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Abstract

The dependency on electrical energy is being increased rapidly with the advance-
ment of technology. The use of smart appliances has also increased to save the
electrical energy. The power electronic converters and non-linear loads are also the
sources of harmonics and reactive power which, greatly reduces the power quality.
Therefore, proper methods are required for mitigation of current harmonics which
will enhance the reliability of grid-connected systems.

Many techniques have been used by researchers for mitigation of harmonics but,
the most common method is the active power filtering due to its excellent perfor-
mance in reducing harmonic distortion. This research is focused on shunt active
power filter used for mitigation of current harmonics. The SAPF is consisting of
two main parts which are reference current generation and injection of current at
the point of common coupling. Many control strategies have been developed for
reference current generation like instantaneous reactive power theory, synchronous
reference frame theory and discrete fourier transform. Similarly many techniques
are being used for current injection but hysteresis current control is most widely
used. These techniques have been hardly evaluated under adverse grid conditions.
The aim of this thesis is to develop a control strategy that works under all types
of grid disturbances.

Synchronization of active power filter with the grid voltage is very important un-
der the effects of frequency drift, phase angle variation and presence of dc offset.
Existing phase locked loop techniques like synchronous reference frame PLL, mov-
ing average filter PLL and cascaded delayed signal cancellation PLL have been
investigated for estimation of frequency and phase under adverse grid conditions.
Cascaded delayed signal cancellation technique is shown to have best performance
in terms of dynamic response and filtering capability. This identified technique
is being applied to synchronize the active power filter with the grid using syn-
chronous reference frame theory.

This thesis contributes by developing a modified reference current generation tech-

nique that employs cascaded delayed cancelation PLL instead of the conventional



synchronous reference frame PLL to estimate frequency and phase of the grid volt-
age. Furthermore, sliding mode control strategy has been developed to inject the
reference current accurately at the point of common coupling. The proposed strat-
egy is tested under various grid disturbances and results are compared with the
instantaneous reactive power theory which does not require frequency and phase
information. Matlab/Simulink environment is used to evaluate the performance
of shunt active power filter. The performance of the conventional control strat-
egy of shunt active power filter is being investigated under normal grid conditions
and found satisfactory but under distorted grid conditions such as presence of
frequency drift, phase angle variation and dc offset, it is not able to reduce har-
monics distortion within limits of IEEE-519 standard. On the other hand a control
strategy is proposed that is able to show excellent performance under both normal
and adverse grid conditions. The total harmonic distortion of the compensated
source current in each test case of grid disturbances does not exceed the standard
limit. The proposed topology enhances the harmonic compensation capability
and robustness compared with the conventional APF topologies in grid-connected

systems.
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Chapter 1

Introduction

Power quality improvement has gained a lot of importance in recent times. Power
quality is defined as, “A set of electrical boundaries that makes proper functioning
of equipment without any failure or performance degradation”[1]. The efficiency
and lifespan of power-driven appliances is dependent on the voltage, current and
frequency applied to them. There are many aspects that are accountable for
lowering the power quality. This chapter begins by discussing briefly the power
quality problems that occur frequently. Harmonics issue has been addressed in
detail along with its mitigation techniques. The working of different blocks of
SAPF is explained. The parameters used for performance evaluation of SAPF
are also briefly discussed. Finally, objectives and motivation of the research are

presented.

1.1 Power Quality Problems

The performance of different electric apparatus is directly affected by bad power
quality. Whenever the voltage waveform of the power source is distorted, or the
amplitude deviates from a set reference level, power quality is degraded [2]. Voltage

fluctuations, voltage sags, voltage unbalance, transients and harmonics are some
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of the common problems causing poor power quality [3, 4]. A brief description of

different power quality problems is given here:

1.1.1 Voltage Sag

Voltage sag means a drop in voltage amplitude from 10-90 % of rms voltage for a
time interval of 10 ms to 1 minute as shown in Fig. 1.1. The most common reasons
of voltage sag include power-on of heavy induction motors, short circuits in other
branches of the supply system and defective wiring. Some of the drawbacks include
malfunction of electronic equipment, decrease in efficiency of rotating machines

and tripping of circuit breakers. [5].

VW

FIGURE 1.1: Voltage Sag

1.1.2 Voltage Spike

A quick deviation in voltage value within a number of microseconds to few mil-
liseconds is known as voltage spike and is shown in Fig. 1.2. The main causes of
voltage spike are lightning, PFC capacitors and detachment of heavy loads. Volt-
age spikes results in malfunctioning of the electronic components, errors in data

processing and electromagnetic interference [6].

FIGURE 1.2: Voltage Spike
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1.1.3 Voltage Swell

An increase in voltage beyond the range for a small duration of 20 ms to few
seconds at the grid frquency is known as voltage swell. It occurs due to connec-
tion/disconnection of heavy loads, abrupt changes in load and damaged or loose
neutral connection. The drawbacks of voltage swell are light flickering, data loss

and damage of sensitive equipment [7]. A voltage swell is shown in Fig. 1.3

FI1cURE 1.3: Voltage Swell

1.1.4 Harmonic Distortion

Harmonics are the integral multiples of fundamental frequency. Their main cause
is the presence of non-linear loads. The main disadvantages include maximum
chance in existence of resonance, overload in neutral conductors, overheating of
cables and equipment, disturbances in the communication network, overheating of
transformers, errors of measuring instruments and tripping of circuit breakers [8].

Fig. 1.4 shows a harmonically distorted wave.

Amlitude (pu)

0 0.02 0.04 0.06 0.08 0.1
Time (s)

FIGURE 1.4: Harmonic Distortion
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1.1.5 Voltage Fluctuations

They are defined as random variations of voltage amplitude due to sudden changes
in load [9]. The examples of loads that may cause voltage fluctuations are arc
furnaces, air conditioners, rolling mills and arc welders. Voltage fluctuations may

produce flicker in lighting. Fig. 1.5 shows a fluctuation in voltage.

FI1GURE 1.5: Voltage Fluctuations

1.1.6 Noise

Any external and unwanted information that interferes with the transmission sig-
nal 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 [10]. Fig. 1.6 shows a noisy signal.

FI1GURE 1.6: Noise

1.1.7 Voltage Unbalance

Voltage unbalance happens when the magnitude of the three phase voltages is
not equal along with unequal phase difference between them. The large single-

phase loads and improper load sharing in three phase systems can cause voltage
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unbalance. Negative sequence is present due to the unbalanced system which is
dangerous for all three phase loads especially three-phase induction machines [11].
A volage unbalance is shown in Fig. 1.7.

In the following section effects of harmonics on the grid supply, causes of harmonics

and the techniques used for its mitigation are discussed.

R ORERR,

0 0.02 . . 0.08
Time (s)

=

Amplitude (pu)
o

FiGUrE 1.7: Voltage Unbalance

1.2 Harmonics

Harmonics is considered as the major issue out of all power quality problems [12].
Recently mitigation of harmonics has gain a lot of attention due to the increased

use of non-linear loads.

1.2.1 Harmonics Definition

The term harmonic is known as component of a waveform that occurs at an integer
multiple of the fundamental frequency. The presence of harmonics in electrical
systems means that current and voltage are distorted and deviate from sinusoidal
waveforms [13]. If the fundamental 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.

Almost all signals have energy at harmonic frequencies, in addition to the energy
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at the fundamental frequency. The signal will be a perfect sine wave if all the
energy in it is contained at the fundamental frequency. On the other hand the
presence of harmonics makes the sine wave distorted. Examples of some largely

distorted waveforms are square waves, sawtooth waves, and triangular waves.

1.2.2 Mathematical Description

A distorted voltage waveform can be represented as a sum of fundamental com-

ponent V; and harmonic component V, as shown by Eq. (1.1) [14, 15].
p
Vs = Visin(2m fit) + Z Vi sin(27 frt + ¢un) (1.1)
h=2

Where ¢, is the phase of harmonic voltage and f, is the frequency of harmonic
component of voltage.
Similarly a distorted load current waveform can be represented as a sum of fun-

damental component I; and harmonic component I, as represented by Eq. (1.2).
M
I = Lisin2nfit + @) + > Iysin(2m fut + ¢in) (1.2)

h=2

Where ¢;;, is the phase of harmonic current.

1.2.3 Classification of Harmonics

There are many types of harmonics which are briefly explained here [16]. The

significance of each type is also discussed.

1.2.3.1 ODD Harmonics

When the distorted waveform under observation is symmetrical above and below

its average centerline, the harmonic frequencies will be odd integer multiples of the
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fundamental frequency only and their will be no even integer multiples. The most

of loads produce such current waveforms thus odd harmonics are more dominant.

1.2.3.2 Even Harmonics

In power systems usually, the even-numbered harmonics (2nd, 4th, 6th, 8th, 10th,
12th,etc.) are not present due to symmetry between the positive and negative
halves of a cycle. Thus the limits on even harmonics are more relaxed as compared

to those on odd harmonics.

1.2.3.3 Triplen Harmonics

Triplen harmonics are defined as odd multiples of the third harmonic and are of a
particular concern in three-phase power systems. They cause a sharp increase in

zero sequence current thus increases the current in the neutral conductor.

1.2.3.4 Interharmonics

Interharmonics are non integer multiples of fundamental frequency. Interharmon-
ics 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 interhar-
monics are similar to those of harmonics, but some are unique as a result of their

non-periodic nature.

1.2.3.5 Sub Harmonics

Sub harmonics are the harmonics with frequencies less than the fundamental fre-
quency. Series capacitors are used to increase the amount of real power by can-
celling a portion of the inductive reactance but this creates a new problem in
the system. When a capacitor is used in a transmission line as a series element,

sub-harmonic currents are created.
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1.2.3.6 Positive Sequence, Negative Sequence and Zero Sequence Har-

monics

Positive sequence harmonics rotate with the same sequence as the fundamental
such as the 7th harmonic. On the other hand negative sequence harmonics ro-
tate in the opposite sequence as the fundamental like the 5th harmonic. Triplen
harmonics which don’t rotate at all because they're in phase with each other, are

called zero sequence.

1.2.4 Effects of Harmonics on Electrical Utility System

Electrical utility system is affected by both voltage and current harmonics. These

effects are separately described below.

1.2.4.1 Voltage Harmonics

The frequent cause of voltage harmonics is the current harmonics. The current
harmonics will distort the source voltage due to source impedance. In case of small
source impedance, current harmonics will cause only small voltage harmonics. It
is usually the case that voltage harmonics are definitely small compared to current
harmonics. This is why the voltage waveform can generally be approximated by
the fundamental frequency of voltage. This approximation results in no effect of
current harmonics on the real power transferred to the load. However, in case of
higher voltage harmonics, current harmonics do make a contribution to the real

power transferred to the load.

1.2.4.2 Current Harmonics

Normally the current varies sinusoidally at a specific frequency, usually 50 or 60
hertz. The linear load draws a sinusoidal current at the same frequency as the volt-

age. Current harmonics are caused by non-linear loads. When a non-linear load,
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such as a rectifier is connected to the system, it draws a non sinusoidal current.
The complexity of distortion in the current waveform depends on the type of load
and its interaction with other components of the system. Semiconductor devices
like transistors, IGBTs, MOSFETS, diodes etc are all non-linear loads. Electric
motors do not normally contribute significantly to harmonic generation. Both mo-
tors and transformers will however create harmonics when they are over-fluxed or
saturated. Non-linear load currents create distortion in the pure sinusoidal voltage
waveform supplied by the utility, and this may result in resonance.

The neutral conductor usually carries the zero sequence current due to the unbal-
anced loading among phase conductor. As more and more electronic equipments
being used, the harmonic currents drawn by their rectifier front ends also become
significant. Especially, the zero sequence triplen (3rd, 9th, 15th ) harmonics
accumulate in the neutral conductor, thus result in its overloading [17]. Excessive
harmonic currents in the neutral conductor can cause wiring failure due to im-
proper sizing. Also the excessive neutral to ground voltage due to a voltage drop
caused by the neutral current can result in the malfunction of sensitive electronic
components [18].

In the presense of harmonics the current can have a high crest factor resulting in
an inaccurate secondary current in transformers. High current peaks may lead to
transformer saturation. When the saturated secondary current is fed through a

resistance, the resulting voltage wave will have suppressed or flattened peaks [19].

1.2.5 Harmonics Assessment and Quantifiation

Harmonics assessment is made by connecting a non-linear load to a three phase
AC source at the point of common coupling. Harmonics are extracted from the
load current using a reference current generation technique. FFT tool in Mat-
lab/Simulink is used to calculate harmonic distortion in the current waveform.

The quantification of harmonics in voltage and current signals is made through a
parameter known as Total Harmonic Distortion (THD). The Total Harmonic Dis-

tortion for current, THD; is mathematically expressed by Eq. (1.3) and is defined
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as, “A ratio of addition of all the harmonic components of the current waveform

to the fundamental component of the current waveform ”[20].

L*+ 12+ 1%+ ... 1,7
THDi:\/ 2 ¥ 3 +I‘; + x 100% (1.3)
1
Where I, is the fundamental current and I, is the n*® harmonic component of

current.

The total harmonic distortion for a voltage, THD, is mathematically expressed by

Eq. (1.4)

2 2 2 2
THD, Z\/V2 rVe Vet Vel 100% (1.4)

V.2
Where V; is the fundamental voltage and V,, is the n** harmonic component of
voltage.

Harmonics compensation ratio i.e the HCR factor can be used to evaluate the
performance of harmonics mitigation technique and is calculated by Eq. (1.5)

21].

THD after compensation

HCR = x 100% (1.5)

THD before compensation

1.2.6 Standards governing Harmonics

The standards governing harmonics are briefly described here.

1.2.6.1 IEEE-519 Standard

IEEE-519 standard is a handy discription of harmonics and applying harmonic
limits in power systems. It is useful to understand harmonics in terms of percent
of fundamental to get an understanding of the relative harmonic levels in a system.
Harmonic voltage distortion on power systems 69kV and below is limited to 5 %
THD with each individual harmonic limited to 3 % according to IEEE-519. The

limit for current harmonics vary based on the short circuit strength of the system
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in which they are being injected. Basically, the more the system is able to handle
harmonic currents, the more the customer is allowed to inject. The aim of applying
harmonic limits according to IEEE-519 is to prevent one customer from causing
harmonic problems for another customer or for the utility. Thus applying this

standard will result in a good power quality.

