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DESIGN A FUZZY LOGIC CONTROLLER TO CONTROL
ACTIVE POWER FILTER FED BY MULTILEVEL INVERTER
AND PHOTOVOLTAIC

By
Ghadeer Ahmad Abduh
Supervisor
Dr. Kamel Saleh

Abstract

New electrical systems commonly use nonlinear loads, which increase harmonic

pollution in the primary power system.

When power electronic equipment with semi-conductors is utilized, harmonic currents
occur, affecting quality of power and generating non-sinusoidal currents taken from the
AC sources. This result in a current discontinuity and an increase in the system's

harmonics.

Harmony in the power network generates a variety of issues, including voltage
deformities at the Point of Common Coupling (PCC), altering peak and RMS values of

line used, and a variety of other issues.

In addition to the challenges caused by harmonic current, reactive power is another
problem with the quality of the electricity in the power system. To improve the quality
of the power delivered to the network, electrical filters must be employed to cancel

harmonics and reactive power.

The power quality is developed using a variety of filter topologies, including passive,

active, and hybrid.

A shunt active filter is employed in this project to increase the quality of the electric
power. This active filter can perform a variety of tasks, including reducing harmonics,

adjusting reactive energy, improving Power Factor (PF), inserting real power source.

The primary goal of this project is to apply a fuzzy logic controller to optimize the

performance of the Shunt Active Power Filter in order to lower harmonic distortion. To
Xll



decrease the harmonic current and raise the power factor to unity, the Fuzzy Logic
Controller for the three-phase Shunt Active Power Filter is intended to replace the

Proportional Integral controller.

The results were confirmed from the calculated values of the THD of the source
currents. The THD was reduced from 16.67% before using the APF to 2.62 % after
using the APF for PI controller and 16.67% to 1.42% for FLC. These results of the THD

for FLC is even better than the results obtain of Pl controller.

MATLAB/SIMULINK has been used in this study to combine various renewable
energy sources with a 27-level H-Bridge multi-level inverter with a shunt active power

filter. The system has been built to function in a variety of operational scenarios.

Keywords: Fuzzy Logic Controller, Shunt Active Power Filter, Photovoltaic,Multilevel

Inverter, Total Harmonic Distortion.
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Chapter One

1.1 Encouragement
1.1.1 Power System Performance

The System of Power quality is a crucial thing in the system power for a variety of
causes, thus an active filter must be created to remove harmonics, make up for reactive
power, and develop power factor in order to prevent issues that might arise in the power

system.

1.1.2 Reliability of the Active Filter

Passive and active components that are used to create an active filter, are what
determine its dependability. The active filter may function in fault, steady-state, and

transient situations, the quality of the power system may also be improved.

1.2 Objectives

The thesis shows the following objectives:

1. The design includes the type selection and photovoltaic size array necessary to
satisfy the reactive loads and real power requirements for the voltage and current
regularities. It also has the capacity to filter harmonics and insert active power and
reactive power.

2- executing the intended module using the MATLAB/SIMULINK software.

3- Using Fuzzy Logic Controller.

4- Using Load Flow Programming to make load flow analysis for the system with a
standard IEEE network.

1.3 Thesis Structure

Chapter One: The effects of employing nonlinear loads more frequently, which causes
harmonics in the power system, as well as the effects of harmonics on the grids and the
equipment are covered in this chapter. The use of power filters, whether passive, active,
or hybrid, is one method for minimizing harmonics and compensating for reactive
power that is covered in this chapter. Describe the purpose and objectives of this

research in your conclusion.



Chapter Two: Fuzzy Logic Controller (FLC): In this chapter, we discussed the fuzzy
logic controller, in order to ensure that the performance goals will be achieved, it
merges plant output data y(t) and compares it to the reference input r(t). It then

calculates how the plant input u(t) should be.

Chapter Four

Shunt Active FilterMulti -level inverter design: This chapter describes the design of
multilevel inverters, the types of multilevel converter structures, and the factors that led
to the selection of an H-bridge with a 27-level inverter for this project. It also displays
each type's features. Finally, it uses MATLAB/SIMULINK to demonstrate the intended

multilevel inverter model with controller and DC sources for one leg.

Chapter Four: Shunt Active Filter: This chapter explains the many types of active
power filters and their features. It also explains how to extract harmonic currents by
using numerous equations from the instantaneous power theory and instantaneous
current component theory. lastly displays the full control strategy for SHAPF that was
examined using MATLAB program.

Chapter Five:

Compensation Scenarios and System Outcome: This chapter uses MATALAB/SIMLUINK
to present a system schematic overview with a separate nonlinear load and an IEEE
network. This chapter also illustrates how the system behaves and how it affects the source

and networks in various compensation scenarios for various operational conditions.
1.4 LITERATURE REVIEW

1.4.1 (THD) Total Harmonic Distortion

A measurement of the harmonic distortion contained in current or voltage is called the
total harmonic distortion (THD) of a signal. It is described as the ratio of the sum of all
harmonic power components that make up the basic component. The insertion of causes
harmonic distortion when waveforms with multiples of the fundamental frequency
(Mohammed, 2012). The following list of the most popular harmonics indexes is
provided: 2012 (Hussein).
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Total harmonic distortion is typically represented as a percentage and is defined as the
ratio of the rms values of the harmonic components to the rms values of the
fundamental components. This index is used to determine how far a periodic waveform
with harmonics deviates from a pure sine wave. The THD is O for a perfect sine wave at
fundamental frequency.

The Total Harmonic Distortion (THD) is a valuable tool for a variety of tasks, but it
excels for harmonic index measurement. Its drawback, however, is that because voltage
stress within a capacitor is tied to the peak magnitude of the voltage waveform, it is not
a suitable indicator of that stress (Mohammed, 2012).

1.4.1.1 Effect of Harmonics on Power Factor

The impact of harmonics on the power factor is discussed in this article. The electrical
power system's harmonics are brought on by the nonlinear loads, which negatively
impact the power factor. The performance of electrical machinery and apparatus is
impacted by the increased power loss brought on by harmonics' degradation of power
factor. We must first comprehend the various terms used to describe power factor
before we can comprehend how harmonics lead to lower power factor (Electrical Volt ,
2022).

The power factor is the ratio of real or active power to apparent power.

Active Power
Power Factor,Cos® =

(1.3)

Apparent Power

Power Factor,Cos® = g

More total harmonic distortion in a load result in a higher demand for reactive power
and a lower distortion power factor. The total harmonic distortion that the load produces

determines the distortion power factor.



The mathematical equations listed below can be used to express the distortion power
factor.

. . 1
Distortion Power Factor = NEETTToT (1.4)

The mathematical equations listed below can be used to express an electrical network's actual
power factor. (Electrical Volt, 2022)

Power Factor=cos® X 1

1

Power factor = cos @ X NeE T (1.5)
__ cos@

Power factor = NEFCTTT

1.4.2 Filters

There are three basic kinds of filters, each of which offers a special way to lessen and
get rid of harmonics. The structures of these harmonic filters can be broadly divided
into passive, active, and hybrid types. The kind of filter to apply depends on the issue at

hand as well as the implementation’'s financial implications (Nalini et al., 2011).

1.4.2.1 Active Filters

In order to successfully replace some of the distorted current wave coming from the
load, active filters use active components like IGBT transistors to introduce negative
harmonics into the network (Nalini et al., 2011). When the orders of harmonic currents
vary, an active filter is used. The sort of harmonic sources available in the power system
and the effects that various filter 17 solutions would have on the overall system
performance are taken into consideration while choosing the structure, which can either

be of the series or parallel type (Nalini et al., 2011).

The ability to correct for harmonics without worrying about reactive power at
fundamental frequencies is a benefit of active filters. Active filters have the added
benefit of being able to adapt to shifting load and harmonic conditions, as opposed to

passive filters, whose harmonic response is fixed. (Sankara, 2002; Nalini et al., 2011).

