%HA

International Information and
Engineering Technology Association

Active Harmonic Filtering for Improving Power Quality of an Electrical Network

Mahdi Benaouadj!, Zouhir Boumous?”", Samira Boumous?

Check for
updates

! Department of Electrical Engineering, Kasdi Merbah University, Ouargla 30000, Algeria
2EER laboratory, Mohamed Cherif Messaadia University, Souk Ahras 41000, Algeria

Corresponding Author Email: zohir.boumous@univ-soukahras.dz

https://doi.org/10.18280/jesa.550312 ABSTRACT

Received: 19 March 2022
Accepted: 24 April 2022

Keywords:

parallel active filter, harmonics
identification, energy quality, electrical
network

The increase use of polluting equipment, especially in the field of power electronics, has
caused appearance of harmonics and deterioration in the supplied current wave quality.
For this reason, several harmonic pollution control methods have been developed, and the
use of the active filtering presents the most efficient and appropriate solution. This work
concerns improving energy quality of an electrical network by using an active parallel
filter. To achieve this objective, three essential steps were pursued: identification of the
harmonic currents, insertion and control of an active parallel filter, and checking

effectiveness of the adopted filtering strategy by comparing the total harmonic distortion
(THD) values before and after filtering. The various obtained results prove capacity of the
inserted active filter to decontaminate harmonic pollution and consequently improve the

energy quality.

1. INTRODUCTION

Propagating through the electrical networks, voltages and
currents are ideally sine waves at the fundamental network
frequency. However, according to researches published in the
literature, we find that the quality of the electrical wave is far
from perfect, due to the wide use of non-linear loads, such
static converters (semi-conductors, variable speed drives,
microcomputers, etc.). Indeed, these non-linear loads generate
current harmonics and consume reactive power, which leads
to direct consequences on the shape of the voltage and current
waves which become non-sinusoidal causing a malfunction of
several devices such as medical devices, computers,
programmable logic controllers, rotating machines, etc.
Therefore, it is necessary to reduce the dominant harmonics
below 5% as specified in the IEEE harmonic standard. For this
reason, harmonic delimitation standards have been
recommended to limit the current harmonics caused by the
non-linear loads and injected in the network. To reduce these
disturbances and thus improve the quality of the distributed
energy, there are several solutions, among them we found the
passive filters.

Traditionally, a passive filter is used to eliminate harmonics,
however this compensation equipment has certain drawbacks.
for this reason, the active filters have been proposed to
improve quality of the electrical energy. One of the main
applications of the active filters is elimination or reduction of
the current and voltage harmonics. The principle of an active
filter is to compensate harmonics present in the electrical
networks by injecting currents and voltages with the same
amplitude of the harmonics but in phase opposition.

It is important to note that performances of an active filter
is deeply linked to the algorithm followed to detect the
harmonic references as well as to the method used for tracking
these references.

This work concerns improving energy quality of an
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electrical network by using an active parallel filter. the paper
is organized as follows: we begin with a state of art giving
some related works; after, we explain the harmonics
identification by the instantaneous powers method; then, we
define the power and control parts of the parallel active filter;
finally, we give and discuss the simulation results.

2. PREVIOUS WORKS

The active filtering was introduced in the 1970s following
the development of power electronics. However, the design of
the first prototype of an active power filter (APF) based on
naturally — switching thyristors for harmonic current
compensation was introduced in 1977, with the
commercialization of power electronic components which
switch at increasing powers with high switching frequencies
[1].

In 1982, the first 800kVVA FAP, consisting of a PWM (Pulse
Width Modulation) current switch and GTO (Gate Turn Off),
was installed for harmonic compensation [2]. Subsequently,
many PWM-controlled power inverters were developed for the
active filtering applications. As a result, the parallel active
filters began to be marketed and installed throughout the world
and especially in Japan.

In 1996, there were more than five hundred parallel active
filters installed with powers ranging from 50kVA to 2MVA
[3].

In 1997, Akagi [4] examined the strategy of controlling and
selecting location of an active filter in a power distribution
system.

In 2000, several works on the active filter were presented.
A system consisting of a three-phase parallel active filter and
a smoothing reactor was proposed [5]. The authors [6] made
the design, analysis and numerical simulation of a four-branch
variable speed drive based on an active filter, which
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compensates the reactive power and eliminates harmonic
currents in unbalanced conditions.