1.2.6.2 IEC-61000-3-2 Standard

The aim of IEC 61000-3-2 is to set limits to the harmonic currents drawn by electri-
cal apparatus and thus maintaining mains voltage quality. The IEC has developed
harmonic limits specifically to maintain voltage quality. Planning levels for voltage
harmonics are established based on electromagnetic compatibility requirements for
end-use equipment. For the general case, the IEC recommends that permissible
voltage harmonic emission levels be converted to current harmonic emission levels

using the actual system frequency dependent impedance.

1.2.6.3 ENb50160

EN50160 is the standard which defines the main characteristics of the voltage
at a network users supply terminals in public low voltage and medium voltage
electricity distribution systems under normal operating conditions. EN50160 gives
the limits or values within which the voltage characteristics can be expected to
remain, and does not describe the typical situation in a public supply network.
According to this standard THD of the supply voltage including all harmonics
upto 40th order should be less than or equal to 8%.

1.2.6.4 ANSI C82.77

This standard specifies harmonic limits and methods of measurement for light-
ing equipment. Harmonic emission limits defined by this standard include both

harmonic and interharmonic emissions over the low frequency range 0 - 9 kHz.



Introduction 12

1.2.7 Why Harmonics Mitigation

The flow of harmonic currents badly affects the power system by lowering the
power factor and deteriorating the voltage quality. Addition of harmonic gener-
ating loads such as power electronic equipment by consumers is increasing the
level of harmonic current flow in power systems. The increasing use of non lin-
ear loads in the industry caused serious perturbation issues in the electric power
distribution grids. In addition to high consumption of reactive power, regular in-
crease in the harmonic emissions and current unbalance can also be noticed. The
flow of harmonic currents in the electric grids can also cause voltage harmonics.
These harmonic currents can interrelate harmfully with a wide range of power
system equipments, control systems, protection circuits, and other harmonic sen-
sible loads. Harmonic currents result in not only voltage distortions at PCC, but
also increase RMS-value and peak-value of the line current which can cause addi-
tional losses like overheating and overloading, sometimes failure of power system
equipments like capacitors, transformers and motors, frequent tripping of circuit
breakers, and blowing of the fuses. Moreover, they can also cause interference with
telecommunication lines, errors in power metering, and resonances in distribution
systems. Thus harmonics is the main issue out of all power quality problems and

it is necessary to mitigate the harmonics.

1.3 Harmonics Mitigation Techniques

In Power systems the use of power electronic converters is very common . These
converters have some benefits but also causes some adverse effects due to the non-
sinusoidal current taken by them. Moreover, the trend of using energy saving
appliances has increased greatly in few years. The drawback of these loads is the
introduction of harmonics onto the distribution systems [22].

In [23] a review of harmonic analysis and its mitigation techniques is presented de-
scribing their advantages and disadvantages. Active power factor correction tech-

niques, using smart algorithm to cancel the distortive power, have been reviewed
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for further research. Nonlinear physics of harmonic phenomenon is described to
explore its applications.

In [24] an optimal selective harmonic mitigation (OSHM) method is implemented
using the least possible switching frequency to satisfy three grid codes EN 50160,
CIGRE JWG C4.07 and IEC 61000-3-6. The proposed method also minimizes the
individual harmonics as much as possible. The harmonics up to 40th are miti-
gated to satisfy three voltage harmonic standards EN 50160, CIGRE JWG C4.07
and IEC 61000-3- 6 from both individual harmonics and THD point of view. [25]
presents a new SHM-PWM control strategy which is capable of meeting grid codes
even under non-equal DC link voltages. The method is based on the interpola-
tion of different sets of angles obtained for specific situations of imbalance. Both
simulation and experimental results are presented to validate the proposed control
method.

In most countries the standard value of frequency for power systems is 50 or 60 Hz.
Harmonics are mainly caused by the connection of non-linear loads to the supply.
Harmonics may lead to large currents in neutral conductors in a three phase four
wire sytem [26]. Furthermore, voltage and current waveforms remain no longer
sinusoidal [27]. The power electronic devices are frequently used in almost all
power levels due to their efficient performance and control features [28]. Hence,
the problem of power harmonics has increased to a great extent. The negative
effects of harmonics include tripping of circuit breakers, overheating of cables and
transformers, failure of capacitors, increase in resistive losses or voltage stress and

power factor reduction. [29]. A distorted waveform can be represented by Eq.

(1.6).

k=00

v ()= Xo+ Y XpV2sin(kwt — ¢) (1.6)

k=1

Moreover, the poor power quality increases the power cost [30, 31]. Passive and
active both techniques are used for harmonics mitigation [32-38]. These techniques
are briefly discussed here. The advantages and disadvantages of these techniques

are also stated to best suit the application.
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1.3.1 Passive Harmonic Mitigation Techniques

Various passive techniques are used for mitigation of harmonics in electrical net-
work [39]. In passive techniques a high series impedance is inserted between the
load and supply to block the flow of harmonics current into the system. The flow
of harmonics current can also be diverted by creating a low impedance parallel

path. Some of the passive techniques are briefly discussed below.

1.3.1.1 Passive Filters

In passive filters a resonant circuit is configured using capacitors and reactors
which are tuned such as to eliminate a specific order of harmonics [40]. Thus a
separate filter is needed to remove each order of harmonics. The cost of passive
filters is low as compared to active filters but it covers only one operating point
due to which it works inefficiently at partial load. Moreover, due to the internal
constellation of chokes and capacitors, it results in a bad power factor. In series
passive filters, inductors and capacitors are tuned to provide a high impedance at
the selected harmonic frequency thus blocking the flow of harmonic currents. On
the other hand the flow of fundamental current is made through the low impedance
path created by the filter. In parallel passive filters low impedance path is offered

to the flow of harmonics which are then grounded.

1.3.1.2 Line Reactor

This method is considered as simplest for reducing harmonics. In this method an
inductive reactance is inserted in series with a harmonics producing load. The
use of line reactor also results in absorbing the voltage transients that may cause
tripping of VSD due to over-voltage. The effective impedance of this reactor is
important in determining the amount of harmonic distortion and actual range of
harmonics [41]. The main advantages of this technique are low cost, substantial

decrease in voltage and current harmonics and availability in several standards of
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percent impedances. There are also some drawbacks as it causes a drop in voltage

and increase in system losses.

1.3.1.3 Mullti-Pulse Techniques

This technique include 12-pulse and 18-pulse rectifier schemes. In this scheme
a special type of configuration is used for rectifier and transformer. In 12-pulse
scheme transformer has two separate secondary windings and it can reduce the
distortion level of harmonics between 10-20 %. In 18-pulse rectifier there are three
secondary windings which results in a much better result in the range of 5-10 %
[42].

Multi-pulse technique has the disadvantage that the current THD increases with
decrease in load. It also requires the current drawn by each rectifier bridge to be
balanced and the three phase voltages also should be balanced. Otherwise it can

cause flow of triplen harmonics thus increasing the level of harmonics distortion.

1.3.2 Active Harmonics Mitigation Techniques

In active techniques the harmonics distortion can be reduced by adding current
or voltage distortion of the same magnitude and anti phase at PCC. Active power
filters are commonly applied for reducing harmonics distortion within the limits
defined by IEEE-519 standard [43]. Active filters can be good alternative for con-
trolling the harmonics level in power systems. They have many benefits as apposed
to passive filters like adaptation with the variations in the load, selective harmon-
ics compensation, reactive power compensation and no resonance problem [44].
The active filter works by first generating a reference current which is the inverse
of extracted harmonics current and then by using power electronic switching, it
injects the reference current at the PCC to cancel the individual harmonics [45].
Active power filters are mainly classified on the basis of power circuit configura-
tion like series active power filter and shunt active power filter. They are briefly

discussed here.
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1.3.2.1 Series Active Power Filter

In this type the filter is inserted in series with the load and they are mainly used
for compensation of voltage harmonics. It cancels out the voltage disturbances

comming from the grid by injecting voltage in series with the supply voltage. [46].

1.3.2.2 Shunt Active Power Filter

In this type the filter is connected in parallel with the harmonics producing loads
and is used for compensation of current harmonics. It is the most widely used
technique due to its flexibility and capability to be integrated as part of the existing
equipment. SAPF takes only a portion of the fundamental load current, thus they
have lower component ratings as apposed to series active power filters. In case of
series APF we will have the total current passing through the filter due to which

ratings for power electronic switches will be high [47, 48].

1.4 Working Principle of SAPF

The main function of SAPF is to generate a reference current and injecting it at
the PCC to reduce the level of harmonics distortion [49]. The current injection is
done by precisely switching the VSI IGBTs using pulses generated by a suitable
controller. Fig. 1.8 shows the working principle of SAPF and main building blocks
of three phase SAPF are shown in Fig. 1.9.

_I_

FI1GURE 1.8: Working Principle of SAPF

The two main parts of active power filters are reference current generation and

current injection. Harmonics can be cancelled in two steps. The first step includes
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generation of the reference current which is actually same in magnitude like the
harmonics current but with reversed phase. A number of techniques are used for
reference current generation in both time domain and frequency domain. Time do-
main techniques employ coordinate transformation of voltage and current signals,
while frequency domain techniques are based on Fourier analysis. Some techniques
use frequency and phase information of the source voltage like synchronous refer-
ence frame theory commonly known as d-q theory and other techniques does not
need to estimate frequency and phase like instantaneous reactive power theory
and DFT. The synchronization of active filters with the grid voltage is also very
important aspect for good performance under adverse grid conditions. Under such
conditions the generation of a precise reference current is very difficult. Thus it is
important to consider this aspect in order to get superior and robust performance
of SAPF.

The second step is to inject the reference current at PCC using a suitable control
strategy. The current injection controller tracks the reference current and gener-
ate pulses to operate IGBTs of voltage source inverter. The injected current will
result in cancellation of harmonics and a pure sinusoidal waveform is obtained.
The regulation of DC link voltage is also necessary for accurate current injection
and must be maintained at the required value. From the block diagram of SAPF

the source current s can be mathematically expressed by Eq. (1.7).

iy = iy + e (1.7)

Where 4 represents the load current and i, is the compensating current.

1.5 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 prob-

lems thus affecting the power quality. Furthermore, the demand of energy saving
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F1cUre 1.9: Block Diagram of SAPF

appliances in recent years has also increased. The use of such smart appliances
also add harmonics to the power system. The polluted grid will result in more en-
ergy 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.

1.6 Scope of the Thesis

The scope of this thesis covers the following points.
e Assessment of the impact of harmonics on power and need for harmonic
compensation.

e Identification of problems affecting the power quality and harmonics mitiga-

tion techniques.

e Analysis of the impact of non-ideal grid conditions on the performance of

SAPF.
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e Analysis of the performance of phase locked loop techniques under various

grid disturbances.

e Development of an improved reference current generation technique with

added synchronization feature.

e Identification of the importance of DC link voltage regulation in the current

injection process.

e Analysis of the effects of synchronization techniques on the performance of

SAPF.

e Identification of the constraints of using APF without synchronizing it with

the grid voltage under adverse grid conditions.

e Conclusion of the research work accomplished in this thesis and giving rec-

ommendations for future work.

1.7 Objective and Objective Function

The main objective is to minimize harmonics in the source current due to the
presence of non -linear loads connected at the point of common coupling. The

objective function is mathematically described by Eq. (1.8).

minimizeH(N) =

Where H(N)is defined as the objective function for minimization of harmonics,
I is the fundamental current and I, represents the harmonics. This function is

subject to the constraint shown by Eq. (1.9).

THDy, < THDyimi (1.9)

Where THDy;,,i: is 5% as defined by IEEE-519 standard.
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1.8 Thesis Outline

Chapter 1: In this chapter power quality is defined and its importance in mod-
ern 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 presents the literature review of the research efforts
carried out in the domain of active power filtering and analytically studies the
techniques proposed in the literature. Finally a research gap is identified in the

previous work and a solution to fill this gap is suggested.

Chapter 3: 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.

Chapter 4: This chapter deals with the current injection part of active power
filters. An overview of three control techniques is presented which are used to
generate gating signals for voltage source inverter in order to inject the reference
current at the point of common coupling. The regulation of DC link capacitor

voltage is briefly studied too in this chapter.

Chapter 5: In this chapter both conventional and advanced PLL techniques are
overviewed and evaluated under distorted grid conditions. These techniques are
tested for accuracy and quick response in the estimation of frequency and phase.
The best evaluated technique is used for synchronization of SAPF. The SAPF
is simulated both with and without synchronization feature under different grid
disturbances like frequency drift, phase angle jump and dc offset. The results of

proposed technique are also compared with previously published papers.
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Chapter 6: This chapter concludes the research work and few recommendations

for future work are also stated.

1.9 Summary

In this chapter the importance of power quality has been highlighted and vari-
ous power quality problems are explained. Impact of these problems on power
qulaity is studied. Among the various problems, harmonics and its drawbacks are
discussed in detail. Furthermore, a brief overview of both passive and active tech-
niques 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 re-

searchers in developing control techniques for active power filters.
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Literature Review

2.1 Introduction

This chapter discusses various approaches for developing control techniques of
active power filters. The aim is to explore the efforts of researchers made in the past
for developing control strategies of SAPF. The survey is presented by categorizing
the main parts of SAPF and discussing the limitations and useful features of the
control techniques. Literature review ends by exploring the research gap in the

previous work and suggesting a solution to rectify the problem.

2.2 Reference Current Generation

In [50] comparison of four techniques used for generating the reference current was
presented. These techniques include p-q theory, d-q theory, unity power factor
(UPF) and perfect harmonic cancellation (PHC). The author proved the effective-
ness of PHC technique as it was able to eliminate the imbalance also in addition
to harmonics compensation. A harmonic detection scheme based on goertzel al-
gorithm was proposed in [51]. The technique was effective in terms of using less
computation time and fewer stored coefficients. In [52] a computationally efficient
and robust technique based on discrete fourier transform was proposed for this

22
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purpose. This technique was simulated under non-ideal conditions and its robust-
ness and computational efficiency was verified by experimental results.

In [53] two theories were compared for generation of reference current and it was
concluded that SRF theory was more efficient in reducing harmonic distortion as
compared to p-q theory. In [54] six different techniques were evaluated for refer-
ence current generation and perfect harmonic compensation technique was found
best among all.

Three techniques including p-q theory, SRF theory and DFT have been evaluated
in the presence of different non-linear loads [55, 56]. For balanced load p-q theory
gives better results but for un-balanced condition DF'T shows better performance.
In [57] self-tuning filter algorithm is implemented to get the reference current.
The key benefit of this technique is its simplicity and efficiency in non-ideal volt-
age condition.

