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ABSTRACT

KEYWORDS: DSTATCOM; Discret wavelet transform; Power quality; Harmonic

compensation

With the increasing use of adjustable speed drives, diodes and thyristor rectifiers, com-

puters and their peripherals and other nonlinear devices, harmonic pollution is created in

the power distribution system. Such harmonics create more voltage and current stress,

electromagnetic interference, more losses, harmonic resonance, etc. The use of induc-

tion motors and similar reactive power loads result in poor power factor and hence more

line losses in the system. Unevenly distributed loads among the three phases cause in-

creased neutral current in the distribution system. Conventionally These problems are

counteracted by the using passive filters. Although the passive filters have the advan-

tages of low cost and losses, they have the problems of harmonic resonance with the

source and/or the load. Moreover, they need to be tuned properly to take care of a

wider frequency range. In this situation, the promising solution is to use shunt active

power filter, also called as distribution static compensator (DSTATCOM) The voltage

source inverter (VSI) has to feed the right nature of compensating current for any active

power filter (APF). Selection of control strategy for calculating the reference compen-

sator currents plays a vital role in the operation of DSTATCOM. Various methods have

been proposed in the literature for harmonic analysis Wavelet Transform (WT) which

has certain advantages is preferred. Discrete Wavelet Transform (DWT) is used for the

extraction of fundamental frequency component of voltage and current signals. The

extracted signal is subtracted from the actual current giving the total harmonic contend

present which has to be compensated by DSTATCOM. Discrete Wavelet Transform

(DWT) is used to extract the phase information from the analyzed signal. The extracted

Phase information is used to detect any sag/swell occurred in voltage and to calculate the

reactive power which has to be supplied by the VSI for the power factor improvement.

Unbalance in the three phase loads is compensated by applying the concepts of sym-

metrical components in wavelet domain. Detailed simulation studies and comparison

ii



of results with Complex Wavelet transform are presented. In this project, detection and

characterization of power quality disturbances using wavelet transform based technique

is discussed. A new strategy for reference currents extraction which utilizes DWT is

proposed for compensating major power quality disturbances using DSTATCOM. Sim-

ple, fast and non redundant nature of DWT is examined by simulation studies using

Matlab/Simulink.
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CHAPTER 1

INTRODUCTION

Quality and reliability of power supply in the distribution system has been gaining im-

portance due to the increased usage of equipments causing disturbances in the system.

Power electronic switching devices used in uninterrupted power supply (UPS), switched

mode power supply (SMPS), adjustable speed drives (ASDs), uncontrolled rectifiers

etc, cause distorted source currents in the distribution system. These non-linear loads

along with reactive and unbalanced loads have created an adverse effect on the quality

of power supplied by the utility such as large neutral current, overheating of transformer

and other electrical equipments,excessive ground to neutral voltage and increased rat-

ing of the source. Any fault in the power system results in the PQ issues like voltage

sag, swell, unbalances, transients, flicker, etc which in turn cause stoppage or damage

of sensitive equipment,malfunction of information technology equipment, namely mi-

croprocessor based control systems (PCs, PLCs, ASDs, etc), disconnection and loss of

efficiency in electric rotating machines, etc [1].

To alleviate these power quality (PQ) issues, passive filters have been used conven-

tionally [2]. They are basically combination of L and C elements tuned for a particular

frequency [3]. Although passive filters have the advantages of low cost and losses,they

have the problems of harmonic resonance with the source and/or the load. The com-

pensation characteristics heavily depend on the system impedance because the filter

impedance has to be smaller than the source impedance in order to eliminate source

current harmonics. Moreover, they need to be tuned properly to take care of a wider

frequency range.For eliminating multiple harmonic components, individual filters have

to be installed. They are not suitable for variable loads, since, on one hand, they are

designed for a specific reactive power, and on the other hand, the variation of the load

impedance can detune the filter. Overloads can happen in the passive filter due to the

circulation of harmonics coming from nonlinear loads connected near the connection

point of the passive filter [5]. These difficulties make the passive filter less attractive

and use of active power filters becomes important in this scenario.



1.1 Active Power Filters

Active filters are simply power electronic converters, specifically designed to inject

harmonic current with equal magnitude and opposite phase. This idea was proposed

during 1970s, but because of the technological limitation in power system and signal

processing units, it was not brought into practice during those periods. In recent years,

active power filters have been researched and developed to compensate harmonics gen-

erated by static power converters and large capacity power apparatus [4]. Attention has

been paid to the active power filter using switching devices such as power transistors,

gate turn-off (GTO) thyristors, and static induction (SI) thyristors, which have made

remarkable progress in capacity and switching performance. The concept was imple-

mented using Insulated Gate Bipolar Transistors (IGBT) and new generation digital

signal processors (Akagi,1994). Active power filters can compensate the wider range

of harmonics as well as the reactive power required for the load. The basic functions of

active filters can be summarized as,

• Eliminating voltage and current harmonics

• Reactive power compensation

• Regulating terminal voltage

• Compensating the voltage flickering

• Improving voltage balance in three-phase systems

The active filter can be divided into a power circuit and signal circuit. The power

circuit produces the required current or voltage to be injected into the point of common

coupling (PCC). The main component of a power circuit is a voltage source inverter

(VSI) with a dc storage capacitor. The VSI is made of power electronic switches such

as IGBT. The signal circuit provides the required switching pulses for the VSI. The VSI

is connected to the system through a coupling inductor.

The wide range of objectives of active filter can be achieved either individually or in

combination, depending upon the requirements and control strategy and configuration

which have to be selected appropriately [6].
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1.2 Classification of Active Filters

Based on topology, the active power filters are classified as follows

• Shunt active power filter

• Series active power filter

• Hybrid power filter

• Unified power quality conditioner (UPQC)
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Figure 1.1: Schematic diagram of (a) Shunt active power filter (b) Series active power
filter (c) Series active and shunt passive power filter (d) Unified power qual-
ity conditioner.

1.2.1 Shunt Active Power Filter

The APF connected in shunt with the load bus is called as distribution static compen-

sator (DSTATCOM). It has been introduced as a solution to overcome the power quality
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problems caused by nonlinear reactive and unbalanced loads [7]. Schematic diagram

of DSTATCOM is shown in Fig. 1.1(a). It consists of a voltage source inverter (VSI)

operated in either current control mode (CCM) or voltage control mode (VCM), sup-

ported by dc link capacitor (Cdc) which keeps the DC voltage constant and acts as a

storage device to provide real power difference between load and source during tran-

sient. Compensation current is injected through interfacing filter (Lf ) connected at the

point of common coupling (PCC). When the VSI is operated in CCM, DSTATCOM

supplies reactive, harmonics, and unbalances in the load currents to make source cur-

rents balanced, sinusoidal and in-phase with the respective phase voltages.

1.2.2 Series Active Power Filter

The APF connected in series with the feeder is called as dynamic voltage restorer

(DVR). Schematic diagram of DVR is shown in Fig. 1.1(b). It consists of a VSI, a

series injection transformer, and a passive filter (Lse and Cse) to eliminate high switch-

ing frequency component of VSI [8]. The series interconnection is required to allow

the injected voltage by the series transformer to add to the utility system voltage. The

sum of the line voltage and the inserted voltage becomes the restored voltage seen by

the critical load.

1.2.3 Hybrid Active Filter

Advantages of both active filter and passive filter can be combined by using a hybrid

active power filter. Since the active power filter requires higher voltage/current switches

for medium/high power applications, hybrid filter is introduces to address this issue [9].

Several configurations of hybrid active filter have been proposed [10]-[11]. One such

a configuration is given in Fig. 1.1(c). In hybrid filter, a lower rating active filter is

added in series with the passive filter, having the merit of operating the active filter at a

convenient voltage and current [12].
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1.2.4 Unified Power Quality Conditioner

Unified power quality conditioner (UPQC) is a combination of series and shunt active

power filters. Schematic diagram of UPQC is shown in Fig. 1.1(d). UPQC has the

capability to compensate supply voltage flicker, sag, swell, load reactive power, voltage

and current unbalance and harmonics in voltage and current. It consists of a control unit

and power circuit. Voltage and current disturbance detection, reference signal genera-

tion, gate pulse generation and voltage/current measurement are done by control unit.

Power circuit consists of two VSI, standby and system protection systems, injection

transformers and harmonic filters. Though UPQC is considered as one of the most

powerful equipment to mitigate all the power quality issues, it has the main drawback

of large cost and control complexity because of the more number of solid state devices

involved.

1.3 Motivation

From the above discussions, it is clear that various power conditioning devices have

been proposed in order to mitigate the power quality issues. Among the various choices

available in devices, DSTATCOM is chosen as the compensating device due to the

less control complexity and cost compared to other devices. The main aspects in the

realization of the DSTATCOM are

• control strategy selection for generation of reference currents to the compensator

• selection of suitable topology for Voltage Source Inverter (VSI)

• selection of switching control strategy for the VSI to realize the compensator
currents

Out of these aspects, this thesis focuses on the selection of control strategy for the

compensator. One of the major part of any active filter set up is the control algorithm to

calculate the instantaneous value of reference signal. The algorithm should have good

steady state and transient response. The present work focuses on the control algorithm

for DSTATCOM. Most of the control algorithms available in the literature are time do-

main based methods and fail at certain disturbances such as system frequency variation,

unequal disturbances in all phases etc. This project proposes a new control algorithm

for DSTATCOM, which addresses these issues.
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1.4 Objectives and Scope

The main areas focused in this project are detection and estimation of power quality dis-

turbances and power quality enhancement using DSTATCOM in a distribution system.

Following are the objectives of this research work:

• A suitable reference current generation algorithm needs to be explored for the
DSTATCOM, which can exhibit additional advantages as compared to conven-
tional methods. The new method should allow DSTATCOM to tackle power
quality issues by providing power factor correction, harmonic elimination and
load balancing based on the load requirement.

• Huge advancements achieved in the computing technology and information the-
ory need to be utilized in order to mitigate the power quality disturbances. Taking
advantages of newly emerging Wavelet Transform based techniques, which could
be used as a complete solution for the power quality issues, a novel control algo-
rithm has to be developed.

