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  م��ـــص
  ثر سل�� ع�� التج���ات الك�ر�ائية. ا أ, الاضطرابات الناتجة عن ا��مولات الك�ر�ائية غ�� ا��طية ل��� الشب�ات الك�ر�ائية

  المر��ات ثلاثية الطور ذات ثلاث خطوط أثب�ت كفاء��ا من حيث تحس�ن  , �ر�ائية��دف تحس�ن نوعية الطاقة الك

  �� الشب�ات الك�ر�ائية ذات ثلاث خطوط.الاضطرابات الناتجة عن ا��مولات الك�ر�ائية غ�� ا��طية 

قمنا بدراسة   , لقدثلاثية الطور ذات أر�عة خطوطمع�� خصوصا بالتحكم �� المر��ات العمل المب�ن �� �ذه المذكرة   

والذي �سمح بتعو�ض الاضطرابات و   ��تلف ال��كيبات ومختلف  اس��اتيجيات التحكم �� المر��ات ال�شيطة المتواز�ة

طرق استخراج مراجع التيار قد   �ل �� الشب�ات الك�ر�ائية ذات أر�عة خطوط.الاستطاعة الردية  و كذا فقدان التوازن 

 . عالية والكفاءةدرست و طبقت ثم قورنت من حيث الف

 , ا��مولات الك�ر�ائية غ�� ا��طية, معوض �شيط. PLLالمر��ات ال�شيطة, �لمـات مفتاحيـة :  

 

Abstract 

In an electrical network, the harmonic disturbances can strongly degrade 
customer power quality. 

In order to improve power system quality, the three-phase three wire active 
filter showed its effectiveness in term of compensation of the harmonics generated 
by the nonlinear loads in a three-wire network.  

The work presented in this thesis more particularly relates to the control of 
three phase four wire active filter, different topologies and control strategies of the 
parallel active power filters to compensate current harmonics and reactive power in 
the four-wire electrical network is studied. These references identification methods 
were studied simulated then, compared on the basis of their effectiveness. 
Keys words: Active filter, PLL, Non-Linear load, reactive power, network pollution, 

Active Compensator 
 

Résumé 

Dans un réseau électrique les perturbations harmoniques ont des effets néfastes 
sur les équipements électriques. 

  Dans l’objectif d’améliorer la qualité de l’énergie électrique, Le filtre actif 
triphasé à trois fils a montré son efficacité en termes de compensation des 
harmoniques générés par les charges non linéaires et/ou déséquilibrées dans un 
réseau à trois fils.  
   Le travail présenté dans cette thèse concerne plus particulièrement la 
commande d’un filtre actif à quatre fils, nous avons abordé, les différentes topologies 
et stratégies de commande des filtres actifs parallèles en vue de compenser les 
harmoniques de courants et la puissance réactive susceptible d’apparaître dans les 
réseaux électriques à quatre fils. Ces méthodes d’identifications ont été simulées puis 
comparées sur leurs efficacités.        
Mots clés : Filtrage actif, PLL, charges non linéaires, énergie réactive, compensateur 
actif.  
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Chapter 1

INTRODUCTION

I Power Quality Problems:

Power Quality (PQ) is defined as the perfection of delivered electrical power in terms
of wave shape, frequency, amplitude, and sustainability [1]- [2]. Current and voltage
waveforms of an ideal electrical grid should be in forms of perfect sinusoidal wave in-
phase to each other having constant frequency and defined constant magnitude [3]. In
addition to their quantifiable parameters, the sustainability is also an important factor
for PQ analysis of an electrical grid [4]. Generally, power quality problems are divided
into two types:

• Voltage-related problems include sags, swells, blackouts, harmonics, etc.,

• current-related problems include electromagnetic field, leakage current, electromag-
netic interference, radiofrequency interference, etc.

The main classification of the PQ issues is represented in Figure 1.1.

Figure 1.1: Power Quality issues classification

I.1 Voltage flickers:

Voltage flickers are defined as a continuous rapid variation of input supply voltage sus-
tained for an appropriate period to enable visual recognition of a variation in electric
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light intensity. Flicker is a power quality problem in which the magnitude of the voltage
or frequency changes at a rate that is to be noticeable to the human eye [5]. The main
causes of the voltage flicker are the loads that draw large starting currents during initial
energization such as elevators, arc furnaces, and arc welders. If load starting cases are
rapidly repeated, then light flicker effects can be quite noticeable. The severity of volt-
age flickers is measured using short-term and long-term flicker severity terms, where an
expected flicker severity over a short duration (typically 10 minutes) is known as Pst, and
that evaluated over a long duration (typically 2 hours) is known as Plt. Thus, Plt is a
combination of 12Pst values.

Pst =
√

(0.0314× Pa) + (0.0525× Pb) + (0.0657× Pc) + (0.28× Pd) + (0.08× Pe)

where Pa, Pb, Pc, Pd, and Pe are the surpassed flicker levels during 0.1, 1, 3, 10, and
50% of the surveillance period. By definition, a value of one for Pst expresses a visible
disturbance, a level of optical severity at which 50% of persons might sense a flicker in a
60-W incandescent lamp. Excessive light flicker can cause a severe headache and can lead
to the so-called ‘sick building‘ [6].

I.2 Transients:

A transient voltage (These are also sometimes called as spikes, surges, power pulses,
etc.) is a large impressed voltage with a very short duration (microseconds). Voltages
may be in the magnitude of several thousands of volts, and due to the short duration,
frequency components are significantly higher than the nominal frequency [7]. Although
these events are of a very short duration, the high peak voltage is often sufficient to
breakdown sensitive electronic components. The usual result is that the equipment stops
operating with a blown fuse. Unfortunately, the fuse, being a thermal device, probably
blew sometime after the transient had already passed through to damaged susceptible
semiconductor components [8]. Transient overvoltage is the result of the rapid change of
current in an inductive circuit. Sources of transients are listed in Table 1.1.

Table 1.1: Sources of transients

Category Type Sources of problems

Transients

External sources

Lightning strike
Opening and closing of energized lines
Breaker opening and closing
Transients from other users in shared sources

Internal sources

Switching operation
High resistance fault
Photocopy machines
Welding machines
Capacitor bank switching
High-frequency switching in inverter or switch-mode power supply

The classifications of transients as listed in IEEE 1159-2019 [8] are shown in Table
1.2.
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Table 1.2: Classifications of transients.

Parameter Category Type Duration/Frequency

Transients

Impulsive
Nanosecond ¡50 ns
Microsecond 50 ns - 1 ms
Millisecond ¿1 ms

Oscillatory
Low frequency ¡ 5 kHz
Medium frequency 5 - 500 kHz
High frequency 0.5 - 5 MHz

Based on the polarity change, transients are classified into two categories:

I.2.1 Impulsive transients:

Impulsive transients are sudden high peak events that raise the voltage and/or current
levels in either a positive or a negative direction [9]. These types of events can be cat-
egorized further by the speed at which they occur (fast, medium or slow). Impulsive
transients can be very fast events (5 ns rise time from steady state to the peak of the
impulse) of short-term duration (less than 50 ns), and may reach thousands of volts, even
in low voltage. Figure 1.2 shows a positive polarity impulsive transient appearing in the
positive cycle [10].

Figure 1.2: Positive polarity impulsive transient appearing in the positive cycle.

I.2.2 Oscillatory transients:

An oscillatory transient is a sudden change in the steady-state condition of a signal’s
voltage, current, or both, at both the positive and negative signal limits, oscillating at the
natural system frequency [11]. The transient causes the power signal to alternately swell
and then shrink, very rapidly. Oscillatory transients usually decay to zero within a cycle.
Depending on the frequency, they can be classified in low, medium or high frequency
transients. Figure 1.3 shows the oscillatory transients in the voltage wave [12].
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Figure 1.3: Oscillatory transients.

I.3 Voltage fluctuations:

Voltage fluctuation is a continuous change in the instantaneous voltage (cycle to cycle)
due to variation in load resistance in every cycle. Continuous voltage changes are called
voltage fluctuation. The definition of voltage fluctuation by IEC 61000-3-3 is a series of
changes of RMS voltage evaluated as a single value for each successive half period between
zero crossings of the source voltage. The major cause of voltage fluctuation is arc furnaces
in industrial plant [13]. Voltage fluctuations have an impact on illumination intensity
from the lamp. That is, continuous variation in voltage has an impact on illumination
density resulting in a noticeable change in illumination by the normal human eye. This
phenomenon is called flicker or voltage flicker.
The definition of flicker by IEC 61000-3-3 is the impression of unsteadiness of visual
sensation induced by a light stimulus whose luminance or spectral distribution fluctuates
with time. Figure 1.4 shows a fluctuation in voltage.

Figure 1.4: Voltage Fluctuations.

I.4 Waveform distortion:

IEEE 1159-2019 defines waveform distortion as a steady-state deviation from an ideal sine
wave of power frequency principally characterized by the spectral content of the deviation
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. There are five primary types of waveform distortion [14]:

I.4.1 DC offset:

The presence of a dc voltage or current in an ac power system is termed dc offset. This
can occur as the result of a geomagnetic disturbance or asymmetry of electronic power
converters [15].
Examples: Incandescent light bulb life extenders may consist of diodes that reduce the
rms voltage supplied to the light bulb by half-wave rectification. Direct current in ac
networks can have a detrimental effect by biasing transformer cores so they saturate in
normal operation. This causes additional heating and loss of transformer life.

I.4.2 Harmonics:

Harmonics is considered as the major issue out of all power quality problems [16]. Recently
mitigation of harmonics has gain a lot of attention due to the increased use of non-linear
loads.

I.4.2.1 Harmonics Definition: Harmonics, as defined in IEEE guide for harmonic
control in electrical power systems [17], are sinusoidal components of a periodical quantity
having frequency components which are integer multiples of the fundamental frequency
of that periodical quantity. The presence of harmonics in electrical systems means that
current and voltage are distorted and deviate from sinusoidal waveforms [18]. If the fun-
damental frequency of an alternating current (AC) signal is represented by f then the
harmonic frequencies like second harmonic and third harmonic will be represented by 2f,
3f and so on. The fundamental frequency is the frequency at which most of the energy is
contained or at which the signal is defined to occur.

I.4.2.2 Causes of Harmonics: Harmonics are caused by the loads in which the
current waveform does not conform to the fundamental waveform of the supply voltage.
Developments in digital electronics and power semiconducting devices have led to a rapid
increase in the use of nonlinear devices. The requirement of controlled power through
power electronic converter for automation of processes in industries is the main source of
current harmonics [19] [20]. The sources of harmonics in power system can be classified
as shown in Figure 1.5
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Figure 1.5: Sources of harmonics in power system.

I.4.2.3 Effects of Harmonic Distortion: Current harmonics generated by the non-
linear loads propagates throughout the power network. Harmonic current passing through
the system impedance causes a voltage drop for each harmonic and results in voltage
harmonics appearing at the system bus and leads to power quality problem. These cur-
rents interact adversely with a wide range of power system equipment, most notably
capacitors, transformers and motors causing additional losses and consequent, overheat-
ing [21] [22] [23] [24].

• Shunt capacitors which are used for power factor correction causes the harmonic
resonance.

• Harmonic currents may result in the transformer rms current being higher than its
capacity. The increased total rms current results in increasedconductor losses and
heating. Harmonic currents in transformer also increases eddy current losses and
core losses.

• The performance of motors is deteriorated by voltage harmonics. This distortion
at the motor terminals is translated into harmonic fluxes within the motor causing
high frequency currents in the rotor and resulting in additional losses, decreased
efficiency, vibration and high pitch noises.

• Higher order harmonics cause problems of electromagnetic Interference (EMI), espe-
cially with sensitive electronic equipments (e.g. navigation, communication control
and automation).

• Harmonic currents from non-linear loads affect the accuracy of watt-hour and de-
mand meters. Conventional magnetic disk watt-hour meters tend to have negative
values at harmonic frequencies. This error increases with increasing frequency.

• The digital relays and their control algorithms depend on the sampling data and
zero crossing, which may be adversely affected in presence of harmonics in both
voltage and current. Current harmonic distortion can also have an effect on the
interruption capability of circuit breakers and fuses.
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I.4.3 Interharmonics:

Interharmonics are non-integer multiples of fundamental frequency. Interharmonics add
extra signals to the power system which can cause a number of effects, particularly if
they are magnified by resonance. The risk of resonance increases with the presence of
wider range of frequencies. Many of the effects of interharmonics are similar to those of
harmonics, but some are unique as a result of their non-periodic nature.
The most common interharmonics sources are double conversion systems such as cyclo-
converters, High Voltage Direct Current (HVDC) converters, variable speed AC motor
drives, and the metal shaping and melting systems like ladle furnaces, Electric Arc Fur-
naces (EAF), and IMFs. [25], [26], [27].

I.4.4 Notching:

Notching is a periodic voltage disturbance caused by the normal operation of power elec-
tronic devices when current is commutated from one phase to another. Since notching
occurs continuously, it can be characterized through the harmonic spectrum of the affected
voltage. However, it is generally treated as a special case. The frequency components
associated with notching can be quite high and may not be readily characterized with
measurement equipment normally used for harmonic analysis [28]. Figure 1.6 shows a
voltage notching.

