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1. INTRODUCTION

Nowadays, harmonics are a major power quality issue and affect most industries. They are mainly
due to the widespread utilisation of non-linear loads such as electrical and electronic devices and equipment
Harmonic pollution generate serious consequences for the electrical system which ultimately leads to
tsignificant economic losses. While the use of static power converters has contributed significantly to
improving the performance and reliability of power conversion systems and applications, their non-linear
characteristics, on the other hand, are the main cause of the deterioration in the quality of electrical power.
Since international energy regulations require consumers to comply with harmonic standards, the filtering of
harmonic components has become today a important area of research and development both in academia and
industry.

The significant advances made in the field of power electronics has led to the development of new
semiconductor devices with low-cost, fast switching ability and high-power applications [1-2]. These power
electronic devices are widely used in variable-speed drives, controlled and uncontrolled rectifiers,
uninterruptible power supplies (UPS), computers and power system integration of renewable energy sources.
Power electronic devices offer a technical and economical solution for better management of electrical
energy. However, due to their nonlinear characteristics, they contribute significant power quality degradation
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causing distortion of the current and the supply voltage waveforms. A frequency analysis of these waves reveals
the presence of harmonic components [3-6].

However, the control of active filters remains a challenge because it is necessary to identify the
disturbances and compensate for them in real time even under variable load conditions. The proposed four-line
inverter topolody can neutralize the neutral current in the case of an unbalanced non-linear load.

In the literature, several papers have addressed the issue of power quality and the attenuation of
harmonics by the SAF [7-11]. A comparison between simulation and experimental results is presented in [7].
The experimental setup is a 7.5 kVA test bench based on the dSPACE Scalexio board. In the simulation work,
the current THD is attenuated from 26.88% to 2.99% at the Point of Common Coupling (PCC), whereas, for
the experimental work, the THD of the current is attenuated from 26.99% to 3.43%. Active filters are finding
more and more applications in photovoltaic (PV) systems. In [8-11], a SAF is connected to a PV farm, and it
is shown to be very effective against both harmonics and non-linear loads. In [12], the authors used active
power filters to improve the quality and reliability of energy in petrochemical plants. However, to the best of
our knowledge, there are none of these previous studies considered the elimination of the neutral current in the
case of unbalanced and polluting loads. In [13], a control strategy based on backstepping and Lyapunov theory
is applied to a two-stage four-wire SAF to regulate the voltage on the DC side is proposed. The simulation and
experimental results are presented to illustrate the effectiveness of the proposed control scheme. Several
advanced control methods are applied to the SAF based on a conventional inverter topology. These include
adaptive filtering [14], fuzzy logic [15], artificial neural networks [16], genetic algorithms [17] and neuro-
fuzzy approach [18]. However, these control methods lead to increased size of the equipment and require large
computatation hence increased runtime of the microcontrollers.

This study focuses on the design of active filters in the case of hon-linear unbalanced loads. The main
objective of this contribution is to find a simple and efficient solution to the problems of nonlinear load
unbalances. The paper proposed an active shunt filter based on a four-arm inverter topology. The three arms
are controlled by a sine-delta PWM (Pulse Width Modulation) based on proportional-integral (PI) regulators.
A new algorithm is proposed to control the fourth arm in order to eliminate the current in the neutral and ensure
a protection of all the equipment in the system.

The remaining of the paper is organized as follows: The first part of Section 2 is presents the SAF
configuration based on a four-wire inverter. The second part focuses on the control of the proposed neutral
current neutralization algorithm. The final part of Section 2 briefly introduces the instantaneous powers pq
method. Section 3 presents the design of the PI controllers for the DC bus voltage and the filter currents. The
simulation results in MATLAB/Simulink and discussions are presented in Section 4. This section is divided
into two main parts: the first part is concerned with the simulation of the SAF connected to a balanced pollutant
load whereas the second part studies the case of non-linear load unbalance.

2. TOPOLOGY AND CONTROL OF SAF WITH NEUTRAL CURRENT NEUTRALIZATION

2.1. Four-arm SAF structure
In this topology, an inverter consisting of four arms made up of eight reversible current switches
(bipolar transistors, IGBT, GTO) in antiparallel with a diode is used as illustrated in Fig. 1. The polluting load
absorbs a current made up of both a fundamental component and harmonic components. The purpose of active
filtering is to generate harmonic currents of the same amplitude but in phase opposition with those absorbed
by the load. Thus, the current absorbed from the network will be sinusoidal. It is therefore necessary to
accurately identify the harmonic currents of the polluting load. In the same way for the neutral, it is necessary
to generate a current in phase opposition with an identical amplitude.
The purpose of the filter is to compensate for the harmonics, the reactive power, the current in the
neutral wire and the unbalanced currents that are created by single-phase non-linear loads with three rectifiers
as shown in Figure 1.
Vfa = (81 — S4)vgc
Vip = (S2 = Si)vgc €Y
Vfc = (S5 — S4)vqc

Where vy, are the voltages of the filter.

