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ABSTRACT

•* The conventional power supply systems are designed to operate with sinusoidal

waveforms, with the aim to maintain the voltage level at equipment terminal within certain

limits. Ideally electrical energy must be supplied at a single constant frequency and specified

voltage levels of constant magnitudes. However, this situation is difficult to achieve in

practice. The undesirable deviation from a perfect sinusoidal waveform (variations in the

-<- voltage magnitude and /or the frequency) is generally expressed in terms of power quality.

Power quality (PQ) is the combination of voltage quality and current quality. Voltage quality is

concerned with deviations of the voltage from the ideal. The ideal voltage is a single frequency

sine wave of constant amplitude and frequency. Current quality is the complementary term to

voltage quality with the additional requirement that the current sine wave is in phase with the

voltage sine wave. Any compromise with either attribute is a power quality concern.

Globally, increasing trend of liberalization of the energy market and privatization of

the power supply industry has made the quality of electrical power an important feature of

consumer goods on the market. Deficient quality of electrical power supply results in

performance degradation of equipment. In general, the foremost power quality issues can be

identified as waveform distortion due to harmonics, voltage unbalance, voltage dips, voltage

swells /over-voltages, transients, flicker, and frequency variations etc. Among these, voltage

unbalance and harmonics distortion are probably the most degenerative conditions to power

quality because of being a steady state condition.

Voltage unbalance is a condition in which the three phase voltages differ in

amplitude or are displaced from their normal 120 degree phase relationship or both. Thenature

of the unbalance includes unequal voltage magnitudes at the fundamental system frequency,

under-voltage or over-voltage, fundamental phase angle deviation, and unequal levels of

harmonic distortion between the phases. The voltage unbalance is inherent to electrical system



due to unequal phase impedances and unbalanced load distribution and it can exist anywhere in

a power distribution system. Power system operation under unbalanced conditions putting

worries for the power system engineers.

Rectifiers are widely used in power conversion industries for converting AC power

to DC power. However, these rectifiers generate a large amount of current harmonic

components back to the input utility side, due to their nonlinear nature. In case ofunbalanced

voltage supply, these rectifiers produce non-characteristic harmonics and changes in

characteristic harmonic pattern. In general, it can contribute for high DC distortion, over-

voltages, highly unbalanced currents, protection relay malfunction etc.

The harmonic distortion, and the means of keeping it under control, is a growing

concern. This is primarily due to the increase in the number and application of nonlinear

power-electronic equipments used in the control of power apparatus and the presence of

sensitive electronic equipment. In electrical power systems, the harmful effects of harmonics

are very real and they cause various problems in power systems. The control or mitigation of

the harmonic distortion may be realized through the use of harmonic filters. Traditionally,

passive LC filters have been used to eliminate line current harmonics, to increase the power

factor, and thus improving the quality of power system. However, these are tuned to specific

loads and are unsuitable for use in power systems with widely varying load currents.

Furthermore, their operation depends on the electricity network impedance and the

characteristics of the nonlinear load. An undesirable parallel resonance could occur between

the source impedance and the shunt filter, at a specific frequency. Accordingly, active power

filters (APFs) have been researched, developed and gradually recognized as a feasible solution

to the problems caused by nonlinear loads.

APFs are used to eliminate the undesirable harmonics and reactive power

components of load currents by injecting equal but opposite compensation currents. One ofthe



most popular active power filters is the shunt active power filter. It is a current controlled

device, connected in parallel with the nonlinear load. Classically, a shunt APF is controlled in

such a way as to inject harmonic and reactive compensation currents based on calculated

reference currents. The injected currents are meant to 'cancel' the harmonic and reactive

currents drawn by the non-linear loads.

An increasingly attractive alternative is to use so-called intelligent control schemes

involving tools such as expert systems, neural networks, or fuzzy logic. Artificial intelligence

(AI) is one of the major fields developed since past four decades, and is popular due to its

ability to handle complex problems at difficult situations. The AI techniques like fuzzy logic

have already been utilized for harmonic minimization and powerquality improvement.

The design of APF under 'fixed load' conditions is the most important observation

from the work reported by various authors, though the load is continuously and randomly

varying, in practical situations. Therefore, it is considered to design an APF for variable load

conditions.

In view of these, there is strong motivation to undertake a thorough and systematic

study on effects of power system voltage unbalance on the harmonics injected by an AC-DC

rectifier load (nonlinear load), and its impact on AC-DC rectifier performance, and to develop

a simple, robust fuzzy logic based active power filter to control the harmonics under variable

load conditions.

The first part of this thesis reviews two typical power quality attributes viz. supply

voltage unbalance and power system harmonics in terms of their causes and effects.

Experimental survey of harmonics injected by various home appliances, equipments and

devices is carried out to quantify and compare their individual and combined harmonic

distortion.
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In second part, a comprehensive study about the impact of source voltage unbalance

on the performance of a three-phase AC-DC rectifier has been presented. The study includes

the effect of source voltage unbalance on harmonic distortion of different input and output

characteristics of the rectifier. Also, the harmonics injected by the rectifier load are

investigated in terms of variation in magnitude of different characteristic and non-characteristic

harmonics with variable degree of unbalance.

In final part, a simple fuzzy logic based robust active power filter to minimize the

harmonics for wide range of variations of load current under stochastic conditions, is proposed,

which is found very simple and also capable of maintaining the compensated line currents

balanced, irrespective of the unbalance in the load currents. The proposed methodology is

extensively tested for wide range of variable loads under stochastic conditions and results are

found to be quite satisfactory to mitigate harmonics and reactive power components from the

utility current.
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CHAPTER I

INTRODUCTION

1.1 GENERAL

The aims of the electric power system are to supply electrical energy to terminals of

electrical equipment, and to maintain the voltage at the equipment terminals within certain

limits. For decades, research and education have been concentrated on the first aim. In an ideal

ac power system, energy is supplied ata single constant frequency and specified voltage levels

of constant magnitudes. However, this situation is difficult to achieve in practice. The

undesirable deviation from a perfect sinusoidal waveform (variations in the magnitude and /or

the frequency) is generally expressed in terms of power quality. Due to advances in power

system components, the concern for the quality ofelectric power is increasing very rapidly.

The last decade has seen a significant change in components of power systems from being

largely linear to partially nonlinear. This change has meant that sensitivity of equipment to

disturbances has increased and, therefore, the quality of power is of much concern. Power

quality problems encompass a wide range of disturbances that can disrupt the operation of

sensitive industrial loads and cause a loss of production. The following power quality problems

have been identified [1,2]:

Voltage unbalance;

Voltage and current harmonic distortion;

Short interruptions;

Voltage dips;

Voltage swells /over-voltages;

Voltage and current transients;

Voltage flicker;

Power frequency variations.

Among all power line disturbances, voltage unbalance and harmonics distortion are

probably the most degenerative condition to power quality because of being a steady state



condition. The power quality problems resulting from power system harmonics have been

getting more and more attention by researchers.

Due to the unequal mutual coupling, unbalanced loading, blown fuses on three-

phase capacitor banks, abnormal operating conditions during switching, open delta transformer

connections, power system would have to operate under unbalanced conditions putting worries

for the power system engineers. The three phase AC-DC rectifiers are the most utilized in

industrial and commercial applications for economic reasons even though this rectifier

employed in power electronic equipment has a poor power factor and generates much

harmonics, due to its nonlinear nature. In case of unbalanced voltage supply, these rectifiers

produce non-characteristic harmonics and changes in characteristic harmonic pattern. In

general, it can contribute for high DC distortion, over-voltages, highly unbalanced currents,

protection relay malfunction etc.

Harmonic mitigation is the reduction of harmonic voltage or current distortion. Due

to the increased use of nonlinear loads in the power system, large amounts of distorted current

and voltage waveforms exist. These nonlinear devices present a two-fold problem with regard

to harmonics. Not only do they produce harmonics, but they also are typically more sensitive

to the resulting distortion than more traditional power system devices. As the usage of these

power-electronic equipment increases, users and utilities are becoming more concerned about

the harmful effects of harmonics. The research has been underway for last three decades to

have a control over the harmonics and to supply the consumers with reliable and clean

fundamental frequency, sinusoidal electric power that does not represents a damaging threat to

their equipments. To reduce harmonic distortion, both passive and active compensation

techniques (filters) can be implemented.

Traditionally, passive LC filters have been used to eliminate line current harmonics

and to increase the power factor. Passive harmonic filters are made of inductive, capacitive,

and resistive elements. They are employed either to shunt the harmonic currents off the line

or to block their flow between parts of the system by tuning the elements to create a

resonance at a selected harmonic frequency (frequencies). When passive filters are connected

in series with the power line, they are designed to have large impedance at a certain harmonic

frequency. This will isolate the harmonics produced by the loads from reaching the supply

system. However, when they are connected in parallel with the power line, they provide a

low impedance path for selected harmonic currents to pass to ground, thus preventing
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them from entering the supply system. Passive LC tuned filters are the most common type

of passive filters. In practical applications, passive filters have, however, the following

^ disadvantages:

• They can not compensate for frequency variations;

• Their operation depends on the electricity supply network impedance and

the characteristics of the nonlinear loads;

• When the harmonic current components increase, the filter may be

overloaded;

• The components of passive filters have ageing and tuning problems;

• Their dimensions and weights are large;

• Parallel resonance between the power system and the passive filter causes

amplification of harmonic currents on the source side at a special frequency.

In order to overcome these problems, active power filters (APFs) have been

ft researched and developed, which have gradually been recognized as a feasible solution to the

problems created by nonlinear loads. They are used to eliminate the unwanted harmonics and

compensate power factor by injecting equal but opposite compensation currents. Active

power harmonic filtering is a relatively new technology for eliminating harmonics which

is based on sophisticated power electronics devices. An active power filter consists of one

or more power electronic converters, which utilize power semiconductor devices

controlled by integrated circuits. The use of active power filters to eliminate the harmonics

before they enter a supply system is the optimal method of dealing with the harmonics

problem. While they do not have the shortcomings of the passive filter, active power filters

have some interesting features outlined as follows:

• They can address more than one harmonic at a time and can compensate for

other power quality problems such as load imbalance and flicker. They are

particularly useful for large, distorting loads fed from relatively weak points

X on the power system;

• They are capable of reducing the effect of distorted current /voltage

waveforms as well as compensating the fundamental displacement

component of current drawn by nonlinear loads;



• Because of high controllability and quick response of semiconductor

devices, they have faster response than the conventional passive filters;

• They primarily utilize power semiconductor devices rather than

conventional reactive components. This results in reduced overall size of a

compensator and expected lower capital cost in future due to the

continuously downward trend in the price of the solid state switches;

However, the active power filter technology adds to complexity of circuitry

(power circuit and control). There will also be some losses associated with the

semiconductor switches. Active power filters have proved to be an important and flexible

alternative with fast control response to provide compensation for current and voltage

harmonics in power distribution system. Depending on the particular application or electrical

problem to be solved, APFs can be implemented as shunt type, series type ora combination of

shunt and series APFs. The shunts APFs compensate load current harmonics by injecting

equal-but-opposite harmonic compensating currents.

1.2 LITERATURE REVIEW

Voltage unbalance is a condition in which the three phase voltages differ in

amplitude or are displaced from their normal 120 degree phase relationship or both. The nature

of the unbalance includes unequal voltage magnitudes at the fundamental system frequency,

under-voltage or over-voltage, fundamental phase angle deviation, and unequal levels of

harmonic distortion between the phases. Unbalanced voltages can exist anywhere in a power

distribution system. System voltages at the point of utilization can be unbalanced for several

reasons. Unbalance is caused by induction furnaces, single-phase loads, displacement of

commutation angles in semiconductor devicesand non-symmetrical systems impedances.

In general, distribution system voltage unbalance can be attributed to asymmetrical

transformer winding impedances, open wye and open delta transformer banks, blown fuses of

three-phase capacitor banks, asymmetrical transmission impedances possibly caused by

incomplete transposition of transmission lines, unequal transformer tap settings, large single-

phase distribution transformer, unequal impedance in conductors of power supply wiring,

unbalanced distribution of single-phase loads such as lighting, heavy reactive single-phase

loads such as welders, to name a few. Within a user facility, unbalanced voltages can be caused

X



by unbalanced and overloaded equipment and high impedance connections such as bad or

loose contacts.

Since past few years, the three phase AC-DC rectifiers are finding great industrial

utility and have a wide range of applications, from small rectifiers to large high voltage direct

current (HVDC) transmission systems. They are used for electro-chemical process, many kinds

of motor drives, traction equipments, controlled power supplies, and many other applications.

The static power converters are nonlinear in nature and consequently they generate harmonics

into the supply. As a result, the power factor of the converters is usually poor and varies with

^ the load. These converters are designed on the basis of balanced three-phase supply at the

fundamental frequency having small voltage and current ripple components permitting the

reduction of filtering components resulting in decrease of input losses and magnetic noise in

input transformers where used. These advantages can be fully realized only when the three-

phase input source voltage is balanced. Due to unbalanced input voltage supply conditions,

there is deterioration of rectifier input and output characteristics leading to appearance of non-

characteristic harmonics and changes in characteristic harmonics in the input port to the

rectifier and undesirable harmonic distortion in the output.

In practical systems, the supply is usually unbalanced to a certain extent, and the

problems of harmonic generations are complicated. There is already a body of literature on

problem of harmonic generation due to power system unbalance [3, 4]. Reeve et al. [3, 4]

investigated the effects of commutation intervals on the harmonic generation at the fixed value

of delay angle. Phadke and Harlow [5] also studied the problem of unbalance due to the errors

V in the delay angle but for a typical delay angle of 90 degree. All previous works were devoted

to the mechanisms of harmonic generation only. A methodology to evaluate power system

unbalance in the presence of harmonic distortion is proposed in [6]. Analysis of three-phase

AC-DC converters under unbalance supply conditions is depicted in [7]. Authors in [8] have

presented an analytical method for calculating harmonic currents of a three-phase bridge

uncontrolled rectifier with dc filter. The proposed method is based on the frequency domain

method and rectifier switching functions. Analytical equations for the harmonic currents on

> both the dc and ac sides are derived. The results are validated by comparison, with the results

of time-domain simulation. Maswood et al. [9] have analyzed the effect of input voltage

unbalances on the rectifier input current and on the filter KVA rating. They have also

examined the effect of voltage unbalance on the rectifier output voltage, and have proposed a



practical solution to eliminate the triplen input current harmonics. Yacamini and Oliveira [10]

have described a method of calculating harmonics associated with non-ideal supply conditions.

Jouanne and Banerjee [11] have presented a comprehensive summary of the causes and effects

of voltage unbalance and have discussed the related standards, definitions and mitigation

techniques.

Enjeti and Ziogas [12] have given a method to provide the closed-form expressions

for all harmonics under balanced and unbalanced operating conditions. A technique for

obtaining the sequence impedance and the equivalent circuit of a power converter at

fundamental frequency is described by Hu [13], whose results can be used in the analysis of
r

power converters under unbalanced supply. Another method, based on asymmetrical firing

angle, to cancel the second harmonic at the converter output under unbalanced voltage supply

was presented by Ngandui [14]. In [15], the effect ofunbalance on the harmonics injected by a

six-pulse converter drive is studied. In all ofthese mentioned papers, the authors deal with the

modeling ofconverters through two different points ofview, namely time domain analysis and

frequency domain analysis. There may be several possible voltage unbalance conditions in a

power system, such as three-phase, two-phase and single-phase under-voltage under-voltage s

magnitude unbalance; two-phase and single-phase angle unbalance; and three-phase, two-

phase and single-phase over-voltage magnitude unbalance etc [16].

APFs are an up-to-date, dynamic andadjustable solution to power quality problems,

which provide the compensation of harmonics, reactive power and /or neutral currents in ac

network [17]. They are used to eliminate the unwanted harmonics and reactive power

component of load current by injecting equal but opposite compensation currents. Active

power filters are used in industrial and commercial sectors for over two decades. The

development of control strategies became the key impetus of the rapid evolution of various

APF techniques. Different topologies and control strategies [17-21] have been proposed and

practiced, in the past. The common goal of all these strategies is to improve dynamic response

of the controller in order to obtain better compensation.

Two fundamental approaches for improving power quality with APF are correction

in time-domain [17] and correction in frequency-domain [18]. The advantage of time-domain x

method is fast response for on-line application without complicated control circuitry. The

advantage occurs because time-domain control strategies operate on instantaneous values of

the distorted signals rather than on at least one period time delay, as in frequency-domain

\
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methods so that the required computational time can be relatively small. The shortcoming of

this method is that, in order to obtain optimum results, relatively high switching frequencies

are needed, which leads to excessive switching losses in the semiconductor devices.

Compensation in frequency-domain is based on the principle of Fourier analysis and

periodicity of the distorted voltage or current waveform to be corrected. The basic principle is

that FFT is applied to the sensed voltage /current signal. Compensating harmonic components

are separated by eliminating the fundamental component and inverse of Fourier transform is

applied to derive compensating reference in this domain [17, 18]. The main disadvantage of

this technique is the accompanying time-delay sampling and computation of Fourier

coefficients. This makes it difficult for real-time application with dynamically varying loads. It

is, therefore, only suitable for slowly varying load conditions.

The voltage source shunt APF is the most common type among various topologies

of APFs, due to its simple configuration and straight forward installation procedure. The

operation of shunt APF is based on injection of harmonic and reactive compensation currents

exactly in counter-phase to the load current harmonics, resulting in elimination of harmonic

content of the line (supply) current. Thus the mains has to supply only fundamental current.