• Based on Wavelet Transform, an algorithm has to be developed for accurate esti-
mation of voltage and current harmonics. The developed method should have less
computational burden for real-time implementation in a digital signal processor.

• WT based methods have been used only for the detection and classification of
power quality disturbances and compensation of harmonics In addition to these,
possibilities of compensation of reactive power as well as unbalances in load have
to be explored.

• Validation of WT based methods has to be conducted using online simulation
studies.

1.5 Organization of the Thesis

Chapter 1 explains different power filters used in the power distribution system. A

brief description of structure and classification and comparison of various power filters

have been presented in this chapter. Finally, motivations and objectives of the thesis are

explained.

Chapter 2 provides a detailed literature survey of various power quality issues com-

monly occurring in the distribution system. Design and structure of DSTATCOM have

been discusses in detail and different time based reference quantity generation algo-

rithms are also presented in this chapter.
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Chapter 3 given an introduction to the vast wavelet analysis. Mathematical aspects

of wavelet analysis are discussed and a brief comparison of Discrete and Continu-

ous Wavelet Transform has been made in this chapter. Advantages and applications

of wavelet analysis in power quality area are presented in detail.

Chapter 4 discusses proposed wavelet based reference current generation techniques.

The new algorithm can be used for the harmonic compensation and phase extraction

of sinusoid waveforms. The proposed method is compared with the existing methods

and accuracy of the proposed method is discussed. Positive sequence extraction of the

extracted fundamental is done using wavelet technique and load unbalances are com-

pensated this extracted waveform.

Chapter 5 discusses the simulation results. The performance of the proposed algo-

rithm for the DSTATCOM is verified with the help of simulation results.

Chapter 6 discusses the conclusion and future scope of work.
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CHAPTER 2

LITERATURE REVIEW

Power quality has emerged as a topical issue in power systems in the 1990s when it

started to influence the working of high technology equipments related to automation,

communication, process control and precise manufacturing technique. The recent thrust

on extracting power from renewable energy sources (RESs) calls for extensive studies

on power filters to make the renewable energy green and clean (i.e., free from harmon-

ics). Introduction of strict legislation such as IEEE519 limits the maximum amount of

harmonics that a supply system can tolerate for a particular type of load [13]. There-

fore development of more sophisticated instruments for measuring power quality dis-

turbances and the use of new methods in processing and analyzing the measurements

became essential. Fourier theory has been the core of many traditional techniques and

it is still widely used today. However, it is increasingly being replaced by newer ap-

proaches notably wavelet transform and especially in the post-event processing of the

time-varying phenomena. This project reviews the use of wavelet transform approach

in processing power quality data using DSTATCOM. Different power quality terms,

DSTATCOM configurations and control methods are briefly described in this chapter

2.1 Power Quality Issues

Power quality issues can be divided into two broad categories of time-varying and

steady-state (or intermittent) events. Time varying events include

• Voltage transients

• Dips

• Swells

• Interruptions

They normally occur for a brief period of time (several milliseconds), but are often

severe enough to cause fatal disruptions to many electrical loads. Voltage dips lasting



5-6 cycles are known to cause malfunction to programmable logic controller (PLC) in

factories.

Steady state events include

• Voltage unbalances

• Harmonic and interharmonic distortions

• Voltage fluctuation

• Notching

• Noise

These steady-state phenomena would act subtly over a certain period of time before

intolerable condition surfaces. Harmonic voltage causes additional stress on equipment

insulation which results in shortening of their useful life. The eventual insulation break-

down often occurs after the equipment is being subjected to the distortion over extended

period of time.

2.1.1 Voltage Transient

Voltage transient is said to have occurred when the voltage varies rapidly between two

consecutive steady states for short duration of time. It can be a unidirectional impulse

of either polarity or a damped oscillatory wave with the first peak occurring in either

polarity. Transients are categorized as either impulse or oscillatory. Impulse transients

typically have a fast rise time, a fairly rapid decay, and a high energy content, rising to

hundreds and even thousands of volts. Their duration can be from a few microseconds

up to 200 microseconds. Oscillatory transient has a fast rise time, oscillations that decay

exponentially, and lower energy content than impulse transients (250 V to 2,500 V).

2.1.2 Voltage Sag

Voltage sag is the decrease in normal voltage level between 10 and 90 percent of nomi-

nal voltage for one-half cycle to one minute [13]. It is usually associated with faults in

consumers’ installation or distribution network, starting of heavy motors and switching

of large loads. It results in the malfunction of microprocessor based systems like PCs,

PLCs, ASDs and disconnection and loss of efficiency in electric rotating machines.
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2.1.3 Voltage Swell

Voltage swell is the increase in rms voltage at the power frequency for durations from

0.5 cycles to 1 min [13]. It is associated with system faults such as line to ground

faults and large load switching off and a capacitor bank switching on. Swell duration

is subdivided into three categories, namely instantaneous, temporary, and momentary

which coincide with the three categories of sag and interruption.

2.1.4 Interruption

It is classified by IEEE 1159 into either a short-duration or long-duration variation (Sus-

tained interruptions). They are measured and described by their duration since the volt-

age magnitude is always less than 10 per cent of nominal. Short-duration interruption

is defined as the decrease in the voltage supply level to less than 10 percent of nominal

for up to one minute duration [13]. It results from re-closing of circuit breakers or re-

closers attempting to clear non-permanent faults, first opening and then re-closing after

a short time delay. Long duration interruption is defined as the decrease in the voltage

supply level to zero for more than one minute. Sustained interruptions are often perma-

nent in nature and require manual intervention for restoration. These interruptions are

usually caused by permanent faults due to storms, trees striking lines or poles, utility

or customer equipment failure in the power system or misco-ordination of protection

devices. Consequently, such disturbances would result to a complete shutdown of the

customer facility.

2.1.5 Voltage Unbalances

Voltage Unbalance is defined by IEEE as the ratio of the negative or zero sequence

component to the positive sequence component [13]. In simple terms, it is the voltage

variation in three phase system in which the three voltage magnitudes or the phase angle

differences between them are not equal. It follows that this power quality problem

affects only poly-phase systems (e.g. three-phase). The utility can be the source of

unbalanced voltages due to malfunctioning equipment, including blown capacitor fuses,

open-delta regulators, and open-delta transformers. It can also be caused by uneven

11



single-phase load distribution among the three phases - the likely culprit for a voltage

unbalance of less than 2%. The main effect of voltage unbalance is motor damage

from excessive heat. Voltage unbalance can create a current unbalance 6 to 10 times

the magnitude of voltage unbalance. Unbalance in the system implies the existence of

negative sequence that is harmful to all three phase loads.

2.1.6 Harmonic Distortions

Harmonics are described by IEEE as sinusoidal voltages or currents having frequencies

that are integer multiples of the fundamental frequency at which the power system is

designed to operate. Harmonic distortion levels can be characterized by the complete

harmonic spectrum with magnitudes and phase angles of each individual harmonic com-

ponent. Total Harmonic Distortion (THD) is also common to use as a measure of the

effective value of harmonic distortion. They exist due to the nonlinear characteristics

loads and devices on the electrical power system. Electric machines working above the

knee of the magnetization curve (magnetic saturation), arc furnaces, welding machines,

rectifiers, and DC brush motors also inject harmonic components into the system. It

has become an increasing concern for many end-users and for the overall power system

because of the growing application of power electronics equipment. Harmonics primar-

ily result in the significant overheating of equipment, cables and wires. High harmonic

level in the system causes neutral overload in 3-phase systems, electromagnetic interfer-

ence with communication systems and loss of efficiency in electric machines, increased

probability in occurrence of resonance

2.1.7 Voltage Fluctuation

Voltage Fluctuations are described by IEEE as systematic variations of the voltage

waveform envelope, or a series of random voltage changes, the magnitude of which

falls between the voltage limits set by ANSI C84.1. The most important effect of this

power quality problem is the variation in the light output of various lighting sources,

commonly termed as Flicker. Voltage fluctuations are generally caused by loose or cor-

roded connections at either the house or on the power lines, and are often noticed by

flickering lights.Equipment or devices that exhibit continuous, rapid load current vari-
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ations (mainly in the reactive component) can also cause voltage fluctuations and light

flicker. It can affect the production environment by causing personnel fatigue and lower

work concentration levels. In addition, voltage fluctuations may subject electrical and

electronic equipment to detrimental effects that may disrupt production processes with

considerable financial costs.

2.1.8 Notching

Voltage notching is described as a recurring power quality disturbance due to the nor-

mal operation of power electronic devices (i.e. rectifier), when current is commutated

from one phase to another. It is primarily caused by three-phase rectifiers or converters

that generate continuous DC current. Voltage Notches introduce harmonic and non-

harmonic frequencies that are much higher than those found in higher voltage systems.

Since these frequencies are in the radio frequency range, they cause negative operational

effects, such as signal interference introduced into logic and communication circuits. In

addition, the voltage notching effect may overload electromagnetic interference filters,

and other similar high-frequency sensitive capacitive circuits.

2.1.9 Noise

Noise is defined as the unwanted electrical signals with broadband spectral content

superimposed on the waveform of power system frequency. Television diffusion, radia-

tion due to welding machines, electromagnetic interference due to microwaves, control

circuits and switching power supplies can cause noise in the power system. Improper

grounding can also be the reason of noise. It causes disturbances on the sensitive equip-

ments, data loss and data processing errors.

2.2 DSTATCOM - Design and Control

Various power quality problems have been discussed in section 2.1. DSTATCOM can

be used to mitigate both current and voltage related power quality problems based on

the mode of operation. This project focuses on the mitigation of current related issues
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using DSTATCOM by operating it in current controlled mode (CCM).