In 2003, Saitou et al. [7] proposed a single-phase active
filter using a (dq) transformation where the voltage and current
harmonics can be obtained precisely through a low-pass filter.

In 2008, Kumar and Umamaheswari [8] adapted an active
filter by implementing a hysteresis block in a DSP card to
inject the compensation current into the power system.

In 2010, Hooshmand and Esfahani [9] presented a new
active filter control strategy by the use of a Pl (Proportional
Integral) regulator to follow the reference current in a
complete cycle in order to generate ignition pulses by the
hysteresis control.

In 2013, Ketabi et al. [10] presented a new parallel active
filter control algorithm that not requires coordinate
transformations or complicated calculations.

3. HARMONICS IDENTIFICATION USING THE
INSTANTANEOUS POWERS METHOD

The harmonics identification is a very important step in the
process of their compensation. In the literature, many
identification methods have been developed [11]. In this
article, we have selected the instantaneous powers method for
the harmonic identification because it represents a well-
established compensation technique [12].

The first identification step consists in transforming all
currents and voltages from the a-b-c three-phase reference to
the a-B two-phase reference. This transformation (called:
Direct Concordia Transformation (DCT)) reduces, essentially,
the computational constraints. It is given by Eqns. (1) and (2)
which make it possible to calculate the voltages v, and vg and
the currents i, and ip [13-16].

_1 L 1 v
[Ua] _ z 2 2 vl; (1)
Ve 3, V3 V3|,

| 2 2

Lol 1y
rﬂ 2l T2 T2l o
b 3 0 E _E _iIC)

| 2 2

The instantaneous real and imaginary powers (p and q) can
be expressed equivalently in a a-3 two-phase system by the Eq.

3).
14 Va
=15, 5] ®
The powers p and q are given by the Eq. (4).
q=q+4q

The instantaneous powers pandgcan be decomposed into:
p=p+pand g =q+g. In the sinusoidal case, pis the
continuous part related to the current active fundamental
component, q is the continuous part related to the current
reactive fundamental component.

The powers p and g correspond to the fluctuating parts
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related to the sum of the current and voltage disturbing
components (for this reason, that concept is called: <«the
Instantaneous Imaginary Power>>[17]).

A low-pass filter separates the fundamental component (in
other words the continuous part) from the disturbing
components (the alternating part). In this case, two filters are
necessary: the first is opted to isolate the part p of the
instantaneous active power, and the second is used to isolate
the part g of the instantaneous reactive power.

The reference currents are calculated using the Eq. (5).

0
irefl 1 ﬁ I
irefz 2 2 [ig] (5)
iref3 1 E
2 2
where
iy _1 Vo —Vg1[P
g]=aly 1[E) ©
and
A= v,* 4+ vg? (7

The alternating parts p and § (calculated by the Eqns. (6)
and (7) permit to extract the three-phase disturbing
currents.

The disturbing harmonics represent the reference currents
which are to be injected in opposition in the electrical
network to eliminate harmonics.

4. POWER PART OF THE PARALLEL ACTIVE
FILTER

The Figure 1 shows the power circuit of the parallel active
filter with a voltage structure. This filter is composed with a
voltage inverter, an output filter (Ir), and a storage element.

I '|r: | !
————— i [YYNY, ;
e . aaal | . v
NYA! rl'
Omtput Voltage Storage
filter inverter v element

Figure 1. Power circuit of a parallel active filter with a
voltage structure

4.1 The voltage inverter

The voltage inverter is a controlled IGBT three-phase
voltage inverter. The control of two IGBTSs of the same arm is
done in a complementary way, that is to say, if the first IGBT
is open the other is closed and vice versa. With this principle,
the opening and closing sequences depend on the state of the
control signals (Sa, Sb, Sc) given by the Eqgns. (8), (9) and (10).



S = {1 If : T, is close and T, is open} g
a7 |0If: T, is close and T; is open ®)
S = {1 If : T, is close and Ts is open} 9
b~ 10 If : Ts is close and T, is open ©)
s = {1 If : T; is close and T is open} 10
¢ |01If: T, is close and T; is open (10)

The voltages between each two phases are then defined by
the Eqg. (11).