In [58] Sundaram and Venugopal implemented the synchronous reference frame
theory in active power filtering. They connected a non-linear load with a current
THD of 29 % and were able to reduce it upto 2 % using SRF theory for reference
current extraction. In [59] the instantaneous power theory was observed under
the effects of supply voltage harmonics. It was concluded that in the presence of
distorted supply the compensating current contained a disturbing component due
to which this method was not able to extract the reference current.

In [60] the author used srf based control strategy for the real time implementation
of sapf. They used RL and RLC load for evaluation and got good results in terms
of low THD value according to IEEE-519 standard. Karthikeyan et al in [61] pro-
posed an ADALINE based neural network control for load compensation. They
extract the harmonic current using the proposed theory and found satisfactory
results for RL load.

In [62] a review of control strategies used for reference current extraction, DC
link voltage control and current control algorithms used for active power filter-
ing is presented. Advantages of the techniques and their shortcomings are also
discussed. Davood Yazdani in [63] proposed an adaptive notch filtering approach

to generate the reference current. This method was able to extract the harmonic
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current components efficiently. In [64] a real-time implementation of selective har-
monic mitigation using an off-the-shelf mid-range microcontroller is presented and
tested. The Exchange Market Algorithm (EMA), is considered and executed to
achieve targets. In both cases, steady-state and transient response, the EMA-
based method converged quickly and accurately, obtaining a good switching angle
solution set in a reduced number of fundamental periods. In [65] an asymmetric
selective harmonic current mitigation-PWM (ASHCM-PWM) technique is used to
meet the current harmonic limits of a power quality standard with the effects of
grid voltage harmonics considered in the equation set of its optimization process.
The proposed technique can mitigate the current harmonics of CHB converters
to meet the current harmonic limits defined in IEEE-519. In [66] a selective har-
monic current mitigation pulse width modulation (SHCM-PWM) technique with
low switching frequencies is proposed for grid connected cascaded H-bridge mul-
tilevel rectifiers to fully meet harmonic requirements within extended harmonic
spectrum. In the proposed technique, instead of using the voltage references to
calculate switching angles for the rectifier as in conventional selective harmonic
elimination PWM (SHE-PWM) or selective harmonic mitigation-PWM (SHM-
PWM), current references are used to compensate the current harmonics due to
both grid voltage harmonics and rectifier input voltage harmonics so as to meet
the current harmonic requirements and total demand distortion (TDD) within
the whole harmonic spectrum. In [67] a modified p-q theory was presented to
overcome the limitations of the conventional p-q theory. The method was able to
achieve compensation objectives in a simplified approach. In [68] a novel reference
current generation technique was proposed that was also able to eliminate other
power quality problems. The proposed controller reduced the number of parame-
ters used for tuning. Popescu in [69] presented the implementation of DSP based
p-q theory. A comparison of IRP theory and Fryze current computation technique
was presented in [70]. In [71] two adaptive filters were used by incorporating zero
crossing detection technique for reference current generation. The technique used
reduced computational resources in addition to good dynamic performance under

adverse grid scenario. A multi frequency technique was proposed for calculation
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of reference current [72]. The proposed method was able to transfer active power
without low frequency ripple. In [73] a dual fundamental component extraction
algorithm was proposed for reference current generation. In this method two STF
based algorithms were used under the effects of unbalanced and distorted voltage.
With this method an improved performance was achieved without inculding a low
pass filtter for isolation of harmonics and fundamental components of load current
and also no PLL circuitry was required. Yacine Terrechi in [74] proposed a matrix
pencil based reference current generation technique. The author proved the effec-
tiveness of the method having a good dynamic performance under unbalanced and
distorted voltage. Voltage phase was also accurately estimated by the proposed
method. In [75] a new strategy was suggested based on VLLMS algorithm for
reference current extraction. The proposed controller also included a self-charging
algorithm for controlling the DC link capacitor voltage. Results achieved proved
the efficient performance and robustness of proposed controller under various grid
disturbances. In [76] an improved controller based on DFT algorithm for selective
harmonic compensation was proposed to overcome the slow dynamic response and
sensitivity to frequency fluctuation of the traditional Repetitive Discrete Fourier
Transform controller. Each harmonic frequency was individually treated for com-
pensation purpose in the unique control configuration to attain best performance.
With this structure the controller achieved fast transient response and stability.
Sachin devassy in [77] proposed a novel technique by implementing the propor-
tional resonant controller and second order sequence filter to extract the reference
signal. This technique gave good accuracy with less computation burden as it was
able to extract the load current active components of all three phases with a single
sample and hold operation. Furthermore, the use of double stage PV system kept
the DC link voltage close to the required value. In [78] a model predictive control
was proposed to compensate the input disturbances and reduce the amount of
harmonics distortion. Moreover, the effects of source voltage distortions were also
eliminated by the proposed algorithm.

P-q theory has been widely used by researchers but it has the drawback of poor

performance in the presence of unbalanced load. It does not require a PLL but
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this benefit turns into a disadvantage in the presence of grid disturbances. SRF
theory nedds a PLL for phase estimation but its performance is also affected by
grid voltage disturbances. In case of frequency domain techniques DFT involves

more calculations that is responsible for a slow dnamic response.

2.3 Synchronization Techniques

Synchronization of grid connected power converters is one of the important issue
to be solved in industrial and power applications [79-81]. In order to ensure
synchronization of power converters voltage, frequency and phase angle of the grid
should be continuously monitored. “Synchronization is the process of extracting
the information about frequency and phase angle of the fundamental frequency
positive sequence component of the grid voltage”[82]. The phase information of the
grid voltage is needed to obtain reference current [83, 84]. This infers that accurate
phase information is required to achieve the best power quality objective.

Phase locked loop (PLL) is the commonly applied technique for synchronization of
the grid [85, 86]. Between several types of PLL, the synchronous reference frame
PLL (SRF-PLL) established on PI controller is perhaps the most frequently used
because of its easy implementation and simple structure [87-91]. [92] presented
the small signal model of SRF-PLL to eliminate the effects of dc offset. The state
space model was used to eliminate the effects of dc offset. Many researchers have
worked on SRF-PLL for the estimation of grid phase and proves its accuracy if
the electric grid does not contain harmonics and is balanced [93]. Conversely,
if the grid voltage contains harmonic components, the PI-based SRF-PLL shows
inaccurate estimation of phase [94]. The performance of the implemented strategy
can be improved by carefully selecting the tuning parameters of the PI controller
[95]. However, by using this approach response time is increased. In [96], a feed
forward action is applied to reduce the response time. Likewise, in [97, 98], a
number of techniques are presented to remove unwanted ripples in the estimated
phase, but a drift in the grid frequency of about 1-3 Hz is not taken into account

in testing the proposed technique. In [99] a refined small signal SRF-PLL model
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was suggested to examine the variations of input voltage magnitude. In [100]
an adaptive SRF-PLL structure was proposed to work under the grid voltage
disturbances but this method increases the computational burden. In [101] phase
locked loop systems have been studied in the presence of in-loop filters.

In [102-104] moving average filter is used in the control loop of PLL. This technique
has been proved to be effective under adverse grid, but, this approach results in
reduction of open-loop bandwidth of PLL giving rise to slower dynamic response.
A unique MAF-based PLL was presented in [105] employing SPLL to get high
accuracy and fast reponse. In [106] design specifications of a MAF-PLL were
given to implement the scheme with frequency feature. The author compared
the performance of two algorithms of MAF-PLL, one using a PI controller and
the other implemented a PID controller. The PID-type MAF-PLL showed better
results in terms of dynamic response but reducing the ability to reject disturbances
and noise immunity. The results of this approach were much better than the
conventional SRF-PLL in terms of estimating the phase quickly and accurately.
In [107], a quasi-type-1 PLL was suggested to achieve an increased open-loop
bandwidth. This task was accomplished by using a simple gain instead of the PI
controller. Though, the proposed approach was not able to perform well under the
effects of dc offset and even order harmonics. In [108] a differential MAF-PLL was
proposed that can narrow the MAF window width by rapidly eliminating the low
order harmonics. In [109] PLL techniques including MAF-PLL were compared for
synchronization of active power filter. In this case the performance was satisfactory
in filtering different order of harmonics but speed of response was slow.

In order to improve the dynamic response, many techniques have been proposed
by the researchers. Delayed signal cancellation PLL (DSC-PLL) is proposed in
recent times in [110] that shows good capability in filtering only certain orders
of harmonics. In [111] DSC based algorithm is proposed for a dynamic voltage
restorer that has also the ability of sag detection. The transient response of CDSC-
PLL is improved by cascading inside a phase lead compensator based on digitak
filter [112]. In [113] a new open loop synchronization method is suggested which

is based on compensation of phase deviation. For eliminating a quantified set
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of harmonics multiple DSC blocks can be cascaded with different time delays
[114-118]. Nevertheless, in order to eliminate all orders of harmonics five DSC
blocks are necessary to be cascaded. In [119] an improved DSC-PLL including a
phase lead compensator is proposed with good filtering capability and fast dynamic
response. An adaptive DSC-PLL is proposed in [120] that can easily eliminate
harmonics of different order thus making it more flexible and robust. In [121]
delayed signal cancellation is invetigated for harmonic extraction under adverse
grid by adopting a generalized trigonometric function (GTFDSC). Davood Yazdani
in [122] presented a comparison of synchronization techniques for three phase
systems in the presence of low order harmonics and unbalance conditions.

From the literature review it is observed that SRF-PLL does not perform well
under adverse grid conditions. MAF-PLL overcomes the issues of SRF-PLL but
transient response of this approach is slow. Researchers have proved that CDSC-
PLL is better solution to get a fast transient response and accurate estimation of

frequency and phase in the presence of grid disturbances.

2.4 Current Injection Techniques

The final stage of active power filtering is the injection of current at PCC. For
this purpose a fast and accurate control method is required to generate pulses for
VSI according to the waveform pattern . The control technique with accurate cur-
rent injection capability results in good compensation performance of active power
filters. In SAPF the most commonly used technique is the hysteresis control tech-
nique because of its simple implementation. In hysteresis method, the current
being injected is kept inside the hysteresis band by controlling the switches of
inverter. In this technique high switching losses occur due to increased switching
frequency. Researchers have proposed some useful techniques for current injection
[123-126]. The Deadbeat controller used for this purpose shows good dynamic
response but has a drawback of implementation complexity and parameter depen-
dency. In [127, 128] Repetitive control method is used to inject current but under

certain conditions this controller has the issue of stability. One-cycle control is
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proposed in [129] as current control technique and is being proved as robust and
simple to implement. OCC controller has the disadvantage of instability for some
types of loads. In [130, 131] the conventional method of hysteresis control is im-
plemented for current control and has been proved to be efficient and simple to
implement. It has the disadvantage of high switching frequency giving rise to high
switching losses. Adaptive hysteresis current-control is used in [132] to decrease
the switching frequency but it results in increased control complexity. In [133] Ko-
murcogil proposed a modified hysteresis control method by using double band for
single phase system and found it useful in terms of reducing switching frequency.
In [134] two current control techniques including hysteresis control and sinusoidal
PWM were compared for current injection. In [135] an array of resonant current
controllers was used for selective harmonic compensation, which resulted in good
performance of active power filter in terms of THD reduction. In recent times
researchers have proposed some more techniques for current injection including
sliding mode control, model predictive control, repetitive control, kalman filter
based H infinity control and one cycle control. [136-140]. In [141] Arunsankar and
Srinath proposed a hybrid control strategy combining EGOA and ANN known as
EGOANN to inject the corrective current at PCC. The author proved by simula-
tion result that the harmonic distortion can be reduced to an acceptable level due
to the load change or parameter variation of the power system. Also, less compu-
tations make the proposed technique more effective and reduce the complexity of
the algorithm. In [142] three techniques are compared for performance evaluation
as current controllers and sliding mode control is proved as the best technique
as a current controller. In [143] Arivarasu proposes a non-linear function based
closed loop control strategy for three-phase SAPF and LC passive filter to reduce
harmonics, improve power factor and boost the dynamic performance. In [144] an
improved performance of active power filter was achieved with a predictive control
scheme based on four leg VSI. This scheme allowed the compensation of unbal-
ance in addition to harmonics mitigation. The controller also improved the current
tracking capability and transient response of active power filter. In [145] Sreeraj

proposed one cycle control method for compensating only harmonics components.
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The device current rating and switching losses were reduced with the help of this
method. In [146] the author proposed an improved deadbeat controller as current
control technique with a two-step prediction method. It was able to lower the bad
effects of current sampling error and improve the interference rejection capabil-
ity of the control system. In [147] an adaptive control scheme was proposed for
APF to improve the performance under various grid disturbances. This scheme
achieved good results under variable grid frequencies and harmonically polluted
grid voltage. In [148] a fixed frequency sliding mode control was proposed for
current injection in active power filter. A smoothing procedure was adopted to
reduce the chattering problem. Chattering is a phenomenon of oscillaions having
finite frequency and amplitude caused by high frequency switching of sliding mode
controller. A prototype 6-kVA inverter was used to verify the performance of the
proposed controller by presenting simulation and experimental results. In [149]
a modified model predictive controller with fixed switching frequency was pre-
sented for current injection of APF. The high current ripple of the conventional
MPC was reduced by using a modulation strategy based on cost function with-
out affecting the dynamic performance. In [150] H-infinity based controller was
suggested for controlling the current to be injected. The proposed strategy gave
a stable performance with ability to reject disturbances. The author also proved
the robustness of technique against parameter variation and grid disturbances. In
[151] an adaptive sliding mode current control with fixed frequency was applied
to control injection current of SAPF in single phase systems. The author proved
that the proposed control technique worked efficiently and robustly for all sorts of
grid disturbances. The current controller consisted of two branches to separately
control fundamental and harmonic currents. Furthermore, the tracking error of
the fundamental current was eliminated effectively.

From the literature review it is observed that implementaion of hysteresis control
is very easy but it has no limit on the switching frequency. Deadbeat control has
the disadvantage of implementation complexity. Repetitive control method has
the stability problems. The sliding mode control is a better solution as a current

injection controller but the sliding surface should be properly designed to get a
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good performance.