Shunt active filter, Series active filter, and Hybrid active filter are the three categories
that active filters can be categorized under based on the connection scheme. Hybrid

4



active filters combine an active filter and a passive filter, with the passive filter
performing basic filtering (5th order, for example), and the active filter, through precise

control, covering higher harmonics (Balasubramaniam et al., 2014).

1.4.3 Harmonics Current Extraction Strategies

Dc voltage control techniques and the extraction method form the harmonics current
extraction strategies. The frequency domain method and the time domain method are
the two main strategies for harmonic detection that have been proposed in the literature
(Rathika & Devaraj, 2011).

The Time domain techniques are used for computing the because they require less
computation. Identify the most recent. Synchronous reference (d-g-0) and time domain
methods are the two most popular techniques. (P-Q) theory and the instantaneous real-
reactive power theory (Rathika & Devaraj, 2011).

1.4.3.1 Synchronous Reference Frame (d-q)

The time-domain reference signal estimating methods serve as the foundation for the
synchronous system theory, often known as the d-g theory. In addition to handling
standard voltage and current waveforms, it may operate in steady-state or transient
conditions (Balasubramaniam et al., 2014). The straightforwardness of the computations
that entail algebraic calculation is another essential component of this theory
(Hemachandra et al., 2015).

The direct (d-q) and inverse (d-q) -1 park transformations make up the fundamental
structure of the synchronous reference frame (d-g-0) theory (Balasubramaniam et al.,
2014; Hemachandra et al., 2015).

Following is the transformation equation: 2014 (Sunitha & Kartheck).

[ cos®@  cos(O — 2?”) cos(0 + 2?") 1

. .
;q - \/5 —sinf —sin(0 -5 —sino(0 +5) iZ (1.6)
io ? 1 1 ’ 1 e

/yz /yz !z



1.4.4 Fuzzy logic controller

Solar photovoltaic (PV) and wind farm systems of renewable energy installations
have been regarded as the promising generating source that would satisfy the
ongoing demand for energy. Both end users of electric power and electric utilities
have grown more concerned about the issue of the quality of the electric network as
a result of the high inbound penetration of distribution generators (DG). Capacitive
coupling with the grounding systems, which are now necessary due to the high
frequency current forced by the power converters, is one specific issue lying under
the umbrella idea. Total harmonic distortion (THD), which is induced by the
frequent use of power electronic equipment, is constrained by the allowable range of
power quality standards (IEEE-519). This study examines the THD in PV systems
when capacitive coupling is used to lower THD. In order to negate the harmonic
design of a non-linear load, fuzzy logic controllers are used. Results indicate that
THD for power in PV systems has decreased by roughly 13%, while THD for
current in PV systems has decreased by around 23% (Ali,Tawala,Marwala,
boulkaibet. 2021).

Throughout this work, we have demonstrated the efficiency of shunt active power
filtering, particularly when fuzzy logic and the band-pass filter approach are used to
calculate current references. The power supply current distortion was actually
reduced to a tolerable level (THD = 0.99% in 80 ms with fuzzy correctors compared
to 1.14% in 80 ms with classical correctors) and the power factor was adjusted

(power supply voltage and current became in phase), (Benalladz, hinddjeghloud,2016).



Chapter Two
Fuzzy Logic Controller (FLC)

2.1 Introduction

Fuzzy logic control is taken from fuzzy set theory introduced by Zadeh in 1965. In the
fuzzy logic concept, the transition is taken from membership and non-membership
tasks. Therefore, boundaries of fuzzy sets can be hidden and ambiguous, making it
helpful for approximate systems. FLC is an attractive choice when short mathematical

formulas are impossible to help [1].

Figure 2.1:
Structure of Fuzzy logic controller

Fuzzy controller

g g
Reference input . ;22;::’;;: — g Inputs Outputs

rt) 8 = uit) y(t)
—i| * « # Process -

- 13

) 3

l?_ Rule-base =

a

In general, the fuzzy controller should be represented as an artificial decision-maker that
operates in a real-time closed-loop session or loop. In order to ensure that the
performance goals will be achieved, it merges plant output data y(t) and compares it to

the reference input r(t). It then calculates how the plant input u(t) should be.

2.2 Design of Fuzzy Controller

Because the rules are frequently nonlinear, there is no design process like root-locus
design, frequency response design, pole placement design, or stability margins in fuzzy

control.

2.3 Fundamental Components of a Fuzzy Controller

A fuzzy controller may be thought of as a system that communicates data similarly to a
conventional controller, with inputs holding details about the plant that needs to be

regulated and an output, or the variable being controlled. Both the input current and
7



output one values are clear from the outside without any hazy information. A fuzzy
controller's input values are either control errors produced from the set-point values and
controlled variables, or measured values from the plant that are either plant output

values or plant states [1].

A static control law is one that is expressed as a fuzzy system. This indicates that a
fuzzy controller, like a conventional state-feedback controller, is a static transfer
element since the fuzzy rule-based representation of a fuzzy controller lacks any
dynamics. In addition, a fuzzy controller is often a fixed nonlinear static transfer
element because of the nonlinear features of the computational steps that make up its
computational structure. The three blocks in Figure 2.2 in appendix a show the three
basic phases that make up a fuzzy controller's computational structure [2].

1. At the input, signal conditioning and filtering (input filter).
2. Fuzzy logic system.

3. At the output, signal conditioning and filtering (output filter).

2.4 The Fundamentals of a Fuzzy System Fuzzification

Figure 2.3 in appendix a depicts a fuzzy system's components. Crisp values from the
input signals are converted to fuzzy sets in the fuzzification step. The defuzzification
block, which converts an output fuzzy set back to a crisp value, produces the output u
directly. The collection of membership functions in charge of the relational portion's

rule base and transforming part includes as [2].

Figures 2.4 in appendix a show the fuzzy controller with a fuzzy system that has two
inputs (E and Delta_E) and one output .

a. Fuzzification

The first component of the fuzzy system is fuzzification, which looks up each piece of
input data in one or more membership functions to convert it to degrees of membership.
b. Rule format

Basically, a linguistic controller contains rules in the if-then format, but they can be
presented in different formats. In many systems, the rules are presented to the end user

in a format similar to the following.
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If error is NB and change in error is NB then output is NB.
If error is NM and change in error is NM then output is NM.
If error is NS and change in error is NS then output is NS.

If error is ZE and change in error is ZE then output is ZE.

If error is PS and change in error is PS then output is PS.

If error is PM and change in error is PM then output is PM.
If error is PB and change in error is PB then output is PB.

If error is PS and change in error is PB then output is PB.

If error is PS and change in error is PM then output is PB.

If error is PM and change in error is NB then output is NS.

. If error is PM and change in error is NM then output is ZE.
. If error is PM and change in error is NS then output is PS.

. If error is PM and change in error is NS then output is PS.

If error is PM and change in error is PB then output is PB.

The simulation was implanted on 49 rules (membership function) upon this, the names

positive, negative, zero, small, medium, and big are labels of fuzzy sets. A more

compact representation is as follows:

Table 2.1
Error and Change of Error for FLC

Error ~ Change  Output Change in Error

in error Neg Zero Pos
NB NB NB Neg NB NM  Zero
NM  NM NM Error  zero NM  Zero PM
NS NS NS Pos Zero PM PB
ZE ZE ZE
PS PS PS
PM PM PM




c. Defuzzification

The output fuzzy set needs to be transformed into a number that may be used as a
control signal for the process. Defuzzification is the process in question. In Figure, the

output surface is displayed [2].