The current in the DC part is:

lge = Silpa + Salpp + Szipe — Salpn 2)
With:

lf Si =1 and Si+4 =0 3

{lf SL' =0 and SL'+4 =1 ( )

Where i is an integer (i=[1 2 3 4])
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Figure 1. Four-arm SAF for a three-phase four-wire network.

2.2. Neutral current neutralization algorithm

The four-wire SAF topology always gives better results since the four arms of the inverter are used to
control the three-phase currents of the network as well as the current in the neutral. Note that the neutral current
only contains components of odd orders multiple of 3 (3, 9, 15, etc.), the amplitudes of which are three times
greater than those of the phase currents. The three-phase balanced symmetrical non-linear loads, with
connection to the neutral, generate in this conductor, harmonic currents of order 3 and harmonic currents of
orders multiple of 3. The RMS value of the neutral current can be greater than that of the current phase (up to
V3 times the value of the current in a phase). To remedy the overload of the neutral conductor, the simplest
solution is to choose a neutral conductor section equal to twice the section of a phase conductor. Unfortunately,
this solution is expensive and does not ensure protection of the equipment. Therefore, it is proposed to integrate
in this work a fourth arm to cancel the current in the neutral. Figure 2 illustrates the detail of the neutral current
neutralization control block.

Fourth arm

Neutral current
neutralization
algorithm

Upper limit=2 ,
] j[ 1
Lower limit=

o

Figure 2. Neutral current neutralization control diagram.
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Table 1 shows the detailed neutral current neutralization algorithm.

Table 1. Detailed neutral current neutralization algorithm

Algorithm

Start

Neutral current measurement in
Ifin#0
Calculation of positive and negative sequences
Iy =iy + Gyinres & Iy = iy — Gyinger
Ifiy > I
St=1
Otherwise
S*=0
End if
Ifiy <Iy
S=1
Otherwise
S=0
End if
Output calculation
S =8S"x1+85 x2
Ifs <2
S=S
Otherwise
S=2
End if
Switch state
If S=1
Ss=1
Otherwise
S4=0
End if
Otherwise
Arm in stand-by
End if
End

2.3. Instantaneous power pg method

A simpler method of identifying harmonic currents consists of eliminating the DC component of the
instantaneous active and reactive powers, which is relatively easy to achieve.

Let vyq, Vgp, Vge and iq, iy, I be the phase-to-neutral voltages of a three-phase network
(connected to a polluting load) and the three load currents respectively. This theory uses the algebraic
transformation of Concordia to convert the three-phase systems of currents and voltages presented in the Xanc
coordinate system to a new two-phase coordinate system whose axes are in quadrature Xoa as follows:

The voltage components:

1 1 1
B R
1 1
Yga|= |51 —= —=|[|Yop 4)
Ygp 3 2 2 |y
0 V3 3
2 2
The current components:
1 1 1
, i oViOVE|,
Lo 2 1 1 La
Ia| = 3 1 —= —=||w ()
g 2 2,
0 V3 3
2 2
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The instantaneous real and imaginary powers denoted by p and g respectively are defined by the
following matrix relation [19]:

=L wlli] ©)

In the general case, each of the powers p and q has a DC part and a relative part, which can be
expressed as:

p=p+p
_ . 7
{ q=q+t4q 7
Where p denotes the DC power linked to the active fundamental component of the current and the
voltage, g is the DC power linked to the reactive fundamental component of the current and the voltage, $ and

g represent the AC powers linked to the sum of the disturbing components of the current and the voltage.

In this paper, these components are denote by: p,.r = P + p. and q,.r = q, such that p. is the output of the
DC bus voltage regulator.

o Vga  ~Vgp1 ™t [5]

S = ~ 8

[lLB] <[vgﬁ Vga q &)
With A = vZ, + v;g is the determinant.
Let:

D, 1%

N - g -

o =-g D=4 0

- _Yep .  Vga .. ®

hp =T Pty

It can be noticed from these equations that in the expressions of i, and is the zero sequence power is absent
[20].
larer = lias lrprer = lip and Iforer = Lo

Where i, is the zero-sequence component.