An increasingly attractive alternative is to use so-called intelligent control schemes

involving tools such as expert systems, neural networks, or fuzzy logic. Artificial intelligence

is one of the major fields developed since past four decades, and is popular due to its ability to

handle complex problem at difficult situations. Artificial intelligence has already been applied

to a wide range of power quality [22], power system [23], and power quality applications [24,

25]. A survey of various intelligent techniques is available in [23]. Research on the theory and

application of fuzzy logic, one of the alternatives to artificial intelligence, has been growing

since its first introduction in mid-1960's [26]. Use of fuzzy logic for harmonic minimization

and power quality improvement is not a new issue rather various authors have introduced some

innovative methodologies using these tools. A survey of various works using fuzzy logic in

power systems is available in [27].

The most important observation from the works reported by various authors for

power quality improvement is the design of active power filter under 'fixed load' conditions.

However, in practical life, load is not fixed. Hence, there is the need to design an active power

filter, which is capable of maintaining the THD according to the specifications decided by

universally accepted IEEE norms [28], under variable load conditions.



In view of these, there is strong motivation to undertake a thorough and systematic

study on effects of power system voltage unbalance on the harmonics injected by an AC-DC

rectifier load (nonlinear load), and its impact on AC-DC rectifier performance, and to develop

a simple, robust fuzzy logic based active power filter to control the harmonics under variable

load conditions.

1.3 AUTHOR'S CONTRIBUTION

In view of the work revealed by the literature survey made on power system

harmonics due to voltage unbalance, and control strategies to mitigate the power system

harmonics, an attempt has been made to establish the following contribution in present

investigation:

(i) A thorough and systematic research review on the power system harmonics

depicting a brief history of power system harmonics; definition of power system

harmonics; harmonic sources and its identification; effect of power system

harmonics; power system harmonic analysis, and mitigation of harmonicsetc;

(ii) Experimental surveyof harmonics injected by various home appliances, equipments

and devices, which are causing distortion in power system leading to poor supply

quality;

(iii) A detailed study on the effect of power system voltage unbalance on the harmonics

injected by an AC-DC rectifier load. The variation of different characteristic and

non-characteristic harmonics with the degree of unbalance is investigated. The

study also includes the effect of source voltage unbalance on harmonic distortion of

different input and output characteristics of the rectifier. Since, the voltage

sequence components play an important role in describing a more clear view of

degree of voltage unbalance, an attempt has been made to identify the impact of

sequence voltage components on total harmonic distortion and individual harmonic

components in different phases. To describe the unbalance in Total Harmonic

Distortion of current (THDi) in three different phases, a new term "Phase Total

Harmonic Distortion Unbalance Factor" (PTHDUF) is introduced;

(iv) Development of a fuzzy-expert system to control the performance of shunt active

power filters. The suggested control strategy is simple, cost-effective, efficient,
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reliable and easily adaptable for randomly and dynamically variable load currents.

It provides harmonic current and reactive power compensation simultaneously.

With the help of proposed APF control method, this system provides almost unity

power factor operation of non-linear loads with harmonic current sources, reactive,

and unbalanced components.

1.4 ORGANIZATION OF THE THESIS

The text of the thesis is distributed in six chapters. An outline of each chapter is

presented below:

In Chapter I, an overview of the impact of power system voltage unbalance on

AC-DC rectifier performance, mitigation of power system harmonics is given. An exhaustive

survey of shunt active power filter, and the scope of the present work, is followed by the

contribution of the author and the format of the thesis.

In Chapter II, a detailed research review on the power system harmonics depicting

a brief history of power system harmonics; definition of power system harmonics; harmonic

sources and its identification; effect of power system harmonics; power system harmonic

analysis, and mitigation of harmonics etc. is presented.

Chapter III deals with the survey of various appliances, equipments and devices,

which are injecting distortion in power system. Their harmonic contribution together with the

harmonic spectrum is measured for some nonlinear loads, which are used very commonly in

daily life. Purpose of this survey is to quantify the harmonics generated by different nonlinear

loads, to identify the trend of existing level of harmonic distortion and to increase the

awareness and concern about the power quality.

Chapter IV is devoted to in-depth study of source voltage unbalance, which is one

of many power quality problems. Types, causes and effects of source voltage unbalance in

addition to various definitions of voltage unbalance measurement are discussed. A detailed

analytical study on the effect of various possible voltage unbalance conditions in the supply

system on the harmonics injected by a three-phase AC-DC rectifier is carried out. Different

case studies are performed to find out the importance of sequence voltage components in

voltage unbalance analysis and an attempt has been made to find out the answer of the

question- 'how the composition of voltage unbalance affects the performance?' .



Chapter V presents the development of a new fuzzy logic controller based robust

active power filter to minimize the harmonics for wide range of variations of load current

under stochastic conditions.

Finally, Chapter VI summarizes the main conclusions from the thesis and

suggests the areas of future work to complete the research.

Sincereattempts have been made to refer to the original source of references, which

are appended at the end.

Based on the research work, one paper has been published in Electric Power

Systems Research. Four papers are under review in IEEE Trans. Power Delivery, International

Journal of Electrical Power and Energy Systems and Electric Power Systems Research. In

addition, three papers has already published in IEEE sponsored Conferences.

Paper Published in Referred Journals /Conferences

1. Singh, G. K., Singh, A. K., and Mitra, R., 'A Simple Fuzzy Logic Based Robust Active

Power Filter for Harmonics Minimization under Random Load Variation', Electric

Power Systems Research (in Press- doi:10.1016/j.epsr.2006.09.006).

2. Singh, A. K., Singh, G. K., and Mitra, R., 'Some Observations on AC-DC Rectifier

Performance under Source Voltage Unbalance', IEEE Conf. The 38th North American

Power Symposium (ISBN: 1-4244-0228-X /06), NAPS-2006, September 17-19, 2006,

Carbondale, USA, pp. 309-312.

3. Singh, A. K., Singh, G. K., and Mitra, R., 'Impact of Source Voltage Unbalance on

AC-DC Rectifier Performance', IEEE Conf. The Second International Conference on

Power Electronics Systems and Applications (ISBN: 962-367-544-5, IEEE catalogue

no.: 06EX1618), PESA06, November 12-14, 2006, Hong Kong, pp. 96-101.

4. Singh, A. K., Singh, G. K., and Mitra, R., 'Evaluation of Harmonic Distortion under

Unbalanced Supply Conditions', IEEE International Conference on Industrial

Technology (ISBN: 1-4244-0726-5, IEEE catalogue no.: 06TH8924C), ICIT 2006,

December 15-17, 2006, Mumbai, INDIA, pp. 2569-2574.
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CHAPTER II

POWER SYSTEM HARMONICS - AN OVERVIEW

2.1 INTRODUCTORY REMARKS

Harmonics have existed in power systems since the very early stage of ac system

development. The issue has, however, recently added significance by the simultaneous setting

of two trends: the electric utility's increased concern to improve power factor to avoid penalty,

and the wide-ranging addition of power electronic equipments in modern industry seeking

higher system reliability and efficiency. The electric utility's increased use of capacitor banks

attempting an improved power factor and large-scale addition of nonlinear devices has resulted

in the distortion of the steady state ac current and voltage waveform called 'harmonics' or

'power system harmonics'. Harmonics can be defined as the undesirable spectral components

of a distorted periodic waveform whose frequencies are integer (non-integer, in case of inter-

harmonics) multiples of the fundamental frequency. The effects of these harmonics are failure

of electrical /electronic components, overheating of neutral wires, transformer heating, and

failure of power factor correction capacitors, losses in power generation and transmission,

interference with protection, control and communication networks as well as customer loads.

In addition to their fast proliferation in various areas, electronic equipment has

undergone great technological transformation becoming more powerful, versatile and smaller,

they have also become more demanding in terms of power quality needed for them to function.

Conventional power supply systems are designed to operate with sinusoidal waveforms.

Electric utilities further strive to supply consumers with reliable and good quality fundamental-

frequency sinusoidal electric power that is not damaging to their equipments.

These three contravening situations have set the basis for paying considerable

attention to the quality of electric power and seriously addressing the issue of current and

voltage distortion, a major form of which is harmonic distortion. This chapter, therefore, deals

with a state-of-the-art discussion on power system harmonics, highlighting the analytical and

technical considerations as well as various issues addressed in the literature towards the

practical realization of this technology to supply consumers with reliable and acceptable

quality electric power.
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2.2 A BRIEF HISTORY OF POWER SYSTEM HARMONICS

The problem ofpower system harmonics is not new. To put the subject in historical

perspective, it is necessary to go back the 18th and 19th centuries when various mathematician
in general and Fourier in particular set up the basis for harmonic calculations [29]. A brief
history ofthe power system harmonics [30], and first engineering publications and events that

dealt with non-sinusoidal voltage and current waveform is given in [31]. In 1894, for the first

time word 'harmonic' was used in paper written by Houston and Kennelly [32]. Without use of

equations, this paper presents the basic properties of periodic curves in a concise manner.

Indeed, this paper meant to popularize the concept ofharmonics, explains that a superposition

of such series of harmonics upon a plain sinusoidal fundamental wave will produce such a

resultant (non-sinusoidal) wave. The lack ofeven harmonics in any practical ac circuit as well

as the effect of the 3rd harmonic on the waveform and peak value of an alternating voltage is

demonstrated using simple graphical interpretations.

In 1907, the concept of Harmonic Phasor Cancellation Technique was proposed by

Adams [33], which became the most effective tool for building alternators with minimal

distortion of voltage and current waveforms. The resonance question started to be well

understood by a larger engineering population only in the early 1900's [34, 35]. The reasons

for slow progress in the comprehension of the ac phenomena, especially the current and

voltage distortion related ones are detailed by Lincoln in 1913 [36]. He puts the blame on two

items: the unavailability of a ready and inexpensive method of determining wave shapes, and

extremely limited practical experience.

With reference to power system harmonics, it was largely in Germany in the 1920s

and 1930s when the subject ofwaveform distortion caused by static converters was developed.

The most influential source of converter theory published during that period in the English

language is the book by Rissik [37]. A classical paper on harmonic generation by static

converters was written by Read in 1945 [38] and is still used by the designers today. During

the 1950s and 10960s, the study of converter harmonics was advanced in the field of high

voltage dc transmission. During this period a large number ofpapers were published. These are

summarized in a book by Kimbark [39], which contains over 60 references in the field of

power system harmonics. An extensive bibliography was produced in IEEE Power System

Harmonics Working Group Report in 1984 [40].
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Utilities recognized the consequences of harmonics in 1920s and 1930s when

distorted voltage and current waveforms were observed on transmission lines. Concern over

^ harmonic distortion has ebbed and flowed during the history of electric power systems.

Steinmetz [41] published a book in 1916 that devoted considerable attention to the study of

harmonics in three-phase power systems. His main concern was 3rd harmonic currents caused

by saturated iron in transformers and machines, and he was the first to propose delta

connections for blocking 3rd harmonic currents. Later, with the advent of rural electrification

and telephone service, power and telephone circuits were often placed on common rights-of-

way. Harmonic currents produced by transformer magnetizing currents caused inductive

interference with open-wire telephone systems. The interference was so severe at times that the

voice communication was impossible. The problem was studied and alleviated by filtering and

by placing design limits on transformer magnetizing currents. Today, the most common

sources of harmonics are power electronic loads such as adjustable-speed drives (ASDs) and

switch-mode power supplies [42].

Significant efforts have been made in the past two decades to improve the

}• management of harmonics in power systems. Standards [28, 43] for harmonic control have

been established. Sophisticated instruments for harmonic measurements are readily available.

The area of power system harmonic analysis has also experienced significant developments

and well-accepted component models, simulation methods and analytical procedures for

conducting harmonic studies have been established. Harmonic studies are becoming an

important component of power analysis and design.

>
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2.3 DEFINITION OF POWER SYSTEM HARMONICS

Harmonics can be defined as a sinusoidal component of a periodic wave having a

frequency that is an integral multiple of the fundamental frequency. A distorted periodic wave

of any conceivable shape can be composed by using different harmonic frequencies with

different amplitudes. Conversely, any distorted periodic wave can be decomposed into a

fundamental wave and a set of harmonic waves. This decomposition process is called Fourier

analysis. With this technique, the effects of nonlinear elements in power systems can be

systematically analyzed.

Non-characteristic harmonics are those that are not integer multiples of the

fundamental power frequency, and are usually called 'Inter-harmonics'. A major source of

13



inter-harmonics is the cycloconverter [44]. One special subset of inter-harmonics is called

'Sub-harmonics'. Sub-harmonics have frequency values that are less than that of the

fundamental frequency. Lighting flicker is one indication of the presence of sub-harmonics. A

well-known source of flicker is the arc furnace [45]. Sub-harmonics do not have any official

definition but they are a special case of inter-harmonics for frequency components less than the

fundamental. The mathematical definitions of harmonic, interharmonic and sub-harmonic are

given in Table 2.1.

Table-2.1: Mathematical Definitions of Harmonic, Inter-harmonic and Sub-harmonic

Term Definition Remark

Harmonic f=n*fi n is an integer > 0

DC f=0Hz f=n *fi, where n = 0

Interharmonic f*n*f, n is an integer > 0

Sub-harmonic 0 < f< fi

here, // is the fundamental (main) frequency

The inter-harmonics create some new additional problems like sub-synchronous

oscillations, light flicker, voltage fluctuations etc besides the typical problems caused by the

harmonics (overheating, useful life reduction etc.). The presence of inter-harmonic components

strongly increases difficulties both in modeling and measuring of the distorted waveforms.

This is mainly due to the variability of the frequency and amplitude of inter-harmonics and

consequently, of the waveform periodicity, and to a great sensitivity to the spectral leakage

phenomenon. The detailed study about the inter-harmonics isgiven in [46-57].

In [47], impact of induction furnace inter-harmonics on distribution systems is

given. The basic characteristic ofthe induction furnace load and experience with an actual case

study is described. Several alternatives for addressing the problem are presented, including

modifications to induction furnaces, reconfiguration of the power supply, and flickering action.

The impact of utilities deregulation on the identification and mitigation of such problems is

also discussed. Sharafand Abu-Azab [48] have addressed a novel low cost parallel capacitor

compensation scheme, employing time-dependent loads controlled by a pulse width modulated

two loops dynamic controller to ensure enhanced power quality, reduced supply system
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harmonics, increased energy utilization and reduced source energy. In [49], Zhezhelenko et al

have presented a new approach to investigation of harmonics in power supply systems and

have recommended the use of Fourier transform instead of Fourier series expansion for the

analysis of inter-harmonics, because it allows a spectrum composition of inter-harmonics by

the known characteristics of nonlinear harsh loads. Paper [50] proposes a new frequency

domain approach for obtaining harmonics, inter-harmonics and unbalances of arc furnaces.

The model is based on the calculation ofzero crossings along a reference period by means of

the solution of a set of non-linear equations. This model has been integrated in an iterative

harmonic analysis where harmonic balance equations have been extended to treat inter

harmonic frequencies. Newton's method is applied to solve the current zero crossing of the

model as well as the harmonic balance equations. Jacobian matrix presents a sparse structure

for very fast calculation. Paper [51] reports the results obtained for the simultaneous

measurement of inter-harmonics and flicker in a low voltage distribution system and the effect

of harmonic distortion on the voltage tolerance of equipment. Authors also conclude that the

voltage tolerance of equipment depends on the harmonic distortion in voltage supply, with

equipment being more sensitive to low order harmonics. In [52], harmonic and inter-harmonic

estimation of non-stationary signal is presented based on wavelet transform. Non-stationary

signal, harmonics and inter-harmonics is decomposed into sub-band frequency using discrete

wavelet transform. Here the wavelet filter uses Daubechies wavelet. Authors in paper [53]

have proposed a method to standardize the harmonics and inter-harmonic measurement by the

IEC [58, 59]. This method utilizes Discrete Fourier Transform (DFT) performed over a

rectangular time window of exactly 10 cycles for 50 Hz or 12 cycles for 60 Hz systems,

corresponding in both cases to 200 ms approximately. They have suggested applying Phase

Locked Loop or other line frequency synchronization techniques to reduce the errors in

frequency components due to spectral leakage effects. In [54] by De-Rosa et al, the inter

harmonic generation process has been addressed with reference to high power adjustable-speed

drives (ASDs) based on double stage conversion systems using line commutated PWM

inverters. Formulas to forecast the inter-harmonic frequencies have been developed and a

proper symbolism has been proposed to recognize the inter-harmonic origins. Numerical

analysis has been performed for ASDs for all possible frequencies, giving a comprehensive

insight in the complex behavior of inter-harmonic component frequencies. Some characteristic

aspects, such as the degeneration of inter-harmonic components in harmonics or the
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overlapping ofa couple of inter-harmonics ofdifferent origins, have been highlighted. Testa in

his paper [55] has addressed the issues related to the inter-harmonic modeling and simulation.