The system was developed through simulating 27*27= 729 rules; however, the system
was unfortunately working slowly because of the high memory needed.
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Chapter Three

Multi-level inverter

3.1 Introduction

A specific output voltage and frequency are used by the inverter, a form of energy
electronic equipment, to convert DC electricity into AC power. Currently, an interesting
area of industrial applications is multilevel converters. Conventional power electronic
converters can only change the output voltage between two voltage levels. A multilevel
inverter creates the necessary output voltage by using a variety of DC voltage levels as
input. The input side voltage levels are often provided by fuel cells, capacitor voltage

sources, renewable energy sources, and other sources [3].

Due to the low power rating of the medium voltage grid, only one power semiconductor
switch may be connected directly. Therefore, a multilayer power inverter may be used
in place of a standard converter in situations that call for medium power and high
voltage. A multilayer converter achieves large power ratings and produces an output

signal that is superior with fewer harmonics and nearly similar to the reference signal.

Multilevel converters' core concept was originally presented in 1975. A converter
having three or more levels is referred to as "multilevel”. A number of topologies are

used in the design of the multilevel converter [4].

To create a high-power converter, however, a series of power semiconductor switches
with multiple dc sources should be employed in the design. The power switches'
commutation combines this diverse dc to create a big power output. However, the only
variable that impacts the rated voltage of the switches is the rating of the connected DC

sources of voltage.

The major problem with the multilevel converter is the use of so many power
semiconductor switches. Each switch requires a separate driving circuit. As a result, the

system will be more expensive and complicated [4].
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3.2 Types of Multilevel Converter Structure

The multilayer converter is composed of three or more layers. Since it uses a bi-
directional switch or may operate both as an inverter and a rectifier, it is frequently
referred to as a converter rather than an inverter. THD will decrease and system work

will increase as the levels rise.

The voltage of the DC-link (\dc) can be obtained from any DC source that is able to
produce dependable DC power (VSI) when employing a multilayer Voltage Source
Inverter. As shown in Figure 3-1 in appendix a, a number of interconnected capacitors
serve as a power reservoir to create a variety of dc voltage values for the inverter.

According to the formula below, each capacitor has a voltage VC.

Ve =2% (3.1)

n-1
where n is the number of levels.

A schematic representation of various types and degrees of inverters is shown in Figure
3-1 in appendix a (one phase leg). Different locations for the semiconductor switches
could be employed to produce various dc values. The level-n inverter creates a resulting
voltage with n-voltage values, whereas the two-level inverter makes an output voltage
with two values. Figure 3-1 shows a schematic representation of a one phase inverter

with two, three, and n levels of dc voltage as (), (b), and (c), respectively.

These converters have been implemented using one of three primary multilevel

converter structures:
- Diode Clamped Converters
- Flying Capacitors Converters

-  Cascaded H-Bridge Converters

3.3 Diode-Clamped Multilevel Inverter

The diode clamped multilevel inverter (DCMLI) design is often used to fix the dc

voltage in order to acquire multiple values or ways in the resulted voltage.
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For instance, a three-level inverter is created utilizing two pairs of diodes and switches
using the diode clamped topology. Using diodes and the complementary nature of each
pair of switches, the midpoint voltage may be calculated. In this architecture, the three
inverter phases use the dc bus, which can be separated into three levels using two
capacitors. Clamping diodes Dcl and Dc2 limit the voltage stress across each switching

set to Vdc, as shown in Figure 3-2 in appendix a.
Each capacitor is subject to a voltage of VVdc/2, where (Vc1=Vc2=Vdc/2).

Three different switch states can be used with three-level inverters to provide three

different output values, as shown in Figure 3-3. There should always be two switches

switched on.
Table 3.1
Three-level diode-clamped inverter condition switching
Switch status State Voltage
S1=0N, S2=ON S=+ve
Vo=Vdc/2
S1'=0FF,S2'=0OFF
S1=0FF,S2=0ON
S=0 Vo=0

S1'=0ON,S2'=0OFF

S1=0FF,S2=0FF
S=-ve Vo=-Vdc/2
S1'=0ON,S2'=ON

Normally, 2 (N - 1) switching sets for each leg, (N-1) dc-link capacitors, and (N - 1) *
(N - 2) clamping diodes are used in the design of a N level diode clamped inverter.
Several levels have an impact on the output quality voltage. A significant volume of
waveform and a tighter proximity to sinusoidal or reference output are indicated by
raising the values. Since there are more switching elements and clamping diodes as N

rises, the intended inverter will become more complex.
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The advantages of DCMLI are listed below:

- The converter requires less capacitance since all of the phases are connected to the

same dc bus.
- The capacitors may be pre-charged collectively.

- low harmonics while using many levels.

The following is a list of DCMLI's disadvantages:

- Because the dc intermediate levels tend to overcharge or even discharge without a

careful monitoring or control, a real power flow is challenging for one inverter [5].
- The system is challenging since it takes several clamping diodes to provide high-
quality output [6].
3.4 Flying Capacitor Multilevel Inverter

The capacitor fixed inverter, sometimes referred to as the flying capacitor (FCMLI),
was put forward by Foch and Meynard in 1992 [6].

These inverters have the same construction as clamped-diode types, except instead of
clamping diodes, capacitors are used. Each flying capacitor has a different voltage than
the capacitors behind it because they are linked in series. Where the choice of the two
adjacent capacitor legs determines the voltage steps of the output waveform. Figure 3-3

below shows the three-level capacitor clamped inverter configuration.

The benefits of (FCMLI) are seen below:

- The capacitors that are connected with the same leg are charged to different voltage
values in the capacitor-fixed voltage design, which allows the usage of many levels.

The series-connected capacitors in the diode fixed topology have the same voltage.
- The inverter has the ability to regulate both reactive and actual power

- The inverter can handle both deep voltage sags and brief power interruptions.

The FCMLI's shortcomings, however, may be summed up as follows:

— The control and modulation procedures are challenging since any modulation

requires charging the capacitors beforehand.

- The control gets quite challenging when several capacitors are being used.
15



3.5 Multilevel cascade inverter

The cascaded multilevel inverter (CMLI), also known as the series H-bridge inverter, is
another type of multilevel inverter. In 1975, the H-bridge inverter was first proposed.
Due to its adaptability and versatility, the CMLI has been used in a variety of
applications, particularly high-power ones. A group of single-phase full bridges make
up each of the inverter's phases. CMLI needs three-phase legs of a series H-bridge
converter in order to produce a three-phase output AC waveform. It is straightforward
to scale the voltage level while using this design since it relies on series power
conversion cells. Using a PV system, rectifying diodes, or other sources of DC, each

full-bridge converter receives its own DC supply [7].

As seen in Figure 3-4 in appendix a, the topology of these converters is based on a

series of connections between H-bridge converters with distinct DC sources.

The voltages produced by the different cells are added to create the output phase
voltage. Each single-phase full-bridge converter's output is converted to three voltage
levels by a three-level inverter: +Vdc, 0Vdc, and -Vdc (positive voltage, zero voltage,
and negative voltage). where the desired output might be produced by manipulating the

power switches. The three levels of the output ac voltage span the +Vdc to -Vdc range.

The cascaded converter's output voltage can be connected in either a wye (YY) or a delta
(A) configuration based on the three-phase system.

The profits of CMLI are shown below:

1- The DC buses regulation's simplicity

2- Modularity is possible for control. Contrary to capacitor clamped and diode
clamped inverters, which call for a central controller to perform the modulation for
individual

3- This kind of inverter uses fewer parts than others for the same output voltage

The disadvantage of DCMLI is that many dc sources need to be used for real power

conversions [8].
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3.6 Multilevel Inverter Design

For this project, an H-bridge with a 27-level inverter was used because of the following:

1- Reducing the distortion in the output waveform will require more (12) levels.

2- Compared to traditional inverters It works well in high-power and demanding
applications.,.

3- Because it comprises of Modula table cells, it is easier to regulate than other types
of inverters.