Figure 1.6: voltage notching.

I.4.5 Noise:

Any external and unwanted information that interferes with the transmission signal is
known as noise. Noise is not a part of the original signal. It is caused by electromagnetic
interference, radio frequency interference and ignition systems. The negative effects of
noise include troubles of sensitive electronic equipment, loss of data and errors in data
processing [29]. Figure 1.7 shows a noisy signal.
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Figure 1.7: Noise.

I.5 Power frequency variations:

Power frequency variations are defined as the deviation of the power system fundamental
frequency from it specified nominal value (e.g., 50 or 60 Hz). The power system frequency
is directly related to the rotational speed of the generators supplying the system. There
are slight variations in frequency as the dynamic balance between load and generation
changes. The size of the frequency shift and its duration depend on the load characteris-
tics and the response of the generation control system to load changes [30].
Frequency variations that go outside of accepted limits for normal steady-state operation
of the power system can be caused by faults on the bulk power transmission system, a large
block of load being disconnected, or a large source of generation going off-line. On mod-
ern interconnected power systems, significant frequency variations are rare. Frequency
variations of consequence are much more likely to occur for loads that are supplied by
a generator isolated from the utility system. In such cases, governor response to abrupt
load changes may not be adequate to regulate within the narrow bandwidth required
by frequency-sensitive equipment. Figure 1.8 illustrates frequency variations for a 24-h
period on a typical 13-kV substation bus [31].

Figure 1.8: Frequency variations.

I.6 Long-Duration Voltage Variations:

Long-duration variations encompass root-mean-square (rms) deviations at power frequen-
cies for longer than 1 min. Long-duration variations can be either overvoltages or under-
voltages. Overvoltages and undervoltages generally are not the result of system faults,
but are caused by load variations on the system and system switching operations. Such
variations are typically displayed as plots of rms voltage versus time [32]. The different
classifications of long duration voltage variations are listed in Table 1.3.
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Table 1.3: Long duration voltage variation

Parameters Duration Voltage magnitude
Undervoltage >1 min 0.8 - 0.9 pu
Overvoltage >1 min 1.1 - 1.2 pu

Sustained interruption >1 min 0.0 pu
Current overload >1 min -

I.6.1 Overvoltage:

An overvoltage Figure 1.9 is an increase in the rms ac voltage greater than 110 percent
at the power frequency for a duration longer than 1 min [33].
Causes: switching off a large load or energizing a capacitor bank, Incorrect tap settings
on transformers

Figure 1.9: Overvoltage.

I.6.2 Undervoltage:

An undervoltage Figure 1.10 is a decrease in the rms ac voltage to less than 90 percent
at the power frequency for a duration longer than 1 min. Undervoltages are the result of
switching events that are the opposite of the events that cause overvoltages.
Causes: A load switching on or a capacitor bank switching off Overloaded circuits The
term brownout is often used to describe sustained periods of undervoltage initiated as a
specific utility dispatch strategy to reduce power demand [34].

Figure 1.10: Undervoltage.
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I.6.3 Sustained interruptions:

When the supply voltage has been zero for a period of time in excess of 1 min, the long-
duration voltage variation is considered a sustained interruption. Voltage interruptions
longer than 1 min are often permanent and require human intervention to repair the
system for restoration.
The term sustained interruption Figure 1.11 refers to specific power system phenomena
and, in general, has no relation to the usage of the term outage [35].

Figure 1.11: Sustained interruptions.

I.7 Voltage Imbalance:

A voltage imbalance Figure 1.12 is not a type of waveform distortion. However, because
it is essential to be aware of voltage imbalances when assessing power quality problems,
Voltage imbalance (also called voltage unbalance) is sometimes defined as the maximum
deviation from the average of the three-phase voltages or currents, divided by the average
of the three-phase voltages or currents, expressed in percent.
Imbalance is more rigorously defined in the standards using symmetrical components.
The ratio of either the negative- or zero sequence component to the positive-sequence
component can be used to specify the percent unbalance [36].
Causes: The primary source of voltage unbalances of less than 2 percent is single-phase
loads on a three-phase circuit. Voltage unbalance can also be the result of blown fuses
in one phase of a three-phase capacitor bank. Severe voltage unbalance (greater than 5
percent) can result from single-phasing conditions.

Figure 1.12: Voltage Imbalance.
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I.8 Short-Duration Voltage Variations:

Variations in RMS voltage lasting from 0.5 cycles to less than or equal to 1 min are
classified as short duration RMS variations as per IEEE 1159-2019. Based on the duration
of the event, short duration voltage variation can be classified into three categories, namely
instantaneous, momentary, and temporary. The different classifications of short duration
voltage variations are listed in Table 1.4 [37].

Table 1.4: Short duration voltage variation.

Parameters
Instantaneous Momentary Temporary
Duration Voltage magnitude Duration Voltage magnitude Duration Voltage magnitude

Sag 0.5-30 cycles 0.1-0.9 pu 30 cycles-3s 0.1-0.9 pu >3s - 1 min 0.1 - 0.9 pu
swell 0.5-30 cycles 1.1-1.8 pu 30 cycles-3s 1.1-1.4 pu >3s - 1 min 1.1 - 1.2 pu
Interruption - - 0.5 cycles-3s <0.1 pu >3s - 1 min <0.1 pu
Voltage imbalance - - 30 cycles-3s 2% - 15% >3s - 1 min 2% - 15%

I.8.1 Voltage sag (dips):

Voltage sags Figure 1.13 are short duration reductions in voltage magnitude and duration
lasting typically from a few cycles to a few seconds. It is a decrease in RMS voltage
between 0.1 and 0.9 pu and a time duration from 0.5 cycles to 1 min. The depth of
voltage sag depends on multiple factors like network impedance, distance of the fault
occurrence, voltage level at the fault location, connected loads at the time of fault, and
voltage improvement due to reactive power components in the power system. The duration
of voltage sag is determined by the dynamics of rotating loads, system impedance, and
fault clearing time [38].

Figure 1.13: Example 60% sag with a duration of 4 cycles (Instantaneous).

I.8.2 Voltage swell:

Voltage swells Figure 1.14 are short duration increases in voltage magnitude lasting
typically from a few cycles to a few seconds. It is an increase in RMS voltage between
1.1 and 1.8 pu and a time duration from 0.5 cycles to 1 min [39]. The typical voltage
magnitude is between 1.1 and 1.2 pu.
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Figure 1.14: Voltage swells.

I.8.3 Interruption:

Momentary interruptions Figure 1.15 are short duration reductions in voltage magnitude
of less than 0.1 pu for less than 1 min time duration. The duration of the momentary
interruption is determined by the fault clearing time and breaker closing time. Depending
on its duration, an interruption is categorized as instantaneous, momentary, temporary,
or sustained.Table 1.5. describes the RMS voltage recorded just before, during, and
after the momentary interruption [40].

Table 1.5: Root mean square (RMS) voltage variations during the momentary interrup-
tion.

Parameter
Before the

interruption event
During the

interruption event
After interruption

recovery
RMS voltage (R-Y) in V 400 4.5 400
RMS voltage (R-B) in V 402 2.8 401
RMS voltage (Y-B) in V 401 6 401

Figure 1.15: Momentary interruption.

II Power Quality Issues of Smart Grids:

II.1 Smart Microgrids:

In general, the ’Smart Grid’ can be defined as ’a system of systems’. It is a platform that
enables functioning of different technologies and systems. It can be viewed as a better
electricity delivery infrastructure.
A Smart Grid is an electricity network that can intelligently integrate the actions of
all users connected to it - generators, consumers and those that do both – in order to
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efficiently deliver sustainable, economic and secure electricity supplies. See Figure 1.16
for a visual representation of the Smart Grid concept [41].

Figure 1.16: Conceptual vision of smart grid.

Here are some other definitions of the Smart Grid [42] [43] [44] [45]:

• A power system that contains multiple automated transmission and distribution
(T&D) systems, all operating in a coordinated, efficient, and reliable manner.

• A power system that serves millions of customers and has an intelligent communi-
cations infrastructure, enabling the timely, secure, and adaptable information flow,
needed to provide power to the evolving digital economy.

• A power system that handles emergency conditions with ‘self-healing’ actions and
is responsive to energy-market and utility needs.

• The smart grid is a broad collection of technologies that delivers an electricity
network that is flexible, accessible, reliable and economic. Smart grid facilitates
the desired actions of its users and these may include distributed generation, the
deployment of demand management and energy storage systems or the optimal
expansion and management of grid assets.

After analyzing the definitions stated above, the following characteristics of the Smart
Grids can be distinguished:

• Optimized for best resource and equipment utilization

• Distributed by its structure (assets and information)

• Interactive (customers, retailers, markets)

• Adaptive and scalable (for changing situations)

• Proactive rather than reactive (to prevent emergencies)

• Self-healing (can predict/distinguish/bypass abnormal situations)

• Reliable and secure (from threats and external disturbance)
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• Efficient and reliable

• Open for all types and sized of generation

• Environmental friendly (using renewable energy resources)

• Integrated (monitoring, control, protection, maintenance, EMS, DMS, AMI)

II.2 Concept of Smart Grid:

Among Smart Grid research and development activities, there is not currently a globally
agreed the definition for “The Smart Grid”. However, it has been already recognized that
the Smart Grid is a new electricity network, which highly integrates the advanced sensing
and measurement technologies, information and communication technologies (ICTs), ana-
lytical and decision-making technologies, automatic control technologies with energy and
power technologies and infrastructure of electricity grids [46]. Some important aspects of
what ‘smart’ are listed below:

• Observability: It enables the status of electricity grid to be observed accurately and
timely by using advanced sensing and measuring technologies;

• Controllability: It enables the effective control of the power system by observing
the status of the electricity grid;

• Timely analysis and decision-making: It enables the improvement of intelligent
decision-making process;

• Self-adapting and self-healing: It prevents power disturbance and breakdown via
self-diagnosis and fault location.

• Renewable energy integration: It enables to integrate the renewable energy such as
solar and wind, as well as the electricity from micro-grid and supports efficient and
safe energy delivery services for electric vehicle, smart home and others.

II.3 Driving Factors of Smart Grids:

According to the recent research, the majority of utilities consider technology as a main
driver for Smart Grids. Table 1.6. provides an overview of the main driving factors for
Smart Grids [47]:
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Table 1.6: An Overview of main driving factors for Smart Grids

Technology Advance-
ment

• Smart Grid can be seen as the convergence of IT, telecom,
and energy markets.

• New products and solutions through technology advance-
ment.

• Significant amounts of venture capital investment in Smart
Grid technologies and solutions.

Higher Efficiency with
the Help of Grid Opti-
mization

• Multiple integration points for intelligent grid hardware and
software from transmission to consumption.

• Embedded sensors and monitoring capabilities.

• Deployment of advanced two-way communications networks.

• Growing Supply of Renewable and Distributed Power Gener-
ation and Storage.

• Network and systems architecture to support many forms of
distributed generation and storage.

• Intelligent support for multiple forms of intermittent renew-
able power sources (centralized and/or distributed).

Advanced Customer
Services

• Robust, simple consumer energy management platforms.

• Networked devices within the ”smart home”.

• New, efficient pricing models for electricity usage.

Infrastructure Relia-
bility and Security

• Networks/systems tolerant of attack or natural disaster.

• Ability to anticipate and automatically respond to system
disturbances.

21st Century Power
Quality

• Delivering power that is free of sags, spikes, disturbances and
interruptions.

II.4 Challenges in Smart grid Power Quality:

Similar to all technology smart grids bring some challenges to traditional grids. Meanwhile
it also brings some new tools to improve the functionalities [48]. The key challenges, and
tools that smart grids will bring are categorized as [49],
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II.4.1 Power Electronic devices:

The recent progress in the field of power electronics has led to increasing penetration of
power electronic devices to the modern electrical grids, these devices are like a double-
edged sword, improving the electrical grid performance in one side and bringing some new
challenges such as injecting harmonics to the electricity grid on the other side. Nowa-
days most of the renewable energy sources need power electronic interfaces to connect to
the main electricity grid, most of the home appliances use power electronic converters,
also power electronic converters are used in industrial loads and many other applications.
On the other hand, most of the power quality improvement devices that are developed
to mitigate the power quality problems, are power electronic based. Power electronic
based power quality improvement devices such as active power filter, dynamic voltage re-
storer (DVR), static synchronous compensator (STATCOM), uninterruptible power sup-
ply (UPS) systems, smart impedances, electrical springs and multifunctional DGs are of
this category [50] [51].