Starting from the basic mathematical aspects, attention has been given to the inter-harmonic

frequency and amplitude variability. The classical model developed for harmonic modeling is

extended to include inter-harmonics with particular attention to the problem of frequency

resolution and of computational burden. Researchers in [56] have analyzed the problems in

inter-harmonic definition, detection and measurement. They have provided several practical

recommendations for inter-harmonics. Hume et al [57] has presented a fast and accurate

method for the direct calculation of non-characteristic frequencies occurring around HVDC

links. The technique calculates small signal linearized frequency cross coupling

interrelationships for both converters about a base operating point, modeling the coupling with

matrix transfers. The full system consisting of ac and dc systems is modeled by connecting all

individual transfers together with the appropriate system equations and nodal analysis. The

returned sub-synchronous frequencies and the effect of switching instant variation are

discussed. The method is validated against time-domain simulation, for two different

asynchronous links. The significant findings ofthe studies may be summarized asfollows:

• The presence of inter-harmonics introduces analysis and measurement difficulties

due to the change of waveform periodicity and to inter-harmonic small amplitudes,

which mean high sensitivity to de-synchronization problem;

• Inter-harmonics near fundamental or harmonics could cause light flicker. But these

components are not easy to detect due to leakage or resolution limit;

• There are some genuine inter-harmonic sources. When ac-dc-ac type device

connects two different frequencies, it may introduce inter-harmonics. The

frequencies of inter-harmonics are determined by the topology of the converter

(pulse number) and the output frequency. When waveform appears modulated,

there is good chance that inter-harmonics exist;

• Hanning windowing is compatible with inter-harmonic grouping and improves

sensibly the result accuracy;

• The synchronized process technique, as those based on Phase Locked Loop, is

sensitive to uncertainty in the estimation of the actual fundamental frequency; only
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averaging the instantaneous estimated values and utilizing the Hanning window

gives reliable results;

The desynchronized process technique based on harmonic filtering gives very

accurate and stable results together with considerable advantages in terms of FFT

utilization without re-sampling, with sampling frequency chosen with reference

only to the rated value of the system fundamental frequency, independently from its

time fluctuations;

Non-stationary signal is a major source producing non-integral bins, but they are

not real inter-harmonics. They are attributed to the violation of basic DFT

assumption: stationary and periodical;

In order to identify inter-harmonics correctly, the window size should be selected to

ensure that frequency resolution is the common divider of all components in the

signal.

The voltage-current correlation, wave shape check or inter-harmonic-harmonic co

existence, may help to recognize if the non-integral components are real inter-

harmonics;

Zero-padding is helpful for spectrum readability improvement. It can be used to

locate the inter-harmonic frequency;

If inter-harmonics do exist, the voltage and current spectra should show correlation;

Inter-harmonics usually co-exist with harmonics;

Use of long window size if applicable will be advantageous to locate the inter-

harmonics;

If magnitude of a signal appears modulated, it is very likely that the signal contains

inter-harmonics;

The 5 Hz resolution and group harmonic /inter-harmonic concept as recommended

by the IEC [58] and IEEE [59] might not be sufficient for inter-harmonic detection

especially for those inter-harmonics that cause flickers.
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2.4 HARMONIC SOURCES AND ITS IDENTIFICATION

Generally, sources of harmonics can be classified as [60]:

(i) Power electronic equipment including variable speed drives, uninterruptible power

supplies UPS's, rectifiers, switched mode power supplies and SCR-controlled

systems;

(ii) Arcing equipment including arc furnaces as well as fluorescent and mercury lights;

(iii) Saturable devices such as transformers, motors and generators.

Identification of harmonic sources in a power system has been a challenging task

for many years. Several methodologies for detecting harmonic sources have been applied to

calculate the harmonic contributions at the point of common coupling. The most common tool

to solve this problem is the harmonic power direction based method [61-63] in which the

symmetrical balanced or unbalanced and symmetrical three-phase harmonic power flows are

detected. Another group of practical methods for harmonic source detection is to measure the

utility and customer harmonic impedances and then calculate the harmonic sources behind the

impedances. There are number of variations of this method [64-67]. Although this type of

method is theoretically sound, it is very difficult to implement because the impedances can

only be determined with the help of disturbances. Such disturbances are not readily available

from the system or are expensive to generate with intrusive means. Reference [68] presents a

projection and superposition method to detect harmonic contributions between supply and

customer sides. Most of them use the Norton's model to express the harmonic equivalent

circuit, and the analysis is focused on the equivalent harmonic current source. Chen et al [69] ^

have used the Thevenin's equivalent circuit to express the harmonic equivalent systems and

find out the relationship between the harmonic impedance and harmonic voltage sources

through the one point measurements at the point of common coupling. Critical impedance is

introduced to measure the harmonic equivalent voltage source which is called critical

impedance method. The method can detect which side has more contributions on harmonic

distortion at point of common coupling. In [70], authors have proposed a new method to

determine whether the utility or the customer side has more contribution to the harmonic ^

currents measured at the point of common coupling. The method is based on the idea that the

direction of harmonic reactive power, instead of active power, is more reliable indicator on the

location of dominant harmonic sources. The method needs approximate impedance
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information. Paper [71] describes a reverse power flow procedure to identify the sources of

harmonic signals in electric power systems.

Aharmonic power flow study is a technique whereby line currents and bus voltages

at harmonic frequencies are calculated. This procedure may be Newton-Raphson based

technique [72-75] or a technique based on the injection current response of the network [74,

75]. In each of these methods, the signal level at harmonic sources must be known, estimated

or calculated. However, if the source of harmonic signal is not known, a practical engineering

question may be to identify the location and type of harmonic source. The author in his paper

[71] has used least square estimators to identify the location of harmonic sources. The

identification is based on the fact that in a linear transmission network, active power associated

with voltage and current of the same frequency is conserved. The author further concludes that

inaccuracies occur due to losses, estimation errors and modeling errors. In [76], a method of

statistically describing system harmonic voltages in terms of parameters of the harmonic

current sources is presented. It is shown that a large number of sources, a complete

probabilistic characterization of the harmonic voltages can be found in terms of the 2nd order

moments of each current phasor's rectangular components. Paper [77] reports a superposition-

based current and voltage indices to quantify the contribution of harmonic sources. Using these

indices, the validity of the power direction method for harmonic source determination is

investigated. The main findings of these works are summarized as follows:

• It is the source magnitudes instead of phase angles that are of main interest for the

harmonic source detection problem. The direction of active power is mainly

affected by the relative phase angle between the two harmonic sources;

• The direction of active power is mainly affected by the source magnitudes and that

of the reactive power by the phase angles. The implication of this conclusion is that

the characteristic of the circuit impedance (R-X ratio) will affect the reliability of

the active or reactive power-direction-based harmonic source detection methods;

• The metering point or the relative size of the source and the customer impedances

will also affect the direction of either active or reactive powers. This is another

important factor that makes the power-direction-based methods unreliable.
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2.5 EFFECTS OF HARMONICS

Harmonics have the effect increasing equipment copper, iron, dielectric losses and

thus the thermal stress. A detailed study is provided in [78-84]. In paper [78], the effects of

harmonics on converter transformer load losses are discussed. Authors have described a simple

method of loss calculation which has the potential for application at design stage. Variation of

losses with the converter firing angle, with the transformer reactance and with the load has also

been discussed in the paper. Reference [79] reports the state-of-knowledge of the effects of

power system harmonics on equipment. The general mechanism presented is thermal

overloading, disruption and dielectric stressing. The equipment considered adjustable-speed

drives, capacitors, circuit breakers, fuses, conductors, electronic equipment, lightning,

metering, protective relays, rotating machines, telephones and transformers. Massey [80] has

introduced a method of estimating the composite harmonic current generated by the operation

of several nonlinear loads connected to a single power distribution transformer. The author

draws upon the information available from industry and proposes an intuitive expansion of the

current available 'K-factor' calculation. The proposed expansion provides a useful tool in

specifying properly designed dry-type power distribution transformers for operation in a non- -<

sinusoidal load environment. Paper [81] is concerned with the effect of both harmonic voltage

and current distortion on power transformer loss of life. The influence of possible dc current

components is also taken into account. Using this, a complete frequency domain equivalent

circuit has been proposed that includes harmonics, the dc current and the asymmetrical

magnetizing current. It has been shown that the influence of typical harmonic voltage is not a

matter of great concern as for as temperature increase and loss of life are concerned. However,

the influence of harmonic current distortion within the normal range typically produced has

shown to be of importance when transformer operating temperature and loss of life are

concerned. Author further states that small dc components (up to the RMS magnitude of the

magnetizing current at rated voltage) have no significant effect on the thermal conditions and

transformer loss of life. In [82], authors have focused attention on the evaluation of harmonic

pollution in traction line voltage and current waveforms. Attempt was made to experimental

research aimed at determining the dc voltage wave shapes that may statistically occur on any

railway line subjected to heavy traffic. Paper [83] presents the degradation mechanism for all

film PC, with emphasis on the activities of partial discharges. A methodology for the

evaluation of the influence of harmonic in the degradation of PC, based on the applied voltage
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v and its respective waveform, is developed. Based on the above studies, the general expression

for the power dissipated in pure resistance, inductance and capacitance are:

• The active power dissipated in a pure resistance is

PR=l+THDv2=XVn . or
n=l

PR=l+THD,2=y^ (2.1)
n=l

The reactive power absorbed by an inductor is given by

Ql=I>.I2 = £v2/n (2_2)
n=l n=l

The reactive power delivered by a capacitor is given by

Qc= Il*/n= £nVn2 (2.3)
n=l n=l

Similarly, the iron (core) losses are given by

> Ph= Xn-In6 (2-4)
n=l

Pe= JV^ (2.5)
n=l

Pi = Ph + Pe (2-6)

where, PR is the total active power loss (in p.u.) in the resistance, QL is the total p.u.

reactive power absorbed by the inductor, Qc is the total p.u. reactive power delivered by the
r

capacitor, Pf, is the total p.u. Hysteresis loss, Pe is the total p.u. eddy current loss, V„ is the «*

harmonic voltage in p.u. of the rated voltage, /„ is the «th harmonic current in p.u. ofthe rated

current.

Harmonics result in increased losses and equipment loss-of-life. Triplen harmonics

result in the neutral carrying a current, which might equal or exceed the phase currents even

the loads are balanced leading to derating or oversizing of neutral wires. The noticeable

£• findings are:

• Capacitors are overloaded by harmonic currents, since the fact that their reactance

decreases with frequency makes them act as sinks for harmonics. Also, harmonic

voltages produce large currents causing capacitor fuses to be blown;
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Capacitors combine with source inductance to form a parallel resonant circuit. In

the presence of resonance, harmonics are amplified. The resulting voltages

excessively exceed the rated voltage leading to capacitor damage or blown fuses; ~4

Increased load losses, which comprises copper losses and stray losses (winding

eddy current loss) in transformer. The increase in the later is the most significant

factor in determining the additional transformer core heating losses due to non

linear loads;

Increased hysteresis and eddy-current losses in transformer. However, temperature

rise in the core due to the increased iron losses is less critical than in the winding; y.

Increased possibility of resonance between the power factor correction capacitors

and transformer inductance;

Increased insulation stress in transformer due to the increased peak voltages;

Increased copper and iron losses in rotating machines resulting in heating and

derating of the machine;

Presence of harmonics in the supply system results in torque pulsations in electrical -<

machine;

Harmonics affect the interruption capability ofcircuit breakers;

Malfunctioningof the metering and instrumentation devices. Harmonics also impair

the operation of electronic equipment and control circuits through the shifting of

zero crossing;

Harmonics result in interference with telephone circuits through inductivecoupling; ~V

Harmonics interfere with customer loads. This is of special concern in computer

systems;

Relayswhose operation is governed by the voltage /current peak or zero voltage are

affected by harmonics. Electromechanical relays time delay characteristics are

changed in the presence of harmonics. Ground relays cannot distinguish between

zero sequence and third harmonic currents resulting in erroneous tripping.

2.6 HARMONIC ANALYSIS

Harmonic analysis aims at predicting the harmonic distortion at one or more

locations in the power network. Such a study can be done to estimate the effect of a new non-
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linear load or of the installation of a harmonic filter. There are two distinctly different methods

of harmonic analysis.

•f- (i) Time Domain Study: The system (i.e. network and load) are modeled in detail after

which a time-domain study is done resulting in the actual waveforms. The harmonic

components are obtained by applying a Fourier transform to the waveforms;

(ii) Frequency Domain Study: A separate system model is made for each frequency

component included in the study. Each single-frequency model is relatively simple

as it only needs to be valid for that specific frequency. The resulting models are the

f same used for fundamental frequency analysis resulting in complex voltages and

currents. The main difference, and also the main difficulty, is in the choice of the

impedance values. Especially for higher frequency components, different models

are needed because the various capacitive currents become significant, but the

calculation methods remain the same. More details of frequency domain studies are

found in [85].

The term 'harmonic analysis' is normally used for the second method, but the first

method will equally result in a harmonic spectrum. The reason that the second method is most

commonly used is its simplicity as the same analysis method can be applied to harmonic

components as to the fundamental frequency. The basic assumptions behind this method are

that nonlinearity is restricted to a limited numberof components and that the currentwaveform

of a nonlinear component is not significantly affected by the voltage waveform. References

[86-106] embodythe detailed study about the power system harmonic analysis.

Paper [86] describes the new iterative procedures using FFT algorithm for the

harmonic studies of three-phase transformer banks with various connections under steady state

operating conditions. The paper states that the accuracy depends upon the number of linear

segments used for the approximation of the magnetization curve. Any higher harmonic of

interest can be predicted as long as the sampling frequency is increased accordingly. Also it

was observed that if the input voltage is odd (or even) symmetric in case of a grounded wye or

ungrounded wye connection, the current waveform will be even (or odd) symmetric. Authors

of the paper [87, 88] have presented a multiphase harmonic load flow solution technique for

analyzing the harmonic problems in power system caused by the operation of nonlinear

devices under unbalanced condition. Control characteristic of the static compensator and the

>
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comparison with field test results are also included. Arrillaga and Callaghan [89] have

questioned the validity of assuming fundamental frequency load flow conditions of ac-dc to be

unaffected by the presence of harmonics, and have presented an algorithm, which is capable of -X

determining the load flow conditions in the presence of harmonics. The algorithm takes root in

the standard three-phase ac-dc load flow, and in IHA (iterative harmonic analysis). The

integration of the two algorithms has been described in detail with computational efficiency in

mind. Authors in paper [90] have presented a new harmonic power flow for unbalanced

systems. It allows the analysis of characteristic and non-characteristic harmonics generated by

nonlinear loads in their interaction with the utility network. The developed procedure based on

the interaction of a fundamental frequency power flow subprogram and an iterative harmonic

subprogram, in which conventional and non-conventional loads are treated in terms of power.

The ac linear network is represented by a generalized Thevenin's equivalent with respect to the

nonlinear loads, obtained from the power flow solution. Paper [91] presents the

implementation of a Newton type harmonic steady state calculation method for initializing

time domain solutions in the EMTP. It uses a generalized and theoretically supported

formulation of the harmonic Norton equivalent modeling of nonlinear branches with simplified

harmonic coupling, and states that there is no requirement for analytical formulation of

nonlinear branch characteristics or pre-calculated knowledge of fundamental frequency

behavior. Another generalized harmonic balance method for EMTP initialization for the steady

state analysis of power system models is reported in [92]. In reference [93], a new frame of

reference for harmonic analysis of power system has been described. In this structure of

harmonic domain, the network bus bars and coupling between phases and between harmonics

are explicitly represented.

Vittek et al [94] have reported the time advantages analysis of w-phase symmetrical

inverter systems in complex plain. Equations of characteristic values of voltage and current

waveforms in the complex domain are developed. In [95], an overview of the methods for

calculation of ac /dc converter harmonics has been described. Comparison of all the harmonic

analysis technology based on practical application has been presented. It has been shown that

modulated lapped transform offers the time-dependent higher harmonic propagation following

with higher accuracy than using FT (Fourier transform) and WT (Wavelet Transform). Moreno

et al [96] have reported a hybrid method in the time and frequency domain for the analysis of

the harmonic distortion in power systems. The method integrates a three-phase load flow at

>
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fundamental frequency with a hybrid harmonic-interaction analysis algorithm. Authors of the

paper [97] present a frequency domain method, which is useful for traction drives design and

harmonic generation studies. An iterative solving algorithm is used for load flow and converter

operating point calculation. A numerical application is also developed and results are

compared with time domain simulation results. Reference [98] gives a substantial review of the

different single and three-phase harmonic load flow formulations. It presents the data,

unknowns, and equations of these formulations in balanced network considerations. The

influence of the main harmonic load flow hypothesis (harmonic interaction and fundamental

power consumption consideration) in the final load flow results is also studied. In [99], an arc

model for three-phase arc furnace to carry out the harmonic analysis with a single phase circuit

is given. The model is based on the V-I characteristic of the arc and takes into account the

effect of the arcs unbalance over the zero sequence harmonics. The model is implanted in

EMTDC and tuned with field data. Simulations are performed in continuous work using Monte

Carlo method to obtain the arc length. The important findings of these works are summarized

as follows:

>

%

The non-characteristic harmonic current injections are generally proportional to the

degree of unbalance in the compensator bus voltage, TCR reactance, and firing

angle etc;

For the calculation of the non-characteristic harmonic injection, it is advisable to

use the double iterative scheme, i.e. adjust the load flow following harmonic

domain iteration;

The harmonic components are more sensitive to unbalanced conditions than the

fundamental frequency components;

In general, it is found that the convergence rate is inversely affected by the degree

of saturation and network harmonic voltage resonance;

A significant improvement of the convergence rate by moving from a current

source model to a Norton equivalent model can be achieved;

The waveform distortions in the network are low in a properly designed static

compensator systems. In particular, the harmonic cancellation scheme with a three-

winding transformer connection is quite effective in most unbalance cases;
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• Linearized model of a non-linear load gives inaccurate results;

• The presence of nonlinear load on a power system causes harmonic currents to flow

through the system and other customer load as well;

• Time domain method preserves the nonlinearity of the problem and hence it gives

more accurate results;

• Time domain method models the nonlinear load as a circuit and hence allows

studying the effect of its individual components on power system harmonics;

• Frequency domain method linearizes the harmonic problem in non-linear load

modeling as well as in the method of solution. Thus, it gives pessimistic results. For

certain cases of study, the frequency domain method gives incorrect results and

hence, this method needs to be used with caution.