4-  As the number of levels is raised, the voltage stress on the switches will lessen.

5- Because an inverter structure is made up of several single-phase, full-bridge
converters that are each fed by a different DC source, there is no requirement for
voltage balance (sharing) circuits or voltage matching of the switching devices.

6- Soft-switching can be used to control switches.

7-  For each H-bridge, a separate DC energy source may be used.

The inverter has three H-bridges with also three unequally DC sources distributed, as
shown in Figure 3-5 in appendix a and Table 3-2 below

Table 3.2
The multi-level inverter’s DC sources
Inverter Bus name Required input voltage
Vdcl 36V
Vdc2 108 V
Vdc3 324V

How the switches are regulated based on the magnitude of the signal referred. The
modification method employed is capacity modification, which is a simple and basic
process. By comparing the amplitudes of the signal referred to and also the defended

ranges, this method produces the pulses depicted in the following graph (3.6).

Where (a) is the signal's single value, (is) divided by its maximum value, and (y) is the

reference signal’s value, also divided by its maximum value.
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Following is the crucial definition of capacity modification.

The highest value of the reference signal input is split by two.

Multiply one by (one minus the number of levels) divided by two to obtain the
range of each step, as shown below. This results in a step range of 0.07609.

Before creating the right pulses to create the proper level, one must first determine
the range to which the value belongs and measure the capacity of the input or
reference signal.

For instance, if the signal's amplitude is 0.01 and it falls inside the first range, the
output should be level 1. (0.038 to 0.0769).

For positive references signal values, the pulses were supplied to the switches in the
following order: (P 1,P2,P3,P4,P5 P6,P7,P8,P9,P10,P 11, P 12).

When a reference of signal level is negative (P 3,P4,P1,P2,P7,P8, P5 P6,P
11,P12,P9,

P 10).

This means that only a first dc voltage should be connected and a other two should

be unplugged if the output voltage is level one, or 36 volts, and the input reference

signal value is 0.060.

To do this, the controller creates the following pulses for the switches:
(110010101010).

The following Figure 3-7 in appendix a shows the multilevel inverter model that was
created using MATLAB/SIMULINK, together with a controller and DC sources for one

leg. Inverter output behavior with its controller is discussed in Chapter * of this research

based on various operational settings.
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Chapter Four
Shunt Active Filter

4.1 Introduction

Active power filters (APF) are filters that are capable of eliminating harmonics.
Harmonics in the power system that are much below the filter's switching frequency can
be removed using active power filters. Higher order harmonics as well as lower order

harmonics are filtered out of the power system using active power filters

Power filters are available in a wide range of configurations, including series, parallel,
and hybrid filters (a filter that combines passive and active filters to maximize filter
performance). In order to reduce and correct for load voltage harmonics, series active
filters are placed in series between the source and the loads. Current harmonics of non-
linear loads are also compensated using shunt active filters [9].

The parallel active filter is used to filter harmonics from the current source. Due to the
component in a series filter should be able to pass a complete current through, which
necessitates greater value for the elements employed, compared to other types, like

series active filters, it has lower component values. [10].

Voltage source active power filters (VSAPFs) and current source active power filters
are the two primary divisions of shunt active power filters (SAPFs) (CSAPFs). The
storage element that is employed with these filters—capacitors with VSAPFs and
inductors with CSAPFs—determines the kind of filter.

In this study, the VSAPF was chosen over the CSAPF because it is less costly, lighter,

more efficient, and simpler to manage [11].

There are two techniques to deal with harmonic pollution. The first strategy is to

employ appropriate circuits that may decrease or eliminate pollution.

Transformer-less systems UPS with PWM rectifiers, which cause the current's
harmonics to be low, are one example of these uses. As a result, a little degree of

distortion may persist, and filtering equipment is not required in this scenario. The

19



second way is to use power filtering equipment, which employs strategies to reduce

total harmonic distortion (THD) in current systems.

There are three types of techniques to choose from:
- Passive Filters
- Active Filters

- Hybrid filters.
The traditional filter is the passive filtering method shown in Figure 4.1 in appendix a.

The passive filter principle is to block harmonics by connecting a high series impedance
in series (a series passive filter) or to compensate harmonics by connecting a low
impedance as a parallel current to the load (a shunt passive filter). Depending on the

nonlinear load, a combination of series and shunt may be used in various situations [12].

Because passive filters ar e really cheap, simple and highly efficient (for particular

frequency), they are already selected by filter designers.

Although they have numerous profits, they are dependent on system factors. When
employing passive filters, a problem of rebound with the system hindering will occur,
and it can be helpful to filter a harmonic frequency certain. As a result, active filters are

employed [13-14].

A concept of active filters was studied in the 1970s. However, the concept became
financially and scientifically feasible after quick, inexpensive semiconductor devices
like MOSFETs (IGBTs) and high-performance, efficient Digital Signal Processors
(DSPs) were made accessible. The active filter's basic principle is to introduce
voltage/current with the same magnitude and opposite of the harmonics, causing
harmonics to be rejected from the system, and advancements in power electronics
control theory allow the active filter to be more practical, commercially successful, and

efficient in filtering harmonics as show in figure 4.2 in appendix a [15].
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Active filters, unlike passive filters, have a modest physical size and may perform a
variety of jobs in the power system, including compensating reactive power, inserting
active power, and tolerating faults and working correctly under bad conditions. They are
effective solutions for a variety of power quality issues. Although active filters are more

effective at filtering than passive filters, they are more expensive [16].

Active filters have the following drawbacks: - The passive filter (used in hybrid)
removes high power and low order harmonics, whereas the active filter removes high

order and low power harmonics requires high converter ratings.

- Is more expensive when compared to passive filter.

As a result, a new form of filter known as a hybrid power filter was developed to
eliminate the issues associated with passive and active filters. The first type of filter in a
hybrid filter is an active filter, while the second type is a passive filter. Hybrid filters are

utilized to lower the system's start-up expenses while boosting its effectiveness.

While the active filter eliminates high order and low power harmonics, the passive

filter (used in hybrid) only eliminates high power and low order harmonics.

The goal of hybrid filtering is to increase the filtering efficiency of a passive filter while
attenuating series and parallel resonances with a small rated active filter. On the other
side, hybrid filters require more technical work than passive filter design because they
perform fewer tasks than pure active filters in figure 4.3 in appendix a show the hybrid

technique [17].

4.2 Techniques for Extracting Harmonic Currents

The reference extraction technique used determines how effective the APF is. The
reference signal may be extracted using a variety of methods. Time domain and
frequency domain are the two primary approaches. In order to generate a reference
signal from distorted load voltage or current, an immediate estimate is generated in the
time domain. Results will be quicker since the time domain approach is easier to use

and requires less calculations than the frequency domain method [18].
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4.3 Theorem of Instantaneous (Active & Reactive) Power

All p-q theories, also referred to as the "instantaneous power theory," describes the
significance of the real and imaginary power that exists in a three-phase circuit at any
given moment in time. Additionally, it clarifies the path taken by energy in a three-
phase circuit as it moves from a source to a load or between phases. Using this method,
flexible AC transmission system (FACTS) compensators may be developed and
comprehended [19].

The p-q theory's time domain foundation enables real-time control of the APFs for both
steady-state and transient operation, as well as for a variety of voltage and current

waveforms.

The instantaneous values of the voltage and current waveforms in a three-phase power
system are used to calculate power using the instantaneous power technique (p-q

theory).

In order to use this theory, three-phase current and voltage from a-b-c must first be
converted to the instantaneous power is calculated using —O coordinates, which is
equivalent to the Clarke transformation, an algebraic transformation. It uses the Clarke
transformation, which consists of a matrix connecting three-phase components to
stationary reference frames with a O in the middle. As illustrated in Figure 4-4 in
appendix a below, the reference current is then calculated using the real and reactive

power of the non-linear load.