It should be noted that the neutral current in and the zero-sequence current i, are linked by the relationship

below:
In =g + iy + i
o1 . . 1. 10
lo:ﬁ(lLa'i'lLb‘}'ch):ﬁln (10)

To determine the reference currents ensuring the compensation of disturbances, namely: the harmonic
currents, the reactive power and the line current unbalance. The pq theory can be employed to calculate these
currents according to the desired quality of compensation. Finally, it is easy to go back to the reference currents
by the inverse transformation of Concordia:

R
i V2|
R
ifCTEf 3 2 2 \/E iforef
1 V3 1
2 2 V2
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Figure 3. Identification by the instantaneous power method.

The general idea is to introduce in the forward path, upstream a proportional regulator (Kpac), which
serves to keep the DC bus voltage of the capacitor constant and forces the filter current to follow the reference
current generated by the controls. The currents regulation consists of the currents control from the network
(indirect control of the iganc Network). The instantaneous power method is applicable only if the network voltage
is perfectly sinusoidal and balanced. The first step is to bring the network voltage vganc and the load currents
iLanc into the Concordia reference. This transformation makes it possible to switch from a three-phase system
to a two-phase system, which simplifies the mathematical expressions.

3. DESIGN THE DC VOLTAGE AND ACTIF FILTER CURRENT REGULATORS

3.1. DC voltage regulation

For small and medium powers, the most suitable energy storage element is a capacitor placed on the
DC side of the inverter. The DC voltage is not constant because it depends on the active power exchanges
between the polluting load and the network as well as the losses in the power components, hence the need to
maintain this voltage at a constant level.

A simple proportional type regulator can be inserted. The output of the regulator P, is added to the
disturbing active power # and gives rise to an active fundamental current thus correcting V.

The power P, represents the active power necessary to maintain the voltage V. equal to the value of
the desired reference voltage (V(dcref))' The regulator used here is a simple proportional Kpe regulator

associated with a first order low-pass filter with gain k. and a time constant . [21]:

k
Kpdc(s) = 1 +; s (12)
c

By neglecting the switching losses in the inverter as well as those in the coupling inductors, the relationship
between the power absorbed by the active filter and the voltage across the capacitor becomes:

da
P = —(5CuV2) (13)

For small variations in the voltage V. around its referenceV(dCref), equation (13) can be linearized as follows:

d
o= Cyc- Vdcréf E Vae) (14)
By applying the Laplace transformation to this relation, one gets:

Vic(s) = L (15)
‘ Vdc,ref “Cac* s

From relation (15), and taking into account the proportional regulator. The choice of parameters, k., . aims
to obtain a minimum response time so as not to harm the dynamics of the active filter.

ke (16)
w, = |m——————
¢ Cqc - Vdc_ref "Te
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The response is stable for all values of k., nevertheless the product (k. - t.) is chosen to achieve a satisfactory
damping.

3.2. Active filter current regulation
By neglecting the resistance of the inductance L, the equation connecting the voltage, which must be

supplied by the inverter, in order to create harmonic currents in phase opposition to those existing on the
network and the voltage at the connection point is defined by:
di
f
Uf = Ug + LfE (18)

The difference between the reference current and the current measured is obtained from the following relation:

Alf = if_ref - lf (19)
From equations (18) and (19), one obtains:
dAif dif_»r«ef
Lf 7 = <Ug + Lf dt - Uf (20)

The first term on the right-hand side of equation (20) can be defined as the reference voltage vy .., which
gives the following expression:

dif_ref
it (21)

From equations (20) and (21), the difference between v, ,..rand v, , generates a current error. The
voltage v . given by relation (18) is composed of two terms at different frequencies. The first term is the
network voltage, which is easily measured. The second term is equal to the voltage drop across the inductance
Lgwhen a current crosses it equal to that of the reference. A current regulator must generate this term. The
reference current is made up of harmonic currents with frequencies multiple of that of the network. To avoid
harmonics due to interruptions in the operation of the regulator, a first order low pass filter can be added before
this one. The control voltage becomes:

vf_ref = Vg + Lf

Ve(s) = Vy(s) + Lgifs (22)

The relation (21) gives the controlled quantity /; as a function of the control quantity v, . One
obtains:
V(s) —V,(s)

I =
f(S) S'Lf

(23)
In this diagram, G (s) represents the PWM controlled inverter, which can be modeled by the following
relation:
Vdc

G =57y
p

(24)

Where V. is the DC side voltage of the inverter and V, represents the amplitude of the triangular carrier.
Generally, the most widely used regulator is the proportional integral (PI) regulator. Indeed, it is one of
the simplest to implement. The control loop of the current I, can then be simplified as shown in Figure 4.

v

if_ref Kpe + Eic — if

Figure 4. Simplified diagram of the filter current regulation.
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4. RESULTS AND DISCUSSION

The simulation model illustrates the method of identifying instantaneous powers for the detection of
reference harmonic currents. It includes a proportional regulator for the regulation of the DC voltage at the
terminals of the conductor and a PI regulator for the PWM control. The cut-off frequency of the second order
low pass extraction filter is 50 Hz. In addition, an algorithm for the elimination of the neutral current in order
to remedy the problem of unbalance of the polluting load is used. The simulation scenarios are split into two
main cases: (i) balanced load case, (ii) unbalanced load case.