2.2.1 Structure and Operation of DSTATCOM

The power circuit diagram of a three phase four wire neutral point clamped VSI topol-

ogy based DSTATCOM connected in a distribution system is given in Fig. 2.1. In

this figure, vsa, vsb and vsc are source voltages of phases a, b and c, respectively. The

loads, source, and compensator together are connected at the PCC. The source currents

in three phase are represented by isa, isb and isc, load currents are represented by ila,

ilb and ilc. The VSI currents are denoted by ifa, ifb, ifc in respective phases. The in-

terfacing inductance and resistance of the shunt active filter are represented by Lf and

Rf respectively. The shunt capacitor (Cf ), connected at the load terminal, absorbs the

higher switching harmonics present in the filter currents. The dc link capacitor keeps

the DC voltage constant and acts as a storage device to provide real power difference

between load and source during transient [14].

2.2.2 DC Capacitance (Cdc)

The value of DC capacitor is determined either based on the instantaneous energy-

balance concept, or on the mitigation oscillations possibility of continuous bus voltage

imposed by the lower order harmonics or unbalanced of linear/non-linear loads [22].

The capacitor needs to supply the real power demand of the load until the capacitor

voltage controller comes into action. This transfer of real power during the transient

will result in deviation of capacitor voltage from its reference value. Let Emax be the

maximum energy that the capacitor has to supply in the worst case of transient. This

energy will be equal to change in the capacitor stored energy. Therefore,

1

2
Cdc
(
V 2
dcref − V 2

dc

)
= Emax (2.1)

where Vdcref and Vdc are reference dc bus voltage and maximum allowed voltage during

transients respectively. Consider the voltage controller takes p cycles i.e., p T seconds

to act, where T is system time period. Let total load rating is S kVA. Hence, maximum
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energy exchange by compensator during transient will be p S T . Hence

Cdc =
2 p S T

V 2
dcref − V 2

dc

. (2.2)

2.2.3 Filter Inductance(Lf )

The value of the filter inductance is chosen such that it should allow a high rate of

change of current to all harmonics, and limit higher frequency switching components.

A compromised value is determined from the constraint on the maximum ripple current,

∆I (p−p) max. In a six-switch converter, the maximum ripple current occurs at the zero-

crossings of the fundamental frequency component of the output voltage. Hence the

inductance can be calculated as:

Lf =
Vdc

6fs∆I(p−p)max

(2.3)

Objective of the DSTATCOM in CCM is to inject the appropriate fundamental reactive

current to

• Compensate the load harmonic currents to make source currents sinusoidal.

• Compensate the reactive component of load currents to make power factor at the
PCC unity.

• Compensate load unbalance to make source neutral current zero.

DSTATCOM can inject either leading or lagging fundamental reactive current to

maintain the load voltage constant. If the source voltage decreases, DSTATCOM acts

like a capacitor load and injects reactive current. If the source voltage increases, DSTAT-

COM acts as an inductor and draws the reactive current from the source to improve the

load voltage.

2.3 Reference Quantity Generation Strategies for DSTAT-

COM

Control strategy for the generation of reference quantities determines the desired oper-

ation and behavior of DSTATCOM. There are several power theories available in the
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existing literature [15]-[21] Most commonly used theories include

• Instantaneous reactive power theory [16]-[18]

• Synchronous reference theory [23]

• Instantaneous symmetrical components theory [21]

2.3.1 Instantaneous Reactive Power Theory

Instantaneous reactive power theory was proposed by Akagi et.al. in 1983-84 and is

also called pq theory. This theory aims at developing a mathematical formulation for the

realization of reference currents using instantaneous reactive power in the load. Instan-

taneous values of voltage and current are used to calculate he compensating quantities.

Clarke transformation has been used to transform the abc phase voltages and currents

to the stationary α - β axis as given in Fig. 2.2 and represented by following equation:


vα

vβ

v0

 =

√
2

3


1 −1

2
−1

2

0
√

3
2
−
√

3
2

1√
2

1√
2

1√
2



va

vb

vc

 ;


iα

iβ

i0

 =

√
2

3


1 −1

2
−1

2

0
√

3
2
−
√

3
2

1√
2

1√
2

1√
2



ia

ib

ic

 . (2.4)

The instantaneous real power is defined as product of instantaneous voltage on one axis

and instantaneous current on the same axis, is given as

p = vαiα + vβiβ. (2.5)

The instantaneous reactive power is defined as cross product of the instantaneous

voltage in one axis and the instantaneous current in the other axis, given as

q =
→
vα ×

→
i β +

→
v β ×

→
i α= vαiβ − vβiα. (2.6)

Using (2.4) and (2.6), instantaneous reactive power in abc coordinates is given as

q = − 1√
3

[(va− vb)ic + (vb− vc)ia + (vc− va)ib] = − 1√
3

[vabic + vbcia + vcaib]. (2.7)
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Figure 2.1: Power circuit diagram of DSTATCOM.
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Figure 2.2: abc to αβ transformation.

From (2.5) and (2.6), instantaneous real and reactive powers in αβ- coordinates can

be expressed in the following matrix form:p
q

 =

 vα vβ

−vβ vα

iα
iβ

 . (2.8)

(2.8) is arranged as follows:

iα
iβ

 =

 vα vβ

−vβ vα

−1 p
q

 =
1

v2
α + v2

β

vα −vβ
vβ vα

p
q

 =

iαp
iβp

+

iαq
iβq

 . (2.9)

17



where:

α- axis instantaneous active current iαp = vαp/(v2
α + v2

β)

α- axis instantaneous reactive current iαq = −vβq/(v2
α + v2

β)

β- axis instantaneous active current iβp = vβp/(v2
α + v2

β)

β- axis instantaneous reactive current iβq = vαq/(v2
α + v2

β).

The instantaneous power in the α - axis and β - axis are defined as follows:pα
pβ

 =

vαiα
vβiβ

 =

vαiαp
vβiβp

+

vαiαq
vβiβq

 . (2.10)

p =
v2
α

v2
α + v2

β

p+
v2
β

v2
α + v2

β

p+
−vαvβ
v2
α + v2

β

q +
vαvβ
v2
α + v2

β

q. (2.11)

p = pαp + pβp + pαq + pβq = pα + pβ (2.12)

where

α- axis instantaneous active power pαp = v2
αp/(v

2
α + v2

β)

α- axis instantaneous reactive power pαq = −vαvβq/(v2
α + v2

β)

β- axis instantaneous active power pβp = vβp/(v2
β + v2

β)

β- axis instantaneous reactive power pβq = vαvβq/(v2
α + v2

β).

Using (2.8), the filter current components in terms of its powers and voltages can be

expressed as in the following:

i∗fα
i∗fβ

 =

 vα vβ

−vβ vα

−1 pf
qf

 (2.13)

where i∗fα and i∗fβ are the reference filter currents, pf and qf are the powers to be com-

pensated. Instantaneous active and reactive powers p and q can be decomposed into an

average and an oscillatory component. p = p̄+ p̃ and q = q̄ + q̃. The terms p̄ and p̃ are

the average and oscillatory components of the p, whereas q̄ and q̃ are the average and

oscillatory components of the q.
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By selecting pf = p̃ and qf = q̄ + q̃, the instantaneous harmonic active current,

instantaneous fundamental reactive current and instantaneous harmonic reactive current

can be compensated. Because of the instantaneous reactive currents, the displacement

factor is unity in both steady state and transient states.

2.3.2 Synchronous Reference Frame Theory

The synchronous reference frame (SRF) theory or dq theory is based on the transfor-

mation of currents in synchronously rotating dq frame. The basic structure of SRF con-

troller consists of direct dq and inverse dq Park transformations. The reference frame

transformation is formulated from a three phase abc stationary system to the direct axis

(d) and quadratic axis (q) rotating coordinate system. The three phase space vectors

stationary coordinates are transformed into two axis dq0 rotating reference frame trans-

formation as following:
vd

vq

v0

 or

id

iq

i0

 =

√
2

3


cos (ωt) cos (ωt− 2π/3) cos (ωt+ 2π/3)

− sin (ωt) − sin (ωt− 2π/3) − sin (ωt+ 2π/3)

1√
2

1√
2

1√
2



va

vb

vc

 or

ia

ib

ic

 .
(2.14)

Similarly we can do this for the current also. Voltage signals are processed by a

phase-locked loop (PLL) to generate unit voltage templates (sine and cosine signals).

The PLL circuit provides the rotation speed (rad/sec) of the rotating reference frame,

where ωt is set as fundamental frequency component. Current signals are transformed

to dq frame, where these signals are filtered and transformed back to abc frame (isa,isa,
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and isc), which are fed to a hysteresis-based PWM signal generator [12] to generate final

switching signals fed to the DSTATCOM. Depending on the fundamental, harmonics

and negative sequence components in voltages and currents, the dq components can

have different frequencies. The analysis of the dq components and appropriate filtering

can support the generation of the current and voltage references as required by the con-

trol. The dq components consisting of DC and AC components are given as following:

iLd = īLd + ĩLd, iLq = īLq + ĩLq. (2.15)

The DC components īLd and īLq correspond to the fundamental positive sequence

load currents and the AC components ĩLd and ĩLq correspond to the load currents har-

monics. Component īLq corresponds to the reactive power drawn by the load. The

reference for the compensator can be obtained as follows:

i∗fd = −ĩLd, i∗fq = −īLq − ĩLq, i∗f0 = −iL0. (2.16)

The shunt active filter references in abc reference frame are obtained as follows:
i∗fa

i∗fb

i∗fc

 =

√
2

3


cos (ωt) − sin (ωt) 1√

2

cos (ωt− 2π/3) − sin (ωt− 2π/3) 1√
2

cos (ωt+ 2π/3) − sin (ωt+ 2π/3) 1√
2



i∗fd

i∗fq

i∗f0

 . (2.17)

The calculation of reference currents using this approach is not affected by voltage

unbalance or/and distortion. However, PLL is used in this method to obtain the trans-

formation angle (ωt) from the supply voltage, so this will affect the performance when

the supply voltages are unbalanced or/and distorted. This method involves complex

transformations and its implementation in DSP is also difficult.