2.7 HARMONIC STANDARDS

Most countries have their own regulatory standards (recommendations) to control

the levels of harmonic distortion in distribution power systems, according to their local

conditions. In this era of globalization, the need for equipments manufactured in one country to

comply with standards in another country has prompted efforts in formulating international

standards for harmonics and inter-harmonics. More recently a number of countries have

collectively started applying similar harmonic control methodologies and recommended limits

through the adoption of international standards such as IEC 61000-3-6 [109] and IEEE 519-

1992 [28]. -V

The IEC (International Electrotechnical Commission) has defined a series of

standards, called Electromagnetic Compatibility (EMC) Standards, to deal with power quality

issues. The IEC 61000 series includes harmonics and inter-harmonics as one of the conducted

low-frequency electromagnetic phenomena. A widely accepted alternative to the IEC series is

the IEEE 519-1992 document, which provides guidelines on harmonics.

In an attempt to control the levelsof harmonic voltage distortion within distribution

systems, most standards apply limits to harmonic current emissions in the hope that if

customers are limited appropriately the net effect of all customer emissions will result in an

acceptable level of harmonic voltage distortion. The IEEE 519-1992 limits are applicable only

at the point of common coupling (PCC) of the utility and plant interface. IEEE 519-1992
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restricts customer's harmonic current emissions to a relative value derived from the short

circuit current level at PCC and the size of customer's nonlinear load. According to these

limits, as the size of user load decreases with respect to the size of the power system, the

percentage of harmonic current that user is allowed to inject into the utility system increases.

The limits are recommended to be used as system design values for the 'worst case' for normal

operation. Normal operation is the operating condition lasting longer than an hour. For shorter

periods, such as during start-ups or unusual conditions, the limits may be exceeded by 50%.

The IEC approach differs slightly from the IEEE standard in that it considers future

customers in the harmonic allocation. IEC 61000-3-6 provides formulas to estimate the

allowed current emission for each customer such that all customers, including future ones,

share the harmonic absorbing capability of the system.

The IEC 61000 Series provides internationally accepted information for the control

of power system harmonic (and inter-harmonic) distortion [110]. The IEC 61000 1-4 present

the information for limiting power frequency conducted harmonic and inter-harmonic current

emissions from equipment in the frequency range up to 9 kHz. IEC 61000 2-1 summarizes the

major sources of harmonics in three categories of equipment i.e. power system equipment,

industrial loads and residential loads. IEC 61000 2-2 [111] defines the limits for inter-harmonic

voltage distortion in public low-voltage power industry systems, in the range 10-90 Hz,

corresponding to the compatibility level with respect to the flicker effect. IEC 61000 2-4 [112]

defines the compatibility levels for inter-harmonic voltages in industrial plants. It also

describes the main effects of inter-harmonics. IEC 61000 2-12 deals with compatibility levels

(1 for low-frequency conducted disturbances, in this case relating to medium voltage power

supply systems. It also covers the subject of injected signals such as those used in ripple

control. IEC 61000 3-2 and 3-4 include limits for harmonic current emissions by equipment

with input currents of 16 Amp per phase and below. It also specifies the measurement circuit,

supply source and testing conditions as well as the requirements for the instrumentation. IEC

61000 3-6 specifies the capability levels for harmonic voltages in low-and medium-voltage

networks as well as planning levels for MV, HV and EHV power systems. It then makes an

± assessment of emission limits for distorting loads in MV and HV power systems. IEC 61000 3-

12 stipulates limits for the harmonic currents produced by equipment connected to low-voltage

systems with input currents equal to and below 75 A per phase and subject to restricted

connection. IEC 61000 4-7 has the information about the testing and measurement techniques.
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It is a general guide on harmonic and inter-harmonic measurements and instrumentation for

power systems. IEC 61000 4-13 is also a document on testing and measurement techniques

with reference to harmonics and inter-harmonics, including mains signaling at ac power ports

as well as low-frequency immunity tests.

As IEC and IEEE are two principally different approaches, for harmonic current

limits, the Table 2.2 gives a comparison between them. It is important to pointout that the IEC

1000-3-6 contains a lot of useful information and technical considerations. One of them is the

discussion on the supply system impedances which is very important for limit compliance

verification. This subject is missing in IEEE 519-1992. While the recommended harmonic

voltage levels from the IEC standard are more generous than those of the IEEE standard, the

allowable customer harmonic current contributions are usually more restrictive, although this

will depend much upon circuit configuration. Although the international standards are used as

a basis for global co-ordination, individual countries make their own adjustments to

accommodate various national priorities. These are normally motivated by special

characteristics of their power system configuration and load management (e.g. the use of ripple

control in some countries).

Table 2.2: Comparison of Harmonic Standards

3.

IEC 61000 Series

The IEC standards set limits to the

amount of emission of individual

equipment.

The responsibility lies with the

manufacturers of polluting equipment.

IEC documents mainly aims at small

customers that do not have the means to

choose between mitigation options.
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IEEE 519-1992

IEEE harmonic standard limits the

emission per customer.

The responsibility lies with the

customer who may decide to install

filters instead of buying better

equipment.

IEEE standard aims at regulating the

connection of large industrial

customers.
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2.8 MITIGATION OF HARMONICS

The proliferation of nonlinear loads in industrial systems deviate the voltage and

current waveforms from their sinusoidal nature and consequently harmonics are generated. The

harmonic distortion influences the power quality and has many detrimental effects on the

system equipment and consumers connected to the point of common coupling (PCC), interfere

with communication signals and cause erroneous operation of control circuit. To lessen

harmonic problems, utilities are increasingly enforcing international harmonic standards for

industrial customers. By manufacturer's literature review, it has been found that harmonic

-* mitigation techniques are seldom done because of the extra-cost for the consumer. Hence, a

cost effective control strategy is needed to suppress and hopefully eliminate the harmonic

effects on the system. Various harmonic mitigation techniques to reduce the effect of

magnitude of harmonics have been proposed as listed below [113]:

(i) Phase Multiplication: This technique is quite effective to reduce low-order

harmonics as long as there is balanced load on each of the converters;

v (ii) Passive Filters: They improve power factor, reduce high frequency harmonics but

are large in size. If tuning reactorsare not used, instability may occur due to parallel

resonance with the source inductance. Performance depends on the source

impedance, which is usually not known accurately and can vary with system

changes. References [39, 110, 115-119];

(iii) Active Filters: They also improve power factor, allow the output current to be

controlled, provide stableoperation against ac source impedance variations, and fast

response irrespective of the order and magnitude of the harmonic. Initial and

running costs are usually higher than for passive filters. The injection currents may

flow into other system components. References [17-27, 120-129] provide recent

information on active filters;

(iv) Harmonic Injection: This technique takes care of uncharacteristic harmonics.

System impedance is no part of the design criteria. May give rise to lower order

± harmonics;

(v) Harmonic Mitigation Technique with PWM: This technique is capable of obtaining

harmonic reductions of less than 1% of the fundamental. Programmable to

eliminate specific harmonic.
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To avoid undesirable effects of harmonics due to their unduly interference with

power system, both passive and active compensation techniques (filters) can be implemented.

Passive filters have the drawback of bulky size, component ageing, resonance and fixed

compensation performance. These provide either over- or under-compensation of harmonics,

whenever a load-change occurs [129]. Hence, active compensation known as active power

filter (APF) is preferred over passive compensation. APFs are an up-to-date solution to power

quality problems, which allow the compensation of current harmonics and unbalance together

with power factor improvement [17-22, 129]. Active filters are developed to alleviate the

disadvantages of conventional passive filters, namely [60]:

• The filtering characteristics beingdependent on the source impedance;

• Aggravating the impedance below the lowest tuned harmonics;

• Being inadequate for filtering non-characteristic harmonics (different from the

filter's tuned frequency), such as those produced by cycloconverters.

2.9 CONCLUDING REMARKS

The presence of harmonics pose many problems to power system engineers, due to

the detrimental effect that they have on the power system apparatus, and more importantly due

to the adverse manner in which they affect power quality. Industrial standards and

recommended practice for power systems have been established as a step towards minimizing

the effects of harmonics. In spite of this power systems must be able to withstand harmonic

flow, since they can not be eliminated completely. The ever-increasing growth of nonlinear

loads on power systems will necessitate the availability of better methods for evaluating the

effects that harmonic source have on each other and on the power system. Substantial progress

has been made in the area of power system harmonics covering analysis, simulation, and

hardware development and testing for identification, classification and mitigation etc.

However, many problems and issues, especially those related to development of protective

schemes, efficient fault analysis tools, etc. still need to be addressed for appropriate system

planning and operation of the power system to supply a good quality and reliable electric

power.
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CHAPTER III

ESTIMATION OF HARMONIC CURRENTS FOR SOME COMMON

SINGLE-PHASE NONLINEAR LOADS

3.1 INTRODUCTORY REMARK

The application of power electronics converters, as nonlinear loads, results in

increased harmonics levels and therewith degradation of the system conditions. These

converters are widely-used in all electronics devices, e.g. personal computer (PC), television

(TV), video, audio and similar equipments. At one hand, such devices are quite sensitive

towards any deterioration in power quality attributes, but on the other hand, they also act as

harmonic source.

Although single PC or any other single modern electronic device is nonlinear in

nature and it is a significant source of harmonics, but has minor effects on power network in

terms of voltage and current distortion, and may not be considered as a threat to power quality

due to their low power level. However, if large number of such loads are connected and

operated simultaneously, as in commercial or residential buildings, then they produce

significant harmonics distortion of network voltage and current.

The similar situation also exists in residential areas, where number of low power

home electronics appliances in a home is rapidly rising. The dominant nonlinear loads are TV

sets, PC /Laptop, audio /video players, cordless telephones, mobile telephones chargers

microwave ovens, variable speed drives in washing machines, dish-wash machines,

refrigerators, air-conditioning devices, heat pumps and so on. They all have the same AC /DC

converter with smoothing capacitor at the input same as the PC, which certainly contributes in

increasing the harmonic distortion produced by a single apartment or house.

The net harmonic currents injected by multiple /large numbers of single-phase

power electronic loads are significantly affected by attenuation and diversity factors [130].

Attenuation describes the reduction in harmonic magnitude, and change in phase angle, as a

load connected to a switched mode power supplies (SMPS) increases. Attenuation is also

observed where multiple identical loads share the same source impedance. Diversity describes

a similar effect where a reduction /partial cancellation or even a complete harmonic
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cancellation is likely to take place due to differing harmonic current phase angles or various

loads connected through different system and load impedances. The results shown and

conclusion drawn are based upon these two key factors.

In an attempt to quantify the harmonic contents in power system, two different case

studies are presented here. In the first case considered here, the impact of multiple units of PCs

and in second case various types of modern home appliances and equipments are taken up for

their individual and /or grouped harmonic contribution. The harmonic spectrum of each of the

common appliances and equipment are presented. These loads include personal computer,

printer, fluorescent lights, photocopier, television, VCD player, microwave, fridge and washing

machine. The harmonic spectrums of the combined loads are also obtained, and the effects of

the load combinations are analyzed and discussed.

The harmonic spectrums of these various nonlinear loads are recorded by the

'Fluke-43 B Power Quality Analyzer', which is a hand held instrument and combines the most

useful capabilities of a power quality analyzer, multi-meter and scope. It displays both time-

and frequency- domain (up to 51st harmonic order along with phase angle of individual

harmonics) waveforms of voltage and current. This instrument has storage and interfacing

facilities with PC through an optically isolated interface cable.

3.2 HARMONIC IMPACT OF PERSONAL COMPUTER (PC) ON POWER

QUALITY

Computer loads and systems can be found in all of society's industrial, commercial,

and residential sectors. Computer laboratories at educational institutes, cyber cafes, industrial

computerized processes, and computerized offices are common in today's electrical

environment. The nature of these loads is such that they distort the line-current waveforms, and

in some cases, can significantly distort the supply voltage waveforms causing disruption in

computer system performance.

Personal computing impacts on power quality are due to the commonplace usage of

SMPS for converting single phase AC into low voltage DC, for supplying processing

electronics. SMPS are by no means restricted to PCs and can be found in a variety of other

widely used electrical equipment including low energy lighting, battery chargers, televisions,

and their peripherals.
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This study is an endeavor to investigate the relation between single and multiple

PCs power quality characteristics. In [131], it is shown that line current harmonics from a

single PC differ significantly from the harmonics produced cumulatively by a number of PCs

of the same type. The influence of processing mode of PC on the generation of line current

harmonics has been investigated in [132], but it gives the results only for PC box, i.e. CPU

(central processing unit). In present study, the influence of processing mode of PC on the

current harmonic distortion and its components is studied. The two processing modes are

investigated, i.e. idle mode, and hard disc drive (HDD) processing mode. The measurements

taken for these two processing modes are combined with two different conditions of monitor

status: with monitor power ON and with monitor power OFF. These two conditions are taken

with the concern to make the study-results more general and reliable in present and future

scenario, as it is expected that in near future the energy efficient LCD monitors may replace

the presently existing CRT monitors. Thus the results discussed here provide harmonic

analysis for all four possible combinations, as given following:

i) Case-1: Idle PC with monitor ON

ii) Case-2: HDD processing with monitor ON

iii) Case-3: Idle PC with monitor OFF

iv) Case-4: HDD processing with monitor OFF

The number of PCs is given as N. The harmonic current and voltage measurements

are taken for single PC (JV=1), two PCs (7V=2), five PCs (N=5), and ten PCs (W=10).

3.2.1 CASE-1: Idle PC with monitor ON

3.2.1.1 Without UPS

The measured rms load current with their total harmonic current distortion (THDi)

is shown in Fig. 3.1(a), (b), (c), and (d) respectively for single PC, two PCs, five PCs and ten

PCs. Fig. 3.2(a), (b), (c), and (d) display the power consumption for single PC, two PCs, five

PCs and ten PCs correspondingly.
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under case-1 for without UPS condition
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All of these results are also summarized in Table-3.1 along with their harmonic

component's magnitude and respective phase angle. Fig. 3.3 shows the corresponding

harmonic spectrum of the current waveform (with their magnitude' expressed as a percentage of

the fundamental). The variation of magnitude of various current components for multiple (Nin

number) PCs is depicted in Fig. 3.4 which helps in understanding the presence of attenuation

factor.

It can be concluded that the magnitude of harmonic currents increases with number

(N) of PCs, but not as rapidly as the fundamental current. This figure clearly indicates that as

the N increases, the magnitude of fundamental current component increases proportionally, but

the magnitude of harmonic current components does not vary linearly. This illustrates the

harmonic current attenuation. The attenuation factor AFn for nth harmonic current component is

defined as the net current magnitude to load when N number of loads are connected, divided by

the product of single unit current magnitude and TV* [133].

,NI1
AFn=-*y

NJi
(3-1)

where I„ = Resultant current for nth harmonic component for N units operating in parallel,

and
In = current for nth harmonic component when N=\.

For example, in Table-3.1, the attenuation factor for the 3rd harmonic with N = 10,

is AF3 = 3.59/(10*0.37) =0.97.

Table- 3.2 displays the attenuation factor for N = 10.

Table-3.1: Comparison of power, net rms current and magnitude of harmonic current
components with their phase angles under case-1 without UPS
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Fig. 3.3:

Fig. 3.4:

9 11 13

Harmonic order

Harmonic spectrum of load current, measured as percentage of
fundamental current, for ./V number of PCs under case-1 without UPS

4 5 6

Number of PCs (N)

Variation of magnitude of various current components for multiple PCs
under case-1 without UPS

Table-3.2: Harmonic order with their attenuation factor under case-1 'without UPS'

Harmonic order 3 5 7 9 11 13 15

Attenuation Factor (AF) 0.97 0.81 0.58 0.32 0.83 0.96 1.17

Here, the most affected harmonic component due to attenuation is the 9th harmonic

as it has the lowest value of attenuation factor.
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3.2.1.2 With UPS

The measured rms load current with their THDi are shown in Fig. 3.5(a), (b), (c),

and (d) respectively for single PC, two PCs, five PCs and ten PCs with UPS. Fig. 3.5(a), (b),

(c), and (d) display the power consumption for single PC, two PCs, five PCs and ten PCs

correspondingly with UPS. Also, the results are summarized in Table-3.3 along with their

harmonic component's magnitude and respective phaseangle.
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Fig. 3.5: Measured rms load current with their total harmonic current distortion
under case-1 with UPS
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Fig. 3.6: Measured power consumption under case-1 with UPS

Table-3.3: Comparison of power, net rms current and magnitude of harmonic current
components with their phase angles under case-1 with UPS
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The corresponding harmonic spectrum of the current waveform (with their

magnitude expressed as a percentage of the fundamental) as given in Fig. 3.7 shows that the

dominant harmonic current components are 3rd, 5th, 7th, and 9th harmonics. Comparison of
results shown in Table-3.1 and Table-3.3 concludes that with UPS, the power consumption of
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PC load increases approximately by 10 % but THDi level of PC load is almost stabilized and it

does not show large variation in THDi value with increase in number of unit loads as compared

to without UPS. In both the conditions (i.e. with and without UPS), the demonstrated harmonic

profile is almost identical. This comparison of THDi for 7v" number of PC loads under 'with and

without UPS' is displayed in Fig. 3.8. Table-3.4 displays the attenuation factor for/V = 10.