2.5 DC Link Voltage Control

An efficient and reliable control technique for this purpose is required in order to
inject the current accurately. In [152] the conditions for stabilizing the voltage
of DC link capacitor were defined and the effects of the fundamental sequence
components on input active power of the inverter were explained in detail. The
technique was implemented in two parts. The first part maintained the actual
voltage of the DC link capacitor at the required level and in the second part its
balance was attained by controlling the output negative sequence current.
Zainuri proposed a new strategy by adopting self-charging algorithm that could
cancel the error between actual and reference value in steps [153]. This method
was not affected by changes in non-linear load during dynamic operations. In [154]
the author proposed a novel recurrent probabilistic fuzzy neural network for such
control that was able to maintain the DC link voltage during changes in non-linear
load. Yap Hoon in [155] presented a method known as inverted error deviation for
this purpose. The dynamic response and accuracy of the conventional algorithm
was improved considerably with the new approach. The proposed algorithm was
also tested by varying the load. DC link capacitor considerations have been studied
for multi phase voltage source inverters in [156]. In [157] a voltage controller (VC)
was used to measure only V. and not sensing all the DC link side currents like
the conventional methods to maintain it at the reference level. The 3P4W SAPF
was investigated for DC-link voltage control strategy [158]. Rinat R. Nasyrov and
Raseel I. Aljendy in [159] presented the work for compensating harmonics through
active power filter. They employed Hybrid Fuzzy-PI and PSO-PI controllers under
distorted grid conditions and proved the effectiveness of the control techniques for
regulating the DC link voltage. The PI control technique worked on the error
among actual and reference values.

PI control has been widely used but it needs a precise mahemaical model to get

the integral and proportional gains. Self charging algorithm used for this purpose
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has the drawback of fluctuations and imbalance of the DC link voltage. Fuzzy

logic control has the drawback of poor performance during dynamic operations. .

2.6 Research Gap Analysis

Review of literature suggests that a number of studies have been carried out to
study the issues in power quality and harmonics has been recognized as the major
power quality problem [1, 3, 4]. There has been a rapid increase in consumers
preference towards good power quality and energy saving. The role of SAPF in
mitigation of current harmonics has been deeply studied. Moreover, most of these
studies have been mainly undertaken to understand the working principle of SAPF
and control strategies used in development of active power filters [50, 51, 54, 57, 59].
The Scopes of most of the existing studies are limited to either reference current
generation or current injection part of active power filtering. Moreover, there are
no or very few studies on the synchronization of shunt active power filters. This
feature plays an important role in the generation of reference current and becomes
more valuable under adverse grid conditions. Therefore, in the light of previous
discussion, a hypothesis for the research is build which stated that, “Shunt Active
Power Filter synchronized with the grid voltage may shows better performance
than its counterpart in the phase of introduced disturbances”.

Moreover the study and literature review reveales that existing techniques for refer-
ence current generation are not very effective under the effects of grid disturbances.
The reason for that is the use of a conventional PLL technique like SRF-PLL for
estimation of frequency and phase inside the algorithm used for reference current
generation. Literature study reveals that SRF-PLL is not very effective under the
effects of grid voltage disturbances [79-81, 85, 86, 93, 94, 97, 98]. Thus there is
a necessary need to address the problem of synchronization of shunt active power
filters.

Finally, Therefore, there is a need for a comprehensive and robust technique to fix
the problem of reference current generation under distorted grid conditions. This

will result in better harmonics compensation capability and robustness of shunt
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active power filter under the effects of grid disturbances. Thus the statement of
problem would be

“To evaluate Shunt Active Power Filter for the task of harmonics mitigation under
various grid disturbances using synchronization feature”.

Contributions will include:

e Evaluation of PLL techniques for estimation of frequency and phase under

the effects of frequency drift, phase angle variation and presence of DC offset.

e Developing a modified synchronous reference frame theory for reference cur-
rent generation by implementing CDSC-PLL instead of the conventional PLL

to improve its accuracy under grid disturbances.

e Evaluation of SAPF under various grid disturbances using the modified SRF
theory.

2.7 Summary

This chapter presents the findings and contributions made by researchers in past
for developing different control strategies of active power filters. Some of the
recently proposed solutions are also discussed. The control strategies used in active
power filtering are analyzed through a deep literature review. Literature review
is categorized to address the important parts of active power filter and a better
insight of the various control strategies. The useful features of these techniques
are identified and further improvements in these techniques from different aspects
are analyzed. At the end of literature survey research gap analysis is presented to
identify the shortcommings of the techniques not addressed previously.

In the next chapter reference current generation techniques for active power filter

will be discussed in detail.



Chapter 3

Reference Current Generation

3.1 Introduction

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.
The techniques used for this purpose are generally categorized in two domains as
shown in Fig. 3.1. In this section a brief overview of various reference current
generation techniques is presented. A mathematical model of SAPF is developed

to simplify the analysis of these techniques.

Reference Current
Generation Techniques

]
[ |

Time Domain Frequency Domain

| |
I I I |
IRP Theory SRF Theory DFT Theory Wavelet

FI1GURE 3.1: Types of Reference Current Generation Techniques

34
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3.2 Mathematical Model of SAPF

The analytical behavior of SAPF can be successfully understood by modelling the
three phase source with filter installed in parallel to the distribution load. The
basic structure of SAPF connected to a 3P3W system is shown in Fig. 3.2.

Vsa @ ";Si* :Ia .
_L_Msh@ | ;19--> Non-Linear
L MSQ@ N b [N Load
14
4 [ |ict
< R
Rl

S1 S5

IR E.

S4 S6 S2
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FIGURE 3.2: Basic Structure of SAPF

The three phase source voltages are represented by vg,, vs and vs.. Whereas i,
1p and 1., represents the compensating currents actually injected. It is represented

in abc frame using Eq. (3.1)

d . .
L%an = VUsq — Ran — Vg

d . .
Lalcb = Vgp — Ricpy — vp
(3.1)

d - .
LE?/CC = Vse — chc — U¢

L Cdc%“dc = falea + foico + felee

/

Where f,, f,, and f. are switching functions. Inductance and resistance of the filter
are denoted by L and R respectively. Cj,. is the capacitance at the DC link. The

above equation can be written in matrix form using Eq. (3.2).
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iea &0 0 0 iea Vsa — Vg
i Teh _ 0 —% 0 O Teb N l Vsh — Up (3 2)
dt icc 0 0 _% 0 icc L Vse — Ve
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The transformation matrix required for conversion from abc to an arbitrary rotat-
ing dq0 reference frame is given by Eq. (3.3). This transformation is helpful in

reducing the control complexity.

) cost cos(0 — ) cos(0 + )
T= 3 sind  sin(0 — 2°)  sin(0 4+ &) (3.3)

1 1
2 2

For simplicity a 3P3W system is considered, thus the addition of three-phase

voltages and currents results in zero as shown in Eq. (3.4).

isa + isb + Z.sc =0

(3.4)
Vsq + Vs + Vse = 0
Eq. (3.5) represents the currents in dg frame.
; led &y -k led Vg
1
—_ — R f ; —
dt Leg - —w -7 _fq beg + L Uq (35)
Udec Of_:c C’f_jc 0 Ude 0

Where the switching state functions of the system in dq reference frame are denoted
by fi and f, and w is the supply angular frequency. Eq. (3.5) can be re-written to
get Eq. (3.6).

L%icd = Vg — Ricd + CULiCq — fd‘Udc
L%icq =0y — Ricg —wlicg — fy.Vac (3.6)

d . .
Cdcﬁvdc = fd led fq leq
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3.3 Instantaneous Reactive Power Theory

Akagi et al. introduced the instantaneous reactive power theory (IRP) in 1984 and
is also known as p-q theory. This theory is very likely used for reference current
generation in active power filters. In most cases the theory used in commercial
APFs is dependent on IRP theory. This theory has the advantages of easy imple-
mentation and outstanding performance in steady state condition. Some of the
disadvantages of IRP theory include requirement for a lot of voltage and current
transducers, poor compensation in case of un-symmetrical voltages and slow re-

sponse to transient changes in load. Fig. 3.3 shows the block diagram of p-q

theory.
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Ficure 3.3: Block Diagram of p-q Theory

In this theory co-ordinate transformation is performed to get the currents and
voltages in af3 reference frame. This transformation is done by using Eq. (3.7)

and Eq. (3.8) [160].

vo V2 1/V2 1/V2 Vsa
Vo | = 1 —1/2  1/2 Vsh (3.7)
vg 0 V3/2 —V3/2 Vse

io 1/V2 1/V2 1/V2 isa

io | = \/3z 1 —1/2  1/2 s (3.8)

is 0 v3/2 —V3/2 | | i

The instantaneous real and imaginary power components are obtained from Eq.

(3.9).
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Po v 0 0 io
p|= 0 wva g ia (3.9)
q 0 —vg vq ig

The zero sequence power only exists in three phase systems with a neutral wire.
The zero sequence power and current are not present in a 3P3W system as shown

in Eq. (3.10).

Vg U lo
P- ’ (3.10)

q —Ug Vg 13

Both AC and DC components are present in the above expression as can be seen

in Eq. (3.11) and Eq. (3.12).

p=p+D (3.11)

q=q+ q (3.12)

A high pass filter is used to extract the harmonic componens from the p and q
signals. In the next step the reference current in a8 co-ordinates is calculated by

Eq. (3.13).

ia* 1 Vo —U p
ig* Vo~ + U Vg Vg q

In the final step the reference current in abc co-ordinates is calculated by using

Eq. (3.14).
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fea 1 0 1/v/2 g%
—1/2  V3/2 1/V2 | * | dgx (3.14)
fock —1/2 —/3/2 1/V2 ik

icb*

o

3.4 Synchronous Reference Frame Theory

It is another time domain method for generation of reference current. This theory
is commonly used due to simplicity and easy implementation. The real currents
in synchronous reference frame are obtained by performing co-ordinate transfor-
mation. This method also requires a PLL to estimate frequency and phase of the
grid voltage thus synchronizing it with the ac mains voltage. This technique is
also known as d-q theory. The fundamental component is extracted by using a
low-pass filter. The performance of this method is best under normal grid condi-
tions but the presence of grid disturbances affects the accuracy of PLL circuitry
used by this theory. Thus the reference current obtained is also not accurate. This
theory also requires a lot of voltage and current transducers.

Fig. 3.4 shows the block diagram of d-q theory. The sinf and cosf represents
the synchronized reference signals. Four transformation blocks are used to get the
reference current. Harmonics current can be obtained by doing transformation
from abc stationary reference frame to rotating dg frame. Finally the reference

current is obtained by transforming back from dq to abe [161].

isa
i 5 |1 —1/2 1)2
e 2R, (3.15)
is 310 v3/2 —v3/2 _
ZSC
iq sin (0) —cos(0) Gk (3.16)
iq cos(0)  sin(0) igx '

Where 6 is the transformation angle and is given by Eq. (3.17).
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t
0= / w(t)dt + Oy (3.17)
0
Where w = 2xf is the angular frequency of supply and 6, is the inintial value of
phase.
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FI1GURE 3.4: Block Diagram of SRF Theory

This equation contains both AC and DC components. The AC component contains
harmonics and is blocked by a low pass filter so that output of the above equation

which only contains DC component becomes harmonics free Eq. (3.18).

i iq + i
B (3.18)
iq g+ iq
The reference currents in d-q frame are given by Eq. (3.19).
ire = _Z~
dref = 4 (3.19)
lgref = —(ig +1d)

Eq. (3.20) and Eq. (3.21) are used to do the back transformation and obtaining

the signal in abc stationery frame.

Gk sin () —cos(0) Tdref (3.20)
ig* cos (0)  sin(0) lgref .
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3.5 Discrete Fourier Transform

The Discrete Fourier Transform method is a frequency-domain method that can
be used to extract the harmonics if a regular pattern of current is available. In
this method FFT algorithm is used to acquire the harmonics present in the load
current. FFT is a powerful tool for harmonic analysis in active power filters. In this
method voltage transducers are not required and also no PLL circuitry is required
for estimation of frequency and phase. This technique has a drawback of slow
dynamic response due to large amount of parallel computations and also it fails to
generate the reference current precisely if noise is present in the current samples.
The DFT technique is sensitive to frequency fluctuations and its performance will
severely degrade under frequency drifts. The block diagram of this method is
shown in Fig. 3.5. The three phase load currents are represented by ir,, ir, and

ir. and the reference currents by i..*, ip* and i..*x respectively.

In the Fourier analysis block frequency components of the load current are de-
tected. In the second stage fundamental component is separated and the remaining
frequency components are added to get the harmonics current waveform. In the
final stage harmonics current waveform is 180° phase shifted to get the reference

current. The DFT of an input sequence x(n) is given by Eq. (3.22).

X (k) = x(n)e 72N (3.22)

The real and imaginary parts are calculated by Eq. (3.23) and Eq. (3.24).

=

Real Part = x(n) COS(QW/C%) (3.23)

i
o
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=z

Imaginar Part = x(n) SiH(QWk%) (3.24)
n=0
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FIiGURE 3.5: Block Diagram of DFT

3.6 Performance Evaluation

The three techniques overviewed in this chapter are evaluated for different loads
under Matlab/Simulink environment. In the first step a non-linear load is con-
nected to a three phase three wire system. The load current is measured and fed
to the reference current generation block. In the second step reference current
block extract the harmonics and generate it’s anti phase waveform. In the final
step this reference current is added to the load current to make it sinusoidal. THD
of the waveform thus obtained confirms the accuracy of the technique used.

The simulink model used for simulation of reference current generation techniques
is shown in Fig. 3.6 . The voltage and distorted current signals are given as input
to the transformation blocks. The accuracy of the reference current is evaluated
by adding this current to the distorted source current. The sum of these two
waveforms should produce a pure sinusoidal waveform.

Table 3.1 shows the parameters of three different loads and the respective THD
values of the distorted source current. These loads are used for evaluating the

reference current generation techniques.
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FIGURE 3.6: Simulink Model for Reference Current Generation

TABLE 3.1: Load Parameters.

Simulation THD  before | Output Loads

Case compensation

I 30.18% R=10 Q

IT 35.63% R=10 2 , L=10 mH

II1 53.08% R=10 ©, L=10 mH,
C=200uF

3.6.1 Casel

In this case only resistor is used as output load for simulation. Fig. 3.7 represents
the load current waveform and the plot showing its THD is given in Fig. 3.8.
Reference current is generated first by using the p-q technique discussed above and
is shown in Fig. 3.9. Techniques presented in this section are evaluated only by
adding the reference current and the load curent. The resultant waveform should
have sinusoidal waveshape to prove the accuracy of the implemented technique.