2.3.3 Instantaneous Symmetrical Components Theory

The theory of instantaneous symmetrical components can be used for load balancing,

harmonic suppression and power factor correction. Control algorithm based on this
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theory can partially or fully compensate any kind of unbalance and harmonic in the

load with high bandwidth current sources to track the filter reference currents. Accord-

ing to symmetrical component theory, any three phase instantaneous quantities can be

expressed into positive, negative and zero sequence using the following equation.
i0sa
i+sa
i−sa

 =
1

3


1 1 1

1 a a2

1 a2 a



isa

isb

isc

 ;


v0
sa

v+
sa

v−sa

 =
1

3


1 1 1

1 a a2

1 a2 a



vsa

vsb

vsc

 . (2.18)

In (2.18), +, − and 0, indicates positive, negative and zero sequence components

respectively. The quantity ‘a’ is a complex operator and is equal to ej1200 . It is to

be noted that the instantaneous positive sequence (i+sa) and the negative sequence (i−sa)

are complex conjugates of each other and the zero sequence component (i0sa) is a real

quantity which is zero if the currents are balanced. Like pq theory, we assume that the

supply voltages are balanced.

In a three phase four wire system, supply currents should be balanced i.e., neutral cur-

rent will be zero. Therefore,

isa + isb + isc = 0. (2.19)

The angle between the positive sequence components of the source current (i+sa) and

the source voltage (v+
sa) is same as the power factor angle (ϕ+) between the balanced

source currents and voltages. This power factor angle can be explicitly set to any desired

value in the control algorithm. However, it is not directly expressed in the pq theory

described earlier. If we now assume that the phase of the i+sa lags that of v+
sa by an angle

(ϕ+), we get

6
{
vsa + avsb + a2vsc

}
= 6

{
isa + aisb + a2isc

}
+ ϕ+. (2.20)

Equation (2.20) is expanded after substituting the values for a and a2, it is given as

follows:

6

{
(vsa −

1

2
vsb −

1

2
vsc)− j

√
3

2
(vsb − vsc)

}
= 6

{
(isa −

1

2
isb −

1

2
isc)− j

√
3

2
(isb − isc)

}
+ϕ+.

(2.21)
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Equating the angles, we can write (2.21) as follows:

tan−1(K1/K2) = tan−1(K3/K4) + ϕ+ (2.22)

where

K1 =

√
3

2
(vsb − vsc) K2 = (vsa −

1

2
vsb −

1

2
vsc)

K3 =

√
3

2
(isb − isc) K4 = (isa −

1

2
isb −

1

2
isc).

Taking tangents on both sides of (2.22), we get

K1

K2

= tan
[
tan−1(K3/K4) + ϕ+

]
=

K3/K4 + tan ϕ+

1− (K3/K4) tan ϕ+
. (2.23)

Substituting values of K1, K2, K3 and K4 in (2.23), we get

(vsb − vsc − 3γ(vsa − v0))isa + (vsc − vsa − 3γ(vsb − v0))isb+

(vsa − vsb − 3γ(vsc − v0))isc = 0
(2.24)

where γ ≡ tanϕ+/
√

3. For unity power factor ϕ+ = 0, hence γ = 0. It is well

known that the instantaneous power in a balanced three phase circuit is constant while

for an unbalanced circuit it has a double frequency component in addition to the DC or

mean value. The presence of harmonics adds higher frequency oscillating component

of the instantaneous power. The objective of the compensator is to supply the oscillating

component of the instantaneous load power, while the source supplies the average value

of the load power, Plavg. Therefore, average load power is given as following:

vsaisa + vsbisb + vscisc = Plavg. (2.25)

Since the harmonic component in the load does not require any real power, the source

only supplies the real power required by the load. The average load power can be

calculated by the moving average filter. Now combining the equations (2.19), (2.24)
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and (2.25), we get the reference source currents
i∗sa

i∗sb

i∗sc

 = M−1


0

0

Plavg

 (2.26)

where

M =


1 1 1

(vsb − vsc − 3γ(vsa − v0)) (vsc − vsa − 3γ(vsb − v0)) (vsa − vsb − 3γ(vsc − v0))

vsa vsb vsc



The reference compensator currents are given as

i∗fa = ila − i∗sa = ila −
(vsa − v0) + γ(vsb − vsc)

∆1

(Plavg)

i∗fb = ilb − i∗sb = ilb −
(vsb − v0) + γ(vsc − vsa)

∆1

(Plavg)

i∗fc = ilc − i∗sc = ilc −
(vsc − v0) + γ(vsa − vsb)

∆1

(Plavg)

(2.27)

where

∆1 =

[ ∑
j=a,b,c

v2
sj

]
− 3v2

0, v0 =
1

3

∑
k=a,b,c

vsk, γ = tan ϕ+/
√

3

The average power supplied by the source according to the above equation will be

equal to the average power required by the load. Apart from the load average power,

the source has to supply VSI losses also. When the inverter power loss Ploss is also

incorporated in (2.27), the modified reference currents of the compensator become

i∗fa = ila − i∗sa = ila −
(vsa − v0) + γ(vsb − vsc)

∆1

(Plavg + Ploss)

i∗fb = ilb − i∗sb = ilb −
(vsb − v0) + γ(vsc − vsa)

∆1

(Plavg + Ploss)

i∗fc = ilc − i∗sc = ilc −
(vsc − v0) + γ(vsa − vsb)

∆1

(Plavg + Ploss).

(2.28)

The term Plavg is obtained using simple moving average filter over a half cycle as the

oscillating part of the real power has frequency which is double the system frequency

and Ploss is obtained from the PI controller. The error between DC voltage reference and
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actual DC voltage are processed through PI controller to obtain Ploss. This will control

the DC link voltage by adjusting the small amount of real power absorbed by the shunt

inverter. This small amount of real power is adjusted by changing the amplitude of

the fundamental component of the reference current. The AC source provides some

active current to recharge the DC capacitor. Thus, in addition to reactive and harmonic

components, the reference current of the shunt active filter has to contain some amount

of active current as compensating current. This active compensating current flowing

through the shunt active filter regulates the DC capacitor voltage [19].

Out of various time based theories, instantaneous symmetrical component theory

with extraction of fundamental positive sequence components is simple in formulation

and devoid of ambiguity over the definition of various power terms. Even though the

time domain methods are faster, they are found to have certain disadvantages. So, in

this project, one of the frequency based methods, Wavelet Transform, is used in order

to address the power quality issues. The next section deals with the limitations of time

based methods and advantages of using Wavelet Transform in the area of power quality.

2.4 Advantages of Wavelet Analysis in Power Quality

In the area of power quality, several studies have been carried out to detect and lo-

cate disturbances like lightning transients, transformer inrush currents, motor starting

currents, capacitor and line-switching transients and harmonics. Analysis and under-

standing of transients associated with such abnormal conditions have always helped

rectify the cause of the condition. The increasing complexity of power systems makes

power engineers to look for improved alternative methods of transient analysis, for the

purposes of designing new equipment to efficiently deal with the abnormal transient

phenomena.

The present methods of analysis have limitations. For instance, performance of

the time based methods such as instantaneous power theory and synchronous reference

frame theory is degraded when the power quality disturbances are not the same in all

phases, which is always the case in power system. The frequency domain methods such

as Fourier series based analysis requires periodicity of all the time functions involved.

The frequency information of a signal calculated by the classical Fourier transform is
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an average over the entire time duration of the signal. If there is a local transient over

some small interval of time in the signal, the transient will contribute to the FT, but

its location on the time axis will be lost. Traditional Fourier analysis does not con-

sider frequencies that evolve with time, i.e. non-stationary signals [32]. In addition,

Fourier techniques suffer from some aggravating anomalies such as Gibbs’ phenom-

ena and aliasing when used for non-stationary signals. Short Term Fourier Transform

(STFT) was proposed to overcome the foregoing problems to a certain extent. However,

the drawback is that the window width of STFT has to be fixed prior to the analysis;

this effectively means that it does not provide the required good resolution in both time

and frequency, which is an important characteristic for analyzing transient signals. In

addition, wavelet-based techniques are less sensitive to power system frequency oscil-

lation since WT based methods can extract a band of frequency. In contrast, time based

amplitude and phase-angle estimation algorithms must be synchronized with frequency

variation using other frequency estimation algorithms [31], which are not as fast and

simple as WT based algorithms in harmonic conditions. Therefore, they are more time

consuming and complicated in harmonic conditions

These methods, which are based on either time or frequency domain, are not suffi-

cient for accurate detection and characterization of power quality events when the signal

is non-stationary. Wavelet Transform based methods have been proposed to overcome

these drawbacks. DWT based signal processing is used in [33] to estimate harmonics

and voltage sags. Though CWT provides good time resolution and good time resolu-

tion at low frequency, DWT is used in this project since CWT is redundant and com-

putational burden is very high. Section 3.4 discusses the application of wavelet based

analysis on power quality.

2.5 Summary

In this chapter,various power quality issues, DSTSTCOM structure and design of pa-

rameters and various control strategies for DSTATCOM have been explained in detail.

Out of various time based control techniques, instantaneous symmetrical component

theory is found to be simple in formulation and devoid of ambiguity over the definition

of various power terms. Even though time based methods are faster, their performance
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is degraded when the power quality disturbances are not same in all phases. In addition,

time based methods are not able to compensate the source currents when the frequency

of the system changes. So, due to these limitations of times based methods, Wavelet

Transform is adopted in this project to address power quality issues.
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CHAPTER 3

INTRODUCTION TO WAVELET ANALYSIS

With the advancement in measurement technology, an increasing volume of data is be-

ing gathered and it needs to be processed. Signal processing is generally called upon

when there is a need to extract specific information from the raw data. Different tech-

niques have been used for the identification, classification and characterization of the

raw data. The techniques used vary, depending on the characteristics of the phenom-

ena. Wavelet analysis is a technique for decomposing a function or data into multiple

components corresponding to different frequency bands. This allows one to study each

component separately. The main idea existed since the early 1800s when Joseph Fourier

first discovered that signals could be represented as superposed sine and cosine waves,

forming the basis for the infamous Fourier analysis. From the beginning of 1990s, it

began to be utilized in science and engineering, and has been known to be particularly

useful for analyzing signals that can be described as aperiodic, noisy, intermittent, or

transient [25]. With these attributes, it is widely used in many applications includ-

ing data compression, earthquake prediction, and mathematical applications such as

computing numerical solutions for partial differential equations [26]. Wavelet theory

provides a unified framework for a number of techniques which had been developed in-

dependently for various signal processing applications. In particular Wavelet Transform

(WT) is of interest for the analysis of non-stationary signals.