II.4.2 Plug-In Hybrid Electrical Vehicles Integration:

As it is known, smart grid is a green grid, meaning that it has the biggest potential to
deliver carbon saving. By growing tendency to use of environment-friendly vehicles, the
future of the electricity grid will face a power quality challenge. Integration of a huge
amount of storage units which use rectifiers to charge the batteries with different charge
rates will greatly affect the power quality of the electricity grid. Also, the peak demand
will increase significantly while injecting different orders of harmonic to the electrical grid.
On the other hand, this challenge could become an opportunity to improve the reliability
of the electrical system, if these storage units could be used as an active demand-side
management tool. This needs the enactment of ownership and utilization legislations for
electrical vehicles storage units. Also distributed demand-side management and smart
charging methods could be used to improve the overall quality of the system [52] [53].

II.4.3 Renewable Energy Sources Integration:

Renewable energy sources (RES) have changed the nature of the electricity generation
from bulk generation units to distributed generation units (DGs). This has helped to im-
prove the reliability of the system, voltage profile, decreased the transmission line costs,
losses and dependency on the main grid. These are the benefits of using renewable energy
sources, while on the other hand these energy sources are not fully reliable, because of the
probabilistic nature of the energy sources such as solar or wind power. Another drawback
of RES integration is that most of these sources have power electronic based interfaces to
convert the power, as mentioned before over-using of power electronic converters in the
electricity grid will cause lots of harmonic pollution. Recently researchers are working
on methods to make these RES multifunctional, so that the integrated power electronic
converters could improve the power quality of the grid [54] [55].

III Power Quality Enhancement in Smart Grid:

Multiple methods to overcome power quality issues exist, especially those related to har-
monic pollutions [56] [57]. Load conditioning which is well documented in the literature
consisted of changing the load’s configuration in order to improve its behavior by reducing
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harmonic content of its consumed current. External solutions consisted of adding a com-
pensator to address such issues. In this category two principal configuration are available;
Passive Filters and Active Filters.

III.1 Passive Compensation Approach:

The first and traditionally installed over the power systems are the conventional passive
filters. These filters are built up from passive components; resistors (R), Capacitors (C),
and inductors (L) [58]. They are designed to form a tuned circuit. The tuning frequency
is matched to the harmonics in question. Conventionally, to overcome current issues and
correct the power factor, passive filters were the primary solution. These large preset filters
are able to improve the power factor and reduce current harmonics. After installation,
they are not able to behave as a dynamic compensator during a change in conditions of
the system. If not properly designed, they could give rise to resonance phenomena in
the system. As well, the distorted current drawn by nonlinear loads could distort the
PCC voltage which may then give rise to harmonic currents, even if at these locations,
no harmonic generating equipment are present. Furthermore, voltage unbalance, sags,
and swells are other power quality issues related to the supply voltage required to be
considered for compensations that passive filters are unable to solve.

The high-pass filter is a single-tuned filter where the L and R elements are connected in
parallel instead of series. This connection results in a wide-band filter having impedance
at high frequencies limited by the resistance R. The three types of passive filters are shown
in Figure 1.17.

Figure 1.17: Harmonic passive filters (a) Single-tuned filter, (b) Double-tuned filter and,
(c) High-pass filter

The potentialities and limitations of passive filter can be summarized as under [59]
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[60] [61].

III.1.1 Potentialities of Passive Filter:

• Well-designed passive filters can be implemented in large sizes of Mvars of ratings
and provide almost maintenance-free service (there are no rotating parts).

• These are more economical to implement than their rotating counterparts, i.e., syn-
chronous condensers.

• A fast response time of the order of one cycle or less (i.e., with SVC) can be obtained,
which is important for correction of flickering voltage dips due to arc furnace loads.

• Unlike rotating machines (i.e., synchronous motors or condensers) power capacitors
do not contribute to the short-circuit currents.

• A single installation can serve many purposes, i.e., reactive power compensation
and power-factor improvement, reducing TDD to acceptable limits, voltage support
on critical buses in case of a source outage, and reducing the starting impact and
voltage drop of a large motor.

• When a choice is available between active and passive filters, the passive filters are
more economical.

III.1.2 Limitations of Passive Filter:

• Passive filters are not suitable for changing system conditions. Once installed, these
are rigidly in place. Neither the tuned frequency nor the size of the filter can be
changed so easily. The passive elements in the filter are close-tolerance components.

• A change in the system operating conditions can result in some detuning, although
a filter design should consider operation with varying loads and utility’s source
impedance.

• The system impedance largely affects the design. To be effective, the filter impedance
must be less than the system impedance, and the design can become a problem for
stiff systems.

• Outage of a parallel branch can totally alter the resonant frequency, resulting in
over stressing of filter components and increased harmonic distortion.

• The parallel resonance between the system and filter (shifted resonance frequency)
for single tuned (ST) or double tuned (DT) filters can cause an amplification of the
current at characteristics and non characteristics harmonics. A designer has limited
choice in selecting tuned frequencies and ensuring adequate bandwidth between
shifted frequencies and even and odd harmonics.

• The aging, deterioration, and temperature effects may increase the designed toler-
ances and bring about detuning, although these effects can be considered in the
design stage.

• Definite-purpose circuit breakers are required. To control switching surges, resistor
switching and synchronous closing may be required, although the filter reactors will
reduce the magnitude of the switching inrush current and its frequency.
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• The grounded neutrals of wye-connected banks provide a low-impedance path for
third harmonics. Third harmonic amplification can occur in some cases. (For in-
dustrial systems, the three-phase capacitor banks are, generally, connected in un-
grounded wye configuration.)

• Special protective and monitoring devices are required.

• ST or DT filters are not possible to employ for certain loads like cycloconverters or
when the power system has interharmonics.

• The design may require increasing the size of the filters to control TDD. This may
give rise to over voltages when the banks are switched in and under voltage when
these are switched out.

• A detuning may be brought into play when consumers on the same utility’s service
add power capacitors or filters in their distribution systems.

III.2 Active Compensation Approach:

With the advances in power electronics, the active filtering is gaining in popularity in
recent decades. The shunt active filters are among the first AFs been commercially avail-
able for small and medium voltage applications. They have numerous advantages over
conventional passive filters [62] [63]. They do not require tuning and are independent
of the state of the systems parameters. They respond instantaneously to load variations
without any difficulties. And their compensation efficiency is much less susceptible to
external parameters. The operator has instantaneous control over the device and could
perform all kind of desired modification without the necessity of modifying the hardware.
In this way, there exists numerous types of active filters; Shunt AFs, Series AFs, Hybrid
AFs, and Unified power quality conditioner (UPQC) are among popular active compen-
sators [64] [65].
With the technological advances in manufacturing and the decrease in production cost of
power electronic converters the application of Active compensators seems inevitable. The
introduction of Smart grids has promoted application of these alternative compensators to
enhance power quality over traditional passive filters. Having similar topology to FACTS
devices, the industry is convinced on their reliability during critical operating states [66].
Thus, in this section a brief overview of these various categories of active compensators
are presented [67].

III.2.1 Series Active Filter:

The series APF act as a controlled voltage source illustrated in Figure 1.18. The series
APF is mainly used to compensate for utility problems such as voltage disturbances (sags,
swells etc.), voltage unbalances and/or voltage distortion. To compensate for harmonic
currents a shunt passive filter must be connected as shown in Figure 1.18, providing a
low impedance path [68].
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Figure 1.18: Series active power filters

III.2.2 Shunt Active Filter:

From Figure 1.19, the source current is equal to the load current before connecting the
shunt APF and can be written as

is = iL = if + ih

where is and iL are the source and load current respectively, the load current can be de-
composed to a fundamental current if and harmonic currents ih. Identifying the harmonic
currents from the load [69], the shunt APF can be controlled in such a way to inject the
inverse of the harmonic currents at the PCC, resulting in sinusoidal source currents

is = if + ih − ifiltre = if

Essentially the filter act as a controllable current source injecting currents at the PCC.

Figure 1.19: Shunt Active Filter

The classification of APF can also be based on the supply and/or the load system
having three-phase three-wire (3P3W) or three-phase four-wire (3P4W) systems [70] [71]
[72] [73] [74].
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III.2.3 Three-phase, Three-wire active power filter:

In three-phase, three-wire (3P3W) distribution systems without neutral wire are used to
provide supply for high-power loads such as adjustable speed drives, transactions, arc
furnaces, and other industrial applications [75] [76]. For compensation of harmonics and
reactive power in these systems, a 3P3W APF is used. Figure 1.20 shows the connection
of APF for reactive and harmonic current compensation in 3P3W distribution system

Figure 1.20: Three-phase, Three-wire active power filter

III.2.4 Three-phase, Four-wire active power filter:

APFs are specially designed to 3P4W systems for compensating neutral current along
with the necessary compensation features of the 3P3W APFs. Three different topologies
are available for 3P4W systems and are given below:

III.2.4.1 Three-phase, Four-wire split capacitor APF Topology The three-leg
split capacitor APF topology utilizes the standard three-phase conventional inverter where
the dc side capacitor is split and the neutral wire is directly connected to the electrical
midpoint of the capacitors through an inductance. Figure 1.21 shows the split capacitor
APF topology used in 3P4W system and also known as midpoint clamped topology [77].
The split capacitors allow load neutral current to flow through one of the dc capacitors

Cdc1, Cdc2 and return to the ac neural wire. The split capacitor topology suffers from
voltage balancing, control complexity and two large dc capacitors [78].
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Figure 1.21: Three-phase, Four-wire split capacitor APF

III.2.4.2 Three-phase, Four-wire Four-leg APF Topology: Figure 1.22 shows
the four-leg or four pole APF topologies used in 3P4W system. In this topology, three of
the switch legs are connected to the three phase conductors through a series inductance
while the fourth leg is exclusively connected to the neutral conductor with an inductor [79]
[80]. This topology is most suitable for compensation of high neutral currents. Despite
having higher number of switching devices this topology, outweighed the split capacitor
topology by number of factors [81]:

• Better controllability: In this topology only one dc-bus voltage needs to be regulated,
as opposed to two in the capacitor midpoint topology. This significantly simplifies
the control circuitry with better controllability.

• Lower dc voltage and current requirement: This topology requires a lower dc-bus
voltage and capacitor current.

Figure 1.22: Three-phase, Four-wire Four-leg APF
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III.2.5 Hybrid Active Filter:

Hybrid filter topologies are generally classified as series active filter & shunt passive filter,
shunt active filter & shunt passive filter and active power filter is in series with shunt
passive filter [66]. In HAPF topology 1 Figure 1.23 active power filter is connected in
series with distribution power system through filtering inductor & capacitor . In this APF
acts as a harmonic isolator and forces all the harmonic current to flow through PPF [64].

Figure 1.23: Series active and shunt passive filter

In topology 2 Figure 1.24 PPF acts as main harmonic compensator and active power
filter is used for compensating the remaining harmonic currents. Another advantage of
this system is shunt active filter is applicable if shunt passive filter is existing and reactive
power is controllable [82].
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Figure 1.24: Shunt active and shunt passive filter

In the third topology Figure 1.25 APF and PPF connected in series then shunted
to distribution power system . When APF and PPF connected in series the fundamental
system voltage dropped across the capacitor of PPF . So this topology aims to reduce the
voltage rating of APF.

Figure 1.25: Active power filter is in series with shunt passive filter
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III.2.6 Unified Power Quality Conditioner:

Combining the functionalites of both the shunt- and series APF, two systems can be
connected back to back sharing the same DC bus [83]. The combination of shunt- and
series APFs shown in Figure 1.26 is often referred to as unified power quality conditioner
(UPQC) [84].

Figure 1.26: Unified power quality conditioner (UPQC) system configuration

IV Motivation:

In recent times the use of non-linear load by electric power consumers has increased to
a large extent. Such loads introduce harmonics and other power quality problems thus
affecting the power quality. Furthermore, the demand of energy saving appliances in
recent years has also increased. The use of such smart appliances also adds harmonics
to the power system. The polluted grid will result in more energy losses and cost of
electric supply will considerably increase. Power quality is affected mainly by the current
harmonics that gives a motivation for this research. The harmonics free supply will
result in high efficiency and improved power factor thus energy saving and reduced cost
objectives will be achieved.

V Scope of the Thesis:

The scope of this thesis covers the following points.

• Assessment of the impact of harmonics on power and need for harmonic compensa-
tion.

• Identification of problems affecting the power quality and harmonics mitigation
techniques.

• Analysis of the impact of non-ideal grid conditions on the performance of SAPF.

• Analysis of the performance of phase locked loop techniques under various grid
disturbances.

• Development of an improved reference current generation technique with added
synchronization feature.
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• Identification of the importance of DC link voltage regulation in the current injection
process.

• Analysis of the effects of synchronization techniques on the performance of SAPF.

• Identification of the constraints of using APF without synchronizing it with the grid
voltage under adverse grid conditions.

• Conclusion of the research work accomplished in this thesis and giving recommen-
dations for future work

VI Thesis Outline:

• Chapter 1: In this chapter power quality is defined and its importance in modern
power distribution system is explained. Different issues affecting the power quality
are briefly overviewed. Harmonics issue and the existing techniques for its mitigation
are also briefly discussed. SAPF which is the research aim of this thesis is explained
in detail. Motivation of the research and objectives and scope are also stated in this
chapter.