In order to regulate active filters in three-phase power systems, Akagi et al. presented

the "Generalized
Theory of the Instantaneous Reactive Power in Three-Phase Circuits” [20].

The following can be used to represent the three-phase systems without a zero-

sequence:

Xa+Xb+Xc=0 4.1
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Equation (4.1) above suggests that there are only two variables because of the 3rd

variable's link (a function) to the other two variables.

The following voltage and current matrices might be produced to switch from the a-b-c
to the

a-B-0 system.
1 1 L
Vo - N R VZ Va
Val| = \E x{1 =05 —0.5|x]|Vb (4.2)
VB l 0 3. _¥3 J Ve
2 2
= = =]
Io lﬁ V2 2 | Ia
la|= [Zx{1 =05 —05|x|Ib (4.3)
B 3o _ 3 Ic
1o 5 > |
From the equations above, the following new connection may be derived:
IN=Ila+Ib+Ic=+3Io (4.4)
The power may then be described as follows:
Vo 01rlo
[paﬁ Va VB Ia] 4.5
qap —VB Vallip

Where:

The phase voltages and currents are va, vb, vc and ia, ib, ic, respectively.
po: A zero-sequence's immediate power.

paf: the instantaneous real power.

qaf3: the instantaneous imaginary power

By replacing the currents in the previous expression with power and voltages, the

current matrix may be re-expressed as follows:
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VaB 0 0 po
[ ] Voxmﬁz [ 0 VoxVa —VoxVB|x [paB] (4.6)
0 VoxVB VoxVa qap
Where:
Vap? = Va? + Vp? 4.7

In the p-q theory, the following are the six different types of power:

- p0: instantaneous power that travels through voltage and current from the source to

the load (Zero-sequence components).

- p0: A Instantaneous zero-sequence power at a different value. It describes the

amount of energy that is transported over time via the voltage and current zero-

sequence components from the power source to the load.

—  p: The average value of the instantaneous real power. It has to do with how much

energy is equally transported over time from the power source to the load using the

a-b-c coordinates. (In actuality, it is the preferred power element.)

- p: The alternative value of instantaneous real power. The a-b-c coordinates are used

to convey energy per unit of time from the power source to the load.

- q: Average value of instantaneous imaginary power. It is a component of the

reactive energy that the basic components of current and voltage create.

— g One of the harmonic currents produced by the instantaneous reactive power of ac

is the alternating value of instantaneous imaginary power [20].

In figure 4.5 in appendix a shows the active power filter that must compensate for the

other components of the power as p which is the only usable and desirable component.

The zero- voltage and zero- current components will both have 0 values if the neutral

wire is not attached. Thus, the following may be deduced from the aforementioned

voltage and current transform matrices:

-0.5 —-05 Va
] \[ VE V3| X |Vb
2 Ve
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1 -05 -05 la
[1 l“] = 2 x 3 | x| 1b 4.9)
1B 3|10 — @ ——=
2 2 Ic
These equations display the load's instantaneous power. (pl and ql)
pll_[Va ”Ila
ql]_[Vﬁ _vall1p (4.10)
The following results from breaking down the above equation
pl= pl+Pl (4.11)
ql=ql+Ql 4.12)

While the gl and pl are oscillatory terms, the QI and P1 are average terms.

The aforementioned equations show a number of things, including the following:

- The mean power under sinusoidal and balanced conditions represents the basic

harmonic current.

- Every higher harmonic's related oscillation term [21].

According to the design, the average power terms might be eliminated by using a high
pass filter (HPF) or low pass filter (LPF), as shown in Figures 4-6 in appendix a below.
The remaining terms then need to be compensated as follows:

pc =-pl~ &qc =ql~ (4.13)

Compensating the current as follow:

Ica 1 Va VB 1pc
IcS VaXVBZ VB —Va [qc] (4.14)
Where:
VapB? =Va? + Vp? 4.7

As seen below, the reference current that the inverter must generate shifts from the a-

coordinate to the a-b-c coordinate:
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1 0
Ica” V3
o 20 |- = Ica
[lcb*]— \Ex 2 |X|1ep (4.15)
Icc V3
2

If the reference signal needs to be corrected solely, reactive power needs to be given

directly to it.

Figures 4-6 in appendix a in the accompanying image simply eliminate harmonics.
Reactive power must have two components, (q1)&(Q!) in order to improve its power

factor. The control method is shown in the Figure 4-7 in appendix a.

4.4 Instantaneous Current Component Theory

This approach generates reference currents using the id-iq theory, or the instantaneous
active and reactive current components of the nonlinear load. In synchronous reference
frames, the three phase current components a, b, and c are rotated by an angle
depending on the park transformation, much to how they are converted into a-f-0
components in stationary frames. A control method is also described for constructing
the PI controller, which is essential for generating the error signal required for

switching, as well as for regulating the DC voltage across the DC bus capacitor.

Under distorted voltage situations, it is shown that this approach outperforms the
instantaneous active and reactive power method [22].

This method obtains the reference signal by using the nonlinear load's instantaneous
active and reactive current components. Separating harmonic and fundamental contents
will be made easier by obtaining (d-q) current components. This method works better
when there is imbalance or less-than-ideal voltages. For this approach, the source just
has to provide the d-axis component. The transform is defined by the subsequent

equations:

[ coso cos(8 — —) cos(6 + = ) 1

1
[ ] fx —sinf —smH(H——) —sm9(9+—) [a] (4.16)
Ic

ﬁ ﬁ ﬁ
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when the synchronous reference's angular position is indicated by 6.

The basic frequency's linear function is denoted by. This angle is rotating synchronously
and continuously with the three-phase voltage. A low pass filter is used to isolate the

harmonic current component.

1dl = 1Td +1ld (4.17)

_—  ——

Iql = {lg +11q (4.18)

L)

The oscillatory terms are the I1d and Ilg whereas the average terms are the Iid and Ilq.

The equations above show several things, including what follows:

— Under sinusoidal and balanced conditions, the average current is related to the

fundamental harmonic current.

— The oscillation parameters connected to each higher harmonic.

Iql will be used to account for reactive power and improve power factor during the

creation of the reference signal, and an alternate component termed Idl (ITd) will be

included to remove the harmonics.

The reference signal for the active power filter (APF) changes to:

i) _ ) 19

Ifg*] ~ llg

Using the inverse park transform, the following results are obtained for the 3-phase

system's reference signal for the APF currents:

Ifa cos6 —sinf
2n . 2n *
Ifb| = V3 o [cos(0 =) —sinf(8 — )| [Ifd*] (4.20)
I 2 2m . 2m Ifq
fc cos(0 + ?) sinf(0 + ?)

A phase locked loop (PLL), displayed in the image that follows 4.8 in appendix a, can

be used to estimate the angular location of the synchronous reference.
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4.5 Controller for Shunt Active Power Filters (SHAPF)

Enhancing the shunt active power filter control techniques, such as reducing the THD
value, increasing the system's power factor, or improving the SAPF's performance when
the non-linear loads vary, is essential for improved results. One of two methods that
depend on the measured current can be used to regulate the SAPF in order to account

for harmonic currents:
-  Direct Control Approach

- Indirect Control Approach.

4.6 Direct Control Approach

The reference signal that will be utilized to account for harmonics that are created from
the load currents and the reference signal are both necessary components of this
approach. The SAPF will generate currents in this case that are exclusively reliant on

the load current and not the source current.

The voltage and current equations for a filter may be obtained using all information in

Figures 4-9 in appendix a as follows:

Vi(s) =Vs(s) +{SLf xXIf(s)} +{Rf XIf(s)} (5.21)
1f($) = L (5.22)

The system's current close loop controller is displayed in Figure 4-10 in appendix a as a

result of the aforementioned calculations.