For some applications, it is desirable to see the WT as a signal decomposition onto

a set of basis functions called waveletes. They are obtained from a single prototype

wavelet by dilation and contractions (scaling ) as well as shifts. In a WT domain, the

notion of scale is introduced as an alternative to frequency. This means that a signal is

mapped into a time-scale plane.

There are several types of wavelet transforms and preference is done depending

upon the application. For a continuous input signal, the time and scale parameters can

be continuous leading to the Continuous Wavelet Transform (CWT). The WT can be

defined for discrete time signals leading to a Discrete Wavelet Transform (DWT).



3.1 Continuous Wavelet Transform

The CWT of a signal f(t) is defined as

F (a, τ) =
1√
a

∫
f(t)ψ∗(

t− T
a

)dt (3.1)

where a is the scale of the transforming wavelet along the frequency axis and τ is the

translation of the transforming wavelet along the time axis. Physically, the integral in

(3.1) can be understood as the signal f(t) being filtered through a series wavelet mother

functions translated by τ and dilated by a. A contracted version of the mother wavelet

would correspond to high frequency and is obtained for the scale a > 1. In order to

obtain the low-frequency information necessary for full representation of the original

signal s(t), it is necessary to find the wavelet coefficients for scale a > 1. This is

achieved by introducing a scaling function φ(t) which is an aggregation of the mother

wavelets ψ(t) at scales greater than 1. A function ψ(t) would be considered as a mother

wavelet if ψ ∈ L2(R) and with mean zero, ie.,

+∞∫
−∞

ψ(t)dt = 0. (3.2)

Some of the commonly used mother wavelets are given below.
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Figure 3.1: Meyer wavelet
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Figure 3.2: Morlet wavelet
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Figure 3.3: Mexican hat wavelet

The translated and scaled versions of ψ(t) by factors u and s respectively, in nor-

malized form, are obtained from the expression

ψu,s(t) =
1√
s
ψ

(
t− u
s

)
dt. (3.3)

Any function f(t) ∈ L2(R) can be represented as

f(t) =
1

Cψ

∫ +∞

0

∫ +∞

−∞
Wf(u, s)

1√
s
ψ

(
t− u
s

)
du
ds

s2
(3.4)
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where ψ̂(w) indicates the admissibility condition and Wf(u, s) is the wavelet transform

of f(t) at time u and scale s. These are given as follows;

Cψ =

∫ +∞

0

|ψ̂(w)|2

ω
dω < +∞ (3.5)

where, ψ̂(w) is the Fourier transform of ψ(t) given by

ψ̂(w) =

∫ ∞
−∞

ψ(t)e−iωtdt (3.6)

The continuous wavelet transform of f(t) with the wavelet function ψ is

Wf(u, s) =
1√
s

∫ ∞
−∞

f(t)ψ∗(
t− u
s

)dt (3.7)

where, ψ̂(w) is the complex conjugate of ψ. Though CWT based signal analysis has

several advantages, it’s drawback is the requirement of high computational cost for real

time implementation.

3.2 Discrete Wavelet Transform

Discrete Wavelet Transform (DWT) of a signal f(t) is obtained if we incorporate binary

dilations (2j) and dyadic translations (k/2j) in the wavelet function, ψ, where j and k

are integers. The DWT is based on the following equation.

DWT [m, k] =
1√
aj0

N−1∑
n=0

f [n]ψ

(
k − naj0
aj0

)
(3.8)

where ψ(n) is the mother wavelet of which there is an infinite number of possible

wavelets that can be used. Some of the discrete mother wavelets are given in Fig.

3.4.

The signal analyzed f(t) is sampled and passed through a high pass filter ḡ and

a low pass filter h̄ and then down sampled by two to give detail and approximation

co-efficients respectively. This process is repeated to get finer details and coarse ap-

proximation of the signal. This is called Multi Resolution Analysis (MRA) [27].
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Table 3.1: Comparison of computational cost of various methods

Method Computational cost
DFT O(N ×N)
FFT O(N log2N)
CWT O(N ×N)

CS-CWT O(d×N)
Biorthogonal DWT O(N)

Wavelet transform is used in many applications including signal suppression, de-

noising etc. In addition,the localization property of wavelet enables discontinuities or

breakdown points to be easily identified. It is therefore widely applied for detection of

the onset of certain events and to detect the exact instant of the occurrence. Instead of

the highly redundant CWT, DWT is often used as it is more efficient computationally

and requires less memory storage. Unlike CWT where the expansion is performed on

any arbitrary scale, DWT follows a certain discrete expansion pattern determined by the

selection of a factor a0. The most widely used pattern is called dyadic expansion with

a0 = 2. Successful application of wavelet transform depends heavily on the mother

wavelet. The next section describes the procedures to be followed for the selection of

mother wavelet.

3.3 Selection of Mother Wavelet

Generally, the objective of the wavelet analysis and the characteristic of the analyzed

object decide the mother wavelet. For power quality applications, it has been quoted to

preferably be oscillatory, with a short support and has at least one vanishing moment

[28]. The oscillatory feature is trivial as power networks are AC and many phenomena

including transients are oscillatory in nature. Vanishing moments is a useful quality to

have since it helps to suppress regular part of the signal, highlighting the sharp transi-

tions [29]. If a fast algorithm is needed, the wavelet must be achievable via FIR filters.

If the approximation part of the analysis is needed, scaling function becomes necessary.

If reconstruction is needed, biorthogonal wavelets have some advantages compared to

orthogonal wavelets. The symmetry and exact reconstruction are both possible with

biorthogonal wavelet functions. These wavelets can be defined through two scaling fil-

ters for reconstruction and decomposition, respectively [30]. For this project, Biorthog-
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onal 5.5 wavelet is chosen because of aforementioned reasons.

3.4 Wavelet Applications in Power Quality

The ability of wavelet transform in decomposing a signal into multiple frequency bands

with optimized resolutions makes it an attractive technique for analyzing power quality

waveform. WT is particularly used to study disturbance transient waveform, where it

is necessary to examine different frequency components separately. This section deals

with several popular uses of wavelet transform in the analysis of power quality distur-

bances.

3.4.1 Detection of PQ Events

The time and space localization property of wavelet transform makes it highly suitable

for analysis of power system transients, happening due to load turning-on and faults

[39]. Fig. 3.5 and Fig. 3.6 show a voltage sag waveform and capacitor switching

transient decomposed into several levels with different frequency bands respectively. In

each levels several distinct short bursts are observed in both the waveforms which can

be used as a discriminating feature between the events.

Table 3.2: Frequency band in DWT

Wavelet Co-efficients Frequency Range (Hz)

D1 600 - 1200

D2 300 - 600

D3 150 - 300

D4 75 - 150

D5 37.5 - 75

Fig. 3.5(a) shows a voltage sag at t = 0.1s with 5 cycles duration and the corre-

sponding characterization using wavelet method. This signal is sampled at 2400 Hz

and decomposed using MRA up to 5 levels. The corresponding frequency information
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is given in Table 3.2. Fig. 3.5(b) is the level 1 (D1) of MRA which corresponds to 600

Hz to 1200 Hz where small bursts are observed during voltage sag. Fig. 3.5(c) and

Fig. 3.5(d) correspond to level 2 (D2) and level 3 (D3) of MRA respectively, in which

the change during voltage sag is clearly visible. Fig. 3.5(e) (D4) is level 4 of MRA

which corresponds to 75 Hz to 150 Hz. Level 5 of MRA is shown in Fig. 3.5(f) which

corresponds to the fundamental component of the voltage signal.

Fig. 3.6(a) shows the capacitor switching transient occurring at t = 0.1s. Fig. 3.6(b)

shows the Level 1 of MRA which corresponds to 600 Hz to 1200 Hz. High frequency

peaks indicate sharp changes in the signal. These peaks are used to detect changes in

signal disturbances. Fig. 3.6(c) and Fig. 3.6(d) correspond to level 2 (D2) and level

3 (D3) of MRA respectively, in which the change during capacitor switching transient

is clearly visible.Fig. 3.6(e) is level 4 of MRA and Fig. 3.6(f) gives the fundamental

component of the voltage during transient.

In order to detect a voltage sag or a transient, each peak detected in the high fre-

quency band is compared with a normal value. Therefore, a part of the signal is as-

sumed to be disturbance-free, and is taken as reference and leads to 50, 300 and 600

Hz standard values. The next part of the signal is analyzed. Each peak exceeding these

standard values is considered as a major signal discontinuity and the corresponding part

is observed. Moreover, a distinction is made between the peaks. Duration and the num-

ber of peaks exceeding standard values differentiate transient events from voltage sags.

Sharp and short peaks correspond to simple voltage sags or surges, whereas long peak

corresponds to high frequency transients [34].

3.4.2 Characterization of PQ Events

As an indication of severity of short duration voltage variations like voltage sag, swell

etc, magnitude and duration of variation are considered. Traditionally, RMS compu-

tation is used to derive the magnitude while the duration is taken as the time period

the RMS magnitude stays below/above certain threshold for swells. RMS method is

generally considered as sufficient, but the wavelet approach has been shown to have

produced more accurate results that would be useful for determining the causes of such

variations.
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In the case of voltage sags, aggregated high frequency data from Level 1 and Level

2 (600 Hz and 300 Hz) are combined with 50 Hz data to reconstruct the shape of

the voltage sag [35]. Each high frequency peak indicates an unusual event. At this

instant, the magnitude of voltage is measured on the 50 Hz profile. Data from the

various frequency profiles can be combined and duration of the event can be found out

by measuring distance between the peaks. It can be shown that this approach works

well too for very short voltage variation with duration less than half a cycle.