• Chapter 2: This chapter discusses the techniques used for reference current gen-
eration. Mathematical model of SAPF is also developed here. Time domain and
frequency domain techniques are studied and are evaluated in simulation by adding
the reference current to the distorted source current to get a sinusoidal waveform.
A low value of THD of the compensated source current will show the accuracy of
the observed technique. This chapter deals with the current injection part of active
power filters. An overview of four control techniques is presented which are used
to generate gating signals for voltage source inverter in order to inject the refer-
ence current at the point of common coupling. The regulation of DC link capacitor
voltage is briefly studied too in this chapter.

• Chapter 3: In this chapter, The simulation results of four control methods, are
performed using Matlab—Simulink Power Blockset ToolBox. They are realised in
the same conditions, with the same parameters for the system and control so as the
obtained results can be compared with each other.

• Chapter 4: In this chapter, a three-level four-legged active power filter based on
a neutral-point-clamped (NPC) inverter is presented. To fulfill the requirement
of the active power filtering function under balanced, unbalanced, and distorted
(including 3rd and 5th harmonics) power supply voltages, a control method based
on the instantaneous power theory has been used and discussed. On the other
side, the inverter switching state control has been achieved based on PWM current
controller. The performance of the proposed topology under the control approach
has been finally discussed through the obtained simulation results.

• Chapter 5: This chapter concludes the research work and few recommendations
for future work are also stated.

VII Summary:

In this chapter the importance of power quality has been highlighted and various power
quality problems are explained. Impact of these problems on power qulaity is stud-
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ied. Among the various problems, harmonics and its drawbacks are discussed in detail.
Furthermore, a brief overview of both passive and active techniques used for harmonics
mitigation is presented. A detailed discussion on the working of shunt active power filter,
highlighting its different parts is presented. In summary, shunt active power filter is being
recognized as the best solution for mitigation of current harmonics. Furthermore, the
control techniques used for reference current generation and current injection have a vital
role to play in the performance enhancement of SAPF.
The following chapter presents the review of contributions made by different researchers
in developing control techniques for active power filters.
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Chapter 2

Shunt Active Power Filter for
Three-Phase, Four-Wire Systems

I Introduction:

A large number of residential and industrial single-phase loads are supplied from three
phase mains with neutral conductor where single-phase load is connected between phase
to neutral. Although single phase loads try to be distributed equally between phases,
however, they cause excessive neutral current, harmonic and reactive power burden, and
unbalance that sum up in neutral conductor and produce high neutral current with har-
monics in system. Three-phase three wires STATCOMs and APFs are not able to deal
with this problem then, three-phase four wires scheme was investigated and well-designed
to accompany with neutral current [85].
This chapter presents three-phase, four-wire voltage source shunt active power filter for
the compensation of current harmonics and reactive power present in a non-ideal sup-
ply voltage distribution system. The control scheme is based on sensing supply voltage,
load and supply current. Balanced and sinusoidal component of supply voltage is derived
using symmetrical component theory and fundamental tuned filter control algorithm, re-
spectively. Average power is calculated to compute desired component of supply. A PI
controller is used to control DC link voltage. PWM current controller is used for gener-
ating switching signals for VSI. The performance of control algorithm is validated with
simulation results for different loading conditions [86].

II Reference Current Generation:

The reference current has a vital role to play in active power filtering. The accurate
generation of reference current is the first main target in active power filtering and is a
key to attain superior performance of the filter in reducing harmonic distortion [87]. In
this section a brief overview of various reference current generation techniques is presented
Figure 2.1.
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Figure 2.1: Reference Current Generation Techniques

II.1 P-Q-O Theory:

The clearly knowing about the physical meaning of all instantaneous powers is an im-
portant key to develop control circuits for current or voltage compensation used in active
power filters. Figure 2.2 summarizes the concepts involved in these powers [88]. Three
concepts are necessary to understand the physical meaning of the instantaneous powers
defined in the αβo reference frame.

Figure 2.2: Physical meaning of instantaneous powers.

Zero-sequence components in the fundamental voltage and current and/or in the har-
monics do not contribute to the real power p or the imaginary power q.
Total instantaneous energy flow per time unit (three phases instantaneous active power),
even in a distorted and unbalanced system, is always equal to the sum of the real power
and the zero-sequence power (P3φ = P + P0), and may contain average and oscillating
parts.
The imaginary power q , independent of the presence of harmonic or unbalance, rep-
resents the energy quantity that is being exchanged between the phases of the system.
This means that the imaginary power does not contribute to energy transfer between the
source and the load at any time [89].
The αβo transformation also called Clarke transformation is used to deal properly with
zero-sequence voltage and current components that are separated from the αβ compo-
nents, and treated as” single-phase variables” [90]. The Clarke transformation and the
inverse Clarke transformation for currents components are given by
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Similarly, voltages are obtained
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And the neutral current is equal to:

in = ia + ib + ic
io = 1√

3
(ia + ib + ic) = 1√

3
in

The zero-sequence instantaneous real power po, the αβ instantaneous real and imagi-
nary power, p and q, are defined as follows:

 p
q
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Both the instantaneous powers p , q and po include an average component ( p, q, po )
and an oscillating component ( p̃, q̃, p̃o ), which can be described as p

q
po

 =

 p̄+ p̃
q̄ + q̃
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 (2.6)

From equation (2.5), we can deduce the corresponding current components:
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the currents in αβo co-ordinates will become: iα
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Depending on the function you want to give to the active filter, you can compensate
the harmonic current and /or reactive power. Table 2.1 gives different compensation
objectives and their corresponding references.

Table 2.1: Different compensation objectives and their corresponding references

Compensation Objectives pref qref Features and Considerations
Harmonic Current p̃ q̃ Source current will become sinusoidal

and positive- sequence if the voltage is
relatively sinusoidal. Energy storage is
needed and the required storage capac-
ity is determined by p̃

Instantaneous Reactive Power 0 q No need of energy storage for a com-
pensator consisting of PWM converter
under any (balanced or unbalanced,
distorted or sine-wave) conditions.

Reactive Power & Harmonics p̃ q Source current will become instanta-
neously unity power-factor. In addition
it will become sine wave for a relatively
low distorted voltage.

In order to extract the Reactive Power & Harmonics currents, which will be injected
by the APF, the continuous component, p̄, should be eliminated. Thus, the currents in
αβo co-ordinates equation (2.8) will become: iα
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II.1.1 Improved P-Q-O Theory with PLL:

The main drawback of the proposed theories is when the voltages in the electrical network
are disturbed by harmonics and/or unbalanced. To overcome this problem, a PLL in the
control loop is used [91].
PLL systems are used in different industrial fields such as motor drives, induction heating
and power supplies. Also, in the field of renewable energy integration, PLL systems
have been used for synchronization process between grid-interfaced converters and the
utility network even under unbalanced harmonic grid voltage [92]. When the network
has high distorted current and unbalanced loads, A phase-locked loop is used to calculate
the reference current. A PLL consists of three control units that individually control
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frequency, load current and voltage source. In control frequency unit, the fundamental
frequency of the pure sinusoidal signal is extracted as shown in Figure 2.3. [93].

Figure 2.3: Phase locked loop circuit.

The PLL generates balanced and sinusoidal signals, perfectly in phase with the elec-
trical network voltages. They will be directly generated in the αβ co-ordinates illustrated
by the following expressions: {
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√
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(2.10)
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It should be remarked that the zero-sequence instantaneous real power pø is equal to
zero in this case because the voltage vø is equal to zero.
To obtain the current harmonics, which will be injected by the active power filter, the
continuous component of the instantaneous active power is filtered: iα

iβ
i0

 =

 vα −vβ 0
vβ vα 0
0 0 1

 p̃
q
i0

 (2.12)

By retransforming from αβo co-ordinates to abc coordinates, one obtains: iaref
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and the neutral current is equal to:

in = −(iaref + ibref + icref ) (2.14)
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II.2 Cross-Vector Theory:

The Cross-Vector theory is a modified pqo theory, and differs from only in the mapping
matrices [94]. Consider a three-phase four-wire system including zero-sequence voltage
and zero-sequence current. The instantaneous powers will be defined as follows:∣∣∣∣∣∣∣∣

p
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the currents in αβo co-ordinates will become:
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Depending on the function you want to give to the active filter, you can compensate
the harmonic current and /or reactive power. Table 2.2 gives different compensation
objectives and their corresponding references.

Table 2.2: Different compensation objectives and their corresponding references

Compensation Objectives pref qαref qβref qoref
Harmonic Current p̃ q̃α q̃β q̃o

Instantaneous Reactive Power 0 q̄o
Reactive Power & Harmonics p̃ qα qβ qo

In order to extract the Reactive Power & Harmonics currents, which will be injected
by the APF, the continuous component, p̄, should be eliminated. Thus, the currents in
αβo co-ordinates equation (2.17) will become:
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II.2.1 Improved Cross-Vector Theory:

For the cross-vector theory, the new approach gives:
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the currents in αβo co-ordinates will become:∣∣∣∣∣∣
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By retransforming from αβo co-ordinates to abc coordinates, one obtains:
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and the neutral current is equal to:

in = −(iaref + ibref + icref ) (2.21)

II.3 pqr Theory:

This identification strategy is based on double transformation, where, a set of voltages
(va, vb, vc) and a set of currents (ia, ib, ic) that are obtained from the three-phase four-
wire system are firstly transformed into a three-axis representation αβo based on Clark
transformation [95].
Here, io is the zero-sequence current which is equal to 1

3
of the neutral current in.

The second transformation is achieved by rotating the o-axis of the αβo frame by θ1,
aligning the α-axis with the projection line of the voltage space vector to the αβ plane.
The new components of voltage and current in the resulting frame α′β′o can be obtained
as follows:  iα′
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Which can be expressed in function of voltages components of αβo frame iα′
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The new frame pqr can be obtained by the third transformation by rotating the β-axis of
the β′α′o frame by θ2 , aligning the α′-axis with the voltage space vector.
The new components of voltage and current in the new frame pqr can be obtained as
follows:  ip
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Which can once be expressed in function of voltages components of αβo frame ip
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It is important to note that the β′-axis and the p-axis are identical. On the other
side, the three axes are mutually perpendicular to each other. The p-axis is always
aligned with the system voltage space vector. The q-axis is located on the surface of
αβ plane. The r-axis is perpendicular to the p-axis and q-axis and it oscillates with
an angle= tan−1 (eo/eαβ) from the o-axis. The rotating speed of pqr coordinates vary
according to the voltage space vector system [96]. the second and the third transformation
applied to the voltages and currents can be combined to one transformation from the αβo
frame to the pqr frame as follows: ip

iq
ir

 =


vα
vαβo

vβ
vαβo

vo
vαβo

−vβ
vαβ

vα
vαβ

0
−vαvo
vαβvαβo

−vβvo
vαβvαβo

vαβ
vαβo


 iα
iβ
io

 (2.28)

 vp
vq
vr

 =


vα
vαβo

vβ
vαβo

vo
vαβo

−vβ
vαβ

vα
vαβ

0
−vααvo
vαβvαβo

−vβvo
vαβvαβo

vαβ
vαβo


 vaβo

0
0

 (2.29)

Where:

vaβo =
√
v2
a + v2

β + v2
o (2.30)

From equation (2.29), it is obvious that the only existing voltage is along the p-axis,
the other two components along q-axis and r-axis are equal to zero [97], [98]. The p-axis
voltage is expressed as follows:

vp = vαβo =
√
v2
α + v2

β + v2
o (2.31)

The instantaneous power p(t) is a scalar presenting the scalar product of the voltage
and current vectors in pqr coordinates and the instantaneous reactive power q(t) is a
vector presenting the vector product of the same components. These are expressed as
follows:

p = −→vpqr ·
−→
ipqr = vpip (2.32)

q = −→vpqr ×
−→
ipqr =

∣∣∣∣∣∣
0
−vpir
vpiq

∣∣∣∣∣∣ (2.33)

Three components are obtained for the instantaneous power, one component is corre-
sponding to the active power p(t), where as the two other components are corresponding
to the reactive power qq(t) and qr(t) : p

qq
qr

 =

 vpip
−vpir
vpiq

 (2.34)

From the above equation, it is clear that the three instantaneous powers are linearly
independent. Thus, the three current components following the three axes p, q and r
can be controlled independently based on the corresponding instantaneous power respec-
tively. Moreover, it is clear that each instantaneous power is defined in the same way as
a single-phase system. The current ip is used for the control of the instantaneous active
power present in the power system. The current ir is used to control the reactive power
associated with zero sequence current or the neutral current present in the three-phase
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four-wire system [99]. The current iq is used to control the instantaneous reactive power
associated with conventional reactive power as well as the power associated with the neg-
ative sequence component and the harmonics presented in the power system [100].

Depending on the function you want to give to the active filter, you can compensate
the harmonic current and /or reactive power. Table 2.3 gives different compensation
objectives and their corresponding references.