Vea — Vi Sa—Sp
Vio = Vee| = [Sb — Sc| Ve (11)
Ve = Vi S¢ = Sa

The voltages Vs, Vi and Vi satisfy the Eq. (12).
Vfa sa Ifa
Vi [ = sb + Lfd (12)
Vfc sc Ifc

Assuming that the network voltages being to be balanced,
and knowing that the sum of the currents injected by the
inverter is equal to zero, the Eq. (13) can be written.

{Vsa +Vsp + Ve =0 (13)

Ifa+1fb+1fc =0
From Eqgns. (12) and (13), we can deduce the Eq. (14).
Vfa + Vfb + Vfc = 0 (14)

Substituting Eq. (14) into Eq. (11), the Eq. (15) is got.

Vil [2Sa = Sb = Sc]y

dc
Vi =[ —S,2Sp — S, (15)
Ve —S, — Sy2S.

Thus, we can express eight output voltages cases. All
possibilities are summarized in Table 1.

Table 1. Output voltages

Casenumber S, S, S Via Vip Vic
0 0 0 O 0 0 0
1 0 0 2Vdc _Vdc _Vdc
3 3 3
2 0 1 o0 —Vac  2Vac  —Vac
3 3 3
3 1 1 o (e Ve Z2Vac
3 3 3
4 0 0 1 _Vdc _Vdc Zvdc
3 3 3
5 1 0 1 Vae  —2Vac  Vac
3 3 3
6 0 1 1 P Vao o Va
3 3 3
7 1 1 1 0 0 0

4.2 The output filter

The role of the output (decoupling) filter is to connect the
voltage inverter to the electrical network [18]. Although it
limits the dynamics of the current, this filter reduces, in the
electrical network, the propagation of components due to
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switching.
4.3 The storage element

The energy storage in the direct current side is often done
by a capacitive storage system represented by a capacitor
which plays the role of a DC voltage source [19]. The storage
system parameters choice affects dynamics and quality of the
parallel active filter compensation. Indeed, a high DC voltage
source improves the dynamics of the active filter. In addition,
the DC voltage ripples caused by the currents generated by the
active filter and limited by the capacitor choice, can degrade
the compensation quality of the parallel active filter. These
fluctuations are more and more important as the filter current
amplitude is large and its frequency is low [20].

5. CONTROL PART OF THE PARALLEL ACTIVE
FILTER

In this part, we used the hysteresis control because it offers
better static and dynamic compensation performance [21]. The
principle of the hysteresis control is shown in Figure 2.

The purpose of hysteresis control, still known under the
name of the on/off control, is to control the compensation
currents by forcing them to follow those of reference.

hysteresis
band

upper band

lower band

reference actial current

current

LY
T wt

upper switch on\

bl
00T

Figure 2. Principle of the hysteresis control [22]
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\ lower switch on

N
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A

Figure 3. Simplified model of the hysteresis band controller
[20]



The signals in the output of a hysteresis comparator are used
to control the switching order of the switches of each arm
composing the inverter.

The control by hysteresis permit to control a converter by
indirectly controlling its average switching frequency. This
command is based on knowledge of the converter state and
establishment of an easy-to-implement switching choice rules
[23]. The Figure 3 illustrates the simplified model of the
hysteresis band controller.

The hysteresis technique is part of non-linear controls
because it works in the principle of all or nothing. This
technique has great advantages in terms of robustness and
simplicity of implementation. It has a fast response time in
dynamic mode, satisfactory stability and precision and
moreover automatically limits the current.

The only regulation parameter in the hysteresis command is
the band width which determines the error in the currents and
the switching frequency.

The hysteresis band regulation technique is one of the most
appropriate methods for various applications of current-
controlled inverters such as electric drives and active filters
[24].

6. SIMULATION AND RESULTS
6.1 Impact of a non-linear load

The presence of non-linear loads causes injection of a huge
quantity of harmonics in the electrical distribution networks.
These harmonics cause high disturbances [25, 26] and distort
the shape of the source current witch is not sinusoidal [27, 28].

The simulation parameters of the electrical network and the
non-linear load are gathered in Tables 2 and 3.