3.4.3 Classification of Power Quality Events

Each levels of wavelet coefficients over different scales can be thought as uneven distri-

bution of energy across the multiple frequency bands. This distribution of energy forms

patterns that can be used to classify between different power quality events. If the se-

lected wavelet and scaling functions form an orthonormal set of basis, then the Parseval

theorem can be used to relate energy of the signal to the values of the coefficients. This

means that the norm or energy of the signal can be separated according to the following

multiresolution expansion:

∑
a

|f [n]|2 =
∑
k

|sj0(k)|2 +
N−1∑
j≥j0

∑
k=1

|wj(k)|2 (3.9)

These squared wavelet coefficients are shown to be useful features for identifying

power quality events. Statistics of these values can be used to identify transformer

energization, converter operation, capacitor energizing and restriking. The maximum

value of the squared coefficients in each scale or its average is found to be different

before, during, and after the occurrence of these events. Changes in these values are

used as the feature for its identification [36].

3.4.4 Reference Quantity Generation for Custom Power Devices

Developing control strategies for the reference quantity generation for custom power

devices has been a great challenge for power system engineers. Various time based

methods and their limitations have been discussed in Section 2.2. In order to achieve

the compensation of current harmonics, reactive power and unbalance with a better
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performance, Real Discrete Wavelet Transform (RDWT) with biorthogonal wavelet is

proposed in this project.

3.5 Summary

Wavelet transform is quickly becoming the choice method for processing power quality

data. This is due to its excellent time and frequency localization capability, and the flex-

ibility in implementation. But more flexibilty comes with a cost of more decisions to be

made. Selection of mother wavelet, using CWT or DWT and the number of decompo-

sition levels are the three major challenging decisions that can affect the performance

of the whole system significantly. In this chapter, WT is shown to be effective for char-

acterizing and classifying switching transients and short-duration voltage variations.
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Figure 3.5: Simulation results during voltage sag at t = 0.1s to t = 0.2s (a) Voltage
(b) Level 1 of MRA (c) Level 2 of MRA (d) Level 3 of MRA (e) Level 4
of MRA (f) Level 5 of MRA which corresponds to the fundamental compo-
nent.
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Figure 3.6: Simulation results during capacitor switching transient (a) Voltage (b) Level
1 of MRA (c) Level 2 of MRA (d) Level 3 of MRA (e) Level 4 of MRA (f)
Level 5 of MRA which corresponds to the fundamental component.
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CHAPTER 4

PROPOSED REFERENCE QUANTITY ESTIMATION

FOR DSTATCOM

In recent years, shunt active power filters (SAPFs) have been widely investigated for the

compensation of harmonics, unbalance, and reactive components of the load current iL.

A big attempt is made to improve the performance of DSTATCOM by introducing a

comprehensive control strategy to compensate for various distortions of the load cur-

rents. However, drawbacks of the existing methods make them ineffective in some

conditions.

Many of these control strategies, such as instantaneous reactive power theory, syn-

chronous reference frame (SRF) theory, and Instantaneous symmetrical component the-

ory assume that the distortion of load currents and source voltages are equal in three

phases. However, in practical systems, this is an incorrect assumption. Moreover, avail-

able control strategies estimate changes in amplitude of load current at least one cycle

after the beginning time of the change. Therefore, the speed of the DSTATCOM com-

pensation decreases noticeably and resulting in increased switching power losses and

dc-link voltage oscillation, and the compensator operation may become unstable. Fur-

thermore, if the power system frequency deviates from its nominal value, the control

system of DSTATCOM must be synchronized with frequency variations. However,

most of the well known algorithms cannot quickly estimate frequency variations in the

presence of harmonics.

A comprehensive control strategy for DSTATCOM should be simple, accurate, and

should be able to extract most of the voltage and current distortions accurately even

under the power system frequency variation. This project proposes a novel estimation

technique and a new control strategy for the DSTATCOM system. The proposed esti-

mation technique is based on Discrete Wavelet Transform (DWT) and Multi-Resolution

Analysis (MRA) to extract the fundamental component amplitude and phase angle of

load currents and source voltages. The proposed control strategy is capable of extract-

ing most of the load current and source voltage distortions successfully.



Table 4.1: Frequency band in DWT

Wavelet Co-efficients Frequency Range (Hz)
D1 32000 - 64000
D2 16000 - 32000
D3 8000 - 16000
D4 4000 - 8000
D5 2000 - 4000
D6 1000 - 2000
D7 500 - 1000
D8 250 - 500
D9 125 - 250
D10 62.5 - 125
A10 0 - 62.5

4.1 Estimation of Fundamental Component

Wavelets have been successfully applied for signal analysis. The signal to be analyzed

is sampled at 128 kHz and is subjected to MRA as discussed in Section 3.2 using

discrete bi orthogonal 5.5 wavelet as mother wavelet. This is depicted in Fig. 4.1. The

signals are described by these wavelet coefficients as given below.

i(t) =
2j0−1∑
k=0

cj0,kφj0,k(t) +
N−1∑
j≥j0

2j−1∑
k=0

dj,kψj,k(t) (4.1)

with cj0,k = 〈i(t), φj0,k(t)〉and dj,k = 〈i(t), ψj,k(t)〉

where j and k are the wavelet frequency scale and wavelet time scale, respectively,c

and d are the wavelet coefficients and 〈, 〉 is the inner product operation. ψ(t) and φ(t)

are the mother and scaling functions, respectively. Low pass and high pass filters for

the decomposition and reconstruction of the bi orthogonal 5.5 wavelet are given in Fig.

4.2. The signal decomposition up to ten levels yield the frequency information as given

in Table 4.1, where D1 to D10 are detail co-efficients and A10 is the approximation co-

efficient. The fundamental component can be obtained by passing A10, which contain

all frequency components between 0 - 62.5 Hz, through low-pass reconstruction filter.

Fig. 4.3(a) shows a distorted current waveform and Fig. 4.3(b) shows the extracted

fundamental using bi-orthogonal 5.5 DWT.

The computational complexity of DWT is O(N) operations for a signal of size N

which is lesser than that of Morlet CWT for which it is O(N × N) [37]. CWT is
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preferred for the reference quantity generation in custom power devices since DWT is

considered to have lack of phase information even though CWT is redundant and com-

putational burden is much higher than DWT. This project proposes a novel method to

extract the fundamental component using Bi-orthogonal DWT which is non-redundant,

simpler, faster and requires less computational cost.

4.2 Phase Extraction Method Using DWT

All popular WT-based phase extraction methods utilize complex WT (CWT), since the

argument of complex coefficients of CWT is related to the phase angle of the analyzed

signal. The most commonly used CWT is Complex Continuous WT (CCWT). The

commonly used continuous complex wavelets are Morlet wavelet [38] and complex

Gaussian wavelets. Besides continuous complex wavelets, discrete complex wavelets

such as complex Daubechies wavelets and other complex orthogonal or biorthogonal

wavelets are also applied in some cases. In contrast to Real Discrete WT (RDWT),

complex discrete WT (CDWT) with these complex discrete wavelets will take double

computing time when associated filters of real and complex wavelets are with the same

length.

This project focuses on obtaining phase information by using DWT. Theoretically,

the DWT-based phase information extraction method is possible since orthonormal and

biorthogonal DWTs are loss-less ones which means that all information of the analyzed

signal is conserved in wavelet coefficients of the DWTs. Instead of extracting phase

information directly from wavelet coefficients as done in CWT-based methods, wavelet

coefficients are made phase quadrature then pick up phase information from the phase-

quadrature coefficients. This approach not only can extract phase information but also

can inherit all merits of DWT [40].

Suppose fs is the sampling frequency of the analyzed discrete signal x(n) and Ts =

1/fs is the sampling interval. In terms of z-transform, the variable z on unit circle is

z = exp(−iωTs) = e−i∆ϕ(ω) = exp(−i2πf/fs) = e−i2π/N (4.2)

where ∆ϕ(w) = wTs and N = fs/f . After implementing DWT of x(n), the resulting
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real approximate component s(n) and its z-transform S(z) are

s(n) =
∑

h(l − n)x(l)

=
∑

h(k)x(k + n) k = kgmin − kgmax

S(z) = H∗(z)X(z)

where H(z) is the low-pass filter associated with the Bi-orthogonal 5.5 wavelet and

H∗ is its complex conjugate. Let s(n) be the approximate component of Bi-orthogonal

DWT, suppose

se(n) = (s(n) + s(n− 1))/2 (4.3)

so(n) = (s(n)− s(n− 1))/2 (4.4)

Suppose z-transforms of se(n) and so(n) be Se(z) and So(z), respectively. Then,

Se(z) =
S(z) + z−1S(z)

2

= ei∆ϕ/2
e−i∆ϕ/2 + ei∆ϕ/2

2
S(z)

= cos(∆ϕ/2) ei∆ϕ/2H∗(z) X(z)

= H∗e (z) X(z) (4.5)

So(z) =
S(z)− z−1S(z)

2

= ei∆ϕ/2
e−i∆ϕ/2 − ei∆ϕ/2

2
S(z)

= −i ∗ sin(∆ϕ/2) ei∆ϕ/2H∗(z) X(z)

= e−iπ/2 H∗o (z) X(z) (4.6)

where

H∗e (z) = cos(∆ϕ/2) ei∆ϕ/2H∗(z)

H∗o (z) = sin(∆ϕ/2) ei∆ϕ/2H∗(z)
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From the shift theorem of the z-transform, the real factors cos(∆ϕ/2) in 4.5 and

sin(∆ϕ/2) in 4.6 influence the amplitudes of Se(z) and So(z) , respectively, but not

their phases, whereas the complex factors ei∆ϕ/2 and e−iπ/2 influence their phases but

not their amplitudes. Therefore, Se(z) and So(z) do not have identical effects on the

amplitude of x(n), and So(z) adds a −π/2 phase shift to all frequency components of

x(n) compared with Se(z). It has been proved that se(n) and so(n) are phase quadrature

signals but their amplitudes are not identical. So

sq(n) = se(n) + i ∗ so(n) (4.7)