Table 2.3: Different compensation objectives and their corresponding references

Compensation Objectives pref qrefr qrefq
Harmonic Current p̃ q̃r q̃q

Reactive Power & Harmonics p̃ qr qq

In order to extract the Reactive Power & Harmonics currents, which will be injected
by the APF, the continuous component of the three instantaneous powers should not be
taken into account. Thus, the reference currents in αβo coordinates can be obtained as
follows:  irefα

irefβ
irefo

 =
1

vαβo


vα
vαβo

vβ
vαβo

vo
vαβo

−vβ
vαβ

vα
vαβ

0
vαvo

vαβvαβo

−vβvo
vαβvαβo

vαβ
vαβo


 p̃
q̃q
qr

 (2.35)

Whereas, in order to identify the reference current which has to be injected by the APF
to ensure the compensation of the current harmonics, the reactive current components
and the negative current component the following expression is used: irefα

irefβ
irefo

 =
1

vαβo


vα
vαβo

vβ
vαβo

vo
vαβo

−vβ
vαβ

vα
vαβ

0
−vαvo
vαβvαβo

−vβvo
vαβvαβo

vαβ
vαβo


 β
qq
qr

 (2.36)

The main drawback of this theory is that when the voltages of the power system are
disturbed by harmonics and/or unbalances the identification of the right reference current
is not possible. Therefore, to overcome this problem, a PLL is used within the control
loop [101].
The main aim of the PLL is to generate a balanced sine waveform three phase system,
perfectly in phase with the fundamental positive component of the power system voltages.
Using equation (2.10 and 2.28), it yields to: ip

iq
ir

 =

 sin(ωt) − cos(ωt) 0
cos(ωt) sin(ωt) 0

0 0 1

 iα
iβ
io

 (2.37)

Under this case, the three instantaneous powers can be expressed as follows: p
qq
qr

 =
√

3Vs

 1 0 0
0 1 0
0 0 1

 ip
iq
ir

 (2.38)

The reference currents in αβo coordinates can be identified by the following expression: irefα
irefβ
irefo

 =

 sin(ωt) − cos(ωt) 0
cos(ωt) sin(ωt) 0

0 0 1

 p̃
qq
qr

 (2.39)
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Whereas, the reference neutral current is:

irefn = irefa + irefb + irefc (2.40)

This reference neutral current can be existed only if the phases currents are unbalanced
and/or are containing the third order harmonics and their multiplies components.

II.4 Synchronous Reference Frame Theory:

In general, the synchronous reference frame is used for three-phase three-wire active fil-
ter’s control. In this case, the instantaneous real and imaginary power theory introduced
by Akagi is used. But the voltages are replaced by two “sine and cosine” signals, with
unity magnitude, generated by a PLL. So, the influence of the disturbances of the elec-
trical network is eliminated [102].
For four-wire electrical active power filters, the sine and cosine signals will be also gener-
ated by a PLL. The question will be to select one of the previous control theories to be
applied.
Indeed, a comparison of simulation results of the three improved control theories gives
that the improved pqr theory provides better results in term of rms neutral current and
THD. But, with regard to the complexity of the control strategy “number of sums and
products used in each control”, the pqr control theory is much more complex than cross
vector control theory. Considering these remarks, the improved cross-vector theory has
been chosen to be introduced synchronous reference frame theory for three-phase four-
wire APF control. Let the sine and cosine signals, with unity magnitude, generated by a
robust PLL [103], then the cross-vector theory gives:

id
iq
iqα
iqβ

 =


0 sin(ωt) − cos(ωt)
0 cos(ωt) sin(ωt)

− cos(ωt) 0 0
− sin(ωt) 0 0 |


 i0
iα
iβ

 (2.41)

As before, by filtering the continuous component of id, one can obtain the currents in
αβo axis first:

 i0
iα
iβ

 =

 0 0 − cos(ωt) − sin(ωt)
sin(ωt) cos(ωt) 0 0
− cos(ωt) sin(ωt) 0 0



ĩd
iq
iqα
iqβ

 (2.42)

By retransforming from αβo co-ordinates to abc coordinates, one obtains: iaref
ibref
icref

 =

√
2

3

 1 0 1√
2

−1
2

√
3

2
1√
2

−1
2
−
√

3
2

1√
2


 iα
iβ
i0

 (2.43)

and the neutral current is equal to:

in = −(iaref + ibref + icref ) (2.44)

III Current Injection Techniques:

The aim of the control of the VSC is to force the output currents of the inverter to
follow their predefined reference currents. The main principle is based on the comparison
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between the actual current of the filter with the reference currents generated by the
different extraction methods. This section describes two of the most commonly applied
control techniques for APF [104].

III.1 Hysteresis Current Control Technique:

With hysteresis control, upper and lower tolerance limits are defined, to include the
reference signal in a tolerance band with a width of H. When the current output of the
VSC reaches the upper tolerance limit, the switching signal is set to zero, for the output
current to decrease. As long as the output current stays within the tolerance band, no
switching action is taken, but when the lower limit is reached, the switching signal is set
to one accordingly. In Figure 2.4 this control scheme is shown. To obtain currents with
small switching ripples, smaller values of H can be chosen. While this controller is simple
in design and provides small reference errors with appropriate tolerance bands, the main
drawback of this scheme is a variable switching frequency, which could lead to unwanted
resonances [105].

Figure 2.4: Hysteresis control scheme showing the tolerance band and the resulting switch-
ing signals.

III.1.1 Advantages of Hysteresis PWM:

• Excellent dynamic response [106].

• Low cost and easy implementation.
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III.1.2 Disadvantages of Hysteresis PWM:

• Large current ripple in steady-state [107].

• Variation of switching frequency.

• The modulation process generates sub-harmonic components.

III.2 3 Dimensional Hysteresis PWM Technique:

In a three-legged inverter, there are eight possible switch combinations. With the fourth
neutral leg, the total number of switch combinations increases to sixteen, as shown in
Figure 2.5. Each switching state is specified as the space vector for the output voltage
of inverter [108] [109].
The switch combinations are represented by ordered sets [Sa, Sb, Sc, Sn], where Sa = p
denotes that the upper switch in phase A, Sap, is closed, and Sa = n denotes that the
bottom switch in phase A, San , is closed. The same notation applies to phase legs B and
C and the fourth neutral leg [110] [111].

Figure 2.5: Switching states of the three-phase four-leg inverter.

The terminal voltages [van, vbn, vcn]T in abc coordinate can be transformed into [vα, vβ, vo]
T

in αβo orthogonal coordinate. The results of the transformation are shown in Table 2.4.
There are fourteen non-zero space voltage vectors (NZSVV) and two zero space voltage
vectors (ZSVV) as shown in Figure 2.6 [112].

Table 2.4: Switch Combinations in αβo orthogonal coordinate

pppp nnnp pnnp ppnp npnp nppp nnpp pnpp
vα 0 0 2vc

3
vc
3

−vc
3

−2vc
3

−vc
3

vc
3

vβ 0 0 0 vc√
3

vc√
3

0 −vc√
3

−vc√
3

vo 0 −vc −2vc
3

−vc
3

−2vc
3

−vc
3

−2vc
3

−vc
3

pppn nnnn pnnn ppnn npnn nppn nnpn pnpn
vα 0 0 2vc

3
vc
3

−vc
3

−2vc
3

−vc
3

vc
3

vβ 0 0 0 vc√
3

vc√
3

0 −vc√
3

−vc√
3

vo vc 0 vc
3

2vc
3

vc
3

2vc
3

vc
3

2vc
3
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Figure 2.6: Switching vectors in αβo coordinate

III.2.1 Principle of the 3 dimensional hysteresis PWM techniques :

The reference current be written with the space vector representation as follows:

~ireff = ireffα
~i+ ireffβ

~j + ireffo
~k (2.45)

The same representation can be given to the measured active filter current:

~if = ifα~i+ ifβ~j + ifo~k (2.46)

The reference current is represented in space voltage vector as shown in Figure 2.6,
the tip of the reference current ~ireff is located at the centre of a three dimensional cube,

while the tip of the measured active filter current ~if can be located in any cube of the
eight small cubes as illustrated in Figure 2.7.

Figure 2.7: Reference current vector representation in αβo plane
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The error between the reference current and the active filter current, at any sampling
time t can be expressed as follows: εα

εβ
εo

 =

 ireffα (k)− ifα(k)

ireffβ (k)− ifβ(k)

ireffo (k)− ifo(k)

 (2.47)

The eight cubes can be determined according to the sign of the calculated error as
shown in Figure 2.8.
In order to minimise the error, a suitable space voltage vector among the sixteen space
voltage vectors should be applied to force the measured vector to be as close as possible
to coincide with the reference vector within the hysteresis boundary.
To reduce the switching frequency, the ZSVV ~v (nnnn) and ~v (pppp) must be chosen
only when the error vector has the natural tendency to converge toward the hysteresis
boundary. This can be verified by satisfying the following conditions:

(εα(k).
dεα(k)

dt
< 0, εβ(k).

dεβ(k)

dt
< 0, εo(k).

dεo(k)

dt
< 0) (2.48)

Moreover the two space voltage vectors ~v (nnnp) and ~v (pppn), which can be con-
sidered as a ZSVV regarding to their influence on εα(k) and εβ(k), can be applied when
it is certain that only the errors εα(k) and εβ(k) have the tendency to converge toward
the hysteresis boundary and the εo(k) has the tendency to diverge from the hysteresis
boundary. Similarly, this case can be verified by satisfying the following condition:

(εα(k).
dεα(k)

dt
< 0, εβ(k).

dεβ(k)

dt
< 0, εo(k).

dεo(k)

dt
> 0) (2.49)

However; when the conditions (2.48) and (2.49) are both not verified, in other words
when the current error components and their respective derivative in αβo reference frame
have the same sign. It is necessary to apply the suitable non-zero space voltage vector
to force the measured active filter current to forward the right trajectory towards the
hysteresis boundary.
For each of the eight possible locations, there are eight space voltage vectors which can be
applied, among them: one of either ZSVV, which can be chosen as ~v (nnnn) or ~v (pppp)
in the case when condition (2.48) is verified. Similarly one ZSVV which can be applied as
~v (nnnp) or ~v (pppn) in the case when condition (2.49) is verified, and six active NZSVV.
In the same cube, the eight space voltage vectors can drive the measured active filter
current vector towards the reference current vector with reducing the switching frequency.
Sixty four (64) possible configurations can be distinguished, summarising the eight cubes.
Table 2.5 shows the complete look up table implemented to control the filter current in
three phase four wires active filter.
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Figure 2.8: Detection of the cube

Table 2.5: Switch Combinations all the eight cubes

Cube
01

Cube
02

Cube
03

Cube
04

Cube
05

Cube
06

Cube
07

Cube
08

εo < h
εβ < h

εα < h npnn ppnn nnpn pnpn npnp ppnp nnpp pnpp
εα > h npnn ppnn nnpn pnpn npnp ppnp nnpp pnpp

εβ > h
εα < h npnn ppnn nnpn pnpn npnp ppnp nnpp pnpp
εα > h npnn ppnn nnpn pnpn npnp ppnp nnpp pnpp

εo > h
εβ < h

εα < h npnn ppnn nnpn pnpn npnp ppnp nnpp pnpp
εα > h npnn ppnn nnpn pnpn npnp ppnp nnpp pnpp

εβ > h
εα < h npnn ppnn nnpn pnpn npnp ppnp nnpp pnpp
εα > h npnn ppnn nnpn pnpn npnp ppnp nnpp pnpp

IV DC Link Voltage Control:

The DC voltage around the capacitor of the VSI must be kept constant [4, 6, and 63].
The cause of its variation is the power exchange between the grid and the capacitor [6],
In addition to the losses in the switches and the filter inductance. The variations of this
voltage must be small in order not to exceed the voltage limits of the semi-conductors
from the one hand, and in order not to affect the performance of the filter from the other
hand [63]. To ensure the regulation of the dc capacitor voltage, a PI controller can be
used. If we neglect the losses in the inverter and the output filter, the relation between
the absorbed power by the filter and the voltage around the capacitor can be given by:

Pc = d
dt
W = d

dt

(
1

2
Cv2

dc

)
(2.50)

Applying the Laplace transform, we can achieve:

Pc(s) =
1

2
C.s.v2

dc(s) (2.51)

The voltage of the capacitor is then given by:
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V 2
dc(S) =

2pdc(S)

CdcS
(2.52)

From Eqn.(2.52) and considering the use of PI controller, the control loop of the dc
voltage can be represented by Figure 2.9. The choice of the PI parameters is restrained
by a minimal response time and a stable dynamic behavior that doesn’t affect the per-
formance of the APF. It is important to notice at this stage that high cut-off frequency
ameliorates the control of the direct voltage and minimize the response time of the system.
But it leads to errors in the generation of APF’s reference currents and then reduces the
filtering efficiency.

Figure 2.9: Control loop of the DC voltage

From Figure 2.9, the closed loop transfer function of the system with the controller
can be given by:

F (s) =
ω2
c

s2 + 2ζωcs+ ω2
c

(2.53)

From where we can find the different parameters of the controller as:

ωc =

√
2kc
Cτc

(2.54)

ζ =
1

2
√

2

√
C

kcτc
(2.55)

In order to obtain sufficient damping, the product kcτc must be limited. A value
of ζ between 0.5 and 0.707 achieves a good compromise between dynamic and static
performance. As for the cut-off frequency fc, it must be chosen as a function of the
harmonics of the loop voltage.