From the result it is clear that the most affected harmonic component due to

attenuation is the 9th harmonic as it has the lowest value of attenuation factor. Fig. 3.9

demonstrates the comparison of attenuation factor for various harmonic components under

with, and without UPS conditions, which explains that attenuation is more effective for

'without UPS' condition for 5 ,7 , and 9th harmonics as they have lower values.
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7 9 11

Harmonic order

Fig. 3.9: Comparison of attenuation factor for various harmonic components under
case-1 with and without UPS (iV=10)

Table-3.4: Harmonic order with their attenuation factor under case-1 with UPS

Harmonic order 11 13 15

Attenuation Factor (AF) 0.92 0.91 0.89 0.71 0.85 0.89 0.83

3.2.2 CASE-2: HDD processing with monitor ON

The measured rms load current with their THDi are shown in Fig. 3.10(a), (b), (c),

and (d) respectively for number of PCs (N) = 1, 2,5, and 10. These measurements are taken

with UPS. Fig. 3.11(a), (b), (c), and (d) display the power consumption for single PC, two PCs,

five PCs and ten PCs correspondingly. Summary of all of these measurements for case-2 with

UPS condition is presented in Table-3.5 with their harmonic component's magnitude and

respective phase angle. The corresponding harmonic spectrum of the current waveform (with

their magnitude expressed as a percentage of the fundamental) as given in Fig. 3.12 shows that

the dominant harmonic current components are 3rd, 5th, 7th, and 9th harmonics.
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Table-3.5: Comparison of power, net rms current and magnitude of harmonic current
components with their phase angles under case-2 with UPS condition
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Fig. 3.12: Harmonic spectrum of load current, measured as percentage of
fundamental current, for N number of PCs under case-2, with UPS

Comparison of results shown in Table-3.3 for case-1, and Table-3.5 for case-2,

clearly indicates that under case-2 the power consumption of PC load increases in a range 24 %

to 33 %. The numerical value of THDi is observed comparatively lower under 'case-2' for

more numbers (N =5 and 10) of PC loads.

An increase in magnitude (expressed as a percentage of the fundamental

component) ofdominant (3rd, 5th, 7th, and 9th) harmonic current components can be observed

on making comparison of results shown in Fig. 3.5 for case-1, and Fig. 3.9 for case-2,
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otherwise in both conditions (i.e. case-1 and 2), the demonstrated harmonic profile is almost

the same. Table-3.6 displays the attenuation factor for N = 10.

Table-3.6: Harmonic order with their attenuation factor under case-2 with UPS

Harmonic order 3 5 7 9 11 13 15

Attenuation Factor (AF) 0.88 0.70 0.38 0.26 1.77 0.10 0.19

Here, again the attenuation factor has the lowest value for the 9th harmonic; hence

the most affected harmonic component (among dominant harmonics) due to attenuation is the

9th harmonic. Fig. 3.13 demonstrates the comparison of attenuation factor for various harmonic

components between case-1 and case-2 which elucidates that attenuation effect is higher under

case-2 for dominant (3rd, 5th, 7th, and 9th) harmonics as they have lower values. It is very high

for 11th harmonic but the harmonic contribution of 11th harmonic (in terms of magnitude) is

very small.

Harmonic order

Fig. 3.13: Comparison of attenuation factor for various harmonic components under
case-1 and case-2 with UPS condition (N= 10)
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3.2.3 CASE-3: Idle PC with monitor OFF

The measured rms load current with their THDi and the power consumption

correspondingly for number of PCs (N) = 1, 2, 5, and 10 are summarized in Table-3.7. The

magnitude of harmonic current components is shown along with their individual phase angle.

These measurements are taken with UPS. The corresponding harmonic spectrum of the current

waveform (with their magnitude expressed as a percentage of the fundamental) as given inFig.

3.14 shows that for N = 1 and 2 the dominant harmonic current components are 3r, 5 ,7 ,9 ,

11th, and 13th harmonics, but for higher number of PCs (N = 5 and 10) the dominant harmonic

current components are only 3rd, 5th, 7th, and 9th, i.e. same as case-1 and case-2.

Table-3.7: Comparison of power, net rms current and magnitude of harmonic current
components with their phase angles under case-3 with UPS condition
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From the comparison of results, as shown in Table-3.3 (for case-1) and Table-3.7

(for case-3) together with Fig. 3.7 (for case-1) and Fig. 3.14 (for case-3), it is clearly

observable that as the load current decreases with monitor OFF condition, the THDi slightly

increases for respective values ofN. In addition to this dominant harmonic components 5th, 7th,

and 9th harmonic components exhibit a significant increase in their numerical value when

expressed as a percentage of the fundamental component. Table-3.8 presents the attenuation

factor for N = \0, which clearly states that among dominant (3rd, 5th, 7th, and 9th) harmonic

current components, the attenuation factor has the lowest value for the 9th harmonic; hence the

most affected harmonic component (among dominant harmonics) due to attenuation is the 9th

harmonic. Fig. 3.15 demonstrates the comparison of attenuation factor for various harmonic

components between case-1 and case-3 (as shown in table-3.4 and Table-3.8, respectively). It

is found that the attenuation effect is almost same in both cases for 3rd, 5th, and 7th harmonic,

but is more effective under case-3 for 9*, 11th, 13th, and 15th harmonics among which only 9th

harmonic is the dominant one.

Table-3.8: Harmonic order with their attenuation factor under case-3 with UPS

Harmonic order 3 5 7 9 11 13 15

Attenuation Factor (AF) 0.96 0.93 0.82 0.57 0.34 0.30 0.51

••-• Case-1 (Idle PC with monitor ON)
i->-."i Case-3 (Idle PC with monitor OFF)

7 9 11

Harmonic order

13 15

Fig. 3.15: Comparison of attenuation factor for various harmonic components under
case-1 and case-3, with UPS condition (N= 10)
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3.2.4 CASE-4: HDD processing with monitor OFF

The summary of rms load current measurement with their THD, and the power
consumption correspondingly for number of PCs (N) = 1, 2, 5, and 10, under case- 4 is
demonstrated in Table-3.9 the magnitude of harmonic current components is shown along with
their individual phase angle These measurements are taken with UPS. The corresponding
harmonic spectrum of the current waveform (with their magnitude expressed as apercentage of
the fundamental) as given in Fig. 3.16 shows that for N- 1and 2the dominant harmonic
current components are 3rd, 5th, 7th, and 9th harmonics, but for higher number of PCs (N =5and
10) the dominant harmonic current components are limited only to 3rd, 5th, and 7th while 9
harmonic is almost negligible.

Table-3 9: Comparison of power, net rms current and magnitude of harmonic current
components with their phase angles under case-4 with UPS condition
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Fig. 3.16: Harmonic spectrum of load current, measured as percentage of
fundamental current, for TV number ofPCs under case-4 with UPS
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From the comparison of results as shown in Table-3.3 (for case-1) and Table-3.9

(for case-4) it is found that as the load current decreases with monitor OFF condition, the THDi
increases for N=1and 2but decrease further for N=5and 10, which is similar to the pattern
of dominant harmonic current components. Table-3.10 presents the attenuation factor for
N = 10.

Among dominant (3rd, 5th, 7th, and 9th) harmonic current components, the
attenuation factor has the lowest value for the 9th harmonic; hence the most affected harmonic

component (among dominant harmonics) due to attenuation is the 9th harmonic. Fig. 3.17

demonstrates the comparison ofattenuation factor for various harmonic components between
case-1 and case-4, (as shown in Table-3.4 and Table-3.10, respectively). It reveals that the

attenuation effect is almost same in both cases for 3rd, and 5th harmonic, but is more effective

under case-4 for 7th, 9th, and 11th harmonics among which only 7th and 9th are dominant
harmonic current components.

Table-3.10: Harmonic order with their attenuation factor under case-4 with UPS

Harmonic order

Attenuation Factor (AF)

2.0 +—

1M

11

0.97 0.96 0.79 0.56 0.08

Case-1 (Idle PC with monitor ON)
Case-4 (HDD processing with monitor OFF)

7 9 11

Harmonic order

13

1.14

I

15

1.92

Fig. 3.17: Comparison of attenuation factor for various harmonic components under
case-1 and case-4 with UPS condition (N= 10)

47



3.2.5 Comparison of All Four Cases

3.2.5.1 Mode of Operation and Monitor Status

For above mentioned four different cases, the results of line current harmonics are

summarized in this section for the harmonic contribution made by a single PC, in Table-3.11,

where magnitudes of harmonic components are expressed as a percentage of the fundamental

component and their corresponding phase angles are also given relative to phase angle of

fundamental.

Table-3.11: Comparison of magnitudes and phase angles of various harmonic current
components for four different cases
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ft en ft en « en a ex ft ex ft ex ft ex <« ex
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^
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ft 2 B
n 2 B

ft 2 B
ft 2 B

ft 2 fl
ft 2 B

ft

Case-1 0.70 73.9 100 0 82.3 -179 60.3 -10 36.0 161 13.6 -37 0.90 77 4.7 159 6.1 -26

Case-2 0.96 76.4 100 0 84.1 168 63.6 -23 40.7 148 17.3 -36 1.3 178 10.86 43 10.41 -125

Case-3 0.36 73.0 100 0 78.38 165 58.56 -32 36.04 133 17.12 -50 0.90 117 5.41 -72 4.50 89

Case-4 0.57 77.2 100 0 84.04 167 66.86 -29 46.62 136 23.31 -57 9.20 139 5.52 -16 4.29 -163

It is clearly observable from the Table-3.11 that HDD processing mode contributes

the more harmonics in comparison to idle PC mode. This statement is valid irrespective of the

monitor status, i.e. either monitor ON or OFF. It is also apparent from this table that the net

rms current is considerably high for HDD processing mode as compared to idle PC. As

compared on the basis of their magnitude, it is found that the dominant harmonics are the 3rd,

5th, 7th, and 9th. Variation in the level of harmonics as compared between two modes of

operation is reasonably higher for monitor OFF status than monitor ON status. The major

evident deviations in harmonic levels are distinguished in 3rd, 5th, and 7th harmonics, while the

difference in higher order harmonics is not as much of prominent.
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3.2.5.2 Attenuation Effect

The attenuation effect results in the reduction in magnitude ofharmonic component.

The reason of attenuation is the connection of multiple similar loads to a particular phase
circuit, having the common source impedance. Fig. 3.4 elucidates the basic idea of harmonic

current attenuation. In the previous sections of this chapter the attenuation factor is calculated

for ten number of PC loads, under every case, individually. An assessment of attenuation

factors for all four cases is presented in Table- 3.12.

Table-3.12: Comparison of attenuation factors for all four different cases

Mode of Operation
Attenuation factor (AFn) for n'h harmonic order

n=3 n = 5 n = 7 n = 9 n = ll n = 13 n = 15

Case-1 0.92 0.91 0.89 0.71 0.85 0.89 0.83

Case-2 0.88 0.70 0.38 0.26 1.77 0.10 0.19

Case-3 0.96 0.93 0.82 0.57 0.34 0.30 0.51

Case-4 0.97 0.96 0.79 0.56 0.08 1.14 1.92

Among all four possible modes of operations, it is found that attenuation is most

effective for case-2 (HDD processing mode with monitor ON) in which it is particularly

significant for 7l and 9th harmonics as for these two harmonic components they are having the
minimum value.

3.3 HARMONIC IMPACT OF MODERN HOME APPLIANCES AND

EQUIPMENTS ON POWER QUALITY

In a system with only one harmonic-producing load, the phase angles of the

harmonic currents are not a concern since the harmonic distortion in the system is determined

completely by the magnitudes of the injected currents. However, if there are multiple harmonic

sources in the system, the harmonics from each source will add as per vector addition rule. As

a result, the combined harmonic distortion levels are highly dependent on the phase angles of

the individual loads.

The work presented in this section is intended to estimate the net harmonic currents

injected by some selected combinations of nonlinear loads (modern home appliances and

equipments) present within typical domestic premises. Harmonic currents generated by these
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loads are, individually too small to cause any appreciable distortion feeders. However, as the

number of these loads increases with multiplicity of the home units with each unit using the

different possible combinations of these loads, the cumulative harmonics may become very

significant. That is why the increasing use of these modern home appliances has raised serious

concerns. These appliances have the power ratings ranging from less than ten watts to

hundreds of watts. Table-3.13 (a), (b), and (c) display the measurement results for various

home appliances and equipments. The nonlinear home appliances and equipments considered

here are television, VCD player; personal computer, microwave, fridge and washing machine,

as these appliances are the most widespread in the modern homes /apartments. Various

possible combinations of these loads are investigated to observe the diversity effect, which

implies the partial cancellation of harmonic currents among different loads due to dispersion in

harmonic current phase angles.

The harmonic spectrums of all these measurements taken are presented in Table-

3.14, where magnitudes of harmonic components are expressed as a percentage of the

fundamental component and their corresponding phase angles are also given relative to phase

angle of fundamental.

Fig. 3.18 shows the phase angle dispersion of individual harmonic currents up to

19th harmonic. Phase angle dispersion of individual harmonic occurs mainly due to variation in

following three parameters:

i) Power level

ii) Line impedance magnitude, and

iii) Line impedance X/R ratio.

>!«.». %©«»**
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Table-3.13 (a): Measurement results for various home appliances and equipments

Appliance /
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Table-3.13 (b): Measurement results for various home appliances and equipments
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Table-3.13 (c): Measurement results for various home appliances and equipments
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Table-3.14: Comparison of measured power, net rms value and THDi of load current
with its harmonic spectrum forvarious home appliances and equipments

Appliance
/ Equipment
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Fig. 3.18: Harmonic component's phase angle dispersion for various home appliances
and equipments

Here, the phase angle dispersion makes possible significant cancellation due to the

circulation of harmonic currents among multiple loads with different power levels, especially

for higher order harmonics. In order to quantify the effect of phase angle dispersion, the

current harmonic diversity factor (DFn) for any harmonic order n is defined as the ratio of

phasor magnitude ofnet current to the sum ofmagnitudes ofthe individual currents [133].

DFn =

it

net current for n harmonic

.th
(3.2)

sum of individual currents for nl" harmonic

The diversity factor ranges between 0 and 1. A small value implies a significant

amount of cancellation.

For various possible combinations of home appliances and equipments, the

comparison of measured power, net rms value and THDi of load current with its harmonic

spectrum is shown in Table-3.15.

On the basis of calculation of diversity factor as demonstrated in Table-3.15 it can

be concluded that the cumulative magnitude of 7th and above harmonic current components

exhibit noticeable decrease due to phase angle cancellation, which is attributable only to single

and /or combined variation in power level, here. The 3rd and 5th harmonics show small diversity

effect as having higher values ofdiversity factor for these harmonic components.
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Table-3.15: Comparison of measured power, net rms value and THDi of load current
with its harmonic spectrum for various possible combinations of home
appliances and equipments

1/3 ,_,

i-

3

U

%
u
V

o
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Q
X
F

Harmonic order

1 3 5 1 9 11 13 15 17 19

Combination-1

(Microwave Owen +Washing machine + Television + VCD + Fridge + Personal

9.12 1.92 24.1

Mag. (A) 8.846 1.89 0.980 0.390 0.271 0.091 0.036 0.067 0.058 0.031

Mag.(%) 100 21.4 11.1 4.4 3.1 1.0 0.4 0.8 0.7 0.4

angle 0 -125 17 -24 122 -169 -54 -73 83 79

Diversity factor for combination-1 0.828 0.746 0.617 0.691 0.403 0.208 0.5 0.841 0.74

Combination-2: (Washing machine + Television + VCD + Fridge + Personal computer)

2.99 0.70 32.8

Mag. (A) 2.827 0.736 0.561 0.264 0.153 0.029 0.058 0.053 0.036 0.016

Mag.(%) 100 26 19.8 9.3 5.4 1.0 2.0 1.9 1.3 0.5

angle 0 -147 64 -72 135 -58 39 -110 111 8

Diversity factor for combination-2 0.899 0.911 0.63 0.535 0.19 0.532 0.631 0.7 0.615

Combination-3: (Television + VCD + Fridge + Personal computer)

1.89 0.36 49.5

Mag. (A) 1.643 0.683 0.541 0.299 0.140 0.022 0.038 0.055 0.033 0.004

Mag.(%) 100 41.6 32.9 18.2 8.5 1.3 2.3 3.4 2.0 0.3

angle 0 -91 148 33 -86 124 -124 110 -2 -97

Diversity factor for combination-3 0.885 0.925 0.767 0.53 0.153 0.388 0.7 0.825 0.21

Combination-4: (Television + VCD + Fridge)

1.27 0.21 31.2

Mag. (A) 1.204 0.253 0.231 0.135 0.111 0.071 0.033 0.013 0.002 0.007

Mag.(%) 100 21 19.2 11.2 9.2 5.9 2.8 !•! 0.2 0.6

angle 0 -69 -150 119 25 -74 -170 85 -131 96

Diversity factor for combination-4 0.699 0.828 0.628 0.627 0.555 0.402 0.295 0.2 0.778
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3.4 CONCLUDING REMARKS

These two different case studies are performed to measure the harmonic contents in

power system in case of single /multiple PC loads for different operating conditions and

processing modes; and a variety of modern home appliances and equipments having different

power levels.

It is illustrated here that the parameters, which have an effect on harmonics

produced in the line current are multiplicity of PC loads, mode of operation, and status of

monitor. It is shown that presence of UPS also affects the harmonic distortion.

In case of identical loads sharing common system impedance, attenuation effect is

observed. That is why for multiple PC loads, harmonic distortion is reduced. This reduction

due to attenuation increases significantly with increasing number of loads, i.e. system loading

and more pronounced results are obtained using simulation for larger number of PC loads,

though not presented here. The cancellation of harmonic currents due to phase angle variation

is not significant in case of multiple PC loads, as discussed in section 3.2 of this chapter,

because they lack the power variation and have very small (negligible) variation in line
X

impedance parameters. Furthermore, the internal series resistance and inductance of the PCs

dilute any variation in branch circuit impedance that causes dispersion in harmonic phase

angles among individual loads.

