
p — q theory.
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fuzzy logic control.

1. INTRODUCTION

A connection of non-linear loads to the network, such
as power electronics equipment in industrial activities
and public consumers, causes an increase of current
and voltage harmonics and leads to a lower power fac-
tor. This causes adverse effects in power systems, such
as equipment overheating, motor vibration, excessive
neutral currents. Two levels of APF are widely used
to decrease harmonics and compensate the reactive
power [IH3], these active power filters are limited in
medium power domains. For high-power applications,
the multilevel power converter structure was intro-
duced as an alternative due to the difficulty of con-
necting only one power semiconductor switch directly,
and a hybrid architecture has been also proposed
to achieve high-power filters [4H6]. A neutral-point-
clamped inverter allows the shearing of equal voltage
in each phase of series connected semiconductors. The
instantaneous reactive power theory (IRP), presented
by Akagi et al. [7, 8], has been successful to control
the APF in 3-phase. Then, it was extended by Aredes
et al. [9], for applications in 3-phase 4-wire systems.
The IRP theory was mostly applied to calculate the
compensating currents assuming mains voltage is ideal,
but in industrial systems, the mains voltage may be
distorted, therefore, the four-leg APF control does not
gyield a good results with using the p — ¢ theory. The
generation of the reference current mainly depends
on the use of self-tuning filters (STF) to improve the
performance of APF under conditions of non-ideal

voltage. The STF extracts the main component di-
rectly from the electrical signals (distorted voltage
and current) in the oo — 3 reference frame power filter
[10]. The APF control process has been the target of
many recent researches and has used the traditional
PI console a lot, but requires a precise mathematical
model of the system and this is a difficult to achieve
in the presence of an unbalanced nonlinear load and
variations of parameters so we deal with that by using
fuzzy logic [11], [12]. The proposed fuzzy logic control
scheme controls the harmonic current and DC voltage
inverter in order to improve the performances of the
four-leg three-level shunt APF. A comparison and eval-
uation between the proposed scheme and conventional
p — q theory are carried out by a computer simulation
under unbalanced non-linear load and distorted volt-
age conditions. Simulation results demonstrate that
the proposed scheme was found practical and good.

2. SYSTEM CONFIGURATION

Figure [[shows three-phase AC source connected in
parallel to an active filter through four inductors,
this filter has a three-phase voltage inverter using
IGBT switches. To smooth the DC terminal voltage
of the inverter, capacitors are used. To produce an
unbalanced, harmonic, and reactive current in the
phase currents, diode-rectifier nonlinear loads are used.
The active filter inverter of N levels requires N — 1
capacitors and each capacitor passes a voltage equal
to Vae/2, and V. is the total voltage of the DC source.
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FIGURE 1. Power system configuration.

ki Ty Ty Tz T Vio

1 1 1 0 0 Vie/2
0 0 1 1 0 0
.10 0 1 1 —Viae/2

TABLE 1. Voltage states of one three-level phase leg.

Each switch pair (771, T13) represents a commutation
cell; the two keys are arranged in a complementary
manner. The inverter provides three voltage levels
according to Equation (1):

Vdc
Vio = k‘ B (1)
Where, v;, is the phase-to-middle fictive point volt-
age, k; is the switching state variable (k; = 1,0, —1),
vqe is the DC source voltage, and i is the phase index
(i = a,b and ¢). The three voltage values are shown
in Table [1| (v4e/2,0, —vgc/2).

3. REFERENCE CURRENT CALCULATION

3.1. THE p — ¢ THEORY

The theory of instantaneous power [2], [13], which is
briefly called the theory of p—¢,depends on the instan-
taneous values of three-phase power systems with or
without a neutral wire, it is valid in steady-state and
transit-state processes, and in general, in the form of
voltage and current waves. It works on the principle
of the algebraic conversion (Clark transformation) of
voltage and current from a, b, ¢ coordinates to a—5—0
coordinates followed by a calculation of the power el-
ements p,q: The power components p and ¢ can be
written, using o — 3 voltages and currents, as:

1 —1/2 —1/2] vw| (2

Vo \/’ l/f 1/\[ 1/V2] |Vsa
3 V3/2 V3/2] |vse

Up 0
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io 1/v2 1/vV2 1/V2] [ia
Vs

in| = 1 —12 —1/2] || )
ig 0 V3/2 V3/2] lic

Po = ToVo (4)

P =1lqVq + igvg (5)

q =18Vq — ia¥8 (6)