V Summary:

In the first part of this chapter, three classical APF controls which are pqo theory, cross-
vector control and pqr theory will be presented. The THD’s of the lines current and the
rms value of the neutral current are the quality criteria chosen all over this chapter. Then,
improvements for these controls to minimise the influence of unbalanced and eventually
voltage harmonics on the filtering and neutral current results are suggested. Finally, syn-
chronous reference frame is introduced in improved cross-vector control method. Among
three approaches. For the Current Injection Techniques The main principle is based
on the comparison between the actual current of the filter with the reference currents
generated by the different extraction methods. This chapter describes two of the most
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commonly applied control techniques for APF Hysteresis Current Control Technique and
3 Dimensional Hysteresis PWM Technique. To ensure the regulation of the dc capacitor
voltage, a PI controller can be used. The new approach is then applied to the control of
a three-phase four-wire APF and its effectiveness is validated through simulations in the
next chapter.
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Chapter 3

Simulation Results and Discussion

I Introduction

In order to demonstrate the effectiveness of the complete system with the proposed shunt
active power filer (SAPF) topology, simulation tests have been carried out under two
scenarios. In the first scenario, the proposed shunt active power filter is not used and the
power supply voltages system is supposed to be balanced and with pure sine waveform.
Whereas, in the second scenario the proposed shunt active power filter is used under three
cases of the power supply voltages system, which are presenting three intervals. The main
aim within the second scenario is to prove that the proposed SAPF can achieve at the same
time the compensation of the current harmonics generated by the non-linear load in the
three phases, the compensation of the reactive current components in the three phases and
the elimination of the current circulating through the neutral wire by ensuring a balanced
currents in the power system. The power system in the first case is characterized by a
voltage RMS and a frequency of 220V, 50 Hz respectively. The load is presented by three
single phase rectifiers bridge diodes-based feeding three unbalanced loads; hence three
unbalanced currents are absorbed from the power system Figure 3.1. The three inputs
rectifiers are connected to the three phases of the power supply respectively and to the
same neutral of the power system. Table 3.1 present the parameters of the power supply
system, the loads characteristics and the output filter of the APF that have been used in
the second scenario.

Figure 3.1: Three single phase diode rectifiers feeding unbalanced load
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Table 3.1: Simulation Parameters

Power Supply

vs 220V
fs 50Hz
rs 0.1Ω
ls 0.6mH

DC Load

R1 20Ω
R2 40Ω
R3 40Ω

Cd1= Cd2= Cd3 5µF

Active Filter
vdc 700V
lf 0.1mH

II First scenario: The proposed shunt active power

filter is not used.

The power supply current waveform before the use of the APF in phase “a” is shown in
Figure 3.2.

Figure 3.2: The current waveform of phase ”a” and its harmonics spectrum under the
first scenario.

It is clear that this current is stognly distorted due to the dynamic nature behaviour
of the single phase bridge diode rectifier connected to this phase, its harmonics spectrum
is presented in the same figure. The currents waveforms of the other two phases have the
smae waveforme with difference of scale due to the difference of the output loads of the
three signle phase rectifiers, this difference of the scale causes the unabalnce of the three
phases currents abosorbed from the power syplly. It is clear that the presence of the 3rd
,5th and 7th harmonics are very dominant where the Total Harmonic Distortion (THD)
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is 44.97 % as it can be clearly observed in the zoom window of Figure 3.2.

Figure 3.3: The neutral current waveform under the first case.

On the other side, the unbalnce of the three phase currents has led to the appearance
of an important neutral current that is following along the path of the neutral conductor
of the power system. The waveform of this current is presented in Figure 3.3 where it
can be observed that its magnitude is important compared to the currents in the three
phases, where as an example, the maximum value of the current in phase ”a” is 15 A,
whereas the maximum value of the neutral current is 15 A as shown in Figure 3.2 and
Figure 3.3 respectively. It is mainly generated by the unbalanced phase currents of the
fundamental and the harmonics compoenents of the third harmonics and the multiplies
of the third harmonics. Indeed, many researchers have studied the compensation of such
current, besides the compensation of the phases’ harmonics and the reactive compoenents,
especially in industrila plants where the power supply current in the main three phase
power system in very important.

III Second scenario: The proposed shunt active power

filter is used.

In this scenario, the power supply voltages system behaves differently within the three
intervals. As it can be observed clearly from the waveform presented in Figure 3.4.

• The first interval takes place before the instant 0.6s, where the system voltages
is unbalanced with pure sine waveform which mean that there are no harmonics
content, this unbalance is due to the decrease of the maximum voltage values in
phases “b” and “c” to 200 V and 180 V respectively, whereas the voltage at phase
“a” is kept at its rated value as shown in Figure 3.4.

• The second interval takes place within the interval of [0.6s 1.0s], where the voltage
waveform of phase ”a” contains a third harmonics component which leads to the
deformation of its waveform.
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• The third interval that takes place after the instant 1.0s, where furthermore the
voltage of phase ”a” contains the third and the fifth harmonics components which
leads to more deformation of its waveform. The unbalance in the two phases of “b”
and “c” remains the same along the three intervals as shown in Figure 3.4.

Figure 3.4: The different scenarios of the power supply voltages system.

The simulation has been carried out under the three aforementioned scenarios re-
spectively. Figures 3.5-3.7 give respectively the simulated performance of source current,
APF current, dc-bus capacitor voltage after compensation for pqo theory, within the three
intervals of power system voltage variation as shown in Figure 3.4.

Figure 3.5: Supply currents after filtering pqo theory.
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Figure 3.6: Filter currents after filtering pqo theory.

Figure 3.7: Evolution of the DC-capacitor voltage using pqo theory.

It can be clearly noted that the currents of the power supply during the three intervals
are keeping nearly their balanced sinusoidal waveforms with a THD less than 5%, in the
same time the current circulating in the neutral wire is nearly equal to zero with very
limited ripples as shown in Figure 3.5, especially within the zoom windows. These
simulation results prove that the use of the APF allows the compensation of the load
current harmonics, the load current unbalance and the neutral current simultaneously.
Where it has been proved that the source current obtained after the use of the proposed
SAPF possesses nearly a sinusoidal waveform with a THD which falls within the limits of
the standards.
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Figure 3.8: Power factor correction using pqo theory.

Figure 3.6 illustrates a Zoom of the evolution of active power filter current such as
the reference current iref and the SAPF injected current if in phase “a”. It can be clearly
observed that the proposed shunt active power filter follows the reference current with
a neglected error between iref and if and with a fast dynamic response which proves
its higher performance and effectiveness. the dc capacitor voltage Figure 3.7 reaches
steady-state value of its reference in few cycles, On the other side, it can be remarked
that the phase current in phase ”a” is practically in phase with its corresponding voltage
at the PCC which means that the power factor seen at the source side is nearly increased
to the unity as shown in Figure 3.8.

For all control methods, the APF compensates not only current harmonics, but also
unbalanced and reactive current components.

Figure 3.9-3.11 give respectively the simulation results for cross-vector theory, p–q-r
theory and SRF theory for RC load.
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(a) Supply currents after filtering.

(b) Power factor correction.

(c) Filter currents after filtering.

(d) Evolution of the DC-capacitor voltage.

Figure 3.9: Simulation Results for Cross-Vector theory THDis1= 1,8%.
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(a) Supply currents after filtering.

(b) Power factor correction.

(c) Filter currents after filtering.

(d) Evolution of the DC-capacitor voltage.

Figure 3.10: Simulation Results for Cross-Vector theory THDis1= 1,7%.
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(a) Supply currents after filtering.

(b) Power factor correction.

(c) Filter currents after filtering.

(d) Evolution of the DC-capacitor voltage.

Figure 3.11: Simulation Results for Cross-Vector theory THDis1= 1,2%.

It could be deduced that the THD’s are generally well reduced with respect Table
3.2. Once again all methods are comparable, may be could be noticed that SRF theory
provides better results than the other methods.
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Moreover, all THD’s are less than 5% (IEC norm).

Table 3.2: THD currents after filtering

Control Method pqo Cross-Vector pqr SFR
THD 2,9%. 1,8%. 1.7%. 1,2%.

IV Summary:

With the recent improvements in control and topology, the active power filters are capable
to better compensate the currents harmonics, unbalanced and reactive power in threephase
three-wire or four-wire electrical networks. This chapter deals with only control aspects
but topology should not be ignored.
For the very specific case intended in this chapter, which is four-wire distribution system
with unbalanced three singlephase loads, the voltage disturbances (especially unbalanced
and even harmonics) are very common. In this case, the usual control approaches for
APF, such as p–q–o, cross-vector and p–q–r theories, which are studied in this chapter,
or DFT do not provide satisfactory results in term of currents THD’s.
At first, this chapter proposes some improvements for these controls, by introducing a
classical PLL in their loops. The obtained results, are better. Note that only unbalanced
voltages are considered in this chapter, but this study can be extended to the voltage
harmonics too. Secondly and in order to improve again the results, a new approach
is introduced for one of the three control methods. The selected method is cross-vector
control theory, but the others could also be tested. The new approach named synchronous
reference frame, which is to use a PLL with unity magnitude sine and cosine voltages gives
better results.
All APF controls studied in this chapter compensate harmonics as well as unbalanced
and reactive current components. The residual neutral current is then very low and this
will be really appreciated by the distribution systems.
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Chapter 4

Three-Level
Neural-Point-Clamped Inverter
Based Three-phase Four-wire

active Power Filter

I Introduction

the present chapter proposes the use of the Four-Legged Active Power Filter (FL-APF)
in four-wires power distribution system to solve the problems related to the harmonics,
the low power factor and the harmful neutral current. Indeed, the three phase four wire
system is now being widely used in different areas including industrial facilities, service
facilities, office buildings, power generation, distributed energy systems, uninterruptible
power supplies, special control motors configurations, medical equipment, rural electrifi-
cation based on renewable energy sources. and even in our homes. Actually, there are
several four-wires APF topologies based on four-leg voltage source inverter (FL-VSI) such
as; a single phase VSI topology for each leg, a three-leg topology and a special four leg
topology. In the present paper, the four-wires VSI topology used is based on the classical
three-level NPC inverter; where a similar leg to the original three legs is added to be as
a four leg.
The use of the 4-Leg 3L-NPC topology when associated with an adapted control strategy
in a microgrid context presents itself as a promising solution due to its ability to combine
the following characteristics.

• Increase the efficiency of renewable energy sources (RES) and a hybrid energy stor-
age system (HESS) integration to the microgrid through a unique power electronics
interface acting as an active power compensator able to smooth the RES by acting
on the HESS.

• Reduce ac-side current harmonics (for the same switching frequency and ac filter
components when compared to a two-level inverter).

• Reduce HESS current harmonics caused by the floating middle point inherent to
the NPC topology and move the ripples involved by unbalanced ac loads to the high
specific power energy storage system (ESS).

• Compensation of ac-side microgrid disturbances produced by unbalanced/nonlinear
loads thanks to the fourth leg.
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Unfortunately, three level VSI has a critical disadvantage which is a greater number
of power semiconductor switches are needed and therefore, more complicated control and
additional costs are required. In order to ensure the control of the four-Legged active
power filter based four-legs VSI, many control strategies have been proposed.

The control strategy used in the present work to ensure the generation of the switching
patters of the FL-APF is the PWM technique. On the other side, for the harmonic current,
reactive current components and the neutral current identification, a control approaches
based on the instantaneous power theory have been used.It should also be noted that these
methods are only valid if the network voltage is pure (sinusoidal and balanced). This is
usually not the case in practice. To make these methods, universal and for any form of
voltage, we use the direct network voltage (PLL) detection system. For the validation of
the performances of the APF proposed topology, simulation results have been carried out
under the use of the proposed control strategy and the identification approach.

II Description of the APF Topology

For three-phase four-wire shunt APFs, two topologies have been used, the four-leg full
bridge (FLFB) and the three-leg split-up capacitor (TLSC) topologies. The FLFB which
is based on a two-level VSI is presented at early 1990s and several controls with the
topology have appeared. The FLFB converter has a better controllability thanks to its
additional leg. However, for the three-level NPC VSI, to add one more leg, four additional
switches are required, and hence they will increase the costs more compared with the two-
level VSI case. Although the TLSC topology requires bigger capacitors than the FLFB
topology, eliminating four switches (three-level VSI case) may compensate the cost for
the bigger DC-bus capacitors. In this chapter the FLFB topology with a three-level NPC
inverter for the three-phase four-wire APF is presented. The simplified circuit diagram
of three-level NPC inverter is shown in Figure 4.1.

Figure 4.1: The Four-Legged Active Power Filter (FL-APF) based on three-level NPC
inverter.