The diversity effect due to cancellation of harmonic currents because of phase angle

variation is found effective in case of combination of nonlinear loads (modern home appliances

and equipments) with different power levels. This reduction due to phase angle diversity is

relatively independent of system loading. On the basis these results, it is observed that
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attenuation and diversity are two important factors while studying the harmonic behavior of

single-phase nonlinear loads, in particular for the higher order harmonic components.
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CHAPTER IV

EVALUATION OF HARMONIC DISTORTION UNDER UNBALANCED VOLTAGE

SUPPLY CONDITIONS

4.1 INTRODUCTORY REMARKS

Voltage unbalance is regarded as a power quality problem of significant concern at

the electricity distribution level. In three-phase power systems, the generated voltages are

-ir sinusoidal and equal in magnitude, with their individual phases 120° apart from each other.

However, the resulting power system voltages at the distribution end and at the point of

utilization can be unbalanced for several reasons. Voltage unbalance is a condition in which

the three phase voltages differ in amplitude, or are displaced from their standard 120° phase

relationship, or both.

Unbalance of three-phase voltages result from asymmetry of line /cable impedances

.*L and from inequality of the loads in the three phases [134]. The former is related to the

structure of the electric power system in which geometric allocation of lines /cables

significantly influences their impedances. Efforts are made to reduce the asymmetry of the

transmission line impedances by means of transposition, in general. Additional causes of

power system voltage unbalance can be asymmetrical transformer winding impedances, open

wye- and open delta- transformer connections, asymmetrical transmission impedances possibly

~a caused by incomplete transposition of transmission lines, and blown fuses on three-phase

capacitor banks [135, 136]. This problem is aggravated by the fact that the presence of a small

unbalance in the line voltages will cause an unbalance in the line currents that can be

disproportionately many times larger.

Another major cause of voltage unbalance is the uneven distribution of single-phase

loads in low voltage residential and /or commercial systems, which can be continuously

changing across a three-phase power system. Wherever possible, efforts are made to distribute

the single-phase loads uniformly over three phases. For example, problem areas can be rural

electric power systems with long distribution lines, as well as large urban power systems where
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heavy single-phase demands, such as lighting loads, are imposed by large commercial facilities

[135, 136]. However, from a statistical point of view distributing single-phase loads uniformly

over the three phases only ensures that the expected values of the loads in each phase will be >

approximately equal. But it is unlikely that at a given instant, all single-phase loads will be

balanced because they vary in a random manner. In other words, even if the average loads in

the three phases are kept the same, the instantaneous power demands in three phases differ

from each other, leading to unbalanced voltages at the point of common coupling.

Large single-phase loads such as single-phase induction motors, traction systems,

induction heating, etc., are typical examples that cause considerable voltage unbalance on the

utility three-phase system unless proper design steps are taken [11], Industrial and commercial

facilities may have well balanced incoming supply voltages, but unbalance can develop within

the building from its own single-phase power requirements if the loads are not uniformly

spread among the three phases. Unbalanced voltages can also be caused by unbalanced and

overloaded equipments, and high impedance connections (i.e. loose contacts).

When a balanced three-phase load is connected to an unbalanced supply system, the

currents drawn by the load also become unbalanced. Practically, it is difficult or virtually

impossible to provide a perfectly balanced supply system to a customer. However, every

attempt has to be taken to minimize the voltage unbalance to reduce its effects on customer

loads, i.e. high DC distortion, over-voltages and high currents, excessive losses in other

rotating machines, KVAr inductive metererrors, protection relaymalfunction, etc. [137].

>
Many utilities do not keep track of their voltage unbalance in the interest of time

/task prioritization, as the undesirable effects are not instantaneously noticeable and unbalance

is only paid attention, in case of any complaint. The power quality issues are gaining the

attention and concern of various researchers, because of large diffusion of non-linear and time

varying single-phase loads and their interactions with the distribution networks in residential,

commercial and industrial areas. Therefore, it has become very essential that unbalance

phenomena should also be well monitored, detected and corrected. The work presented here is -^

an endeavor in this direction.
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4.2 TYPES OF VOLTAGE UNBALANCE AND THEIR CAUSES

There are various possible cases of voltage unbalance. In the present work,

following eight different unbalanced cases are discussed [138]:

i) Single-Phase Under-Voltage Unbalance (lO-UV)

This type of situation arises, when there is a large single-phase load in the system

and it does not have enough compensation. In this situation, the voltage in that particular phase

will be lower than the other two phases.

ii) Two-Phase Under-Voltage Unbalance (20-UV)

If two of the three phases have heavy load and do not have enough compensation,

then these two phases will have higher voltage drop than the third phase.

iii) Three-Phase Under-Voltage Unbalance (30-UV)

When the loads in all three phases are too heavy and not balanced, in that case

three-phase under-voltage unbalance will take place.

u. iv) Single-Phase Over-Voltage Unbalance (lO-OV)

Over-voltage unbalance is defined as unbalance due to the positive sequence

voltage component being higher than the balanced rated voltage, a rare situation that usually

takes place during off-peak period. Capacitors are normally used to compensate system

reactive power. In order to maintain a system voltage at rated value, if any one of the three-

phase voltages has been over-compensated, then voltage of this phase goes higher than the

rated value and leads to single-phase over-voltage unbalance.

v) Two-Phase Over-Voltage Unbalance (2O-0V)

If two of the three phases are over compensated, then the voltages of these two

phases will be higher than the rated value. This situation arises in a two phase over-voltage

unbalance.

vi) Three-Phase Over-Voltage Unbalance (30-OV)

± If the three-phase voltages are over-compensated to different levels, then in all three

phases, voltages will be higher than the rated value and not equal. This situation usually occurs

at the time when an industry shuts down butcapacitors are still connected to the system.
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vii) Single Phase Angle Displacement (lO-Angle)

If the three-phase voltages are balanced, the angle displacement between them

should be equal to 120°. Let phase A be the reference, if one of the other two phase angles is

deflected, unequal displacement in single-phase angle occurs.

viii) Unequal Two Phase Angles Displacement (20-Angle)

Similarly, if the two phase angles are deflected simultaneously, then unequal angle

displacement in two phase angles occurs, and leads to voltage unbalance.

4.3 DEFINITIONS OF VOLTAGE UNBALANCE AND THEIR

COMPARISONS

In a three-phase system, voltage unbalance takes place when the magnitudes of

phase or line voltages are different and the phase angles differ from the balanced conditions, or

both. The five different definitions of voltage unbalance [139-146] developed by various

power communities (CIGRE, NEMA, IEEE, and IEC) are stated and analyzed below:

4.3.1 CIGRE (Conseil International des Grands Reseaux Electriques) Definition

As per the method [142] recommended by CIGRE, the voltage unbalance can be

determined by equation given as

%Unbalance factor = —X '^ (4.1)
V1+V3-6.P

|Vab|4+|Vhc|4+|Vca|4where, p= -±-™l LPCJ 1 cai . and y^ y^ and y^ are Hne voltages

|Vab|2+|Vbc|2+|Vca|2'

4.3.2 NEMA (National Equipment Manufacturer's Association) Definition

The NEMA definition [143] of voltage unbalance, also known as the line voltage

unbalance rate (%LVUR), is given by

»e deviatic

average Line voltage

maximum voltage deviation from average Line voltage „,
/oLV UK — 100

maximum
jav

Vab-VLav, Vbc-Vi , Vca-VL
av jav

VLav

*100 (4.2)

Vab+Vbc+Vcawhere,Vab, Vhc, and Vcaare line voltages and average line voltage(Vl ) =
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The NEMA definition assumes that the average voltage is always equal to the rated

value and since it works only with magnitudes, phase angles are not included.

4.3.3 IEEE Definition 1

Definition of voltage unbalance according to IEEE 112-1991 [144], also known as

the phase voltage unbalance rate (%PVUR), is given by "The maximum deviation from the

average phase voltage, referred to the average of the three-phase voltages".

°/PVIJR - max'mum voltage deviation from average phase voltage 41 nn
average phase voltage

_max.[|Van-VPavJ, |Vbn-Vpav.|, Kn ~vPav.|]^
*av

where, average phase voltage(VP ) =-^ ^ 2D-, and Van ,Vbn, and Vcn are
av 3

individual phase voltages.

The IEEE uses the same definition of voltage unbalance as NEMA, the only

jL difference being that the IEEE uses phase voltages rather than line-to-line voltages. Here again,

the phase angle information is lost since only magnitudes are considered.

4.3.4 IEEE Definition 2

"IEEE dictionary" [145] gives a slightly different definition of voltage unbalance

(referring to IEEE Std. 936-1987). "The difference between the highest and the lowest rms

voltage, referred to the average of the three voltages". This inconsistency between different

IEEE documents is unfortunately not uncommon [140].

o/ n\n m difference between the highest and the lowest rms phase voltage m
/orVUK I — 100

average phase voltage

__YmaxJlYmin_*1QQ ^^
^av

where, Vmax =max.(Van,Vbn ,Vcn); Vmin = min.(Van, Vbn ,Vcn); and

Van ,Vbn, and Vcn are individual phase voltages.

The IEEE Std.l 159-1995 (recently reaffirmed) gives both the IEEE 112 definition

and the true definition.
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4.3.5 True Definition

The "true definition" [2] of voltage unbalance is defined as the ratio of the negative

sequence voltage component (V2)to the positive sequence voltage component (Vj). The

percentage voltage unbalance factor (VUF), or the "true definition", is given by

o/0 VUF =negative sequence voltage component (V2) MQQ
positive sequence voltagecomponent (V\)

These sequence voltage components are obtained by resolving three-phase

unbalanced line voltages, Vab, Vbc,and Vca (or phase voltages) into two symmetrical

components V| and V2, which are given by

V|=Vab+a.Vb.V.Vca| ^ V2=Vab+a2.Vbc+a.Vca (4 6)

where, a=1Z120° and a2=lZ240°

This "true definition" of voltage unbalance is also approved by IEC [146].

However, field engineers, whether familiar or not with symmetrical components, seem to

prefer the simpler way of representing the degree of voltage unbalance such as the maximum

percentage deviation from the average of three-phase voltages. One of the reasons is that they

often have difficulties in evaluating the VUF with voltage phasors that requires measurement

of the phase angles and involved manipulations of complex quantities. To avoid the use of

complex mathematics involved in calculating the Vi and V2, following formula is proposed in

[139] that gives a good approximation to the true definition:

''Vab* +VbVVca*
% Voltage unbalance = - (4.7)

Lav

where, Vt the average line voltage is similar to eqn. (4.2), and V„,* = Vab -VL ,

Vbc+=Vbc~VLavandVca+=Vca~VLav.

There are certain limitations with this approximation formula that below 5%

unbalance, the difference between the LVUR (NEMA definition) and the VUF (true

definition) is very small (0.8 %) but as the LVUR increases this approximation formula

deviates more from the true definition.
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Recently, it is shown in [147] that the positive, negative and zero sequence

components of a three-phase, sinusoidal and unbalanced voltage system can be calculated

exactly without the application ofthe complex mathematics. Here, only the root mean square

(RMS) line-to-line voltages are required, and without the knowledge of phase relationships

between these voltages. This results in a convenient procedure to assess voltage unbalance in
the field.

Jeong [148] has derived an expression of the VUF in terms of the magnitude of

line-to-line voltages, which appears to be related to the area ofthe triangle of unbalanced line

voltages and the area ofequivalent balanced voltage triangle. Although the formula avoids the

measurement of phase angles and complex number manipulations, it still needs the calculation

for the area of voltage triangles. The calculation can be completely avoided by using a

proposed voltage unbalance chart derived from constant VUF condition applied to the line

voltage triangle, which can be used to determine the magnitude of VUF in a straightforward

graphical manner with measured line voltage magnitudes.

^ Although, no simple way of approximation has been found that applies over the

whole range of voltage unbalance. These various attempts only facilitate the representation of

voltage unbalance for field engineers under usually encountered unbalance conditions.

In [140], with the help of an example, it is concluded that both IEEE definitions

(PVUR and PVUR1) deviate significantly from the true value (VUF) and from the NEMA

definition (LVUR) of voltage unbalance. More serious fact is that even the results of the two

^ IEEE definitions deviate from each other. It is also observed that in cases where phase angle

unbalance is involved, PVUR and PVUR1 are unable to reflect the source voltage unbalance

conditions. Hence, the PVUR and PVUR1 are seldom used. To calculate the degree of voltage

unbalance industries and utilities prefer to use NEMA definition (LVUR), as measuring line

voltages is easier in the industry. But, this particular definition does not offer any hint to

operator about the remedial action to be taken to improve the unbalance status and preventive

action to avoid their harmful consequences. Also, the NEMA definition (LVUR) of voltage

a unbalance is not comprehensive, as several conditions of the unbalance in the phase voltages

(the voltage amplitude is same but different phase angles) leads to a single value of voltage

unbalance. The true definition (VUF) involves both magnitude and angle when calculating the
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value of positive and negative sequence components where as CIGRE definition uses the

magnitude of line voltages only, based on simple measurement. Still it was observed that the

value of CIGRE definition is exactly the same as VUF. This shows the versatility of the

CIGRE definition, which employs simple arithmetical calculation. Therefore, it can also be

concluded that in absence of angle measurement, the method of CIGRE is most suitable and

simple to quantify the voltage unbalance.

Considering VUF for degree of voltage unbalance, V] and V2 are also to be obtained,

in process of calculating VUF, which helps in evaluating some important characteristics of

power system. Comparison of balanced voltages with the Vj gives a more exact estimation of

voltage unbalances. Vj and V2 play an important role in describing a more clear view of

degree of voltage unbalance. As zero-sequence voltage components are never present in line

voltages, for three-phase loads without neutral, the negative sequence voltage component is the

primary cause of voltage unbalance. Normally, the positive sequence voltage components are

very close to rated (balanced voltage) value. While expressing in per unit (p.u.) quantities, the

Vj will be very close to 1.0 p.u. and the corresponding V2 will be very close to VUF. Thus,

the VUF can definitely be considered as the V2 in per unit. This clearly explains the advantage

of using VUF as an index for analyzing the effects of voltage unbalance.

In present study it is observed that the difference between the NEMA definition

(LVUR) and the true definition (VUF) may differ substantially at high level of voltage

unbalance. Here, the quantitative evaluation of impacts of degree of unbalance (VUF) on input

and output characteristics provides a deep insight about the role of voltage sequence

components in harmonic analysis under unbalanced supply conditions. For the purpose of this

work, only four definitions (LVUR, PVUR, PVUR1 and VUF) are shown, as the CIGRE

definition is concerned, it is observed that at every stage of unbalance, it is precisely equal to

VUF. For different compositions of unbalance source voltages there is a variation in the

relation among the numerical values of these four definitions. This gives an important

conclusion that it is not merely sufficient to know the degree of voltage unbalance of supply

system, but it is equally important to know that 'how' they are unbalanced.
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4.4 DEFINITION OF PHASE TOTAL HARMONIC DISTORTION

UNBALANCE FACTOR (PTHDUF)

For a balanced three-phase system under balanced operating conditions, the phase

harmonic currents have equal magnitudes and a known phase sequence. Hence, analysis of

only one phase is carried out. But in case of unbalanced system, harmonic content of each

phase current differs with other phases and the difference in various phase harmonic

component and their distortion levels can be significant. To simplify the harmonic current

analysis in three different phases a new term "Phase Total Harmonic Distortion Unbalance

•% Factor" (PTHDUF) is introduced.

The proposed term PTHDUF is defined as "The maximum deviation from the

average Total Harmonic Distortion of current (THDi) in three different phases, referred to the

average of THDi in three different phases."

n, ™™ tt^t m maximum deviation from average of THDi in 3 phases _,, „„
% PTHDUF = - * 100

average of THDi in three phases

max fTA.TR.Tpl- i- A s )=J *mn Mg)

^Average

TA = THDIphaseA -THDlAverage •>

where, TB = THD, . _ -thdIa
1phase B ' Average •>

TC = THD!. r-THD.
1phase C 'Average

; and

THDIa
1Average

rHDIphaseA+THDIphaseB+THDIphaseC
3

Here, it is important to mention that Ta, Tb and Tc are absolute values.

4.5 EFFECTS OF VOLTAGE UNBALANCE

Three phase voltage unbalance is a frequently encountered power quality issue in

weak power networks and in power systems that supply large single-phase loads. It results in

severe effects on both the power systems and equipments, such as induction motors and power

electronic converters and drives.
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4.5.1 Effects on Induction Motors

Unbalance voltage supply to a three-phase induction motor, which is a critical

component of many industrial processes and integrated in various commercially available

equipments used in industrial and residential systems, leads to several detrimental effects on its

performance [149].

These adverse effects include increased losses and consequently temperature rise,

reduced motor efficiency, decreased insulation life resulting in premature motor failure, noisy

motor operation due to torque and motor pulsations, excessive tripping of protective relays

along with negative impact on power system stability as the power system will be in a better

position to respond to emergency load transfers, if the phases are balanced [150]. Several

contributions made by different researchers on the performance of induction motors under

unbalanced voltage supply are listed in [11, 16].

4.5.2 Effects on Power Electronic Converters

In recent years, the three-phase AC-DC rectifiers are finding great industrial utility.

These power electronic converters serve as the interface between the three-phase electric utility

and power electronic loads such as adjustable speed AC motordrives, DC motordrives, three-

phase uninterruptible power supplies (UPS), induction heating systems etc. The three-phase

bridge rectifier is the preferred choice for high power applications over single-phase rectifiers

primarily due to its low ripple content in DC output and higher power handling capability

[151]. Most of these converters contain a diode rectifier front-end, and DC-link capacitor to

convert the incoming AC voltage to a low-ripple DC voltage. These three-phase converters

with diode rectifier front-ends are non-linear in nature and draw non-sinusoidal currents rich in

odd harmonics.