Furthermore, a low value of THD will also confirm the effectiveness of the applied
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technique as shown for case 1 in Fig. 3.10.
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FIGURE 3.9: p-q theory based reference current for case 1

Another technique discussed in the section that is the d-q theory is tested in

simulation and the waveform obtained is shown in Fig. 3.11 and the corresponding

THD plot of the compensated current waveform is shown in Fig. 3.12.
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FI1GURE 3.11: d-q theory based reference current for case 1

Fundamental (50Hz) = 58.21, THD=0.90%

T T T T

s B == =
[ R N
T T T T T
| . | | 1

I|IIIIIIIIII|I--i--- nambeanlonal 4 ' 4 I A A a A

0 100 200 300 400 500 600 700 800 900 1000

=
—_

Mag (% of Fundamental)

=4

FIGURE 3.12: THD result for d-q theory (case 1)

Finally DFT method is applied to generate the reference current for resistive load

and is shown in Fig. 3.13. The THD result can be seen in Fig. 3.14.
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FIGURE 3.13: DFT based reference current for case 1
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FIGURE 3.14: THD result for DFT technique (case 1)

3.6.2 Case 2

In this case an RL load is used for simulation and the resultant waveform for this
load is shown in Fig. 3.15. The harmonic distortion present in the load current is
represented by THD plot of Fig. 3.16. Case 2 of the load parameters is repeatedly
simulated for each technique as done in first case. The reference current waveform
obtained after applying p-q theory is shown in Fig. 3.17. This waveform is again
added to the load current waveform to make it sinusoidal and the reduced level of

harmonics distortion can be verified from the THD plot of Fig. 3.18.

The reference current obtained after applying d-q theory for RL load is shown in
Fig. 3.19 and the reduced THD of the current waveform obtained after addition

of referrence current and load current is shown in Fig. 3.20.
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FI1GURE 3.15: Three phase Load current waveform for case 2

Fundamental (50Hz) = 58.33 , THD=35.63%
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FIGURE 3.17: p-q theory based reference current for case 2

For case 2 the last simulation result is obtained by implementing DFT technique
and the resultant waveform is shown in Fig. 3.21. The reduced THD level of the

resultant current can be seen in Fig. 3.22.
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Fundamental (50Hz) = 58.24 , THD=1.90%
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FI1GURE 3.19: d-q theory based reference current for case 2

Fundamental (50Hz) = 58.31, THD=2.15%
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FIGURE 3.20: THD result of d-q theory (case 2)

3.6.3 Case 3

In the third case an RLC load is used. The load current waveform for this case
is shown in Fig. 3.23 and its respective THD plot can be seen in Fig. 3.24. The
circuit is simulated again by first using p-q technique. Fig. 3.25 displays the

generated reference current. This current waveform is again added to the load
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FIGURE 3.21: DFT based reference current for case 2

Fundamental (50Hz) = 59.4 , THD=2.52%
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F1GURE 3.22: THD result of DFT (case 2)

current waveform to make it sinusoidal. THD of the resulting waveform is shown

in Fig. 3.26.
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FIGURE 3.23: Three phase load current for case 3

Fig. 3.27 represents the waveform of reference current obtained using d-q method

and the reduced THD after compensation is shown in Fig. 3.28.
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Fundamental (50Hz) = 58.85 , THD= 53.08%
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FIGURE 3.26: THD result of p-q theory (case 3)

Finall the DFT technique is applied to get the reference current waveform shown
in Fig. 3.29. THD of the load current waveform obtained after addition of the

reference current is shown in Fig. 3.30.
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FI1GURE 3.27: d-q theory based reference current for case 3

Fundamental (50Hz) = 58.78 , THD= 4.86%
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FIGURE 3.28: THD result of d-q theory (case 3)
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FIGURE 3.29: DFT based reference current for case 3

3.7 Results

The results obtained for the three methods are summarized in Table 3.2. Although
the obtained results verify the effectiveness of all the three techniques under three

cases of simulation but the effect of grid disturbances on the performance of these
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Fundamental (50Hz) =58.12 , THD= 4.49%
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TABLE 3.2: THD Results.

800 900

Simulation THD  before | THD after com-
Case compensation | pensation

p-q d-q DFT
[ 30.18% 0.88% | 0.9% | 1.02%
IT 35.63% 1.90% | 2.15% | 2.52%
I11 53.08% 4.21% | 4.86% | 4.49%

1000

techniques is not taken into account. In chapter 5 the effects of grid disturbances

will also be considered for performance evaluation. The modified SRF theory is

also simulated here for RL load and results are compared with some previous

research articles like [60] that uses SRF theory for reference current generation

and RL load is connected across the three phase bridge rectifier. THD of the load

current was reduced from 18.93% to 0.95%. In [143] a control based on a non-

linear function is implemented for SAPF and THD of the load current was reduced

from 18.2% to 1.32%. These results are shown in Table 3.3. It is proved that the

proposed technique has better results in terms of THD reduction as compared to

given references.
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TABLE 3.3: Comparison with Previous Work

Technique THD before Com- | THD after Com-
pensation pensation

[60] using SRF tech- | 18.93% 0.95%

nique

[143] using DQ refer- | 18.2% 1.32%

ence frame

Proposed Technique | 30.18% 0.9%

3.8 Summary

In this chapter the concept of reference current in active power filtering is pre-
sented. Both time domain and frequency domain techniques are studied and
simulations are also performed to evaluate these techniques for different loads.
A mathematical model of SAPF is developed initially to simplify the theoretical
analysis of discussed techniques.

Time domain techniques have been proved to have good performance in terms of
harmonics reduction and dynamic response. The synchronous reference frame the-
ory (d-q) uses a conventional PLL circuit to estimate frequency and phase. Under
normal grid conditions the role of PLL in reference current estimation is not very
important but the existence of grid disturbances like frequency drift, phase angle
jump and dc offset badly affects the generation of reference current. In the next
chapter the control strategies used for current injection are studied and evaluated

for performance.



Chapter 4

Current Injection Control

4.1 Introduction

After the successful generation of reference current, it must be injected precisely at
PCC to complete the process of active power filtering. This will make the distorted
source current sinusoidal. The job of current injection controller is to force the
actual compensating current to follow the reference current by generating gate
pulses of VSI. Thus the performance of SAPF is highly dependent on the controller
used for current injection. The process of current injection is also dependent on
the regulation of DC link voltage and therefore, it is explained before introducing
the current injection techniques. The techniques over viewed will also be evaluated

for performance under various loads.

4.2 DC Link Voltage Control

In SAPF, the extracted harmonic current with opposite phase is injected at PCC

to ensure correction of the distorted source current. DC-link capacitor and VSI

are the main parts of APF power stage design. This configuration of power stage

is considered as a low cost and efficient solution. The current injection through

VSI is accomplished by using the stored energy of DC-link capacitor. A part of the
54
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FiGURE 4.1: DC Link Capacitor connected to VSI.
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= Controller
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FI1GURE 4.2: DC link voltage controller.

APF structure showing the DC link capacitor connected across the VSI is shown
in Fig. 4.1.
The PI control technique is adopted here for regulation which processes the error

between the actual and reference voltage. This concept is displayed in Fig. 4.2.

The flow of active power must be controlled. Injection currents can only be accu-
rately generated by keeping the DC-link voltage of SAPF at required value, thus
improving the mitigation performance of SAPF. This is achieved by adding a PI
controller branch to the d axis in dq frame, thus controlling the active current
component. This small amount of active current is regulated by the current con-
troller to keep the DC link capacitor voltage constant. For this purpose, the actual
DC link voltage is detected and is fed to the PI controller along with the reference
value.

The voltage regulation process is completed by keeping the real power drawn by
SAPF equal to losses occurred due to switching of IGBT’s . This is achieved by
adjusting the magnitude of reference current appropriately through the control of

iq. which is generated by the PI controller after processing the error. This process
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will make the SAPF to draw an accurate amount of real power to compensate its
potential losses.

The capacitor energy is represented by Eq. (4.1).

1
E = §Cdc ’Udcz (41)

The DC link capacitor will be charged from the same supply that powers the load.
The capacitor needs to be charged to a higher voltage magnitude than the max-
imum peak of the supply voltage. Thus it is charged to a pre-set value selected
as a reference to ensure correct operation of the filter. The way the capacitor is
charged is similar to a boost circuit. The VSC circuit uses inductor to boost up
the voltage.

The fundamental component of the output voltage of VSI must be higher than
the peak value of supply voltage to ensure reactive power compensation by APF.
The appropriate size of the capacitor could be determined from Eq. (4.2) and the
power (Q) across the capacitor can be calculated using Eq. (4.3) [162]. If an elec-
trolytic capacitor is used, value of capacitance should be greater than 2000uf due
to its current ripple rating. The capacitance value should be selected to reduce
the voltage ripple less than 0.5% in a conventional design [163]. Mathematical

representation of DC link capacitance is given below:

. dvdc
p— —_— 4.2
i = Cae—y (4.2)
Q = ’if Vde (43)
Putting value of iy to get Eq. (4.4)
dvdc
= (Cge—— . 4.4
Q= (Cac,~) va (4.4)
Eq. (4.4) can be rearranged to find Cy. using Eq. (4.5)
Q
Copo = —F—— (4.5)
(%) Vde
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FiGure 4.3: DC link voltage plot.

The voltage error E, and the DC charging current i4. can be obtained by using

Eq. (4.6) and Eq. (4.7) thus giving summary of the control approach.
Er = Vde(ref) — Vde (46)

ige = Er(Kp+ Ki/dt) (4.7)

The idea is to maintain a power balance that is accomplished by making the
real power of supply to be equal to the sum of real power of load and losses of
inverter. SAPF draws a real power throughout its switching operation and needs
to be controlled in order to regulate the DC link voltage. Thus it is made equal
to its switching losses to complete the regulation process. The process involves
adjusting the magnitude of the reference current, so that the SAPF can draw a
precise amount of real power to compensate its potential losses. The output of PI
controller is proportional to the instantaneous power balance changes. In order to
ensure accurate injection of current the minimum DC bus voltage should be more
than double of the peak of the phase voltage of the system. The reference DC link
voltage is set as 800v and after the implementation of PI controller the plot of DC

link voltage is shown in Fig. 4.3.

The small amount of real power flowing into the dc capacitor is adjusted to regulate
the DC link voltage, thus conduction and switching losses are compensated. The

electrolytic capacitor value is appropriately selected to avoid the transient changes
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in the dc voltage. The transient changes in the instantaneous power causes volt-
age fluctuations. Thus the choice of proper capacitor value is also important for

controlling the amplitude of these voltage fluctuations.

4.3 Single Band Hysteresis Current Control

The most common method used for current injection in APF is Single-band hys-
teresis current control. In this method the actual current is limited within a band
to follow the reference current. Two boundaries equally displaced from the refer-
ence are set in order to limit the actual current. A fixed hysteresis band is set and
the controller senses the error between actual current and reference current and
comparing it with the set band to generate gating signals of VSI. This technique
has the benefits of simplicity, good accuracy and robustness. Fig. 4.4 shows the
basic idea of hysteresis current control in which two levels of hysteresis function
are shown. The hysteresis technique is applied to each phase separately. The band
is set with a lower and upper limit. Simultaneous switch on of switches of any leg
of the inverter is not allowed by the controller to prevent short circuit across the
dc link voltage supply. Similarly, the simultaneous switch off of switches of any leg
of the inverter may result in undefined states. When the actual current increases
than the reference current and reaches the upper band, the current should be de-
creased. Similarly, when the actual current becomes less than the reference current
and reaches the lower band limit, the current should be increased. Consequently,
the current is retained within the hysteresis band to follow the reference current.
Taking into consideration the gating signal combinations, eight standard switch-
ing states are thus obtained as shown in Table 4.1. The currents for all the three
phases are injected at the PCC according to the respective reference currents by
using switching states of Table 4.1. The sum of injected currents of all the phases

will be zero at any point as shown in Eq. (4.8) [164].

ica + icb + icc =0 (48)



Current Injection Control 59

TABLE 4.1: Standard switching states for VSI.

State State| Switch| v, Vpe Vea Teq Teh Tee
No states

S1,S2and S6 =1 | 1 100 Vde 0 ~Ude | %de - -
S4,S5 and S3 =0 leaj2 | beas2
S2,S3andS1=1 | 2 110 0 Vde “Vde | Tde/2 | Udej2 | - fde
S5,56 and S4 =0

S3,S4andS2=1 | 3 010 “Vage | Vge 0 - 1 de -
S6,51 and S5 = 0 leb)2 leb/2
84,85 andS3=1 |4 011 -Ude 0 Vde - idc idc/g ’I;dc/g
S1,S2 and S6 =0

85,86 andS4=11|5 001 0 -Vde Vde - - idc
S2,53 and S1 =0 lebj2 | Teb/2

86,81 andSb =116 101 Udec -Vde 0 idc/? - Ude idc/g

3,84 and S2 = 0

S1,S3andS5=1 | 7 111 0 0 0 0 0 0
S4,56 and S2 =0

S4,S6 and S2 =1 | 8 000 0 0 0 0 0 0
S1,S3 and S5 =10

The injected currents for all the three phases at any instant using PWM tech-
nique, will be represented mathematically by Eq. (4.9), Eq. (4.10) and Eq. (4.11).

Vdc \/k_a_vsa Z0

g (4.9)
R? + (wL)?
Zva: /Udc\/k_b_vsbég (41())
R? + (wL)’
k.—vg.20
icczvdc\/_c Vse (411>
R? + (wL)’

Where k,, k, and k. represents the duty cycle of PWM for the three phases.
The values of injected currents will be different from the standard table in order

to follow the reference current. Fig. 4.5 represents the injected currents with
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FIGURE 4.5: Three phase injected currents.
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TABLE 4.2: Calculated injected currents

Injected Marker | Marker
currents 1 2

lea +6.539 -0.8463
Ueb -15.85 -10.21
lee +9.312 +11.09
teatichTice | 0 0

markers and values are given in Table 4.2. The switch on time for phase A can be

calculated by Eq. (4.12)

2hL
T, = 4.12
Vdc - V:s ( )
Similarly, the switch off time is given by Eq. (4.13).
2hL
= 413
" Vet Vi (413

The switching period in case of SBHCC is computed by Eq. (4.14) and Eq. (4.15).

Ty = Ton + Topy (4.14)
4Vy.hL

T =-———5—> 4.15

(Ve V) (4.15)

Finally, the switching frequency is determined by Eq. (4.16).

(Vae” = V&%)

4.1
AVah L (4.16)

fsl =

Where

fs1 = Switching frequency
V4. = DC link voltage

L = Output load inductor
Vs = Supply voltage

h = Hysteresis band.
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4.4 Double Band Hysteresis Current Control

In this control technique the hysteresis band is divided into two parts. One part
is implemented for positive error that is the actual current is either equal to or
greater than the reference current and the second part is implemented for negative
error that is the actual current is less than the reference current.