4.1. Balanced load case
A. Inductive load (L =0.07H, R=4Q)

Figure 5 depicts the three-phase currents of the network, the load and the filter. The simulation results
obtained show the compensation of harmonic currents by using the instantaneous power pq method as a method
of identifying the harmonic currents that must be injected by the filter in order to improve the THD of the
network current. Note that after switching on the filter at time t = 0.1 s, the current becomes almost sinusoidal
at the PCC.
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Figure 5. Three-phase current waveforms for the network, load and the filter (Inductive load).

The three-phase voltages as well as the DC voltage are shown in Figure 6. The DC bus voltage at the
input of the V. inverter is well regulated at its reference value V.., with the presence of small ripples around
its reference. The DC bus voltage is maintained perfectly at its reference.

R
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<
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400 - : ;
0 0.05 0.1 0.15 0.2
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Figure 6. Three-phase network voltages and DC voltage waveforms (Inductive load).

Figure 7 depicts the current of phase A with the FFT spectrum before and after the filtering. It can be
observed that before filtering (Figure 7 a), the THD level is equal to 27.28% for two periods of the network
between the instants 0.06 s and 0.1 s. The network current I, is rich in harmonics of order (6k + 1, k =
2.3...). After filtering (Figure 7 b), the THD level is equal to 1.19% and the harmonics 5, 7, 11, 13 and 15 are
all eliminated. It can be concluded that current THD is lower than the IEEE standard, which is set at 5 %.
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Figure 7. Network phase A current iga before and after filtering and its spectral analysis (Inductive load).

B. RLCload (R=200,L=0.1H,C =500 uF)

This RLC load is more polluting than the inductive load. Figure 8 represents the waveforms
respectively of the network, the load and the current injected from the filter. Before the filter is activated, the
network current is equal to the load current. After the filter is activated at the instant t = 0.1 s, it can be noticed
that the network current becomes sinusoidal due to the use of the SAF. The current injected by the filter
compensates for the harmonic currents created by the polluting RLC load.

200 T T T
: R
: O < _fr,—.ffl’r_:—:r_i(/ NIRIRIERIIRS
- _200 1 1 1
0 0.05 0.1 0.15 0.2
50 T T T
<
% LT
3
-50 ' : :
0 0.05 0.1 0.15 0.2
200 T T T
<
2 o \),(":«?K}‘)«zww-wc.xy'»-xrc.x;eme
'_‘Lh
-200 5 !
0 0.05 0.1 0.15 0.2
Time (s)

Figure 8. Three-phase current waveforms for the network, load and the filter (RLC load).
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Figure 9. Three-phase network voltages and DC voltage waveforms (RLC load).
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Figure 9 shows the three-phase network voltage responses as well as the DC bus voltage. Note that
the voltages are balanced with a constant frequency. The voltage across the capacitor perfectly follows its
reference of 900 V after a short transient regime.

Figure 10 illustrates the network current with its FFT spectrum before and after connecting the filter
at the PCC coupling point. Before filtering Figure 10 (a), the source current is highly distored due to harmonics
with a THD of 29.42%. Figure 10 (b) shows the waveform of the network current and its harmonic spectrum.
It can be clearly seen that the network current after filtering is almost sinusoidal. It can be noticed that the THD
is equal to 4.85%, which is less than 5% (the IEEE standard).
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Figure 10. Network phase A current iga before and after filtering and its spectral analysis
(RLC load).