Assume x(n)=A sin(2nπ/T ), so sq can be further expressed as [41]

sq(n) = Usr(n) cos(2nπ/T ) + iUsi sin(2nπ/T ) (4.8)

Since magnitudes of se(n) and so(n) are not identical, Usr and Usi are different. Given

the ratio Pr = Usi/Usr we can create a modified detail component:

s̃(n) = Prse(n) + iso(n)

= Ũsi(n)(cos(2nπ/T ) + i sin(2nπ/T ))

= s̃e(n) + is̃o(n) (4.9)

where s̃e(n) = Pr ∗ se(n), s̃o(n) = so(n). Both of these quantities form a pair of

quadrature signals in WT domain. Based on (4.9), since A is constant, we have,

Prse(n))2 + so(n)2 = (Prse(n− 1))2 + (so(n− 1))2

Pr(n) =

√∣∣∣∣(se(n))2 − (se(n− 1))2

(so(n))2 − so(n− 1)2

∣∣∣∣ (4.10)

With Pr, we can create complex component as

s̃(n) = Pr ∗ se(n) + i ∗ so(n) (4.11)

Phase Information can be extracted from s̃(n) as

angle(s̃(n)) = arctan

[
Pr ∗ se(n)

so(n)

]
(4.12)
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The extracted phase of the fundamental current, using complex Morlet wavelet trans-

form and Real Discrete Wavelet Transform are shown in Fig. 4.3(c) and Fig. 4.3(d)

respectively.

4.3 Positive Sequence Extraction Using DWT

According to the concept of symmetrical components, any unbalanced three-phase vec-

tors can be decomposed into a set of balanced three-phase vectors. This set consists

of positive-sequence components having the same phase sequences (abc), negative-

sequence components with phase sequence (acb) and zero-sequence components having

equal magnitudes with the same phase. The symmetrical components transformation

matrix A can be used to transform from phase components to sequence components

and its inverse A−1 can be used for transforming from sequence components to the

original phases using the operator a.

A = 1
3


1 1 1

1 a2 a

1 a a2

 , A−1 =


1 1 1

1 a a2

1 a2 a


where a is phase shift operator with a = 16 120, and a2 = 16 − 120.

Symmetrical components theory can be defined in the time-frequency domain by

applying time shift instead of phase shift for the phase voltage and current. So, a repre-

sents a time advance while the a2 represents a time delay in the time-frequency domain.

Thus samples in the time equivalent to the phase shift operator a are shifted instead of

shifting the angle [42].

Following the application of the DWT, the voltage and current of any phase x can

be expressed using (4.1)

vx =
∑
k

c′j◦,k,xφj◦,k(t) +
∑
j≥j◦

∑
k

d′j,k,xψj,k(t) (4.13)

ix =
∑
k

cj◦,k,xφj◦,k(t) +
∑
j≥j◦

∑
k

dj,k,xψj,k(t) (4.14)

47



Note that x can be any phase (a,b,c), while φ is the scaling function, ψ is the wavelet

function, j0 is the scaling level, j is the wavelet level and k is the time index. The scaling

function coefficients c and the wavelet coefficients d are defined as

c′j◦,k,x = 〈vx, φj◦,k〉, cj◦,k,x = 〈ix, φj◦,k〉 (4.15)

d′j,k,x = 〈vx, ψj,k〉, dj,k,x = 〈ix, ψj,k〉 (4.16)

Time shift is applied to the voltages and currents of phases b and c in order to get the

sequence components in the wavelet domain. Time advance (k + m) is applied to the

coefficients, where m represents the time corresponding to the angle 120◦, to obtain the

advanced versions of the current of phases b and c to be i′b, and i′c and shifted versions

of the voltages of the same phases to be v′b, and v′c, respectively. By applying time delay

(k−m) to the coefficients, delayed versions of the current, i′′b and i′′c and voltage, v′′b and

v′′c of phases b and c are obtained [42]. Finally, the sequence components in the wavelet

domain can be obtained as follows:

i0 =
1

3
[ia + ib + ic], v0 =

1

3
[va + vb + vc] (4.17)

i+ =
1

3
[ia + i′b + i′′c ] , v+ =

1

3
[va + v′b + v′′c ] (4.18)

i− =
1

3
[ia + i′′b + i′c] , v− =

1

3
[va + v′′b + v′c] (4.19)

4.4 Control Strategy for DSTATCOM

The proposed wavelet-based estimation technique can be used for the DSTATCOM

control system to derive the fundamental positive sequence of load currents and the

source voltage phase, and then to obtain the reference current waveforms. The reference

current waveform for DSTATCOM should be subtracted from the original distorted

waveforms to extract the distortion of the load currents.

Fig. 4.4 shows the block diagram of the proposed control strategy for DSTATCOM.

The fundamental component of load current il is extracted using the proposed wavelet-

based estimation technique discussed in the previous section. For online operation of

wavelet algorithm, load current is given to DWT block through a buffer. Buffer size can
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be determines by

Buffer size = 2j

where j is the predefined wavelet decomposition level to obtain desired frequency band.

We can select buffer size as 2j or multiples of 2j . Input signal is decomposed using

wavelet at specific level to get the frequency band corresponding to the fundamental.

By doing MRA in 10 levels with sampling frequency 128kHz, approximate component

is calculated to have the desired fundamental as given in Table 4.1. The approximate

component is then reconstructed using Inverse DWT and the output is unbuffered. If

the loads are unbalanced, the obtained fundamental current will have unbalances too.

The positive sequence of the fundamental is extracted as explained in Section4.3. Root

Mean Square(RMS) value of the positive sequence current is summed with output of

PI controller. With this,Three synchronized sine functions of the extracted phase of

source voltage is multiplied and then subtracted from Load current to form reference

current Iref .These reference currents are then compered with the actual output current

of DSTATCOM. The difference is then fed to Hysteresis Band PWM, which generates

appropriate pulses for the VSI.

4.4.1 Capacitor Voltage Controller

Better operation of DSTATCOM is guaranteed, if the voltage across DC link capacitor

is maintained at its reference value. This is achieved by taking inverter losses, Ploss,

from the source. If capacitor voltage is regulated to a constant reference value, Ploss

becomes a constant value. To calculate Ploss, average dc link voltage (Vdc) is compared

with a reference voltage (Vdcref ) and error is passed through a PI controller. Output of

the PI controller, Ploss, is given as following:

Ploss = Kp evdc +Ki

∫
evdc dt (4.20)

where evdc = (Vdcref − Vdc) is voltage error. The terms Kp and Ki are proportional

and integral gains respectively. The proper selection of these gains reduces the voltage

ripple across the DC link capacitor.

Now we have to generate switching pulses for VSI such that the inverter current

follows the reference current. Hysteresis current controller is used for generating this
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Figure 4.4: DWT based control strategy for DSTATCOM.

pulses for VSI during normal voltage, sag and swell.

4.4.2 Hysteresis Based PWM Controller

The hysteresis band control is used to generate the switching pulses of the shunt inverter.

It is an instantaneous feedback system which detects the current error and produces di-

rectly the drive commands for the switches when the error exceeds an assigned band.

Hysteresis controller is chosen ahead of various other controllers because of its fast dy-

namics, robust control and ease of implementation. The operation of hysteresis current

controller can be understood by observing Fig. 4.5. An upper band and lower band

(+h and −h) are defined around the shunt inverter reference current. The error is the

difference between reference current and actual current. Consider the a phase leg of the

three-leg shunt inverter, it has an upper switch Sa and lower switch S ′a. Whenever the

error goes above +h the upper switch Sa should be turned ON and S ′a should turned

OFF. Whenever the error goes below −h, complement to the previous operation should

take place.

If error ≥ h then u = 1
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Figure 4.5: Two-level hysteresis scheme.

If error ≤ h then u = −1

Sa ON

S
′

a OFF

 u = 1

Sa OFF

S
′

a ON

 u = −1

When u = 1 the actual current injected by shunt APF increases and when u = −1

the current injected by shunt APF decrease.

4.5 Summary

In this chapter, Biorthogonal spline based DWT is proposed for extraction of funda-

mental component and compensation of the estimated disturbances using DSTATCOM.

From the simulation studies, it is found that the proposed method can extract fundamen-

tal with less THD. In addition B-spline DWT based phase extraction method has been

proposed in this chapter. It is compared with the complex Morlet CWT which showed

the accuracy of the proposed method. The proposed method is used as a control algo-

rithm in DSTATCOM. Since the proposed method used DWT, real time implementation

is possible with less computational effort.
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CHAPTER 5

SIMULATION STUDY

An online discrete wavelet control strategy for DSTATCOM operation is proposed in

this project. The proposed control strategy for the DSTATCOM control system is simu-

lated using MATLAB/SIMULINK software. A nonlinear load, which produces unsym-

metrical harmonic components and an unsymmetrical load with different impedance

in three phases are connected to the load bus to produce fundamental unsymmetrical

components in three-phase source voltages. Parameter values of the system shown in

Fig. 2.1 are given in Table 5.1. For the sake of simplicity, Fig. 2.1 is reproduced in 5.1.

Values given in Table 5.1 are used for the simulation study.

Table 5.1: Parameter values for simulation study

Parameter Value

DSTATCOM DC link voltage (Vdc) 700 V
Capacitance (Cdc) 2200 µF

Utility grid voltage (Vs(L−L)) 400 V
Fundamental frequency 50 Hz

Feeder resistance, inductance 0.0287 Ω, 0.205 mH
Filter inductance Lf 10 mH,

Kp, Ki for DC link PI controller 0.3, 10
Hysteresis band (±h) 0.02 A

Za= 30+j 188 Ω
Zb= 40+j 172 Ω

Unbalanced nonlinear load Zc= 50+j 157 Ω
3-φ full bridge diode rectifier

supplying an R-L (50 Ω - 0.2 H) load

5.1 Normal Operation

The source terminal voltages and load currents are shown in Fig. 5.4(a) and 5.4(c) re-

spectively. To maintain unity power factor fundamental current at the source terminal,

DSTATCOM injects currents to the PCC which is shown in Fig. 5.4(d). DSTATCOM
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delivers the load reactive power to maintain unity power factor at the PCC. The DSTAT-

COM injected currents eliminates the unbalance and harmonics from source currents.