Fig. 4.6 shows the basic idea of DBHCC in which a little difference exists with
reference to SBHCC. The operation of the double-band hysteresis control directly
depends on the error. The upper switch for any phase leg of the inverter is turned
ON and OFF during a half-cycle meant for positive error while the lower switch
remains continuously OFF during that period. Similarly, for the second half-cycle
meant for negative error, an opposite phenomenen as compared to first half cycle
is addopted for the lower and upper switch. Such type of switching will result in
a lower value of average switching frequency as compared to the SBHCC scheme
without changing the parameters. In this case the switch ON time is given by Eq.
(4.17).

hL

Ty, = —— 4.17
V;lc - Vts ( )

Similarly, the switch off time is given by Eq. (4.18).

hL
Tops = 57 (4.18)

The switching period in the half cycle is computed by Eq. (4.19) and Eq. (4.20).

T = Ton + Tosy (4.19)

VachL
To=—"—— 4.20
2 (‘/;10 - ‘/s> V:e ( )

The switching period in one cycle is computed by Eq. (4.21).

2Vich L

To= "
2T Ve = Vo)V,

(4.21)
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FIGURE 4.6: Hysteresis switching (DBHCC)

TABLE 4.3: Calculated Switching frequencies

Hysteresis SBHCC DBHCC
band (h) fs1(kHz) f2(kHz)
0.1 86.04 55.41
0.2 43.20 27.70
0.3 28.68 18.47
0.4 21.51 13.85
0.5 17.20 11.08

Finally, the switching frequency is determined by Eq. (4.22)

(Vae = V) Vs

Jor = oV hL

(4.22)

The calculated switching frequencies of both SBHCC and DBHCC for different
values of hysteresis band are shown in Table 4.3 and we can see that for all values

of hysteresis band the DBHCC scheme has lesser switching frequency.
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4.5 Sliding Mode Control

“Sliding mode control is a nonlinear control method which changes the dynamics
of a nonlinear system by application of a discontinuous control”. Since the APF
system is a nonlinear system, SMC method is known to be a best method to
generate switching pulses for VSI. In this section SMC will be applied to control
the injection current.

“The sliding mode control is the motion of state variables under the sliding surface.
The state variables of the system can converge to the equilibrium point in steady
state condition”.

After the creation of sliding surface, the trajectories are enforced to reach sliding
surface in finite time and stay there for the rest of time. After reaching the sliding
surface the system dynamics are unaffected by circuit parameters and only depend
on the selected sliding surface.

SMC can be designed basically in two steps. In first step a suitable sliding surface
is designed and the second step includes the formulation of a control law to bring
the system trajectories on the sliding surface and make them stay there. For the
APF, control input is represented by U and it has two components, a continuous

component U, and the discontinuous one U, as shown in Eq. (4.23).
U=U,q+U, (4.23)

The function of the discontinuous component is to bring the system on sliding
surface and the continuous component ensures the system to be there. In d-¢

frame the control can be expressed by Eq. (4.24).
Udg = Ueqaq + Un.dq (424)
Where

U Ue Un
¢ a4 and U, 4 = .

Uq Ue%q Un,q
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4.5.1 Sliding Surface Design

In general form the sliding surface can be written as Eq. (4.25).

S=K(z—2z") (4.25)
Where
€1 l.cd 1’1* icd*
k:z'c 0 kvd
T= |z | = | i , Y= | oyt | = beg” and K =
0 kic kvq
T3 Vde x3* Vae"

The sliding surface on d-¢ frame is given by Eq. (4.26) while U4 and U,, are
given by Eq. (4.27).

S kic (teq — teq™) + kpa(Vge — Vgc*
o | 5] _ (ted = tca”) + Kva(Vae — vac") (4.26)

Sq kic (icq - icq*) + kvq(vdc - Udc*)

—sgn (Sq), Sqa #0
0 ,S5;=0

Un,d=

- Sq), Sq¢#0
Un,q = sgn (Sq) , Sq # (4.27)

0 ,S5,=0

The mathematical model described in section 3 is used to develop the equivalent
control on d-¢ frame. Eq. (4.28) represents the general form of state variable
model of SAPF.

¥ =Ar+B(@)u+G (4.28)

Where A, B and G are obtained as shown in Eq. (4.29).

fed & w0 led Ye () —4
d B R v fa
Il E L B I Il A 2 PO (R
i ic q
Vde 0O 0 O Vde -+ o 0
—_————— N——
L [A] J L [B] i | 1G]
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The equivalent control can be found by setting the derivative of the sliding surface

to zero and substituting U= U, to get Eq. (4.30)

S=K(i—2*)=0
0=K(Az + B(2) Uy + G) — Kx*
(KB (2)) 'K (2" — Az — G) = (KB (v))"".KB(2)U,,
Uyg= (KB(z)) " K (z* — Az — G)

(4.30)

7

4.5.2 Stability Analysis

The stability analyses are performed to ensure that the system trajectory reaches
the equilibrium point (EP) and settles there. This is true for a stable system but
for the unstable system the trajectory does not settle at the EP but crosses it and
moves toward infinity. In this section stability analysis of SMC are performed by

adopting a Lyapunov function as a candidate function as shown in Eq. (4.31)

V= %SQ (4.31)

The time derivative of Eq. (4.31) is written Eq. (4.32).

V=25S (4.32)
Eq. (4.33) describes the general condition of SMC.
V=55<0 (4.33)
The time derivative of Eq. (4.25) results in Eq. (4.34).
S=K (Az + B (2) (Uegaq — sgn (Saq)) + G — x*) (4.34)

Eq. (4.34) can be simplified by making an assumption that no external distur-

bances are present and initial values are set to zero. Thus Eq. (4.35) is obtained.

S = KB (z).(—sgn(s)) (4.35)
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FIGURE 4.7: THD using SBHCC (case 1).

The sliding mode gains can be selected by putting Eq. (4.26) and Eq. (4.35) into
Eq. (4.33) as shown Eq. (4.36).

L . .
o (kva 4 Kuog) -(lica] + |icql) < Kicvae (4.36)
Where k. is the current gain, k,q and k,, are the voltage gains in dq frame as

described by gain matrix given in Eq. (4.25).

4.6 Performance Evaluation of Current Injection

Techniques

The techniques overviewed in the begining of this chapter are evaluated under three
different loads. The simulation parameters are the same as used for evaluation of
reference current generation techniques in chapter 3. In the first case only resistive
load is used and the reference current is injected using the three techniques. The
corresponding THD after compensation is shown in Fig. 4.7, Fig. 4.8 and Fig.
4.9. In the second case RC load is used for simulation and the current is injected
again using the three techniques. The achieved results in terms of THD reduction

are shown in Fig. 4.11, Fig. 4.12 and Fig. 4.13. Finally, for case 3 a capacitor is
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Fundamental (50Hz) = 51.35 , THD= 3.51%
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FIGURE 4.15: THD using DBHCC (case 3).

connected across the resistor to evaluate the control strategy. The THD plots for
all the control strategies under observation are shown in Fig. 4.14, Fig. 4.15 and

Fig. 4.16.

The results achieved during simulation are summarized in Table 4.4.

4.7 Summary

In this chapter the current injection part of active power filter has been studied

in detail. DC link voltage control, a part of injection process is also explained.
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TABLE 4.4: Performance Parameters
Load THD  before | THD after
compensation | compensation
SBHCC| DBHCC SMC

Case 1 | 30.18% 2.17% | 1.40% 1.45%

Case 2 35.63% 2.79% | 1.69% 1.52%

Case 3 53.08% 3.51% | 2.24% 1.68%

Three control techniques are overviewed and their performance is compared under
various loads. The sliding mode control has been proved as better technique for
current injection at PCC.

In the next chapter synchronization techniques will be analyzed under various grid
disturbances and the impact of these techniques on the synchronization of active

power filter will be examined.



Chapter 5

Synchronization of Active Power

Filter

Some of the techniques used for reference current generation like SRF theory
require precise information of the voltage phase and frequency for accurate esti-
mation of reference current. It is easier to estimate frequency and phase under
normal grid conditions but it is a challenging job under adverse grid conditions.
For this purpose, phase locked loop (PLL) techniques are used. This chapter
initially presents the overview of both conventional techniques like synchronous
reference frame PLL and some advance PLL techniques including moving aver-
age filter based PLL and cascaded delayed signal cancellation PLL. These PLL
techniques will be analyzed in terms of dynamic behavior under both normal and
adverse grid conditions.

In the second part SAPF is evaluated both with and without the synchronization
feature. The dynamic behavior and preciseness of SAPF is highly dependent on
the algorithm used for reference current generation. Traditionally time domain
techniques are most widely used for this purpose. The p-q theory does not require
information of the voltage phase as apposed to SRF theory. SRF theory is known
to have more advantages in terms of harmonics selectivity. This theory uses the

conventional PLL to estimate frequency and phase that works well under normal

72
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grid conditions but its performance is greatly affected due to the presence of dis-
tortions in the grid voltage. In the later part of this chapter modified SRF theory
will be applied for reference current generation and the overall control strategy of

SAPF will be tested to verify its effectiveness.

5.1 Phase Locked Loop Techniques

Phase-locked loops (PLLs) are commonly applied for synchronization of power
converters with the grid voltage. A basic PLL is composed of three parts in-
cluding phase detector, loop filter and a voltage controlled oscillator. The phase
detector makes a comparison between the frequency of the input signal and feed-
back output of VCO to generate error voltage which is a DC voltage. This signal is
passed through LPF to eliminate the high frequency noise. The input and output
frequency are compared and adjusted through feedback loop by the VCO until

both are equal. A brief discussion of some PLL techniques is given here.

5.1.1 Synchronous Reference Frame PLL

SRF-PLL is the most commonly used PLL technique for getting the information
about frequency and phase. This approach has the benefit of simple implementa-
tion and quick response in case of normal grid conditions [165, 166]. The SRF-PLL
configuration is shown in Fig. 5.1. Co-ordinate transformation is implemented to
get the voltage components in d-q frame. The proportional integral controller
is used to ensure that v; = 0 in the steady state and the grid voltage vector is
perfectly aligned along the g-axis. Frequency of the grid voltage is estimated by
adding the nominal frequency and output of the PI controller. This signal is in-
tegrated to get the phase angle. The unit vectors sind and cosfl, w (estimated
frequency) and 6 (estimated phase) are the outputs of the SRF-PLL.

The three-phase voltage signals v,,, vy and vs. are connected to the input of the
first block of PLL where Clarks transformation is applied to transform the signal

from abc frame into af frame as shown in Eq. (5.1).
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Usa
Vo 2 |1 —1/2 1/2
= g sb (51)
vg 0 V3/2 —3/2
USC

The voltages in d-q frame are obtained by Park transformation with the help of
Eq. (5.2).

va | _ sin () —cos(0) Ve (5.2)
Uy cos (0)  sin(0) vg

The g-axis component is the voltage of interest as it provides the phase error

information and is given by Eq. (5.3).

Vg = Vac0s (0) + vgsin () (5.3)

The estimated frequency w is given by Eq. (5.4).

w = kpvg + k; / Vgdt + wp (5.4)

Where w,, is the nominal value of the grid frequency, k, and % represents the

proportional and integral gains.

wn
Vsa af | v, dq
xz(t:) abc e ap V_q_’- ! + i J >
T* Teosh

FIGURE 5.1: Structure of SRF-PLL
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5.2 Moving Average Filter PLL

The harmonic filtering capability and response speed of SRF-PLL is decreased
for adverse grid conditions [167]. The phase estimation of SRF-PLL can be im-
proved by lowering the bandwidth but this will result in a slow dynamic response.
Researchers have worked out to enhance the efficiency of SRF-PLL under grid
disturbances by applying different modifications. Moving average filter PLL is a
good solution for adverse grid conditions. It is a linear-phase filter that allows the
dc component to pass through but frequency components of integer multiples of
1/T, in Hertz are completely blocked. The MAF technique is the most broadly
used technique as this filter has significant advantages including easy implemen-
tation, complete rejection of low order harmonics and low computational burden.
But the response slows down in the presence of MAF in the closed loop of PLL.

The schematic diagram of MAF-PLL is shown in Fig. 5.2. The three phase voltage
signals are the input to the PLL and are converted to two phase stationary refer-
ence frame signals in af8 coordinates. In the next step coordinates in dq rotating
reference frame are obtained. A moving average filter is used as a pre-filtering
stage to overcome the issues of conventional SRF-PLL. The proportional integral
controller is used as in the case of SRF-PLL to ensure that v; = 0 in the steady
state and the grid voltage vector is perfectly aligned along the g-axis. Frequency
of the grid voltage is estimated by adding the nominal frequency and output of
the PI controller. This signal is integrated to estimate the phase angle ¢#. This

phase angle is used as a feedback for park’s transformation.

On
Vsa oofp dg |
Voo vy N
') N\
Vsb_| v Y marb| pi A?O» ) 0,
Vsc
abc off

FIGURE 5.2: Schematic diagram of MAF-PLL
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Eq. (5.5) and Eq. (5.6) are used for describing the MAF.

Y (t) = Tiw /t_T X (7) dr (5.5)
Y () =+ = X (k- n) (5.6)

Where T, represents the MAF window length. In Laplace domain the MAF is

described as

MAFg(s) = = (5.7)

It can be seen from Eq. (5.7) that MAF can reach the steady-state condition in
a time equal to width of window. Therefore, the transient response of MAF will
be slower if the window width is larger. Furthermore, the open-loop bandwidth of
MAF-PLL will also become smaller in size. According to Padé approximation the

delay time of Eq. (5.7) can be approximated as shown in Eq. (5.8).