In this topology, each inverter leg contains four switches and four anti parallel diodes.
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The input DC side of inverter in connected to a splitted DC capacitor creating a neutral
point. The diodes connected to the neutral point, are called the clamping diodes that
allow to clamp the inverter terminal voltage to neutral potential point NPP.
The voltages across the two DC capacitors are the same VC1=VC2, that are normally
equal to the half of the total applied DC voltage. It is clear that the capacitors C1 and
C2 can be charged or discharged by neutral current which can cause an NPP deviation.
In the case of nonlinear loads, zero sequence current flows through the fourth leg.

III PWM technique for Four-leg three-level inverters

This control is based initially on the use of a proportional controller which input is pre-
senting the difference between the injected current by the active filter to the common
connection point (CCP) and the identified reference current. Whereas the output of the
controller is presenting the reference output voltage of the inverter. This reference voltage
is compared with two carrying triangular identical waves shifted by a half period.

The control of the inverter legs is summarized in two steps as follows.

Step1: Determination of the intermediate signals Vi1 and Vi2.
If error ≥ Vcar1 ⇒ Vi1 = 1
else Vi1 = 0
If error ≥ Vcar2 ⇒ Vi2 = 1

Step2: Determination of the switches control signals Tij (j = 1, 2, 3, 4).
If Vi1+Vi1=1 ⇒ Ti1=1, Ti2, Ti3=0, Ti4=0
If Vi1+Vi1=0 ⇒ Ti1=1, Ti2, Ti3=1, Ti4=0
If Vi1+Vi1=-1 ⇒ Ti1=0, Ti2, Ti3=0, Ti4=1

The general block diagram of the currents control is illustrated in Figure 4.2.

Figure 4.2: The principle of the PWM currents control technique.

IV Harmonics and reactive power calculation

This identification strategy is based on double transformation, where, a set of voltages(va,vb,vc)
and a set of currents (ia,ib,ic) that are obtained from the three-phase four-wire system are
firstly transformed into a three-axis representation αβo based on Clark transformation
under invariant power as follows:

Vαβo = Tvαβc; iαβo = Tiabc (4.1)
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Here, i0 is the zero sequence current which is equal to 1/3 of the neutral current in.
The second transformation is achieved by rotating the o − axis of the αβo frame by θ1,
aligning the α−axis with the projection line of the voltage space vector to the αβ plane.
The new components of voltage and current in the resulting frame α′β′o′ can be obtained
as follows:  iα′
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√
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The new frame pqr can be obtained by a the third transformation by rotating the β−axis
of the αβo frame by θ2 , aligning the α′ − axis with the voltage space vector. The new
components of voltage and current in the new frame pqr can be obtained as follows: ip
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ir
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Which can once be expressed in function of voltages components of αβo frame ip
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√
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+ v2
o

It is important to note that the β′− axis and the p− axis are identical. On the other
side, the three axes are mutually perpendicular to each other. The p − axis is always
aligned with the system voltage space vector. The q − axis is located on the surface of
αβ plane. The r − axis is perpendicular to the p − axis and q − axis and it oscillates
with an angle=tan−1( e0

eαβ
) from the o−axis. The rotating speed of pqr coordinates varies

according to the voltage space vector system. the second and the third transformation
applied to the voltages and currents can be combined to one transformation from the αβo
frame to the pqr frame as follows: ip

iq
ir
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From equation (7), it is obvious that the only existing voltage is along the p − axis
the other two components along q − axis and r − axis are equal to zero.. The q − axis
voltage is expressed as follows:

vp = vαβo =
√
v2
α

+ v2
β

+ v2
o

(4.8)

The instantaneous power p(t) is a scalar presenting the scalar product of the voltage
and current vectors in pqr coordinates and the instantaneous reactive power q(t) is a
vector presenting the vector product of the same components. These are expressed as
follows:

p = ~vpqr.~ipqr = vp.ip (4.9)

q = ~vpqr ×~ipqr =

 0
−vp.ir
vp.iq

 (4.10)

Three components are obtained for the instantaneous power, one components is corre-
sponding to the active power p(t), where as the two other components are corresponding
to the reactive power qq(t) and qr(t): p

qq
qr

 =

 vp.ip
−vp.ir
vp.iq

 (4.11)

From the above equation, it is clear that the three instantaneous powers are linearly
independent. Thus, the three current components following the three axis p , q and r can
be controlled independently based on the corresponding instantaneous power respectively.
Moreover, it is clear that each instantaneous power is defined in the same way as a
single-phase system. The current ip is used for the control of the instantaneous active
power present in the power system. The current ir is used to control the reactive power
associated with zero sequence current or the neutral current present in the three-phase
four-wire system. The current iq is used to control the instantaneous reactive power
associated with conventional reactive power as well as the power associated with the
negative sequence component and the harmonics presented in the power system.
In order to identify only the current harmonics, which has to be injected by the APF,
the continuous component of the three instantaneous powers should not be taken into
account. Thus, the reference currents in αβo coordinates can be obtained as follows: irefα
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Whereas, In order to identify the reference current which has to be injected by the APF
to ensure the compensation of the current harmonics, the reactive current components
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and the negative current component the following expression is used: irefα
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The main drawback of this theory is that when the voltages of the power system are
disturbed by harmonics and/or unbalances the identification of the right reference current
is not possible. Therefore, to overcome this problem, a PLL is used within the control
loop. The main aim of the PLL is to generate a balanced sine waveform three phase
system, perfectly in phase with the fundamental positive component of the power system
voltages. the components of the obtained system in the αβ co-ordinates are expressed as
follows: {

vα =
√

3Vs sin(wt)

vβ =
√

3Vs cos(wt)
(4.14)

Using equation (06) and (14), it yields to: ip
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Under this case, the three instantaneous power can be expressed as follows: p
qq
qr

 =
√

3Vs

 1 0 0
0 1 0
0 0 1

 ip
iq
ir

 (4.16)

The reference currents in αβo coordinates can be identified by the following expression: irefα
irefβ
irefo
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Whereas, the reference neutral current is:

irefn = irefa + irefb + irefc (4.18)

This reference neutral current can be exist only if the phases currents are unbalanced
and/or are containing the third order harmonics and its multiplies components.

V Simulation Results and Discussion

in order to demonstrate the effectiveness of the complete system with the proposed APF
topology based on four-legs three-level NPC inverter, simulation validation have been
performed under two cases. In the first case, the proposed shunt active power filter is
not used and the power supply voltages system is supposed to be balanced and with pure
sine waveform, in the second case the proposed shunt active power filter is used under
three scenarios of the power supply voltages system. The main aim within the second
case is to achieve the compensation of the current harmonics generated by the non-linear
load, the compensation of the current reactive component and the elimination of the
current circulating through the neutral wire. The power system used in the first case is
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characterized by a voltage RMS and a frequency of 220V, 50 Hz respectively. The load
is presented by three single phase rectifiers bridge diodes based feeding three unbalanced
loads. The three inputs rectifiers are connected to the three phases of the power supply
respectively, and to the same neutral of the power system as shown in in Figure 4.3..
Table 4.1. presents the parameters of the power supply system, the loads and the output
filter of the APF that have been used.

Figure 4.3: Three single phase diode rectifiers feeding unbalanced load.

Table 4.1: Simulation Parameters

Power Supply

vs 220V
fs 50Hz
rs 0.1Ω
ls 0.6mH

DC Load

R1 20Ω
R2 40Ω
R3 40Ω

Cd1= Cd2= Cd3 5µF

Active Filter
vdc 700V
lf 0.1mH

V.1 First case: The proposed shunt active power filter is not
used

The power supply current waveform before the use of the APF in phase “a” is shown
in Figure 2. It is clear that this current is stognly distorted due to the dynamic nature
behaviour of the single phase bridge diode rectifier connected to this phase, its harmonics
spectrum is presented in the same figure. The currents waveforms of the other two phases
have the smae waveforme with difference of scale due to the difference of the output loads
of the three signle phase rectifiers, this difference of the scale causes the unabalnce of the
three phases currents abosorbed from the power syplly. It is clear that the presence of
the 3rd ,5th and 7th harmonics are very dominant where the Total Harmonic Distortion
(THD) is 44.97 % as it can be clearly observed in the zoom window of Figure 4.4. On
the other side, the unbalnce of the three phase currents has led to the appearance of an
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important neutral current that is following along the path of the neutral conductor of
the power system. The waveform of this current is presented in Figure 3 where it can be
observed that its magnitude is important compared to the currents in the three phases,
where as an example, the maximum value of the current in phase ”a” is 10 A, whereas
the maximum value of the neutral current is 15 A as shown in Figure 4.4,4.5 respec-
tively. It is mainly generated by the unbalanced phase currents of the fundamental and
the harmonics compoenents of the third harmonics and the multiplies of the third har-
monics. Indeed, many researchers have studied the compensation of such current, besides
the compensation of the phases’ harmonics and the reactive compoenents, especially in
industrila plants where the power supply current in the main three phase power system
in very important.

Figure 4.4: The current waveform of phase ”a” and its harmonics spectrum under the
first scenario.

Figure 4.5: The neutral current waveform under the first case.
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V.2 Second case: The proposed shunt active power filter is used.

In this scenario, the power supply voltages system behaves differently within the three
intervals. As it can be observed clearly from the waveform presented in Figure 4.6, the
first interval takes place before the instant 0.6s, where the system voltages is unbalanced
with pure sine waveform which mean that there are no harmonics content, this unbalance
is due to the decrease of the maximum voltage values in phases “b” and “c” to 140 V and
100 V respectively, whereas the voltage at phase “a” is kept at its rated value as shown
in Figure 4.6. The second interval takes place within the interval of [0.6s 1.0s], where
the voltage waveform of phase ”a” contains a third harmonics component which leads
to the deformation of its waveform. Finally, the third interval that takes place after the
instant 1.0s, where furthermore the voltage of phase ”a” contains the third and the fifth
harmonics components which leads to more deformation of its waveform. The unbalance
in the two phases of “b” and “c” remains the same along the three intervals as shown in
Figure 4.6.

Figure 4.6: The different scenarios of the power supply voltages system.

The simulation has been carried out under the three aforementioned scenarios respec-
tively. Figure 4.7 presents the waveforms of the power supply current after compensation
within the three intervals of power system voltage variation as shown in Figure 4.6. It
can be clearly noted that the currents of the power supply during the three intervals are
keeping nearly their balanced sinusoidal waveforms with a THD less than 5%, in the same
time the current circulating in the neutral wire is nearly equal to zero with very limited
ripples as shown in Figure 4.7, especially within the zoom windows. These simulation
results prove that the use of the APF allows the compensation of the load current har-
monics, the load current unbalance and the neutral current simultaneously. Where it has
been proved that the source current obtained after the use of the proposed multilevel
SAPF possesses nearly a sinusoidal waveform with a THD which falls within the limits of
the standards.
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Figure 4.7: The power system currents in the three-phases and in the neutral under the
use of the proposed active power filter.

Indeed, the observation on phase “a” which is deeply contaminated by the harmonics
proves the effectiveness of the used of the proposed SAPF. It can be clearly seen in Figure
4.8 that the current in phase “a” has a sinusoidal waveform with constant amplitude along
the three intervals. On the other side the presentation of the frequency spectrum of this
current to obtain the following THDs along the three intervals such as 2.72%, 1.68 and
2.34 as shown in Figure 4.8 (a), (b) and (c) respectively. These values are very acceptable
in comparison with the IEC norms. These results confirms the performance and the
dynamic of the APF compensation in such situation.

74



Figure 4.8: The current waveform of phase ”a” in the second case under the use of the
proposed shunt APF. The first scenario [0.2 0.4s], The second scenario [0.8 1s], The third
scenario [1.1 1.3s].

On the other side, it can be remarked that the phase current in phase ”a” is practically
in phase with its corresponding voltage at the PCC which means that the power factor
seen at the source side is nearly increased to the unity as shown in Figure 4.9

Figure 4.9: Power factor correction (vs, 10 ∗ is).

Figure 4.10 illustrates a Zoom of the evolution of active power filter current (the
reference current and the APF injected current). It can be seen clearly that the active
power filter follows the current reference with neglected error between iref and if and
with a fast dynamic response.
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Figure 4.10: The proposed Active power filter current ( the reference current and the
APF injected current)

Figure 4.11 shows the output voltage waveform of the proposed active power filter.
It is clear that it is rich of harmonics components, but due to the use of the low-pass
output filter, the used proposed topology of the VSC can be seen as a current source and
the high order harmonics that are due specially to the high switching frequency of the
VSC are eliminated. However, it is obvious that this source current have to inject the
required harmonics to achieve the desired compensation function.
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Figure 4.11: APF output voltage vfan.

VI Summary:

The present chapter deals with the study of the performances of a proposed four-leg
three-level inverter based on an active power filter, which can be used for high-power
applications to ensure the elimination of current harmonics under severe power supply
voltages conditions. The use of the proposed shunt active filter has allowed successfully to
compensate the harmonics during balanced and unbalanced conditions of the power supply
voltages system under the existence of the 3rd and 5th Harmonics voltage components.
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The application to determine the set current of the APF pqr power theory provides the
balancing of currents and powers, and the decrease of the current in the neutral wire. The
obtained results through simulation prove clearly that the proposed active power filter
with a control strategy can achieve the function of compensation under severe constraints
of the power supply voltages system and the severe dynamics load behaviors constraints
and ensuring the current source to be sinusoidal and balanced to maintain the power
factor near equals to the unity.
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Chapter 5

Conclusion and Future Work

In this chapter conclusion of the research work is presented. Furthermore, some future
recommendations are also stated to extend the present work.