These harmonic currents cause additional voltage drops across the source

inductances, which result in increased distortion of the supply system voltage waveforms. As a

result, the power factor of the converters is usually poor and varies with the load. For rectifier

systems supplied by balanced utility voltages, the input current characteristic harmonics are

determined by:

n = k.P ± 1 (4. 9)

68

>



4-

where, n = order of the harmonics;

k =1, 2, 3, 4...; and P = number of pulses of the rectifier system.

Conventional "six-pulse" rectifiers (P = 6), are defined by the fact that the DC bus

voltage consists of portions of the line-to-line AC waveform and repeats with a 60° duration,

i.e., containing six pulses in 360°. Therefore, the characteristic current harmonics present in the

utility input current are 5th, 7th, 11th and 13th etc. But, under the conditions of utility voltage
unbalance, the input current harmonics are not restricted to the converter characteristic

harmonics, and uncharacteristic triplen harmonics can appear, which may make the power

factor and system efficiency very low.

These converters are designed on the basis of balanced three-phase supply at the

fundamental frequency having small voltage and current ripple components permitting the

reduction of filtering components resulting in decrease of input losses and magnetic noise, in

input transformers wherever used. These advantages can be fully realized only when the three-

phase input source voltage is balanced, which is not necessarily a true condition in many

practical industrial and distribution systems. Under unbalanced input voltage supply

conditions, there is deterioration of rectifier input and output characteristics. The behavior of

multi phase converters, in which the individual input phase voltage contributes to the DC

output, is also affected by the unbalanced supply. This leads to the appearance of non-

characteristic harmonics and changes in characteristic harmonics in the input port to the

rectifier and undesirable harmonic distortion in the output. Uncontrolled rectifiers are more

sensitive to the voltage unbalance due to their non-linear behavior under unbalanced voltage

supply. As a result, it is not uncommon to encounter rectifier currents significantly unbalanced,

even when the supply voltage unbalance is well below a usually acceptable level. Unbalanced

rectifier currents cause detrimental effects viz. i) uneven current distribution over the legs of

the rectifier bridge that increases the conduction loss and may cause failure of rectifying

devices; ii) increased rms ripple current in the smoothing capacitor; iii) increased total rms

line current and harmonics [152]. The situation is more aggravated when the presence of an

unbalance load produces the unbalanced load current components. These components cause

voltage drop across the source impedance, and hence generate harmonic powers flowing

backward from the load to the power supply system [153].

In general, frequency or time-domain methods are used for theoretical

investigations. The frequency domain approach is based on the conventional converter theory

and gives results which may be somewhat inaccurate due to simplified assumptions usually

involved, i.e. perfectly smooth DC current, sinusoidal voltage at input port of converters etc. In
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frequency domain, the six-pulse converter is modeled as a multiple frequency current source

[154, 155]. For each harmonic and fundamental current component, harmonic order and

current together with phase angle is specified. This suggests that frequency domain method of

analysis is a linear approximation of non-linear problem. In time domain method, the actual

voltage and current waveforms are used for circuit simulation, as the six-pulse converter is

modeled using actual diodes, thyristors etc. In frequency domain analysis, there is no access to

the DC side ofconverter, while in time-domain simulation, the results show that the change in
DC side of load has a large impact on the harmonic currents, injected by the non-linear loads

[156]. Hence, time-domain analysis methods, which involve actual circuit simulation, provide

more latitude in modeling various circuit components and hence the resultsare moreaccurate.

In the present work, the simulation is carried out in time-domain and the harmonic

spectra ofdistorted input and output waveform is obtained using FFT in frequency domain.

4.6 RECTIFIER PERFORMANCE UNDER SOURCE VOLTAGE

UNBALANCE WITH VARIABLE VUF

The problem of voltage unbalance has attracted the special attention of many

researchers dealing with power quality issues in recent past. This work, therefore, presents a

detailed analytical study on the effect of voltage unbalance in the supply system on the

harmonics injected by a three-phase AC-DC rectifier. A quantitative evaluation of the impact

of positive and negative sequence voltages on the performance of three-phase AC-DC rectifier

is done. There may be several possible voltage unbalance conditions in a power system [138].

In this work, following cases of voltage unbalance are studied:

i) Single-phase voltage magnitude unbalance: under-voltage (UV) and over-voltage (OV)

ii) Single-phase unbalance due to phase angle movement:
clockwise (CW) and anticlockwise (ACW)

iii) Change in two phase angles with equal change ineach phase

a) Two phasors moving in opposite direction for increasing phase angle
between two phases

b) Two phasors moving in same direction for decreasing phase angle
between two phases

iv) Change in two phase angles with unequal change in each phase

a) Two phasors moving in opposite direction, i.e. increasing phase angle
between two phases

b) Two phasors moving in same direction, i.e. decreasing phase angle
between two phases
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v) Eight unbalance cases with same degree ofunbalance (VUF)

a) Single phase under-voltage unbalance (lO-UV)

b) Two phases under-voltage unbalance (20-UV)

c) Three phases under-voltage unbalance (3<D-UV)

d) Single phase over-voltage unbalance (10-OV)

e) Two phases over-voltage unbalance (2O-0V)

f) Three phases over-voltage unbalance (3O-0V)

g) Single phase angle displacement (1O-Angle)

h) Unequal two phase angles displacement (20)-Angle)

These case-studies are performed to find out the importance of Vj and V2 in

voltage unbalance analysis. The negative sequence voltage component (V2) also has its own

impact on the performance of rectifier. To identify the role and effects of V2 apart from those

of Vi, an exceptional case is taken up for study, in which the increased value of VUF is

obtained, only by increasing (regulating) the value of V2 and keeping V) constant. This study,

discussed in section 4.8 of this chapter points out the exclusive effect of V2.

These case studies are categorized on the basis of parameter (i.e. voltage magnitude

/phase angle of different phases) regulating the increasing value of VUF, and an attempt has

been made to find out the answer of the question- "how the composition of voltage unbalance

affects the performance?"

For every case the effect of unbalance on performance is studied on the following

factors:

i) Comparison of different definitions of voltage unbalance

ii) Effect of voltage unbalance on magnitude of DC parameters and their distortion

iii) Effectof voltage unbalance on AC parameters and their distortion

iv) Effect of voltage unbalance on PTHDUF and variation of PTHDUF with degree of
voltage unbalance (VUF)

The DC parameters under consideration are DC voltage (VDC), DC load current (IDC),

and DC power (PDC); while AC parameters are rms line currents (IA, IB, and Ic) and their
corresponding THD[.

Also, the variation of different characteristic and non-characteristic harmonics is

investigated to verify that how these voltage unbalance conditions affect the pattern of
characteristic harmonics and generation of non-characteristic harmonics.
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4.7 SINGLE-PHASE VOLTAGE MAGNITUDE UNBALANCE CASES

To study the effect of single-phase voltage magnitude unbalance in source voltage

on the performance of AC-DC rectifier, the VUF is gradually increased from 0% (balanced

case) to 16% through deviation in magnitude of voltage phasors. This deviation in magnitude

of voltage is considered in both directions, i.e. under-voltage (UV) and over-voltage (OV).

4.7.1 Single-Phase Under-Voltage Unbalance Case

For single-phase UV unbalance case the results are shown in Table-4.1, which also

includes the three-phase supply voltages, their Vi and V2 along with the numerical values of

four different definitions of voltage unbalance. Here, the considered single-phase under-

voltage unbalance is due to reduction in magnitude of line-neutral voltage of phase A. Table-

4.2 details the results for single-phase UV unbalance conditions considered independently for

other two phases; B and C (unbalance in one phase of source voltage at a time).

4.7.2 Single-Phase Over-Voltage Unbalance Case

Table-4.3 describes the input and output parameter performance of rectifier under

single-phase over-voltage unbalanced condition with VUF gradually varying from 0%

(balanced case) to 16 %. Corresponding three-phase supply voltages, their Vi and V2 and the

values of four different definitions of voltage unbalance, are also shown in Table-4.3. Here,

again the unbalance in three-phase source voltage is due to increasing magnitude of line-

neutral voltage of phase A. Table-4.4 details the results for single-phase over-voltage

unbalance conditions considered individually in three different phases.

In both of the cases discussed above, it is found that the effect of single-phase UV

/OV unbalance on DC parameters is quite characteristic and for a given value of VUF, it makes

no difference on the performance of DC parameters regardless of whether the voltage

unbalance is taking place in phase A, B or C. The only difference observed in these three

different cases is in the values of AC parameters i.e. rms currents and their distortion. Table-

4.5 (a) and Table- 4.5 (b) present the behavior of characteristic and non-characteristic

harmonics, respectively for the increasing values of VUF. The percentages of harmonic

components are based on considering the magnitude of fundamental frequency current

component as 100%. This variation in harmonic pattern behavior is discussed in section 4.13.

72



--0

r

Table-4.1: Comparison of four different definitions of voltage unbalance and rectifier performance for l-O under-voltage unbalance in
phase A for increasing VUF
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0 0 1.000 0 1.0 240 1.0 120 1.000 0.000 1.000 27.87 1.000 27.87 1.000 27.87 27.87 0.0 1.00 5.95 1.00 6.72 1.00 12.13

2 1 0.970 0 1.0 240 1.0 120 0.990 0.010 0.980 28.40 0.995 27.64 0.995 27.58 27.87 1.89 0.990 6.03 0.990 6.80 0.980 12.30

2 0.941 0 1.0 240 1.0 120 0.980 0.020 0.961 28.94 0.990 27.41 0.991 27.30 27.88 3.79 0.980 6.28 0.980 7.02 0.961 1279

3 0.913 0 1.0 240 1.0 120 0.971 0.029 0.941 29.50 0.985 27.18 0.987 27.02 27.90 5.73 0.971 6.67 0.971 7.38 0.943 1358

12 8 4 0.885 0 1.0 240 1.0 120 0.962 0.038 0.922 30.06 0.980 26.95 0.983 26.75 27.92 7.66 0.962 7.18 0.962 7.86 0.926 14.61

15 10 5 0.857 0 1.0 240 1.0 120 0.952 0.048 0.903 30.64 0.976 26.72 0.979 26.47 27.94 965 0.953 7.80 0.953 8.44 0909 15.85

5.90 18 12 6 0.830 0 1.0 240 1.0 120 0.943 0.057 0.884 31.24 0.972 26.50 0.976 26.21 27.98 11.64 0.944 8.50 0.944 9.10 0.893 17.26

14 7 0.804 0 1.0 240 1.0 120 0.935 0.065 0.866 31.85 0.968 26.27 0.973 25.94 28.02 13.67 0.936 925 0.936 9.83 0.878 18.79

24 16 8 0.778 0 1.0 240 1.0 120 0.926 0.074 0.847 32.47 0.965 26.05 0.970 25.68 28.07 15.69 0.946 10.06 0.927 10.61 0.863 20.42

18 9 0.752 0 1.00 240 1.00 120 0.917 0.083 0.829 33.11 0.961 25.82 0.967 25.42 28.12 17.76 0.919 10.91 0.919 11.43 0.848 22.12

30 20 10 0.727 0 1.00 240 1.00 120 0.909 0.091 0.811 33.77 0.958 25.59 0.964 25.16 28.17 19.87 0.911 11.78 0.911 12.29 0.835 23.89

33 22 11 0.703 0 1.00 240 1.00 120 0.901 0.099 0.794 34.44 0955 25.37 0.961 24.91 28.24 21.95 0.904 12.65 0.904 13.17 0.822 25.70

36 24 12 0.679 0 1.00 240 1.00 120 0.893 0.107 0.776 35.13 0.952 25.14 0.959 24.65 28.31 24.11 0896 13.60 0.896 14.08 0.809 27.55

39 26 13 0.655 0 1.00 240 1.00 120 0.885 0.115 0.759 35.83 0.950 24.91 0.957 24.40 28.38 2625 0.889 14.54 0.889 15.0 0.797 29.42

13.41 42 28 14 0.632 0 1.00 240 1.00 120 0.877 0.123 0.741 36.55 0.947 24.67 0.954 24.14 28.45 28.46 0.882 15.49 0.882 15.94 0.785 31.31

45 30 15 0.609 0 1.00 240 1.00 120 0.870 0.130 0.725 37.29 0.945 24.44 0.952 23.89 28.54 30.66 0.875 16.45 0.875 16.90 0774 33.21

15.20 48 32 16 0.586 0 1.00 240 1.00 120 0.862 0.138 0.708 38.04 0.943 24.20 0.951 23.63 28.62 32.90 1 0.868 17.41 0.868 17.86 0.763 35.12



Table-4.2: Comparison of AC current parameters (rms value and THD,) for 1-<D under-voltage unbalance, considered individually in
three different phases for increasing VUF

[fa

>

5
> /__

n

«l
>•
+

5
>

M

>

u.

3 _

Bu

Unbalance only in phase A Unbalance only in phase B Unbalance only in phase C
3
H

M

2
OJ
>

1
Ip Ia Ib Ic Ia I lc

RMS
THDi

(%)
Mag.

THD,

(%)
Mag.

THDi

(%)
RMS

THD,

(%)
Mag.

THD,
(%)

Mag.
THD,
(%)

RMS
THD,

(%)
Mag.

THD,

(%)
Mag.

THD

(%)

0 1.000 0.000 00 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87

1 0.990 0.010 1.89 27.87 0.980 28.40 0.995 27.64 0.995 27.58 0.996 27.59 0.980 28.40 0995 27.64 0.995 27.64 0.995 27.58 0.980 28.40

2 0.980 0.020 3.79 27.88 0.961 28.94 0.990 27.41 0.991 27.30 0991 27.30 0.960 28.94 0.990 27.41 0990 27.41 0.996 27.30 0.960 28.94

3 0971 0.029 5.73 27.90 0.941 29.50 0.985 27.18 0987 27.02 0.987 27.03 0.941 29.49 0.985 27.18 0.985 27.18 0.987 27.02 0.941 29.49

4 0.962 0038 7.66 27.92 0.922 30.06 0.980 26.95 0.983 26.75 0.983 26.75 0.922 30.06 0.980 26.95 0981 26.96 0.983 26.75 0.922 30.06

5 0.952 0.048 9.65 27.94 0.903 30.64 0976 26.72 0.979 26.47 0.980 26.48 0.903 30.64 0976 26.72 0976 26.73 0.979 26.48 0.903 30.64

6 0.943 0.057 11.64 27.98 0.884 31.24 0.972 26.50 0.976 2621 0.976 26.21 0.884 31.23 0.972 26.50 0.972 26.50 0.976 26.21 0.884 31.23

7 0.935 0.065 13.67 28.02 0.866 31.85 0.968 2627 0.973 25.94 0.973 25.95 0.866 31.84 0.968 26.27 0.968 26.28 0.973 25.94 0.866 31.84

8 0926 0.074 15.69 28.07 0.847 32.47 0.965 26.05 0.970 25.68 0.970 25.69 0.847 32.46 0.965 26.05 0965 26.05 0.970 25.68 0.847 32.46

9 0917 0.083 17.76 28.12 0.829 33.11 0.961 25.82 0.967 25.42 0.967 25.43 0.829 33.10 0.961 25.82 0.962 25.82 0.967 25.42 0.829

10 0.909 0.091 19.87 28.17 0.811 33.77 0.958 25.59 0.964 25.16 0.964 25.17 0.811 33.76 0.958 25.59 0.958 25.6 0.964 25.17 0.811 33.76

11 0.901 0.099 21.95 28.24 0.794 34.44 0.955 25.37 0.961 24.91 0.962 24.91 0.793 34.43 0.955 25.37 0.955 25.37 0.961 24.91 0.793 34.43

12 0.893 0.107 24.11 28.31 0.776 35.13 0.952 25.14 0.959 24.65 0.959 24.66 0.776 35.12 0.952 25.14 0.952 25.14 0.959 24.65 0.776 35.12

13 0885 0115 26.25 28.38 0.759 35.83 0.950 24.91 0.957 24.40 0.957 24.40 0.759 35.82 0.950 24.91 0.950 24.91 0.957 24.40 0.759 35.82

14 0.877 0.123 28.46 28.45 0.741 36.55 0.947 24.67 0.954 24.14 0.955 24.15 0.742 36.54 0.947 24.68 0.948 2468 0.954 24.14 0.742 36.54

15 0.870 0.130 30 66 28.54 0.725 37.29 0.945 24.44 0.952 23.89 0.952 23.89 0.725 37.28 0.945 24.44 0.945 24.45 0.952 23.89 0.725

16 0.862 0.138 32.90 28.62 0.708 38.04 0.943 24.20 0.951 23.63 0.951 23.63 0.708 38.03 0.943 24.21 0.943 24.21 0.951 23.63 0.708 38.03

•
v X
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Table-4.3: Comparison offour different definitions ofvoltage unbalance and performance of rectifier for l-O over-voltage unbalance in
phased for increasing VUF
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>

Unbalanced voltage source

> _

i€ft ^

>
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> _

N

V
>

>

AC parameters

29

3H

g
b.

3
a
X

E

DC parameters
Phase A Phase/? Phase C Ia Ii Ic Idc Vdc Pdc

oil
0)

s <

08

s

•1

M
•

<

03

s
"ei
c

<
RMS

THD,

(V.)
Mag.

THD,
Mag.

THD,

(V.)
Mag. THD

(V.)
Mag.

THD,
Mag.