Where pg, p and ¢ are the instantaneous zero-
sequence power, instantaneous active power and in-
stantaneous reactive power, respectively,

The power components p and g are related to the
same « — (3 voltages and currents, and can be written

together: |
AR "

By reversing the equation (7), we can calculate the
reference compensation currents in the o — 8 coordi-

nates:
Z:v _ 1 Vo _UB ﬁ - ﬁO (8)
] vi+vglvs va q
With py being the fundamental component and p be-
ing the alternative component. The representation of
reference compensation currents in the a, b, ¢ coordi-

nates requires a transformation inverse of (Equation
3) given by:

i 1//(2) 1 0 i
i =\[ V@) =12 V2| i) ()
! 1/1/@2) —-1/2 /(3)/2] i3

iy, = —(iy + 15 +1) (10)

n

[GCR N}

QXD %

The figure 2 gives the control block scheme of the p—gq
theory for APF with four legs.
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FIGURE 2. The p — ¢q theory control block diagram for the 4-leg APF.

3.2. PROPOSED METHOD

3.2.1. SELF-TUNING FILTER

To obtain the equivalent transfer function for integra-
tion within the synchronous reference frame (SRF),
Hong-scok Song provided the following statement [14]:

by (1) = expljut) [ (exp(—jut)un, (Odr) (11

Where u,, and v, are the instantaneous signals be-
fore and after the integration. We can express this
equation by a Laplace transformation as follows:

s+ jw

H(s) = 2;;%‘3 = (12)

To obtain the STF with a cut-off frequency w., we
consider introducing the constant k in the transfer
function H(s), so the previous transfer function H(s)
becomes:

(s + k) + jwe
(s + k)% 4+ w?

H(s) = Vay(8) _

By substituting the input signals u,,(s) by zagz(s)
and the output signals vy, (s) by £43(s), the following
equations can be written:

k We

bals) = frals) ~ 2] - Laals)  (14)
2a(5) = lra(s) — da(s)] — Eaals)  (19)

The goal of using the STF is to extract the main
component from distorted electrical signals, such as
current and voltage, without changing the amplitude
and without causing a phase shift. The selectivity of
the filter could be increased by changing the value of k.
The Figure [3 shows the STF block and the Figure []
illustrate the bode diagram for different values of
k at f. = 60 Hz. It is clear that the phase delay
corresponding to the desired frequency (f.) is equal
to zero as shown in figure

xp +?_

FIGURE 3. Self-tuning filter tuned to the pulsation we.

3.2.2. HARMONIC ISOLATOR

The load currents ir,,izp and ir. are converted to
the a — 8 axis according to the following relationship

(Fig. p):

. 1 1 1 .

i 5|va V2 V3| |t
io| =4/ |1 -3 -3 |im (16)
. 3 .

The currents 1,,I3 can be separated into DC and AC
currents as follows:

oy = tey + gy (17)

ip =i +1is (18)

When the STF extracts the fundamental component
(Io,15) directly from the currents I,I3 at a pulsation
w,, we calculate the harmonic component of the load
by subtracting the input signals STF from the cor-
responding outputs (Fig. [5) and obtain AC currents
(In,I5) that correspond to the harmonic currents of
the load currents (irq,irp,iL.) in the stationary ref-
erence frame. The source voltages (Vsq,Vsh,Vsc) are
converted in the same way, as follows:

1 1 1
Yo 2 1v2 V2 V2 Usa
Vo | = 3 1 —% —% Vgh (19)
vp 0 § 7@ Usc
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FIGURE 4. Bode diagram for the STF versus pulsation for different values of the parameter k(f. = 60 Hz).

With the same preceding steps by which we obtained
the harmonic component of the current, we obtain
the harmonic component of the voltage. Then, we
calculate the p, ¢ and pg powers as follows:

P =ia00 + ig’f)g (20)
(21)
(22)

q = i@f}a — iaﬁ@
Po = ioVg
where
p=p+D; ¢=q4+G po=Po+Po (23)

With p, ¢ and py being the direct components, p, ¢
and P being the alternative components. With the

418

« — [ voltages and currents, we can write the power
components p and § as follows:

-1 )
il |-vs wval |is
After reversing expression (24) and inserting the pow-
ers to be compensated ((p — po) and ¢), we get the
reference compensating currents in the o — 8 coordi-
nates. For regulating DC bus voltage, the active power
required p. is added to the alternative component of
instantaneous real power p (Figure. [5). The reference
currents’ i 50 In @ — [ coordinates are calculated as
follow:

(24)

U 0
== _(p — Do) — ———>5 25
a Ui—kv% (p+pc pO) ’Ug(—FU%q ( )
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~

v,

(P4 pe — Do) + 554
¢ Ug—i—vg

— 7@(1
s v2 +
ZS =19 (27)

Then, the filter reference currents in the a — b — ¢
coordinates are defined by:

1
. — 1 0 .
(s V2 )
I _ 2 1 1 V3 *0< 28
o | = 3 |v2 2 2 lo (28)
% 1 1 _ 3 15
fe 73 3 3 B

z}n = —(i}a + i}b + i’}c) (29)

Figure [5] shows the block diagram of the STF.

4. INVERTER CONTROL USING PWM

The fuzzy logic controller is applied, where its input
is the difference between the injected current and
the reference current and its output are the reference
voltages of the inverter after its comparison with two
triangular signals, which have the same frequency and
phase [I5] [I6]. The table [2{ summarizes the switching
states for one phase leg of a three-level inverter. In
Figure [0} a current control block diagram is shown.

Output voltage T; T; T; T;

Vie/2 1 1 0 0
0 o 1 1 0
Vo2 o o0 1 1

TABLE 2. The switching states.

5. FUzZzZYy LOGIC CONTROL APPLICATION

Figure [7] shows the diagram of the fuzzy logic con-
troller with two inputs and one output. The inputs are
the difference between the reference current and the
injected current (Error: e =i,.; —is) and its deriva-
tive (de), respectively. The output is the command

(cde).

6. ACTIVE POWER FILTER CURRENT
CONTROL

The goal is to replace conventional controllers with

fuzzy logical ones in order to obtain a sinusoidal source

current that is in phase with the source voltage [17].
The fuzzy control properties are as follows:

e Three fuzzy sets for each input (Positive, Zero, Neg-
ative)

e Five fuzzy sets for the director (Positive Large,
Positive, Zero, Negative, Negative Large).
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FIGURE 7. Fuzzy controller synoptic diagram.

e NL NM NS ZE PS PM PL
de
NL NL NL NL NL NM NS ZF
NM NL NL NL NM NS ZE PS
NS NL NL NM NS ZE PS PM
ZE NL NM NS ZE PS PM PL
PS NM NS A PS PM PL PL
PM NS ZFE PS PM PL PL PL
PL NL NM NS ZFE PS PM PL

TABLE 3. Fuzzy control rules.

V| o

L

FIGURE 8. Structure of the bridge balancing.

Source
System frequency 60 Hz
System voltage 230v2 Vinas

Impedance: R, L,

0.5 mQ, 0.015 mH

4-Leg shunt APF

DC-link voltage: V. 800 V
DC capacitor: C1,Cy 70 mF
Switching frequency: 5 Khz

AC side filter: Ry, Ly

5 mQ, 0.068 mH

Rmefn ) mQ, 0.55 mH
Load
Inductor: Lg, L1 2 mH
Resistor: Ry, Rq1 0.6 Q2,30
Inductor: Lgs, Lgs 1mH
Resistor: Rgs, Ras3 30,2750
Inductor: Ly, Ly1,Lrs  0.05 mH
Resistor: Ry, Rp1, R 1.2 mS)

420

TABLE 4. Simulation parameters.

e Use the 'Minimum’ operator and the ’centroid’
method.

e The knowledge of fuzzy rules is based on the error
sign (e). If the derivative (de) becomes positive, the
error increases (irey > iy). If it becomes negative,
the error decreases (irey < iy). If the derivative
becomes equal to zero, the error is fixed (iref = if).

7. DC CAPACITORS VOLTAGES
STABILIZATION

To achieve the balance of two input voltages, improve
the performance of active power filters and avoid a
potential drift of the neutral point (NP), a stabiliza-
tion bridge system shown in Fig|8|is inserted. If the
voltage U,, becomes higher than the reference voltage
Urer (400volts), the transistor T, is opened to slow
the charging of the capacitor C,, and the transistor
is controlled as follows:

Ueco = Uerey = Ay with =1,2.

if A, >0then T, =1 with 4., = T, %=,

Else T, = 0. ’

8. DC CAPACITOR VOLTAGE CONTROL

To reduce the deformation of harmonic current and
improve the performance of the active filter, we use
the Fuzzy Logic Control Unit, relying on the error
handling of the voltage and its derivative, to control
the inverter voltage of the capacitor. Here, we use 49
rules as shown in Table Bl

9. SIMULATION PARAMETERS

We use the parameters summarized in the Table [4] for
simulation.
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FIGURE 9. Switching pulses of APF arms (7411, 713).