4.7 Indirect Control Approach

This technique does not monitor or worry about filter currents; instead, it is focused on
source currents. The grid receives a sine-wave reference current that is used to compare
the measured current to the reference current. The error is then supplied to the current
controller, which generates pulses for the SHAPF. In comparison to the direct approach,
this system's control is simpler and makes use of fewer sensors. Figure 4-11 in appendix

a diagram for the indirect strategy.
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The method used to construct the filter reference currents and the grid reference currents
is the same. Grid current detection may be done in many different ways. Some of these
methods rely on the DC voltage controller, the instantaneous current components (id-

i), and the instantaneous power (p-q) theories [23][21].

4.7.1 Algorithm Based on PQ Theory

This strategy relies on the immediate active power. The indirect technique eliminates
the alternative component and reserves the direct term (DC term) for the generation of
grid currents. This method permits simultaneous correction of the harmonic current and

the reactive power because it is necessary to decrease both [24].

The indirect control technique based on the p-q theory diagram is shown in the figure

4.12 in appendix a.

The following equations could be obtained by assuming that the voltages at point PCC

are Vsa, Vsb, and Vsc and the load currents are ILa, ILb, and ILc.

—0.5 —0.5] [Vsa]
VS“ G V3| x|vsb (4.28)

2 Vscl

I —O 5 —0.5 ILa]
la 3| x|iLb (4.29)

2 ILc]

The direct active power can be expressed as follows:

Pl = (Vsa x Ila) + (VsB X IIB) (4.30)

As previously mentioned, there are two components that make up active power: direct
power, which has to do with basic voltage and current, and alternative power, which has

to do with harmonics.
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The reference power may appear something like this if we examine it from the source

side.
Ps* = pl + Pdc* (4.32)
By utilizing a low pass filter, we can isolate the direct active power.

As a result, the grid reference current changed to:

Vsa

Isa™ = m X Ps (433)
* VsB *
Isp* = VsV X Ps (4.34)

The reference currents shift to the configuration shown below:

; [ 1 0]
sa” V3 «
= 1
[Isb*lz\/gxi— 0.5 3 |x[15“* (4.35)
* | UsP
Isc l —05 -¥X

2

4.7.2 Synchronous Reference-based indirect control

The calculation of synchronous reference currents is the only distinction between this
approach and the p-q theory. Additionally, it uses the load currents and PLL to calculate
an angular location for the voltage. The following is the procedure for determining the
direct load current components (lig):

Ild = \E X {(Ila X cos(wt)) + (ilb X cOos (wt - %ﬂ )) + (Ilc X cos(wt + 2?“))} (5.36)

This current has two components: direct and alternating components, according to the

equation below.

1ld = 11d + Ila (5.37)
A suitable low pass filter with a high enough cut-off frequency (almost 20 Hz) can be

used to separate the direct current component, and this current is connected to the grid's
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fundamentals. Since this method has the ability to set Iq to zero, it can simultaneously

correct for harmonics and reactive power.

The following equation describes how to express the reference signal:

(5.38)

Isq* cos6 —sin6

2n . 2n *
[ *] _ |cos(6 =) —sinB(6 - )| Isd ]
Isc*

Isb ISCI*
cos(6 + 2?”) sinf (0 + Z?H)
The schematic of the Indirect Control Technique Based on Synchronous Reference is
shown in Figure 4-13 in appendix a below (1d-1q).

4.7.3 DC voltage controller-based indirect control

The main concept behind this approach is to compute the peak value of the grid's
reference current using a DC regulator. Multiplying the peak grid current value by the
PCC voltage unit vectors will do this.

The reference current is expressed in the following equations:

Isa™ = Ispeak® X sinf (5.39)
Isb* = Ispeak® X sin(6 — 2?”) (5.40)
Isc* = Ispeak™ X sin(0 + 2?7'[) (5.41)

You may create an angular position with the PLL. The schematic of an indirect control
technique-based DC voltage controller is shown in Figure 4-14 in appendix a below.

4.8 Shunt Active Power Filter controller design

The Approach to Indirect Control This simulation was developed using the
Synchronous Reference (ld-1g) theory, which is discussed in section 4.3.3.2. The
reference signal must be generated in the interim by integrating the PI controller with
the APF controller. The chosen strategy focuses on direct technique control, requiring
the identification of the load current and its harmonics. The input for the Pl Controller

(linvd) is the difference between the alternating component of the load current (11d) and
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the d-component of the inverter current, and the input for the second Pl Controller is the

difference between the g-axes currents of the inverter (linvg) and the load (ILQ).

Think about the voltages at the sources (Va, Vb, and Vc) and the voltages at the

inverter's output (Val, Vb1, and VVcl) as shown in Figure 4-15 in appendix a.

The resistor (R) and inductor (L) have been connected for each phase between the

inverter output and the PCC.

The following equations express source voltages

Va= (R xil) + (L %) + Val (4.42)
Vb = (R x i2) + (L %) + Vb1 (4.43)
Ve = (R x i3) + (L %) + Vel (4.44)

The equations above are transformed into the following by applying the d-q variables:

dld

L% = (=Id X R) + (Vad — Vald) - (wL x Iq) = Vd — (Id X R) (4.45)

L“LLf = (—Ig x R) + (Vaq — Valq) — (wL x Id) = Vq — (Ig X R) (4.46)
Where:

Vd = (Vad —Vald) — (wL X Iq) (4.47)

Vqg= Vaq —Valq) — (wL X Id) (4.48)

Using our previous equations, we can create an illustration of a PI controller, as shown

in figure 4-16 in appendix a.
The PI1 controller's transfer feature is:

Gpi(s) = Kp + (4.49)

32



Using the following assumptions and comparing the controller's transfer function to a
second-order transfer function's canonic form:

e  Damping factor value is 0.707

e band width is 200 Hz.

Kp and Kii's values are as follows: K1 = 1000 and K2 = 10,000, respectively [18].

Figure 4-17 in appendix a displays the overall control approach for SHAPF, which was
evaluated using MATLAB software.
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Chapter Five

Compensation Scenarios and System Outcome

Several renewable energy sources have been used in conjunction with their controllers

and a multi-level inverter with an active filter to accomplish the goals of this research.

Two separate operating conditions were used to evaluate the system: the first merely

featured a non-linear load and a DC load, while the second examined how the system

affected the IEEE Network. The controllers are made to function in accordance with the

following scenarios under each of these operational conditions:

1. 0-0.08s: The active filter is connected but without making any compensation
through controlling the reference currents of the inverter to zero.

2. 0.08-0.16s: The active filter is controlled to compensate the harmonics only.

3. 0.16-0.24s: The active filter is controlled to compensate the harmonics in addition to

injecting reactive power.

4. 0.24-0.30s: The active filter is controlled to compensate the harmonics, inject

reactive power, and injecting real power.

5.1 Effects of various System Compensation scenarios on individual non-linear

loads

The first requirement for operation is connecting to a separate load. There are two
different kinds of loads; one of which is a resistance and inductor load (RL), which is a
load with specifications of 6.0 kWp of active power and 2 KVar of reactive power. The
additional load is 3-phase a rectifier attached to a load that is resistive with an 8.0 kWp
consumption. The controlled voltage sources are supplied by the reference signal of the

proposed controller.

The entire system is depicted in Figure 5.1 below after being connected to a load and
having a simulation run in MATLAB/SIMULINK.
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Figure 5.1

Schematic for a system simulation with non-linear load in combination
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Figure 5-2 demonstrates that the source reactive power harmonics have been reduced
while being balanced for the load by the inverter when it begins to operate after
(t>=0.08s). Whereas the source reactive power is roughly zero during reactive power
injection operation scenarios (t>=0.16s), the inverter's output reactive power increases
in response to the load's need for reactive power. Reactive power at the load is constant

during all processes.

last operation scenario (t>=0.24s), but this amount is also added to the harmonic
reduction in the prior scenario by the inverter because the load active power is constant
throughout all operations. Figure 5-2-1 appendix a illustrates the source and inverter

active and reactive power under operation scenarios.