1— (=T,s/2
e—Tws ~ ( S/ ) (58)
Tws + (—Tws/2)
The insertion of Eq. (5.8) in Eq. (5.7) results in
MAFq(s) ~ = (5.9)
A (Ts/2 '

Substituting s=jw in Eq. (5.9) to get Eq. (5.10) which represents the magnitude
and phase margin of MAF.

sin(wT,/2)

MAFqg(jw)| =

‘4 — wT,y/2 (5.10)
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The MAF-PLL can effectively block the grid disturbances, but its transient re-
sponse becomes slow. This behaviour of MAF can be understood with the help of
open loop bode plot shown in Fig. 5.3 for different window lengths. Selection of
T,, needs to be done carefully because for different values of T, the behaviour of
MAF is changed. Thus the design of MAF-PLL for different orders of harmonics
is highly dependent on the selection of T,,. For example, T, should be selected to
1/6 cycle for the harmonics order 5, 7, 11, 13. . etc. For triplen harmonics (3, 9,
27. . .) the bandwidth must be selected to 1/2 cycle and for even harmonics (2,
4, 6. . .) the bandwidth must be selected to 1 cycle.
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FIGURE 5.3: Bode diagram of MAF

5.2.1 Small Signal Model

For simplifying the stability analysis and dynamic performance study, small signal
model of MAF-PLL is developed. A set of three equations is used to represent
input voltages of MAF-PLL that is Eq. (5.11), Eq. (5.12) and Eq. (5.13).

via = ) ih [Vilcos (63,) + Vi cos (60;,)] (5.11)

) A _ _ 2T
Vgp = Zzh [Vi;{cos (0; — ?) + V,;, cos (@-h + ?)} (5.12)
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2 2
Vge = Zzh {V;[cos <9:§L + %) + V,,, cos (07@ - %)] (5.13)

Where V7 (V3,) and 67, (;,) are the amplitude and phase angle of the interhar-
monics component of the input voltages. Clark’s transformation is applied to yield

Eq. (5.14) and Eq. (5.15).

va (t) = Y [Viicos (63,) + Vi cos (0;,)] (5.14)

ih

vg (t) = Z [Viicos (05,) — Vi, cos (6,)] (5.15)

ih

The g-axis component is attained using Parks transformation by Eq. (5.16).

vy (8) = Db |Viisin (0, = 0) + Vigsin (0, +9)) (5.16)
Under a quasi-locked state Eq. (5.16) can be approximated by Eq. (5.17).
v, (1) = Wy (9 - é) + f (2w, 4w, bw, . . .) (5.17)

Where f (2w, 4w, 6w. . .) represents the disturbance. Using Eq. (5.17) and Fig.
5.2 the small signal model of MAF-PLL is developed as shown in Fig. 5.4.

Disturbance

I
v

Oe
i»@—» Vi —»@»— MAF©S) PI(S) [t 1/s >

>

FIGURE 5.4: Small signal model of MAF
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5.3 Cascaded Delayed Signal Cancellation PLL

The performance of PLL in distorted grid conditions can be improved by adopting
a delayed signal cancellation (DSC) technique. The positive and negative sequence
components of the grid voltage in a stationary af reference frame and a quarter
cycle delay is introduced in the voltage vector.

In this method the signal is cancelled by adding it to its time-delayed opposite
phase version [168, 169]. Usually, the addition of two signals can result in their
cancellation if they have same magnitude and opposite phase. Thus this scheme
can also be applied for cancellation of harmonics. For this purpose a phase shift of
180° is introduced in the harmonics signal through time delay. Further adding the
input signal and the time-delayed harmonics signal cancels the harmonics present
in the signal. After the addition of two signals of the same magnitude the DC
gain of the input signal is also doubled, therefore, it must be divided by 2. The
general expression of the single block of DSC operator is shown in Eq. (5.18).

1 T
cos(2n/m) va _
Vain Delay (T/m)-—l:
: sin(2rt/m)
’— sin(2rt/m)
vB in Delay (T/m)
s cos(2m/m) VB out

FIGURE 5.5: Single DSC module

1 Jj2m T
Vaf out = §[Uaﬁin (1) +e™m vag in (t — E)] (5.19)
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The Laplace transform of Eq. (5.19) results in Eq. (5.20).

1 i2r =
Vap our(s) = 5[1+ e e "] Vag in (9) (5.20)
Where
1 2w —
3 [1 + e%e%s] = afDSC,,(s) (5.21)

Substituting s=jw in Eq. (5.21) and simplifying the mathematical equations, the
magnitude and phase angle can be obtained by Eq. (5.22).

oL T (5.22)

2m  m

wT 7
cos(=— — —)
2m  m

afDSC,, (juw) =

Frequency response of DSC operator for m=4 and T=0.02s is shown in Fig. 5.6.
The aDSC4 allows the positive sequence components to pass through and blocks
the negative sequence component and reject harmonics of the order h = 4k-1 (k=1,

2, 3). However, harmonics of the order h=4k+1 are not eliminated.
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FIGURE 5.6: Frequency response of DSC4 operator

The DSC operator can be cascaded to cancel wide range of harmonics. The cas-

caded delayed signal cancellation (CDSC) filter is very flexible as it combines a
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number of DSC blocks in series to adjust the delay time. The k cascaded aSDSC

operator with delay factors my, my, ms, . . .my can be approximated by Eq. (5.23)
k

aBDSCo s ms, i (8) =] @BDSC,, (s) (5.23)
i=1

In our case single DSC module with delay factor m= 2, 4, 8, 16 and 32 respec-
tively are cascaded as shown in 5.7. The resultant operator afDSC2,4,8,16,32 is

described in s-domain as:

045[)802,47 8,16,32 (s) = H afDSC,, (s) (5.24)

m=2,4,8,16,32
Each DSC is configured to eliminate certain harmonics, and the CDSC collectively
eliminates all undesired harmonics resting in the input. The cascading of DSC
blocks results in elimination of all dominant harmonics. The transfer function

afDSCm as shown in Eq. (5.21)can be re-written as

j27‘r)

afDSC,, (s) = %[1 4 U= 5)] (5.25)

Using Padé approximation the delay term of Eq. (5.25) can be approximated Eq.
(5.26)

s j2m ]. - £ s
e~ (?; ;7;) (5.26)
L+ (5. — )
Thus the transfer function aDSC,, can be approximated as
8DSC, () ! (5.27)
Q@ S) & , )
" 1+ L(s— 1)

Where 27/T = w, is the nominal value of grid frequency. The transfer function of

two cascaded afDSC operators with delay factors m; and my can be written as
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afBDSC,,, ., (s) =apDSC,, (s)afDSC ,,, (s) (5.28)
1 1
afDSC,,, ., (s) = _ ,
’ (5) 1+%(s—jwn)1+2€12(3—]wn)
1 (5.29)
1+ % (m% + m%) (s — jwn) + 4mT12mz (s — jwn)2

Eq. (5.29) can be simplified further by neglecting the its second term.

aBDSC,, .. (5) ~ ! (5.30)

1+ 3 (& + ) (s - jwn)

Similarly the transfer function for k cascaded operators with delay factor m; (i=1,

2, 3,, k) can be approximated by

1

aBDSCor s e o (8) = .
‘ L+ 2570 (L) (s — jwn)

(5.31)

Using Eq. (5.31) the transfer function for a8DSC5 45 16,32 Operator is given by Eq.
(5.32).

FIGURE 5.7: Structure of CDSC

The CDSC-PLL control block is shown in Fig. 5.8 which includes a delay op-
erator as compared to SRF-PLL. The delayed signal cancellation is applied to
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Vsa ap | v, dq
Vsbh— Ve CDsC Vq .
Vsc abc ap

FI1GURE 5.8: Block diagram of CDSC-PLL

af} co-ordinates of the voltage signals. After the implementation of CDSC block

the voltage signals are again transformed from o co-ordinates to d-¢g co-ordinates.

The three PLL techniques over viewed above are evaluated in the presence of differ-

ent grid conditions. The comparison between these three techniques is performed

under Matlab/Simulink environment. The nominal grid frequency is set to 50 Hz.

Three test cases are considered for performance evaluation. These test cases are

selected on the basis of possible disturbances that can occur in the grid voltage.

The main parameters for evaluation/comparison are the dynamic response and

filtering capability.

Test Case 1: In this test the grid voltage undergoes a +1 Hz frequency step
change. The performance index taken in this case is 2% settling time i.e.,
the time after which the estimated frequency reaches and remains within
0.02x1 Hz = 0.02 Hz. The frequency overshoot and peak phase error is also

calculated for performance evaluation.

Test Case 2: A phase angle jump of +40° is added at 0.1s to further evaluate
the techniques. The 2% settling time i.e., the time after which the phase
error reaches and remains within 0.02x40° = 0.8° is the main performance
index in this test. The phase overshoot and peak frequency error are also

calculated for performance evaluation.

Test Case 3: In this test the grid voltage is contaminated with the dc
offset (vqa.= -0.1 pu, vp4.= 0.1 pu, v.q.= 0.05 pu). The 2% settling time
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in case of frequency estimation and phase error approaching to zero degrees
is calculated. The overshoot in frequency and phase is also considered to

evaluate the performance of PLL techniques.

The grid voltages under three test conditions are shown in Fig. 5.9. Frequency
drift is shown in part a, phase jump in the grid voltage is shown in part b and part
¢ shows the presence of DC offset in the three phase grid voltages. The results
thus obtained under harmonics free grid voltage for the PLL techniques under
three test conditions are shown in Fig. 5.10. In each part frequency estimation
and phase error are plotted separately for each test condition. It is observed that
how quickly and accurately a PLL technique estimates frequency in case of a
step change. Furthermore in case of a phase angle jump the PLL techniques are
evaluated for quickly reducing the phasae error to zero.

Table 5.1 shows the results of PLL techniques for harmonics free grid voltage
under three test conditions. This table shows the settling time for each technique
in case of frequency and phase change. In addition to this overshoot in frequency
and phase and peak error in frequency and phase are also given to evaluate the

accuracy of techniques.
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FIGURE 5.9: Grid voltage test conditions (a) Frequency jump, (b) Phase jump,
(c) Presence of dc offset



Synchronization of Active Power Filter

85

Frequency (Hz)

Phase Error (deg)

52

511

49

58

[T ) S S—

SRF-PLL
........... MAF-PLL
= = =CDSC-PLL

Frequency (Hz)

L L
0.1 0.2

SRF-PLL
.......... MAF-PLL
- = =CDSC-PLL

0.3 0.4

SRF-PLL
........... MAF-PLL
= = =CDSC-PLL

Phase Error (deg)

-20

SRF-PLL
sessssses MAF-PLL

= = =CDSC-PLL

1 1
0.1 0.2 0.3 0.4 0.1

Time (s) 52
(a)

Frequency (Hz)

L L
0.1 0.2

L
0.3

AN o n s
—— T
¥
£

Phase Error (deg)

SRF-PLL
........... MAF-PLL

= = =CDSC-PLL

Lo Time (s)
(c)

0.3

0.4

FIGURE 5.10: Harmonics free grid voltage under (a) Frequency jump, (b) Phase
jump, (c) Presence of dc offset

TABLE 5.1: Summary of results (harmonics free grid voltage)

Test Case

SRF-PLL MAF-PLL CDSC-PLL

Frequency Jump of +1 Hz

2% Settling Time
Frequency Overshoot

Peak Phase Error

82.735 ms
1.07 Hz
2.46°

Phase Angle Jump of +40°

2% Settling Time
Phase Overshoot

Peak Frequency Error
Presence of dc Offset

124 ms
9.32°
3.69 Hz

2% Settling Time Frequency

2% Settling Time Phase
Frequency Overshoot

Phase Overshoot

3.82 Hz
3.129°

64.716 ms
0.53 Hz
5.3°

128.3 ms
19.61°
7.84 Hz

82.716 ms
97.6 ms
0.5 Hz
1.697°

9.573 ms
0 Hz
2.14°

65.4 ms
4.08°
1 Hz

16.63 ms
68.3 ms
1 Hz
5.38°

0.4
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It is observed from the simulation results that for test case 1 CDSC-PLL takes
less than a half cycle to settle down in estimating the frequency, whereas SRF-
PLL and MAF-PLL settle to frequency jump in more than four cycles and three
cycles respectively. The frequency overshoot and peak phase error of CDSC-PLL
is also less than the other two techniques. When a phase angle jump is added, the
performance of CDSC-PLL is again better among the three techniques in terms
of settling time. The phase overshoot and peak frequency error is again less than
the other techniques. For further evaluation, dc offset is added as per test case
3. In this case the CDSC-PLL has better dynamic response but the overshoot in
frequency and phase of CDSC-PLL is larger than SRF-PLL and MAF-PLL. In
this case the performance of SRF-PLL is greatly affected as it fails to settle down
to a change in frequency and phase.

The three tests are performed again by adding harmonics of the order 5, 7, 11, 13.
to the grid voltages and their parameters are listed in Table 5.2. The three phase
grid voltages contaminated with harmonics of the order 5, 7, 11, 13. are shown
in Fig.4.11. The simulation results for the PLL techniques in three test cases are
shown in Fig. 5.12. When a frequency jump is added at 0.1s the CDSC-PLL
again give a quick response in estimating the grid frequency and phase but the
filtering capability of SRF-PLL is reduced as compared to other techniques. The
MAF-PLL shows a very slow response in estimation of frequency and phase. The
addition of phase jump and dc offset to the grid voltage results in almost the same
behaviour in terms of dynamic response as in the case of harmonics free voltages
but in this case ripples appear in the response of SRF-PLL. The SRF-PLL has
failed to estimate frequency and phase in the presense of dc offset. The simulation
results obtained in this case are shown in Table 5.3.

The simulink model presented here can be tested for any pattern of harmonics
like even harmonics, triplen harmonics and interharmonics. Also the amplitude
of these harmonics can also be adjusted to see the behaviour of PLL techniques.
Moreover, the disturbances can be added at any instant of time during the sim-
ulation both independently and collectively. Thus the model can be used for

evaluation of PLL techniques under wide range of harmonics.
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TABLE 5.2: Parameters of Harmonics (5,7,11,13)

Voltage Component Amplitude (pu)
Fundamental positive sequence 1
Harmonic order (5) 0.1
Harmonic order (7) 0.1
Harmonic order (11) 0.1
Harmonic order (13) 0.05
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TABLE 5.3: Summary of results (harmonics order 5,7,11,13)

Test Case SRF-PLL

MAF-PLL CDSC-PLL

Frequency Jump of +1 Hz

2% Settling Time 84.837 ms

Frequency Overshoot 1.11 Hz

Peak Phase Error
Phase Angle Jump of +40°

2% Settling Time 141.2 ms

Phase Overshoot

Peak Frequency Error 3.87 Hz

Presence of dc Offset
2% Settling Time Frequency
2% Settling Time Phase

Frequency Overshoot 3.87 Hz

Phase Overshoot

70.97 ms
0.48 Hz
5.312°

137.3 ms
19.56°
6.62 Hz

88.09 ms

99.84 ms
0.35 Hz
1.698°

10.315 ms
0 Hz
2.19°

68.86 ms
4.14°
1 Hz

16.87 ms
69.26 ms
1 Hz
5.24°

The three tests are performed again by adding interharmonics to the grid voltage.