I Conclusion

In recent years, there is an increased demand for power electronics devices due to their in-
herent advantages in several domestic and industrial applications such as; electrical power
conversion, adjustable speed drives (ASDs), arc furnaces, bulk rectifiers, power supplies,
low power lamps, large air conditioning systems, compressors, etc. Unfortunately, the
proliferation of these devices is considered to be among the main causes that are lead-
ing to several power quality problems, especially the generation of different harmonics
components that are contributing in several serious problems, such as:

• An important current in the neutral wire. This current magnitude can be up to the
sum of all 3 phases magnitudes. therefore, it can be a very serious problem causing
overheating of the neutral wires. Hence, and an over sizing of the neutral wire is
required to solve this problem.

• Overheating of electrical supply transformers which leads to the declassification of
their capacities, and the shortening of their lifespan.

• High voltage and current distortions exceeding the standards limits. this can cause
the malfunction and the performance degradation of more sensitive equipment and
devices, and even the destruction of some sensitive equipment.

• Poor power factor less than 0.9 which results in monthly penalty fees for major users
(factories, manufacturing, and industrial).

• Resonances that lead to over-current surges. This results in destroying capacitors
and their fuses and damaging the surge suppressors which can cause an electrical
power system breakdown.

• High frequency harmonics cause the appearance of the interference phenomena
which can be induced into phone lines and data cabling.

Power quality improvement has motivated the development of harmonics compensa-
tion schemes such as shunt Active Power Filters (APFs). These devices estimate the
harmonic terms and re-inject them phase-opposite in the power distribution system. For
optimal performances, APFs should be able to track the changing harmonics and should
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be able to adapt their parameters to take into account the time-varying behavior of the
power system. Indeed, the power quality issue has become an important concern which
is nowadays attracting more attention from the electrical energy producer and the cus-
tomers, as well as from the researchers. Where, there is a great evident necessity to
develop solutions that are able to mitigate such disturbances in the electrical power sys-
tems within the main aim to improve the power quality at all levels.

The design and use of three-phase four-wire systems for transmission and distribution
of electricity has increased significantly in recent years. The wide use of semiconductor
converters for controlling electric machines or industrial plants has led to the presence
of higher harmonics of voltage and current in the grid, as well as to the fluctuations of
reactive power. The consequences of this are fluctuations and distortions of the supply
voltage and the deterioration of the electrical energy quality in general.
In this context, the present thesis proposes the use of the Four-Legged Active Power
Filter (FL-APF) in four-wires power distribution system to solve the problems related to
the harmonics, the low power factor and the harmful neutral current. Indeed, the three
phase four wire system is now being widely used in different areas including industrial
facilities, service facilities, office buildings, power generation, distributed energy systems,
uninterruptible power supplies, special control motors configurations, medical equipment,
rural electrification based on renewable energy sources. and even in our homes. Actually,
there are several four-wires APF topologies based on four-leg voltage source inverter (FL-
VSI) such as; a single phase VSI topology for each leg, a three-leg topology and a special
four leg topology. the four-wires VSI topology used is based on the classical three-level
NPC inverter; where a similar leg to the original three legs is added to be as a four leg.
The use of the 4-Leg 3L-NPC topology when associated with an adapted control strategy
in a microgrid context presents itself as a promising solution due to its ability to combine
the following characteristics.

• Increase the efficiency of renewable energy sources (RES) and a hybrid energy stor-
age system (HESS) integration to the microgrid through a unique power electronics
interface acting as an active power compensator able to smooth the RES by acting
on the HESS.

• Reduce ac-side current harmonics (for the same switching frequency and ac filter
components when compared to a two-level inverter).

• Reduce HESS current harmonics caused by the floating middle point inherent to
the NPC topology and move the ripples involved by unbalanced ac loads to the high
specific power energy storage system (ESS).

• Compensation of ac-side microgrid disturbances produced by unbalanced/nonlinear
loads thanks to the fourth leg.

The use of the proposed shunt active filter has allowed successfully to compensate the
harmonics during balanced and unbalanced conditions of the power supply voltages system
under the existence of the 3rd and 5th Harmonics voltage components. The application to
determine the set current of the APF pqr power theory provides the balancing of currents
and powers, and the decrease of the current in the neutral wire. The obtained results
through simulation prove clearly that the proposed active power filter with a control
strategy can achieve the function of compensation under severe constraints of the power
supply voltages system and the severe dynamics load behaviors constraints and ensuring
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the current source to be sinusoidal and balanced to maintain the power factor near equals
to the unity.

The most significant conclusions of this research work are briefly summarized as follow:

• A thorough literature review of the past and the most recent research works in
the development of Smart Grids and the area of power quality compensation using
Shunt active filter was conducted. Reported literatures on these topics are briefly
discussed. The concepts on the power quality and application of active power filter-
ing in smart grids were also evaluated. Various type of nonlinear loads based on the
power quality compensation objective were presented and analyzed. A brief review
on conventional harmonic compensation technique such as passive compensators
was conducted. A shorten briefing on the active power filtering principles and the
state of the art in active compensation was presented. Furthermore, basics of power
quality including key concepts and theoretical backgrounds were explained;

• The new technology associated with smart grids offers the opportunity to improve
the quality and reliability as experience by the customers. It will however also
result in the increase of disturbance levels in several cases and thereby introduce
a number of new challenges. But these new challenges should definitely not be
used as arguments against the development of smart grids. However they should
attract attention to the importance of power quality for the successful and reliable
operation of smart grids. New developments need new approaches and perspectives
from all parties involved (network operators, equipment manufacturers, customers,
regulators, standardization bodies, and others).

II Suggestions for Future Work

The research work presented in this thesis has given a new perspective for future research
in the field of shunt active power filtering. The following issues have been detected during
this research work and are listed here as possible topics for future work in this area.

• The application of the proposed shunt active power filter system to diminish other
power quality problems such as sags, swells and flickering may be investigated.

• This research focuses on the fundamental theoretical problems rather than the hard-
ware implementation. The proposed active filter could be experimentally verified
by developing prototype.

• The proposed work can be applied in applications that contain interharmonics, such
as speed drives of shipboard power systems and grid connected PV inverters.

• The proposed work can also be applied for ripple factor reduction in HVDC systems
with higher current and voltage ratings.

80



Appendix A

TITLE OF APPENDIX

AC or ac Alternating Current
APF Active Power Filter
APLC Active Power Line Conditioner
ADC Analog to Digital Converter
ANN Artificial Neural Network
ASD Adjustable Speed Drives
CCS Code Composer Studio
CC-VSI Current Controlled Voltage Source Inverter
CDSC Cascaded Delayed Signal Cancellation
CSI Current Source Inverter
DBHCC Double Band Hysteresis Curent Control
DC or dc Direct Current
DFT Discrete Fourier Transform
DG Distributed Generation
DSC Delayed Signal Cancellation
DSP Digital Signal Processor
EMI Electro Magnetic Interference
FLC Fuzzy Logic Controller
FFT Fast Fourier Transform
GTO Gate Tune-off Thyristor
HCC Hysteresis Current Control
HCR Harmonics Compensation Ratio
HF Harmonic distortion Factor
HV High Voltage
HPF High Pass Filter
HVDC High Voltage Direct Current
IEC International Electrotechnical Commission
IEEE Institute of Electrical & Electronics Engineers
IGBT Insulated Gate Bipolar Transistor
IRP Instantaneous Reactive Power
IRPT Instantaneous Reactive Power Theory
kV Kilo Volt
kVA Kilo Volt Ampere
kVAR kilo Volt Ampere Reactive
KVL Kirchhoffs voltage law
kW Kilo Watt
LPF Low Pass Filter
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LV Low Voltage
MLI Multilevel Inverter
MV Medium Voltage
MVA Mega Volt Ampere
MW Mega Watt
OCC One Cycle Control
PCC Point of Common Coupling
PI Proportional and Integral
PFC Power Factor Correction
PHC Perfect Harmonic Cancellation
PLL Phase Lock Loop
PQ Power Quality
PSO Particle Swarm Optimization
PV Photovoltaic
PWM Pulse Width Modulation
RMS Root Mean Square
SAPF Shunt Active Power Filter
SBHCC Single Band Hysteresis Curent Control
SCC Short Circuit Current
SMPS Switch Mode Power Supplies
SPWM Sinusoidal Pulse Width Modulation
SRF Synchronous Reference Frame
STATCOM Static Synchronous Compensator
SVC Static VAR Compensators
TDD Total Demand Distortion
THD Total Harmonic Distortion
RTW Real time workshop
UPQC Unified Power Quality Conditioner
UPS Uninterruptible Power Supplies
UPF Unity Power Factor
VAR Volt ampere reactive
VCO Voltage Controlled Oscilator
VLLMS Variable Leaky Least Mean Square
VSD Variable Speed Drives
VSI Voltage source Inverter

82



Bibliography

[1] X.-P. Zhang and Z. Yan, “Energy quality: A definition,” IEEE Open Access Journal
of Power and Energy, vol. 7, pp. 430–440, 2020.

[2] F. Harirchi and M. G. Simões, “Enhanced instantaneous power theory decomposi-
tion for power quality smart converter applications,” IEEE Transactions on Power
Electronics, vol. 33, no. 11, pp. 9344–9359, 2018.

[3] J. Liu, S. Taghizadeh, J. Lu, M. J. Hossain, S. Stegen, and H. Li, “Three-phase four-
wire interlinking converter with enhanced power quality improvement in microgrid
systems,” CSEE Journal of Power and Energy Systems, vol. 7, no. 5, pp. 1064–1077,
2021.

[4] M. G. Simes and F. A. Farret, POWER QUALITY ANALYSIS, pp. 227–253. 2017.

[5] S. K. Sharma, A. Chandra, M. Saad, S. Lefebvre, D. Asber, and L. Lenoir, “Voltage
flicker mitigation employing smart loads with high penetration of renewable energy
in distribution systems,” IEEE Transactions on Sustainable Energy, vol. 8, no. 1,
pp. 414–424, 2017.

[6] Y. Hu, T. Siriburanon, and R. B. Staszewski, “Oscillator flicker phase noise: A
tutorial,” IEEE Transactions on Circuits and Systems II: Express Briefs, vol. 68,
no. 2, pp. 538–544, 2021.

[7] J. Zuo, B. Zhang, M. Xiang, Y. Shen, and Y. Chen, “Study of transient voltage
stability with transient stability probing method in hunan power grid,” in 2017 4th
International Conference on Systems and Informatics (ICSAI), pp. 252–256, 2017.

[8] “Ieee recommended practice for preferred ratings for high-voltage( gt;1000 volts) ac
circuit breakers designated definite purpose for fast transient recovery voltage rise
times,” IEEE Std C37.06.1-2017, pp. 1–26, 2018.

[9] Y. Ma, Q. Li, H. Chen, H. Li, and Y. Lei, “Voltage transient disturbance detection
based on the rms values of segmented differential waveforms,” IEEE Access, vol. 9,
pp. 144514–144529, 2021.

[10] J. Jiao, Z. Liu, L. Li, and X. Nie, “Threshold dynamics of a stage-structured sin-
gle population model with non-transient and transient impulsive effects,” Applied
Mathematics Letters, vol. 97, pp. 88–92, 2019.

[11] A. B. Hoffmann, C. H. Beuter, A. L. Pessoa, L. R. Ferreira, and M. Oleskovicz,
“Techniques for the diagnosis of oscillatory transients resulting from capacitor bank
switching in medium voltage distribution systems,” International Journal of Elec-
trical Power & Energy Systems, vol. 133, p. 107198, 2021.

83



[12] G. R. S. Reddy and R. Rao, “Oscillatory-plus-transient signal decomposition us-
ing tqwt and mca,” Journal of Electronic Science and Technology, vol. 17, no. 2,
pp. 135–151, 2019.

[13] Y. Yu, P. Ju, Y. Peng, B. Lou, and H. Huang, “Analysis of dynamic voltage fluctu-
ation mechanism in interconnected power grid with stochastic power disturbances,”
Journal of Modern Power Systems and Clean Energy, vol. 8, no. 1, pp. 38–45, 2020.

[14] S. Q. Sun and Q. R. Xiang, “Waveform distortion and distortion power,” IEE Proc.
B Electr. Power Appl., vol. 139, no. 4, pp. 303–306, 1992.

[15] Q. N. Trinh, P. Wang, Y. Tang, L. H. Koh, and F. H. Choo, “Compensation of dc
offset and scaling errors in voltage and current measurements of three-phase ac/dc
converters,” IEEE Transactions on Power Electronics, vol. 33, no. 6, pp. 5401–5414,
2018.
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