Figures 5-2 below illustrates the source and inverter active and reactive power

characteristics under the abovementioned operation scenarios, respectively.
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Figure 5.2
Schematic of System active power and reactive power behavior under different

operation scenarios
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The following four possibilities are illustrated as before and after operation scenarios in

the Figures 5-3 below by the curves of the current behavior for the source and the

inverter:

- 0-0.08: linv is 0, and IS is not impacted.

- 0.08-0.16: linv has harmonics rather than the source since the IS's harmonics are
removed.

— 0.16-0.24: Due to the injection of reactive power and the harmonic elimination
procedure in the preceding paragraph, linv is larger and IS is slightly smaller.

- 0.24-0.3: In addition to the previously mentioned effect, the high-power injection
also causes a reduction in IS and an increase in linv magnitude.

— The figure 5-3-1 appendix a shows the result of FFT analysis as a fundamental
value (50Hz) and total harmonic distortion (THD) for the source and inverter
during each operation scenarios

- The table below displays results of the FFT analysis for the source

and inverter for each of the aforementioned operation situations as a
fundamental value (50Hz) and total harmonic distortion (THD).

Table 5.1
Total harmonics distortion of Source and inverter currents
Inverter output current Source output current
Fundamental Fundamental
Scenario# THD% THD%
(50Hz) (50H2)
0-0.08 0.1099 8.10% 26.53 16.72%
0.08-0.16 0.1036 4778.2% 26.62 2.93%
0.16-0.24 2.505 201.38% 26.62 1.42%
0.24-0.3 5.488 92.99% 22.03 1.77%

By applying formula 1.3 and according to the load applied where the real power
consumed by this load was 6 kW and the reactive power was 2 KVAR, the displacement

power factor for this load is 0.95. For this load and after applying our proposed
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approach to decrease the THD where the best value obtained for this THD was 1.77 %,
and by using the formula 1.4, the distortion power factor calculated according to this
THD value is 0.9997 (approximately 1). So, the true power factor for this best case and
according to formula 1.5 is 0.948. Surely, the true power factor takes lower values for
other cases where the THD shows higher values.

In comparison with the results of [26] for the THD value obtained for their proposed
approach where the best value of the THD was 1.9%, the results obtained by executing
our proposed approach show lower value for the THD which is 1.77 %.

Figure 5.3

Schematic of source and inverter current and THD during four scenarios
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5.2 Comparison between P1 and Fuzzy logic controller

The primary goal of this project is to apply a fuzzy logic controller to optimize the
performance of the Shunt Active Power Filter in order to lower harmonic distortion. To
decrease the harmonic current and raise the power factor to unity, the Fuzzy Logic
Controller for the three-phase Shunt Active Power Filter is intended to take the place of

the Proportional Integral controller.

We simulated in MATLAB/SIMULINK and compared the system by using Pl and

fuzzy system, and the results were as follows:
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Figure 5.4
Schematic for a- fuzzy logic system / b-Pl simulation with non-linear load in
combination
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Figure 5-5 (a) appendix a Id ref and measured for Pi controller and 1q ref and measured

for Pi controller during all scenarios.

Figure 5-5 (b) appendix a Id ref and measured for Fuzzy Logic controller and Iq ref and

measured for Fuzzy logic controller during all scenarios.

In the figure it can be notice that the controllers could track the inputs with minim

steady state and transient errors.

The Figure5-6 shows the result of FFT analysis as a fundamental value (50Hz) and total
harmonic distortion (THD) for current source of Pl controller and Fuzzy Logic

controller.

The current wave form of the source currents for Pl and Fuzzy logic controller was
measured and the THD was calculated as shown in figure above. The current
waveforms in addition to the Fast Fourier Transform (FFT) shows, the above-mentioned
results also were confirmed from the calculated values of the THD of the source
currents. The THD was reduced from 16.67% before using the APF to 2.65 % after
using the APF for PI controller as shows in a figure 5-6-1 appendix a shows (a) and
16.72% to 1.42% for FLC shows in figure 5-6-1 appendix a shows (b). These results of
the THD for FLC is even better than the results obtained of PI controller.
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Figure 5.6

currents waveforms of : a-Pl controller without and with APF / b- Fuzzy Logic
controller.
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5.3 Operation of the SAPF during under load disturbance

The system is designed in Figure 5-7 in appendix a, operation of the SAPF under load
disturbance and having a simulation runin MATLAB/SIMULINK.
In figure 5-8 in appendix a, shows the source current for this scenario

following scenarios under each of these operational conditions:

2. 0-0.05s: The active filter is connected but without making any compensation
through controlling the reference currents of the inverter is zero.

2. 0.05-0.1s: The active filter is controlled to compensate the harmonics only.

3. AT 0.1: The results shows is introduced that the active filter is capable to maintain its

performance of filtering the harmonics load during the sudden change in load.

5.4 Effects of System Compensation scenarios on IEEE networks

The second operational need is joining an IEEE 15 bus radial network, where there are
15 load buses carrying various loads and one swing bus. The entire system is depicted
in the Figure 5-10 (a) add APF at bus5 and harmonic source, and Figure 5-10 (b) add
APF at swing buslafter being connected to an IEEE standard network and simulating it
in MATLAB/SIMULINK.
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Figure 5.10
Schematic of combined system simulation with IEEE 15 Bus network
a-(APF at load) / b-(APF at swing bus1)

a_
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5.2.1 Results and Analysis

Numerous scenarios, including the ones listed below, have been thought of while using
a single nonlinear load and an IEEE 15 bus network operating at 400 V.

1- The first scenario involves testing the proposed APF's functionality on an IEEE 15-
bus network with a nonlinearized load on bus 5. The SAPF is placed near the source in

this case, and therefore the harmonics within the network are not important.

2- To see how the SAPF affects the losses and harmonics of the other buses, the second
scenario involves placing the SAPF inside the network next to the bus that is carrying

the nonlinear load (bus 5).

5.2.1.1 Scenario 1

As shown in figure 5-11, an IEEE 15 bus network with a 400 V nominal voltage was
used in this test. The load at Bus no 5 was made nonlinear. As a result of the APF's

connection to Bus No. 1, the entire network is handled as a single load.

Figure 5.11
APF connected to bus no 1 of the IEEE 15 bus networks
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The source currents at Bus No. 1 were measured for their current waveforms, and the
THD was calculated as shown in figure 5-12 in appendix a. The Fast Fourier Transform
(FFT) and the current waveforms both reveal a dramatic decrease in the source currents'

harmonic content, which turned nearly sinusoidal.

The results indicated above were also supported by the calculated THD values for the
source currents. Before utilizing the APF, the THD was 13.65%; after using the APF, it
was 2.64%.

The current wave forms at buses 9, 11, and 15 were measured in order to examine the
impact of the APF on the THD over the whole network in this instance. Figure 5-9 in
appendix a present the findings. Figure 5-9 demonstrates that the current waveforms at
these buses have slightly improved, indicating that the network's overall harmonic
distortion is still significant. The calculated THD at these buses before and after
employing the APF is shown in Figure 5-10 in appendix a. The calculation shows that
the APF at this location is ineffective at lowering THD in the network because it is
located distant from the location of the nonlinear load at bus5.