4.2 Unbalanced load case

The single-phase inductive loads are distinguished as follows: (i) for phase A: R, = 40, L, =
0.07H; (ii) for phase B: R, = 60 and L, = 0.04 H; (iii) finally phase C: R, = 802 and L, = 0.06 H. Figure
11 shows the waveforms of the three-phase currents of the network, the load, the filter and the neutral for the
unbalanced inductive loads. It can be observed that the current is unbalanced before the application of the
neutral current neutralization algorithm. Despite the use of the active filter at the instantt = 0.1 s, the network
current does not become sinusoidal and this is due to the unbalance between the non-linear loads. This
unbalance is well visualized in the neutral current, which is not zero. Once the neutralization algorithm is used
at the instant t = 0.2 s, the neutral current becomes zero and consequently the network current becomes
sinusoidal.
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Figure 11. Currents waveforms
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The three-phase network and DC bus voltages are shown in Figure 12. The network voltages are
balanced with constant frequency. The DC voltage is equal to 450 V before the filter is used. Once the filter is
switched on, it can be noticed that the voltage does not follow its reference perfectly (there is an error due to
the unbalance). By applying the fourth arm of the inverter controlled by the neutral current neutralization
algorithm, it can be seen that the voltage follows its reference perfectly.

s SRR

Figure 12. Three-phase network voltages and DC voltage waveforms (Unbalanced Inductive load).
Figures 13, 14 and 15 illustrate the spectral analysis respectively for phases A, B and C of the network
currents. Table 2 shows the different THD values respectively for cases (a) Before filtering, (b) After filtering
and (c) After using the neutral current neutralization algorithm.

Table 2. THD values obtained with the simulated inverter

Phase THD [%] THD [%] THD [%]
Before Filtering After Filtering ~ Neural current neutralisation
A 43.97 48.99 243
B 4453 38.91 2.52
C 42.49 38.13 243

It can be seen that after using the fourth arm, the inverter corrects the THD for all the network phases
and the harmonic levels become acceptable according to the IEEE standard.

The SAF based on a three-level, four-wire inverter has been studied in [22]. Two scenarios (an
unbalance in the first place is carried out in Phase C of the network with a load L, = 1 mH and Rc =2.75 Q
and then another unbalance is used in Phase C for an inductive load of L, = 1 mH and R, = 3 2) are used to
test the two proposed controls: the first is based on the fuzzy controller associated with self-tuning filters (STF)
and the second is based on the active & reactive powers method p-q to compare the impact of these methods
on the quality of the current. Before filtering, the THD of the current is 22.30 %, after using the p-q theory, the
THD is reduced to 8.62 % and to 1.89 % with the proposed method. However, the control scheme proposed in
[22] may increase the complexity of implementing this method in practice. Another study of an active four-
wire shunt filter is proposed in [23]. The author proposes a CPT (Conservative Power Theory) method to
compensate for non-linear load unbalances. Results by MATLAB / SIMULINK and by the Opal-RT real-time
simulator were presented. After the use of the non-linear load unbalances, the THD of the current respectively
for the three phases A, B and C are: 19.75 %, 17.59 % and 15.70 %. Before the filtering for the simulations by
MATLAB the THD for three phases are: 1.74 %, 1.84 % and 1.74 %, and using the real-time simulator Opal-
RT are: 4.05 %, 4.17 % and 4.05 %. In order to demonstrate the superiority and performance of the proposed
control strategy in this paper as compared to the advanced control method proposed in [22-23]. The results
obtained in this article (the THD is approximately 44 % before filtering and 2.5 % after neutralization of the
neutral current, see Table 2) are very satisfactory and the method used is simple to implement.
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Figure 13. FFT analysis of phase A network current (Unbalanced Inductive load).
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Figure 14. FFT analysis of phase B network current (Unbalanced Inductive load).
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Figure 15. FFT analysis of phase C network current (Unbalanced Inductive load).
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5. CONCLUSION

This paper proposed a shunt active filter (SAF) based on a four-arm voltage source inverter topology
to mitigated harmonic pollution in distribution network due to non-linear loads. The filtering process employs
an appropriate control method to extract the reference current as well as the voltage regulation of the inverter
DC bus capacitor. The fourth arm of the inverter is designed to neutralize the neutral current. The simulation
results obtained shows good dynamics of the four-wire SAF against unbalanced non-linear loads. Finally, as
perspective, the authors propose to apply the active four-wire shunt filter in a microgrid and attempt to further
improve the THD using multilevel inverter topologies. Other more robust control techniques such as sliding
mode of order 2 or intelligent control techniques based on fuzzy logic, neural network or neuro-fuzzy methods
can also be investigated as future work.

APPENDIX

System Designation Values
The effective voltage V, =220V2V
The frequency f =50HZ

Power source Internal resistance Ry, =0.1mn
The internal inductance Ly = 1uH
Storage capacity Cqc = 2.5mF

Active parallel power filter Output filter (coupling inductance) Ly = 1 mH.
Reference voltage Vac ref =900V
DC bus voltage controller k. =100

Control parameters of the PAF k, =300

PI controller for reference currents

ki = 35
Sampling time T, = 4us
Simulation conditions Step type no variable
Method of resolution 0del5s (stiff / NDF )
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