As stated earlier interharmonics are the harmonics with frequencies that are not

integer multiples of fundamental. The parameters of interharmonics are listed in

Table 5.4. It can be seen that low values are selected for amplitude of interhar-

monics as generally interharmonics have low amplitudes in real life. The three

phase grid voltages contaminated with interharmonics are shown in Fig. 5.13.

TABLE 5.4: Parameters of Interharmonics

Voltage Component

Amplitude (pu)

Fundamental positive sequence

Harmonic order (5.5)

Harmonic order (7.5)
5)
5

13.5)

(7.5
Harmonic order (11.
Harmonic order (13

1
0.04
0.04
0.03
0.03
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TABLE 5.5: Summary of results (Interharmonics)

Test Case SRF-PLL MAF-PLL CDSC-PLL

Frequency Jump of +1 Hz

2% Settling Time 83.89 ms 71.35 ms 10.152 ms
Frequency Overshoot 1.08 Hz 0.47 Hz 0 Hz
Peak Phase Error 2.55° 5.31° 2.25°

Phase Angle Jump of +40°

2% Settling Time 73.49 ms 142.83 ms 64.3 ms
Phase Overshoot 9.148° 19.61° 4.33°
Peak Frequency Error 3.86 Hz 5.66 Hz 1 Hz

Presence of dc Offset

2% Settling Time Frequency - 56.12 ms 16.3 ms
2% Settling Time Phase - 97.8 ms 59.38 ms
Frequency Overshoot 0.39 Hz 0.35 Hz 1 Hz
Phase Overshoot 6.345° 1.708° 5.48°

When a frequency jump is added at 0.1s the CDSC-PLL again give a quick response
in estimating the grid frequency and phase but the filtering capability of SRF-PLL
and CDSC-PLL is reduced as compared to MAF-PLL as indicated in the zoomed
view. The MAF-PLL shows a very slow response in estimation of frequency and
phase. The addition of phase jump and dc offset to the grid voltage results in
almost the same behaviour in terms of dynamic response as in the case of harmonics
free voltages but in this case ripples appear in the response of SRF-PLL and
CDSC-PLL. Also SRF-PLL is not able to estimate the frequency and phase in the
presence of dc offset.

The peak frequency and phase error in this case is also less for CDSC-PLL as
compared to other techniques. Similarly overshoot in frequency and phase is small
for CDSC-PLL in comparison to SRF-PLL and MAF-PLL. Simulation results
obtained in this case are shown in Table 5.5 and graphical results for the PLL

techniques in three test cases are shown in Fig. 5.14.
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5.4 Performance Evaluation of SAPF

In this section the shunt active power filter is evaluated both with and without the
synchronization feature. The dynamic behavior and preciseness of SAPF is highly
dependent on the algorithm used for reference current generation. Traditionally
time domain techniques are most widely used for this purpose. The p-q theory

does not require information of the voltage phase but the synchronous reference
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frame theory (d-q) is dependent on frequency and phase information. SRF the-
ory uses the conventional PLL to estimate frequency and phase that works well

under normal grid conditions but its performance is degraded by grid disturbances.

5.5 Testing Criteria

The main objective is to mitigate current harmonics present in the system due
to the connection of non-linear loads. The problem is that the presence of grid
disturbances results in inaccurate estimation of frequency and phase which further
afffects the accuracy of reference current generation technique.

In order to achieve the objective a modified synchronous reference frame trheory
has been developed by making changes in its frequency and phase estimation part.
The conventional theory uses SRF-PLL but here CDSC-PLL is used for frequency
and phase estimaation.

The CDSC-PLL has been tested for performance evaluation under the effects of
grid disturbances. The modified synchronous reference frame theory has also been
tested under frequency drift, phase angle variation and presence of DC offset.
SAPF has been evaluated first without the synchronization feature and further
tested using the modified control strategy to differentiate the working of SAPF

under grid disturbances.

5.5.1 IEEE Benchmark System

The TEEE benchmark system of [170] is used to generate different loading scenar-
ios. The benchmark system for active power filter consists of a power electronic
circuit and a digital controller. A three phase bridge rectifier is used as a non-
linear load and an RL load is connected across the bridge rectifier. Different load
combinations are selected for evaluation purpose as used by some IEEE journals

like [171] and [25] and are shown in Table 5.6.
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5.5.2 Simulation Results

The main parameter for performance evaluation/comparison used here is the THD
value of the compensated source current. For the purpose of investigating the im-
portance of synchronization of active power filters, the SAPF is simulated first by
generating the reference current using SRF theory. I. The disturbances in the grid
like frequency drift, phase angle jump and presence of DC offset do not increase
the harmonics in a signal but affect the estimation of frequency and phase which in
turn affects the extraction of reference current and has been proved by simulating
SAPF under grid disturbances. For the second case modified SRF theory is used
to generate the reference current with cascaded delayed signal cancellation tech-
nique implemented for phase and frequency estimation. In the first part of this
chapter the cascaded delayed signal cancellation technique has been proved to per-
form well to estimate the frequency and phase under adverse grid conditions. This
technique has shown a great accuracy and fast dynamic response under the effects
of frequency drift, phase angle variation and presence of dc offset. The reference
current is generated by using both the techniques under normal and adverse grid
conditions. For testing under adverse grid conditions a frequency drift, dc offset
and phase angle variation is created in the source voltage using a programmable

voltage source.

5.5.2.1 Simulink Models

The Simulink model of SAPF is shown in Fig. 5.15. In this model a three phase
non-linear load is connected to a three phase AC source and SAPF is connected
at the point of common coupling. The reference current block, synchronization
block and current injection controller are build as sub systems. In the first step
reference current is generated and in the second step this current is fed to the
current injection controller to generate gate pulses of VSI. This process results in
a harmonics free source current. PI control is implemented for regulation of DC

link voltage.
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In Fig. 5.16 simulink model of CDSC-PLL shows five single DSC blocks cascaded.
Voltage in abc coordinates is converted to af coordinates and are fed to CDSC
block. The output of CDSC block is connected to the park’s transformation block
to get the dq components of voltage.

Modified synchronous reference frame theory is shown in Fig. 5.17. A three phase
non-linear load is connected to a three phase AC source and distorted source
current is fed to the transformation block of SRF theory. In the conventional
theory SRF-PLL is used for estimation of frequency and phase. Modification is
made by using CDSC-PLL structure inside the synchronous reference frame theory
and is highlighted in the model. Three phase source voltage is firt converted from
abc reference frame to af frame and then connected to the CDSC-PLL block
to estimate frequency and phase and give this information to the transformation
block to generate the dq components. Inverse transformation is used to get the
reference current in abc coordinates.

Fig. 5.18 shows the simulink model of SRF-PLL. Three phase voltage components
in abc frame are converted to af frame and further converted to dq components
by the park’s transformation block. Frequency of the grid voltage is estimated
by adding the nominal frequency and output of the PI controller. This signal is
integrated to get the phase angle. Simulation parameters are summarized in Table

5.6.

For case 1 of simulation an RL load is connected across the three phase bridge
rectifier the resulting current waveform is shown in Fig. 5.19. Fig. 5.20 shows the
reference current for all the three phases generated by using modified SRF theory.
After the injection of this reference current we get a sinusoidal current waveform

and is shown in Fig. 5.21.

For the second case of simulation another RL load with different values is con-
nected to the source and the resulting waveform is shown in Fig. 5.22. Simulations
are repeated using the modified control strategy and the corresponding reference
current for load 2 is shown in Fig. 5.23. Furthermore Fig. 5.24 shows the com-
pensated source current waveform. Finally Load 3 is connected to the three-phase

AC source and the resulting waveforms are shown in Fig. 5.25, Fig. 5.26 and
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TABLE 5.6: Simulation Parameters

Elements Parameter Value

AC Source RMS line-line sup- | 380 V
ply voltage

Supply frequency 50 Hz
SAPF Dc link voltage ref- | 800 V

erence

Dc link capacitor | 2200 F
Cdc

Filter inductance 18 mH

Non-linear load | Three-phase diode | ——

rectifier

Load 1 460 €2, 10 mH

Load 2 360 €2, 15 mH

Load 3 30 €2, 18 mH, 200 uF

TABLE 5.7: THD of Load Currents

Load % THD
Load 1 27.45
Load 2 30.61
Load 3 35.06

Fig. 5.27. The parameters of load are shown in Table 5.6 and their corresponding
THD values are shown in Table 5.7. Load 1 is just an RL load connected across
the three phase bridge rectifier. Load 2 is the same combination but with larger
values and load 3 is a cobination of R, L and C connected across the three phase
bridge rectifier. The aim is to evaluate the SAPF under variable loads and various
grid disturbances to validate its effectiveness. The grid disturbances can be added
using a programmable three phase voltage source which provides the option of

adding step change of frequency, phase and amplitude.
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5.6 Analysis of Results

The results thus achieved after implementation of both configurations of SAPF
are summarized in Table 5.8. Disturbances in the grid are created through a pro-
grammable voltage source such as + 3Hz drift in frequency, +10° phase angle

jump and dc offset. SAPF is first simulated by implementing the pq theory for
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reference current generation and evaluating it under both normal and adverse grid
conditions. Under disturbance free grid voltage THD of the source current reduces
to a value under the limits of IEEE-519 standard for different loading scenarios.
Simulations are carried out again under the effects of frequency drift, phase angle
jump and presence of DC offset and the results in all three cases of load show that
THD of the compensated source current increases considerably.

In the next phase SAPF has been simulated using the modified control strategy for
reference current generation under both grid voltage scenarios. The shunt active

power filter has been simulated for all the three load cases and it is concluded that
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FIGURE 5.21: Source Current Waveform for Load 1.

performance of SAPF does not degrade under grid disturbances and THD of the
source current is reduced to a value well within IEEE-519 standard. Finally for

validation of results the proposed technique is compared with some previous work
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and is shown in 5.9 and it is verified that the proposed work is better in terms of

THD reduction than the compared work.
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TABLE 5.8: Summary of Results

Test Case Compensated % Compensated

THD without syn- % THD  with

chroniztion feature synchroniztion

feature

Load 1 | Load 2 | Load 3 | Load 1 | Load 2 | Load 3
Normal Grid 3.63 5.01 6.21 1.47 1.65 1.89
condition
Frequency 5.99 7.28 8.81 1.70 1.84 2.01
jump of +3 Hz
Pretense of | 9.44 17.16 19.67 3.13 4.84 4.91
DC offset
Phase angle | 9.70 18.21 20.31 2.92 2.97 3.11
jump of +10°

TABLE 5.9: Comparison with Previous Work

Technique THD before Com- | THD after Com-
pensation pensation

[61] using ANN and | 27.02% 2.39%

SRF technique for

RL Load

[172] using SRF tech- | 16.6% 2.54%

nique for RL Load

Proposed Technique | 27.45% 1.47%

for RL Load
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5.7 Summary

In initial part of this chapter a brief overview of phase locked loop techniques
is presented. Three techniques have been compared for performance evaluation
under adverse grid conditions including SRF-PLL, MAF-PLL and CDSC-PLL. In
the later part SAPF is investigated for its synchronization feature. Modified syn-
chronous reference frame theory is applied for reference current generation . The
modification is made by using CDSC-PLL technique for estimation of frequency
and phase instead of the conventional PLL technique. The results are compared
with the pq theory based SAPF. It is observed that both configurations worked
well under normal grid conditions but in the presence of grid disturbances, the

proposed strategy of SAPF has shown much better performance.



Chapter 6

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.

6.1 Conclusion

This thesis works on the mitigation of current harmonics due to the presence of
non-linear loads under distorted grid conditions using shunt active power filter.
Shunt active power filter is divided into two main parts, reference current gen-
eration and current injection. In this perspective different control strategies are
being used to enhance the compensation performance of three phase shunt active
power filter. A comprehensive review of these techniques is presented. Findings
of the researchers and issues observed in different control techniques have been
identified. Synchronization of active power filters and its importance for reference
current generation has been deeply investigated and contributions are made in
this part of active power filtering. Among the discussed techniques, d-q theory
requires frequency and phase information for which it uses the conventional PLL
technique. In this theory the accurate estimation of frequency and phase is very
important for generation of precise reference current. Theoretically explained ref-

erence current generation techniques are being evaluated by adding the reference

102
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current to the load current to get the sinusoidal waveform.

Three control techniques including single band hysteresis current control, double
band hysteresis current control and sliding mode control are studied and evaluated
for their current injection ability. Among the three techniques sliding mode con-
trol has been proved as the best technique for generating the gate pulses of voltage
source inverter. Phase locked loop techniques are investigated for estimation of
frequency and phase under various grid disturbances.

After the evaluation of PLL techniques it is proved that CDSC-PLL has best re-
sults in terms of settling time of 10.315 ms, peak phase error of 2.19 degrees and
peak frequency error of 1 Hz.

A modified synchronous reference frame theory has been developed for generating
the reference current. The conventional theory uses SRF-PLL for estimation of
frequency and phase. It has been proved that in the presence of grid disturbances
SRF-PLL has a settling time of 84.837 ms, peak phase error of 2.89 degrees and
a peak frequency error of 3.87 Hz and in the presence of DC offset it is not even
able to estimate frequency and phase. In the modified theory CDSC-PLL is used
for estimation of frequency and phase. Shunt active power filter has been evalu-
ated using the modified synchronous reference frame theory for reference current
generation under a frequency drift of 3 Hz, phase angle jump of 10 degrees and a
DC offset of 0.1 pu. These disturbances affects the generation of reference current
as proved by the results of SRF theory. For validation of results the proposed con-
trol strategy has been compared with the SAPF using the pq theory for reference
current generation. Both the strategies have been evaluated under both normal
and adverse grid conditions. Results conclude that SAPF using the pq theory
shows satisfactory performance under normal grid conditions but in the presence
of grid disturbances THD of the compensated source current goes to a value of
20.31%. On the other hand the proposed technique shows better results in terms
of THD reduction and achieves THD values of 2.01, 4.91 and 3.11 in the three
cases of grid disturbances which comply with the IEEE-519 standard thus also
proving robustness of SAPF. Results also proves the accuracy of modified theory

in generating the reference current under the effects of grid disturbances.
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6.2 Suggestions for Future Work

The research work presented in this dissertation 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.

e 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.
e This study can be extended to 3-phase 4-wire distribution systems.

e This research focuses on the fundamental theoretical problems rather than
the hardware implementation. The proposed active filter could be experi-

mentally verifed by developig prototype.

e The proposed work can be applied in applications that contain interharmon-
ics, such as speed drives of shipboard power systems and grid connected PV

inverters.

e The proposed work can also be applied for ripple factor reduction in HVDC

systems with higher current and voltage ratings.
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