10. RESULTS AND DISCUSSIONS

The harmonic current of the 4-Leg 3-level APF was
examined as well as the reactive power compensation,
load current balance and neutral current elimination
by the proposed method and p — ¢ method under de-
formed voltage and non-linear load conditions. Two
methods are applied to calculate the reference cur-
rent, the p — ¢ theory and the STF, method based
on the topology shown in Figure[l} The sequence of
the connection of the nonlinear loads is presented as
follows: A single-phase nonlinear load is connected in
the phase (c) to create an unbalanced nonlinear load
at Os and at 0.2s: A three-phase nonlinear load is con-
nected to increase the current load and a single-phase
nonlinear load is also connected in phase (b) to create
an unbalanced nonlinear load. All these sequences of
connections aim to evaluate the dynamic performance
and to show the extent of the system’s interaction.

The advantages of a multi-level inverter are evi-
dent from the switching signal presented in Figure
[0 where the low frequency commutation process is
shown. Note that the supply voltage is not sinu-
soidal and includes a 5th harmonic component (THD=
11.10%), as shown in Figure[10} and the total harmonic
distortion of the current source iy, before filtering is
equal to (THD=22.30%) see Figure

By applying the p — ¢ theory, the harmonic dis-
tortion coefficient of i, is reduced to (8.62%) after
filtering, as shown in Figure [[2] In Figure [13] we
present the value of the harmonic distortion coeffi-
cient of i4, obtained by the proposed method after
filtering, it is a very acceptable value according to the
IEEE 519-2014 and IEC 61000-3 harmonic standards
limit.

As for the neutral current, we eliminate it in two
different ways, p — ¢ theory and the proposed method,
as can be seen in Figure[I4 The harmonic isolation
and fuzzy logic controller allow a simultaneous com-
pensation of the reactive power and harmonic current.
The current and voltage signal obtained are in phase
under the distorted voltage and non-linear and unbal-
anced load conditions, this is illustrated in Figure

Figure[I6) shows the harmonic currents obtained using
the self-tuning filters that improved the quality of the
reference currents. Figure [17] shows the line-to-line
output voltage and illustrates the three levels with the
PDPWM. Figure[L8|shows the shape of the voltage be-
tween the two ends of the stabilization bridge, which
is free from ripples, and it shows the two potentials
(Ue1; Ug2) where it stabilizes around the value of 400
volts. Load current balancing and harmonic current
suppression results are shown in Figure [19| (a, b, ¢, d)
for the p — q theory and the proposed method under
distorted voltages and unbalanced non-linear load con-
ditions for 4-Leg 3-level APF. The Figure shows
the distorted voltage (vqp:) and figure shows the
load currents (irapc), it is clear that the load current
(iLc) of the phase (c) is affected by the single nonlinear
load connected at the same phase. At 0.2s the load
currents (irqp.) are affected by three-phase nonlinear
loads connected at the same moment (0.2s). As for
the Figure [I0F, the p — ¢ theory was applied; however,
the source signal currents are still slightly distorted
(THD = 8.62%) despite the response time being only
0.2s. As for the proposed method (Fig. ), we notice
a good shape (THD = 1.89%) of the source currents
and an appropriate response at the time of the load
change (0.2s), which gives it a slight edge over the
p — q theory.

11. CONCLUSION

This article used a fuzzy logic controller to improve
the control and performance of an active power filter
under deformed voltage conditions and an unbalanced
non-linear load. We adopted a modified version of
PDPWM and p — ¢ theory to generate switching sig-
nals in the context of improving the creation of the
reference current. Simulation results demonstrate that
all of the following points have been effectively accom-
plished even under conditions of deformed voltage and
an unbalanced and non-linear load:

e Filtering the current harmonics;

e Reactive power compensation;
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[4] H. K.Chiang, B. R.Lin, K. T.Yang, K. W.Wu. Hybrid
active power filter for power quality compensation.
International Conference on Power Electronics and
Drive Systems (PEDS), Kuala Lumpur, Malaysia pp.
949-954, 2005. [28 Nov-1 Dec],
https://doi.org/10.1109/PEDS.2005.1619824
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