Table 2. Parameters of the electrical network

Parameter Vyo(V) f(Hz) R4 (Q) LgH)
Value 220 50 0.001 0.006

Parameter R4(Q) Ly(H)
Value 20 0.007

la
b
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-
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-

Currents (A)

i

Table 3. Parameters of the non-linear load
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Figure 4. Current shapes for each phase after adding the
pollutant load
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The Figure 4 illustrates the currents shapes for each phase
in the presence of a polluting load (rectifier) that generates a
large amount of harmonic currents [29, 30].
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The obtained results show that the currents and voltages for
each phase are alternating but polluted with an increase in the
maximum value of the current compared to that obtained
before addition of the three-phase rectifier.

The Figures 5, 6 and 7 show the spectral analysis of the
current absorbed by the load carried out in the three phases
after the rectifier addition. The total harmonic distortion (THD)
calculation makes possible to discover the harmonics presence
in an electrical network. When the THD is equal to zero, it can
be said that there are no harmonics in the network.

The Figures 5, 6 and 7 show appearance of harmonic
currents since the rectifier is considered as a non-linear load.
Indeed, the spectral analysis of the currents absorbed by the
load proves presence, in addition to the fundamental (first
order), of multiple harmonics. For the THDs, they are equal to:
20.30%, 20.54% and 20.15% for each phase.

6.2 Harmonics filtering

In this part, we present the simulation results of the
harmonic pollution decontamination of an electrical network
by using a parallel active filter, based on a voltage inverter
controlled by the instantaneous powers method The filter
parameters are shown in Table 4.

Table 4. Parameters of the parallel active filter

Parameter Vi (V) Re(Q) Le¢H) Cq4.(F)
Value 500 5 0.002 0.3
ab ﬂ | |'r\ lﬂ'. A .

Currents [A)

[
Time (5]

Figure 8. Source, load and parallel active filter currents
waveforms for the phase <a>

Currents [4)

Time [s)

Figure 9. Source, load and parallel active filter currents
waveforms for the phase <o
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Figure 10. Source, load and parallel active filter currents
waveforms for the phase <«¢>>
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The Figures 8, 9 and 10 present the waveforms of the source,
load and parallel active filter currents for different phases.

After injection of the reference current (obtained by the real
and imaginary instantaneous power method [31, 32]) produced
by the active filter, we can see that the source current is now
sinusoidal and free of all harmonic disturbances. Therefore, a
sinusoidal three-phase source current is obtained.
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Table 5. THDs values before and after harmonics filtering

THD (%)
Before filtering  After filtering
Phase «a>» 20.30 2.52
Phase <b>» 20.54 2,51
Phase «c» 20.15 2.51

The Figures 11, 12 and 13 present a spectral analysis of the
source current carried out in the three phases after filtering.

The spectral representations shown in Figures 11, 12 and 13
confirm reduction of harmonics in the source currents. In fact,
the THDs values goes from 20.30%, 20.54% and 20.15%
before filtering, to 2.52%, 2.51% and 2.51% after filtering.
These results confirm the strategy followed for reducing
harmonics. The Table 5 summarizes the THDs comparison
before and after harmonics filtering.

7. CONCLUSIONS

The work presented in this paper is one of the modern
solutions based on power electronics to remedy problem of
harmonic pollution. To improve energy quality of an electrical
network, a parallel active filter (current filtering) based on a
two-level voltage inverter controlled by the hysteresis
technique was selected.

In order to assess ability of the chosen parallel active filter,
two main steps were followed: the first step is the harmonic
currents detection using the instantaneous real and imaginary
powers which directly gives the shape of harmonic wave to be
compensated, and has an adequate response for tracing varying
harmonics over time [20]. The second step is the THDs values
calculation for each phase.

The different obtained results confirm effectiveness of the
introduced active filter by reducing the THDs before filtering
compared to those after filtering.

As perspectives, we propose:

- The use of the FACT systems to filter, in the same time,
the voltage and current harmonics.

- The application of intelligent techniques such as neural
networks and fuzzy logic to filter harmonics.
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NOMENCLATURE

AC Alternative Current

DC Direct Current

Vs Voltage of the AC source

Ve Voltage of the DC bus

Rs Resistance of the AC source

Ls Inductance of the AC source

Ry Resistance of the non-linear load

Lg Inductance of the non-linear load

Rs Resistance of the parallel active filter
L+ Inductance of the parallel active filter
Cuc Capacitor of the DC bus