5.2.1.2 Scenario 2

The results obtained from the previous scenario (i.e., connecting the APF at the
connection point at bus 1 point and far from the nonlinear load) shows an improvement
in the THD of the source current but the currents in the network still distorted and the
THD of this current is still high which will cause many power quality issues to the
network. in this scenario, the APF was connected at bus 5 near the nonlinear load as

shown in figure 5-13.
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Figure 5.13
APF connected to bus no5 of the IEEE 15 bus network.
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The source currents at Bus 1 were measured for their current wave forms, and the THD
was computed as shown in figure 5-12 in appendix a. The Fast Fourier Transform
(FFT) and the current waveforms both reveal a dramatic decrease in the source currents'
harmonic content, which turned nearly sinusoidal. The results indicated above were also
supported by the calculated THD values for the source currents. Before utilizing the
APF, the THD was 13.84%; after using the APF, it was 2.05%. These source current
measurements are significantly better than those attained by connecting the APF to
busl.

The current waveforms were once again measured at buses 9, 11, and 15 to examine the
impact of the APF on the THD over the whole network in this instance. Figure 5-13 in
appendix a presents the findings. The current waveforms at these buses have much
improved, as seen in Figure 5-13 in appendix a, indicating that the network’s overall
harmonic distortion is quite low. The predicted THD at these buses before and after
employing the APF is shown in Figure 5-14 in appendix a. Given that it is close to
where the nonlinear load at bus 5 is, the results show that the APF at this location is
effective in lowering THD in the network.
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Chapter Six
Compensation Scenarios and System Outcome Results and

Recommendations

An active power filter has been created to do the following tasks:
e |tis capable of reducing harmonics.
e Improve power factor and reactive power correction.

e Active power injected.

The major goal is to employ a fuzzy logic controller to optimize the Shunt Active Power
Filter's performance in order to lower harmonic distortion. In order to decrease the
harmonic current and raise the power factor to unity, the fuzzy logic controller for the
three-phase shunt active power filter is intended to take the role of the traditional
proportional integral (PI) controller.

A distribution system equipped with a Shunt Active Power Filter and a Fuzzy Logic
Controller is the subject of simulation. With the aid of MATLAB/SIMULINK, the

power system model is simulated.

The results simulation of this project shows that, the objective of this project by

reducing the Total Harmonic Distortion.

Current controller is used to generate gating signals to control the electronics switches
in the SAPF. The SAPF will produce the compensating current that necessarily has the
same magnitude as a source of current but different in phase. The simulation result has
proved to validity of employing Shunt Active Power Filter with Fuzzy Logic Controller
in distribution system as the THD is reduce from 16.72% to 1.77%.

As a future recommendation:
= Improve the Palestine distribution networks.

= Exchange between scenarios based on weather conditions and demand load.
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List of Abbreviations

Abbreviation

Meaning

AC

DC

PF

THD

Voc

Isc

PCC

Kwh

FLC

Pl

DCMIL

FCMIL

CMIL

SAPF

PWM

MOSFET

IGBT

DSP

PLL

FFT

IEEE

Alternative Current
Direct Current
Power Factor
Total Harmonic Distortion
Open-Circuit Voltage
Short circuit Current
Point of Common Coupling
Kilowatt Hour
Fuzzy Logic Controller
Proportional integral
Diode Clamped Converter
Flying Capacitor Multilevel Inverter
Cascaded Multilevel Inverter
Shunt Active Power Filter

Pulse Width Modulation

Metal- Oxide- Semiconverter Field- Effect Transistor

Insulated — Gate Bipolar Transistor
Digital Signal Processor
Phase Locked Loop

Fast Fourier Transformer

Institute of Electrical and Electronics Engineer
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Appendices

Figures

The overall schematic for the system that was created for this study is shown in Figurel.

Figurel.l
General schematic of the designed system.
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Figure 2.4
Block diagram of fuzzy controller
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Membership function plot of 2 input of fuzzy controller
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Figure 2.6
Membership function plot of output of fuzzy controller
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Figure 2.7
Rule editor of fuzzy controller Rule viewer of fuzzy controller
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Figure 2.9

Surface view of fuzzy controller
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Arrangement of fuzzy controller in nonlinear system.
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Figure 2.11
Fuzzy Logic controller by using MATLAB/SIMULINK

Figure 3.1

Schematic of a single-phase inverter showing the DC voltage levels
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Figure 3.2
Diagram of a three-level inverter with a diode-clamped topology
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Figure 3.3
Circuit architecture diagram for a capacitor-clamped multilevel inverter (three levels)
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Figure 3.4
Design of a 3-level cascaded multilevel inverter (Y arrangement)
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Figure 3.5
H-bridge inverter with three separate DC sources and 27 levels for one leg
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Figure 3.6

multi-level inverter controller flowchart
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Figure 3.7
MATLAB/SIMULINK-based 27-level inverter design
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Figure 4.1

Passive shunt high pass filter
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Figure 4.2
Shunt active power filter scheme
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Figure 4.3
hybrid power filtering technique
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Figure 4.4

Schematic of p-q theory principle
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Figure 4.5

The p-g theory power components
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Figure 4.6

An illustration of the p-q theory in action for eliminating harmonics
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An example of how the p-qg theory can be used to reduce harmonics and improve PF
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Figure 4.9
Direct Control Method Schematic
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Illustration of the current closed-loop controller
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Direct Control Technique Illustration
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Figure 4.12
Diagram illustrating a strategy for indirect control based on p-q theory
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Figure 4.13
Id-1g theory-based schematic for an indirect control approach
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Figure 4.14

Diagram of an indirect control method using a DC voltage controller
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Schematic of SAF with switches and Dc source
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Figure 4.16

Current controller

[

la ot Va

Ia

1/(SL+R)

Vg

1/(SL +R) Ia_,

\d

Figure 4.17
Shunt active power filter controller by using MATLAB/SIMULINK
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Figure 5.2.1
Schematic of System active power and reactive power behavior under different

operation scenarios a- source power b- Inverter power
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Figure 5.2.1
Schematic of System result of FFT analysis for source and inverter behavior under

different operation scenarios
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Figure 5.5

Schematic a- Id / Iq ref and measured for PI system / b- Id / 1q ref and measured for

Fuzzy system simulation with non-linear load in combination
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b- Fuzzy logic System
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Figure 5.6.1
THD without and with APF of : a-PI controller without and with APF / b- Fuzzy Logic

controller.
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a- Fuzzy Logic controller
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THD for Pl and Fuzzy logic controller
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Figure 5.9
Operation of the SAPF during under load disturbance
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Figure 5. 10

The source current of operation of the SAPF during under load disturbance
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Figure 5. 11

source current when APF connected to bus no 1 of the IEEE 15 bus networks
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Figure 5.10

currents waveforms at buses 9,11,15 when APF connected to bus 1 of the IEEE 15 bus
network
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Figure 5.11
THD at buses 9,11,15 when APF connected to bus no 1 of the IEEE 15 bus network
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Figure 5.12
Source current when APF connected to bus no5 of the IEEE 15 bus network
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Figure 5.13

currents waveforms at buses 9,11,15 when APF connected to bus 5 of the IEEE 15 bus
network
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THD when APF connected to bus no5 of the IEEE 15 bus network
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Table 2.2

Error and Change of Error for FLC with 27*27 membership
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-1,-1,-1 -1,-1,0 -1,-1,1 -1,0,-1 -1,0,0 -1,0,1 -1,1,-1 -1,1,0 -1,1,1
NNN NNO NNP NON  NOO NOP NPN NPO NPP
0,-1,-1 0,10 o0,1,1 0,0,-1 0,00 0,0,1 0,1,-1 0,1,0 0,11
ONN ONO ONP  OON 000 00P  OPN OPO  OPP
l,-1,-1 1,-1,0 1,-1,1 1.,0-1 1,00 1,0,1 1,1,-1 1,1,0 1,1,1
PNN PNO PNP  PON POO POP PPN PPO PPP

The figure 2.12 in appendix a below shows the design Fuzzy Logic Controller (FLC) by
using MATLAB/SIMULINK.
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