The source currents are shown in Fig. 5.4(b). After compensation, THD of source cur-

rents has reduced from 24.25% to 3.83%. The fundamental of load current has been

extracted using Biorthogonal DWT with THD of 0.88% and is shown in Fig. 5.2. In

order to compensate the load unbalance, positive sequence of the unbalanced fundamen-

tal of load current has been extracted using Biorthogonal DWT as discussed in Section

4.3. Estimated positive sequence of the fundamental is shown in Fig. 5.3. If there is any

phase shift in the source voltage due to voltage sag or any other faults, DSTATCOM still

supplies the reactive power demand to the load using the proposed algorithm. It makes

use of extracted phase information using biorthogonal DWT discussed in Section 4.2.

Phase shift of 30◦ is applied at t = 0.2s and the resulting source voltage, source current

and the phase angle of a-phase voltage are given in Fig. 5.5

5.2 Operation During Voltage Sag

The simulation was done for a 40% voltage sag. The change in source phase rms voltage

(p.u) is shown in Fig. 5.6. It occurs at 0.2s and the duration of sag is 4 cycles as shown

if Fig. 5.7(a). The compensated source currents are given in Fig. 5.7(b). It can be

observed from Fig. 5.7(b) that the source currents settle down to the steady state value

without many oscillations. In Fig. 5.7(c), it can be seen that load currents have reduced

during the voltage sag interval. DSTATCOM injects currents into the PCC as shown in

Fig. 5.7(d) which compensates for load harmonics, unbalance and reactive power. The

DC link voltage is shown in Fig. 5.7(e) which is maintained at the reference voltage.
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Figure 5.6: Source voltage magnitude variation
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5.3 Operation During Unbalanced Voltage Sag

A three-phase unbalanced voltage sag is a short-duration reduction in rms voltage in

at least one of the three phase or line voltages Unbalanced sag in the power system is

associated with line-to-line and single-line-to-ground faults. Non symmetrical faults

lead to drops in one, two, or three phases, with not all phases having the same drop.

When a voltage sag of 30% is applied on phase a, at t = 0.3s for 5 cycles, magnitude

of source currents and load currents have reduced as shown in Fig. 5.8(b) and (c)

respectively. It can be observed that the load currents in phase a and b have reduced

from their earlier value while load currents in phase c is almost constant. Injected

currents by the DSTATCOM is shown in Fig. 5.8(d). From Fig. 5.8(e), it can be

observed that the DC link voltage stays at its reference value under the disturbance. It

takes less than half cycle for the detection of voltage sag.

5.4 Operation During Voltage Sag with Phase Jump

Voltage sag often defined by two parameters, magnitude and duration. When we char-

acterize a voltage sag through one magnitude and one value for the duration, there are

obvious limitations to this method as one e.g. neglects the phase-angle jump. In power

systems voltage sag due to a short circuit often changes the phase-angle of the voltage

besides its magnitude. Phase jump during a fault is due to the change of the X/R ratio.

Most power system equipments are insensitive to phase angle jumps; except power elec-

tronic converters using the phase control or zero-crossing switching Simulation studies

have been carried out for voltage sag with phase jump and the results are given in Fig.

5.9. When a 40% sag with 20◦ phase jump is applied as shown in Fig. 5.9(a), source

currents are compensated as given in Fig. 5.9(b). It can be observed from Fig. 5.9(c)

that the magnitude and phase of load currents have changed accordingly when the sag

with phase jump is applied. Fig. 5.9(d) shows the injected currents by DSTATCOM. It

can be seen from Fig. 5.9(e) that the DC link voltage remains at the reference value.
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Figure 5.8: Simulation results during unbalanced voltage sag on phase a at t = 0.3s
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5.5 Operation Under Load Change

A new 3-phase nonlinear unbalanced load is added in parallel with the existing load

at t = 0.2s. Details of the newly added load is given in Table 5.2. Load voltages

and load currents are given in Fig. 5.10(a) and Fig. 5.10(c) respectively. Since the

load currents increase during load change, injected currents by the DSTATCOM also

increases accordingly as shown in Fig. 5.10(d). From Fig. 5.10(e), it can be inferred

that the DC link voltage remains constant during the load change.

Table 5.2: Newly added load in parallel to the existing load

Za= 125+j 47 Ω
Unbalanced linear load Zb= 130+j 31 Ω

Zc= 150+j 31 Ω

Nonlinear load 3-φ full bridge diode rectifier
supplying an R-L (250 Ω - 0.15 H) load

5.6 Operation During Variation in Frequency

Unlike the FFT algorithm, the DWT does not extract the amplitude and phase angle of

a special frequency component of a distorted signal. For example, if the fundamental

frequency of a distorted waveform is 50 Hz, DWT can extract the frequency compo-

nents between 40 Hz and 60 Hz as fundamental component of the distorted waveform.

Thus, if the fundamental frequency deviates from its nominal value (50 Hz), the DWT

can still extract the fundamental component of the distorted waveform. Moreover, the

proposed method can extract the fundamental frequency rapidly. These benefits render

the wavelet-based technique to be less sensitive to frequency oscillation.

Simulation is done for a source voltage frequency variation of 2.5 Hz at t = 0.2s as

shown in Fig. 5.11(a) and the compensated source currents are given in Fig. 5.11(b).

Load currents and the extracted fundamental component of phase a load current using

biorthogonal DWT under frequency variation are given in Fig. 5.11(c) and Fig. 5.11(d).

Fig.5.11(e) shows the DC link voltage which remains at the reference value under the

frequency variation.
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CHAPTER 6

CONCLUSION AND SCOPE FOR FUTURE WORK

6.1 Summary

Power quality has raised as a topical issue in power systems in the 1990s which largely

coincides with the huge advancements achieved in the computing technology and in-

formation theory. This advancement in signal processing has to be utilized in order to

mitigate the power quality disturbances. Signal processing is generally used when there

is a need to extract specific information from the raw data, which typically in power sys-

tems are the voltage and current waveforms. Any disturbance in these quantities has to

be identified, classified and characterized followed by solution assessment and design.

Fourier theory has been the core of many traditional techniques to address these issues

and it is still widely used today. However, it is increasingly being replaced by newer

approaches notably wavelet transform and especially in the post-event processing of the

time-varying phenomena.

In this thesis, detection and characterization of power quality disturbances using

wavelet transform based technique has been discussed. Performance of the proposed

method to detect and characterize voltage sag and capacitor switching transient is eval-

uated through simulation studies. In addition, this project mainly focuses on wavelet

based reference quantity generation technique for a custom power device, DSTACOM.

Distribution system with nonlinear unbalanced load compensated by DSTATCOM is

modeled in Matlab/Simulink for simulation studies.Limitations of time based control

algorithms such as instantaneous symmetrical component theory and pq theory are dis-

cussed in detail in this thesis. Advantages of Wavelet based control algorithm over

other frequency based methods such as Fourier analysis and Short Term Fourier Trans-

form (STFT) are also presented. Hence Wavelet transform based signal processing is

proposed for fast and accurate estimation of reference signals of DSTATCOM. The con-

ventional CWT is considered to have high computational burden and redundant. Even

though DWT requires less computation burden and non redundant, it is thought to have



lack of phase information which makes it unfit for reference quantity generation. But

in this project, a new method to extract phase information using DWT has been pro-

posed. DWT has been proven to have the ability to extract fundamental and positive

sequence accurately and rapidly which makes it suitable for reference quantity genera-

tion. Biorthogonal 5.5 wavelet is chosen as the mother wavelet for DWT. Advantages

of Biorthogonal DWT over other wavelet based techniques can be summerized as given

below.

• Biorthogonal RDWT is as accurate as Meyer DWT and conventional CWT with
less computational burden.

• Compared to conventional CWT, computational cost of Biorthogonal DWT is N
times less (where N is the length of the analysed signal).

• Since Biorthonal DWTs are loss-less ones which means that all information of
the analyzed signal is conserved in wavelet coefficients of the DWTs, phase in-
formation can be extracted by proper approach.

• It is easy to implement the DWT algorithm in real time using a digital signal
processor, since all the signals used for the analysis are discrete signals.

Detailed simulation studies are carried out for various cases such as estimation of

fundamental current, source current compensation under voltage sag with phase angle

jump, unbalanced voltage sag, load change and system frequency variation. The pro-

posed Biorthogonal DWT based algorithm is found to have produce accurate results

under these disturbances. Significant contributions as a result of this work can be out-

lines as the following.

• Fast and accurate detection and characterization of the power quality disturbances
are possible by using DWT

• The proposed biorthogonal DWT can be used to extract the phase information of
signals, with accuracy and less computational cost.

• DSTACOM along with the proposed Biorthogonal DWT based reference signal
estimator can be utilized as the compensating device for both source and load
related power quality problems.

• The proposed Biorthogonal DWT can be used for fast and accurate compensation
of source current under voltage sag with phase jump, unbalanced voltage sag,
load change and frequency variation.

• Frequency variation in the power system does not affect the performance of fun-
damental extraction and other reference quantity estimation.
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6.2 Scope for Future Work

Following are the future scopes of the work done in this thesis.

• The proposed DWT based reference quantity generation can be used to miti-
gate the voltage related power quality issues in the distribution system since the
wavelet based technique for fundamental positive sequence extraction of load
current used in this project can be applied for voltage signal as well. Hence the
proposed reference generation technique can be used in other custom power de-
vices such as UPQC.

• The proposed Biorthogonal DWT which has been validated by simulation studies
could be implemented in DSP/FPGA to enable it to be used for real-time appli-
cations.

As the understanding of wavelet transform grows, there will be more attempts at

applying it to power quality analysis in order to improve the performance of the custom

power devices.
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