THD,

(%)

0.0 0 0 0 1.000 0 1.00 240 1.00 120 1.000 0.000 1.00 27.87 1000 27.87 1.000 27.87 27.87 0.00 1.000 5.95 1.000 6.72 1.000 12.13

1.00 3 2 I 1.030 0 1.00 240 1.00 120 1.010 0.010 1.02 27.35 1.005 28.10 1.005 28.16 27.87 1.87 1.010 6.03 1.010 6.80 1.020 12.30

2.01 6 4 2 1.061 0 1.00 240 1.00 120 1.020 0.020 1.04 26.85 1.011 28.34 1.010 28.46 27.88 3.71 1.021 6.27 1.021 7.02 1.042 12.77

3.02 9 6 3 1.093 0 1.00 240 1.00 120 1.031 0.031 1.06 26.36 1017 28.58 1.015 28.76 27.90 5.52 1.031 665 1.031 7.37 1.064 13.52

4.04 12 8 4 1.125 0 1.00 240 1.00 120 1.042 0.042 1.08 25.88 1.024 28.82 1.020 29.06 27.92 7.31 1.042 7.14 1.042 782 1.087 14.48

5.06 15 10 5 1.130 0 1.00 240 1.00 120 1.053 0.053 1.10 25.41 1 030 29.06 1026 29.38 27.95 9.09 1.053 7.73 1053 8.37 1.111 15.63

6.08 18 12 6 1.192 0 1.00 240 1.00 120 1.064 0.064 1.13 24.95 1.037 29.31 1.032 29.70 27.99 10.85 1.065 8.38 1065 9.00 1.136 1691

7.11 21 14 7 1.226 0 1.00 240 1.00 120 1.075 0.075 1.15 24.50 1.045 29.56 1.038 30.02 28.03 12.58 1.077 9.09 1.077 9.67 1.162 18.27

8.14 24 16 8 1.261 0 1.00 240 1.00 120 1.087 0.087 1.17 24.08 1.052 29.83 1.044 30.37 28.09 14.29 1.089 984 1.089 10.39 1.189 1971

9.17 27 18 9 1.297 0 1.00 240 1.00 120 1.099 0.099 1.19 23.63 1.060 30.07 1.051 30.69 28.13 16.00 1.101 10.61 1.101 11.15 1.218 2121

10.21 30 20 10 1.333 0 1.00 240 1.00 120 1.111 0.111 1.22 23.21 1.069 30.33 1.058 31.03 28.19 17.67 1.114 11.41 1.114 11.93 1.247 22.73

11 25 33 22 11 1.371 0 1.00 240 1.00 120 1.124 0.124 1.24 22.82 1.077 30.62 1.065 31.40 28.28 19.31 1.127 12.23 1.127 12.73 1.278 24.28

12.30 36 24 12 1.409 0 1.00 240 1.00 120 1.136 0.136 1.26 22.42 1.086 30.88 1.073 31.76 28.35 20.93 1.141 13.06 1.141 13.54 1.310 25.84

13.34 39 26 13 1.448 0 1.00 240 1.00 120 1.149 0.149 1 29 22.03 1.096 31.15 1.081 32.12 28.43 22.52 1.155 13.89 1.155 14.37 1.343 27.41

14.39 42 28 14 1.488 0 1.00 240 1.00 120 1.163 0.163 1.31 21.64 1.106 31.43 1.089 32.49 28.52 24.12 1.169 14.73 1.169 15.20 1.378 28.97

1544 45 30 15 1.529 0 1.00 240 1.00 120 1.176 0.176 1.34 21.27 1.116 31.71 1.098 32.87 28.62 25.67 1.183 15.58 1.183 16.04 1.415 30.53

16.49 48 32 16 1.571 0 1.00 240 1.00 120 1.190 0.190 1.36 20.88 1.126 31.97 1 106 33.23 28.69 27.23 1.198 16.42 1.198 16.88 1.452 32.08
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Table-4.4: Comparison of AC current parameters (rms value and THDi) for l-O over-voltage unbalance, considered individually in three
different phases for increasing VUF

g
[fa
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0J C-
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o
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> ^

Vi

>

b.

3 „
Q C?
x c
H
a.

Q
X
H

V
M

2
>
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Unbalance only in phase A Unbalance only in phase B Unbalance only in phase C
Ia la Ic U Ib Ic Ia Ib Ic

RMS
THD,
(%)

Mag.
THD,

(%)
Mag.

THD,

(V.)
RMS

THD,
(%)

Mag.
THD,

(%)
Mag.

THD,
(%)

RMS
THD,

(%)
Mag.

THD,

(%)
Mag.

THD,
(%)

0
1.000 0.000 0.00 27.87 1.00 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.00 27.87 1.000 27.87 1.000 27.87 1000 27.87 1.00 27.87

1
1.010 0.010 1.87 27.87 1.02 27.35 1.005 28.10 1.005 28.16 1.005 28.16 1.02 27.35 1.005 28.10 1.005 28.10 1.005 28.16 1.02 27.35

2
1.020 0.020 3.71 27.88 1.04 26.85 1.011 28.34 1.010 28.46 1.010 28.46 1.04 26.85 1.011 28.34 1.011 28.34 1.010 28.46 1.04 26.85

3
1.031 0.031 5.52 27.90 1.06 26.36 1.017 28.58 1.015 28.76 1.015 28.76 1.06 26.36 1.017 28.58 1.017 2858 1.015 28.76 1.06 26.36

4
1.042 0.042 7.31 27.92 1.08 25.88 1.024 28.82 1.020 29.06 1.020 29.06 1.08 25.88 1.024 2882 1.024 2882 1.020 29.06 1.08 25.88

5
1.053 0.053 9.09 27.95 1.10 25.41 1.030 29.06 1.026 29.38 1.026 29 38 1.10 25.41 1.030 29.06 1.030 29 06 1.026 29.38 1.10 25.41

6
1.064 0.064 10.85 27.99 1.13 24.95 1.037 29.31 1.032 29.70 1.032 29.70 1.13 24.95 1.037 29.31 1.037 29.31 1.032 29.70 1.13 24.95

7
1.075 0.075 12.58 28.03 1.15 24.50 1.045 29.56 1.038 30.02 1.038 30.02 1.15 24.50 1.045 29.56 1.045 29 56 1.038 30.02 1.15 24.50

8
1.087 0.087 14.29 28.09 1.17 24.08 1.052 29.83 1.044 30.37 1.044 30.37 1.17 24.08 1.052 29.83 1.052 29 83 1.044 30.37 1.17 24.08

9
1.099 0.099 16.00 28.13 1.19 23.63 1.060 30.07 1.051 30.69 1.051 30.69 1.19 23.63 1 060 30.07 1.060 30.07 1 051 30.69 1.19 23.63

10
1.111 0.111 17.67 28.19 122 23.21 1.069 30.33 1.058 31.03 1.058 31.03 1.22 23.21 1.069 30.33 1.069 30.33 1.058 31.03 1.22 23.21

11
1.124 0.124 19.31 28.28 1.24 22.82 1.077 30.62 1.065 31.40 1.065 31.40 1.24 22.82 1.077 30.62 1.077 30.62 1.065 31.40 1.24 22.82

12
1.136 0.136 20.93 28.35 126 22.42 1.086 30.88 1.073 31.76 1.073 31.76 1.26 22.42 1.086 30.88 1.086 30 88 1.073 31.76 1.26 22.42

13
1.149 0.149 22.52 28.43 1.29 22.03 1.096 31.15 1.081 32.12 1.081 32.12 1.29 22.03 1.096 31.15 1.096 31.15 1.081 32.12 1.29 22.03

14
1.163 0.163 24.12 28.52 1.31 21.64 1.106 31.43 1.089 32.49 1.089 32.49 1.31 21.64 1.106 31.43 1.106 31.43 1.089 32.49 1.31 21.64

15
1.176 0.176 25.67 28.62 1.34 21.27 1.116 31.71 1.098 32.87 1.098 32.87 1.34 21.27 1.116 31.71 1.116 31.71 1.098 32.87 1.34 21.27

16
1.190 0.190 27.23 28.69 1.36 20.88 1.126 31.97 1.106 33.23 1.106 33.23 1.36 20.88 1.126 31.97 1.126 31.97 1.106 33.23 1.36 20.88

* M
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Table-4.5(a): Characteristic harmonic current components with increasing VUF for l-O under-voltage unbalance, in phased

04

THD,

h5

h7

hll

h 13

h 17

h 19

h23

h25

h29

h 31

THD,

h5

h7

hll

h!3

h!7

h!9

h23

h25

h29

h31

THD,

h5

h7

hll

h!3

h!7

h!9

h23

h25

h29

h31

VUF =

0.0 %

27.87

22.37

10.86

8.35

5.74

4.62

3.56

2.83

2.3

1.77

1.48

27.87

22.36

10.87

8.34

5.75

4.62

3.56

2.82

2.30

1.76

1.49

27.87

22.36

10.87

8.34

5.75

4.62

3.56

2.82

2.3

1.76

1.49

VUF =

1.0 %

28.40

23.03

10.49

8.82

5.34

4.99

3.17

3.11

1.96

1.98

1.20

27.64

22.06

11.01

8.11

5.90

4.41

3.71

2.65

2.42

1.63

1.58

27.58

21.98

11.06

8.05

5.94

4.37

3.73

2.62

2.44

1.60

1.59

VUF =

2.0 %

28.94

23.67

10.06

9.22

4.85

5.26

2.68

3.28

1.51

2.07

0.83

27.41

21.74

11.15-

7.85

6.05

4.19

3.84

2.46

2.53

1.47

1.66

2730

21.57

11.24

7.73

6.11

4.09

3.86

2.38

2.53

1.40

1.65

VUF =

3.0 %

29.50

24.30

9.58

9.55

4.27

5.43

2.09

3.32

0.98

2.02

0.38

27.18

21.40

11.29

7.57

6.19

3.93

3.95

2.24

2.61

1.30

1.71

27.02

21.14

11.42

7.38

6.26

3.78

3.96

2.10

2.59

1.17

1.67

VUF =

4.0 %

30.06

24.91

9.03

9.81

3.60

5.47

1.42

3.22

0.37

1.84

0.14

26.95

21.04

11.43

7.27

6.32

3.66

4.04

2.01

2.66

1.12

1.73

26.75

20.70

11.59

7.01

6.38

3.43

4.03

1.79

2.61

0.91

1.65

VUF =

5.0 %

30.64

25.50

8.41

9.99

2.85

5.40

0.68

2.98

0.29

1.53

0.62

26.72

20.66

11.58

6.94

6.44

3.37

4.11

1.76

2.68

0.93

1.72

26.47

20.23

11.74

6.60

6.48

3.05

4.07

1.45

2.59

0.62

1.59

VUF =

6.0 %

31.24

26.06

7.73

10.08

2.03

5.19

0.14

2.60

0.94

1.10

1.08

26.50

20.26

11.72

6.60

6.55

3.06

4.16

1.51

2.68

0.73

1.68

26.21

19.75

11.89

6.17

6.56

2.65

4.06

1.09

2.52

0.32

1.50

VUF =

7.0 %

31.85

26.60

6.99

10.07

1.15

4.85

0.94

2.10

1.56

0.59

1.47

26.27

19.85

11.86

6.24

6.64

2.74

4.18

1.25

2.63

0.53

1.61

25.94

19.25

12.02

5.72

6.61

2.23

4.02

0.72

2.42

0.02

1.36

VUF =

8.0 %

32.47

27.11

6.18

9.96

0.22

4.38

1.77

1.49

2.13

0.02

1.75

26.05

19.41

11.99

5.86

6.71

2.41

4.16

0.98

2.56

0.32

1.51

25.68

18.73

12.15

5.25

6.63

1.79

3.94

0.34

2.27

0.31

1.19

VUF =

9.0 %

33.11

27.59

5.31

9.74

0.78

3.79

2.57

0.79

2.60

0.57

1.89

25.82

18.96

12.12

5.46

6.76

2.08

4.11

0.71

2.45

0.12

1.39,

25.42

18.19

12.26

4.77

6.62

1.35

3.83

0.06

2.09

0.60

0.99

VUF =

10.0 %

33.77

28.03

4.37

9.41

1.80

3.08

3.32

0.03

2.94

1.13

1.87

25^9

18:49

12.24

5.06

6.78

1.74

4.03

0.45

2.32

0.11

1.26

25.16

17.64

12.36

4.27

6.58

0.90

3.67

0.42

1.87

0.88

0.76

VUF =

11.0 %

34.44

28.43

3.37

8.98

2.83

2.26

3.99

0.75

3.13

1.61

1.69

2537

1801

12.36

4.65

6.78

1.41

3.92

0.20

2.15

0.32

1.11

24.91

17.08

12.44

3.76

6.51

0.46

3.47

0.78

1.61

1.14

0.51

VUF =

12.0 %

35.13

28.79

2.30

8.43

3.87

1.37

4.56

1.52

3.14

1.98

1.36

25.14

17.51

12.47

4.23

6.75

1.09

3.77

0.11

1.97

0.53

0.94

24.65

16.50

12.51

3.25

6.41

0.18

3.24

1.13

1.33

1.35

0.24

VUF =

13.0 %

35.83

29.11

1.18

7.77

4.89

0.41

5.00

2.23

2.97

2.20

0.90

24.91

16.99

12.56

3.82

6.69

0.79

3.59

0.35

1.76

0.75

0.77

24.40

15.91

12.56

2.73

6.27

0.49

2.97

1.44

1.02

1.53

0.05

VUF =

14.0 %

36.55

29.38

0.05

7.00

5.87

0.60

5.28

2.85

2.63

2.25

0.34

24.67

16.46

12.65

3.40

6.60

0.53

3.38

0.60

1.55

0.95

0.59

24.14

15.31

12.60

2.22

6.10

0.89

2.66

1.72

0.68

1.66

0.32

*

VUF =

15.0 %

37.29

29.60

1.23

6.13

6.81

1.62

5.39

3.33

2.11

2.11

0.26

24.44

15.93

12.72

3.00

6.48

0.36

3.15

0.86

1.32

1.15

0.41

23.89

14.70

12.61

1.72

5.90

1.29

2.33

1.97

0.34

1.75

0.59

VUF =

16.0 %

38.04

29.76

2.52

5.15

7.67

2.62

5.32

3.65

1.45

1.78

0.85

24.20

15.38

12.78

2.61

6.32

0.42

2.89

1.10

1.08

1.32

0.22

23.63

14.08

12.61

1.25

5.66

1.66

1.97

2.18

0.04

1.78

0.84
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Table-4.5(b): Non-characteristic Harmonic Current Components with increasing VUF for l-O under-voltage unbalance, in phase/I

VUF =

0.0 %

VUF =

1.0 %

VUF =

2.0 %

VUF =

3.0 %

VUF =

4.0 %

VUF =

5.0 %

VUF =

6.0 %

VUF =

7.0 %

VUF =

8.0 %

VUF =

9.0 %

VUF =

10.0 %

VUF =

11.0%

VUF =

12.0 %

VUF =

13.0 %

VUF =

14.0 %

VUF =

15.0 '/.

VUF =

16.0 %

n
•

0-

THD, 27.87 28.40 28.94 29.50 30.06 30.64 31.24 31.85 32.47 33.11 33.77 34.44 35.13 35.83 36.55 37.29 38.04

h3 0.01 0.71 1.44 2.19 2.97 3.78 4.62 5.49 6.38 7.30 8.25 9.23 10.24 11.27 12.33 13.42 14.54

h9 0.01 0.86 1.74 2.64 3.55 4.46 5.38 6.29 7.19 8.06 8.90 9.70 10.46 11.15 11.78 12.34 12.80

h 15 0.01 0.79 1.58 2.37 3.15 3.88 4.57 5.19 5.72 6.16 6.48 6.67 6.73 6.63 6.38 5.97 5.41

h 21 0.01 0.68 1.35 1.99 2.58 3.10 3.51 3.80 3.95 3.94 3.78 3.45 2.96 2.33 1.57 0.71 0.23

h27 0.01 0.55 1.09 1.57 1.97 2.26 2.43 2.44 2.30 2.00 1.56 1.00 0.35 0.36 1.06 1.71 2.26

h33 0.01 0.43 0.82 1.15 1.39 1.51 1.50 1.34 1.06 0.66 0.19 0.32 0.81 1.24 1.55 1.71 1.69

ft?
o
(A

OS

.=

Ph

THD, 27.87 27.64 27.41 27.18 26.95 26.72 2630 26.27 26.05 25.82 2539 2537 25.14 24.91 24.67 24.44 24.20

h3 0.01 0.65 1.28 1.90 2.51 3.10 3.68 4.24 4.78 5.30 5.81 6.30 6.77 7.21 7.64 8.05 8.43

h9 0.01 0.39 0.76 1.12 1.46 1.80 2.11 2.42 2.70 2.98 3.24 3.48 3.71 3.94 4.15 4.35 4.54

h 15 0.0 0.33 0.64 0.94 1.23 1.51 1.78 2.04 2.29 2.53 2.77 3.00 3.22 3.44 3.65 3.86 4.05

h 21 0.0 0.27 0.53 0.79 1.03 1.27 1.51 1.74 1.96 2.18 2.38 2.58 2.75 2.91 3.04 3.14 3.21

h27 0.0 0.21 0.42 0.63 0.84 1.04 134 1.43 1.60 1.76 1.90 2.01 2.10 2.14 2.15 2.13 2.07

h33 0.0 0.16 0.32 0.48 0.64 0.80 0.95 1.09 1.21 1.30 1.37 1.40 1.40 1.37 1.31 1.23 1.13

V
m
m

J3

THD, 27.87 27.58 2730 27.02 26.75 26.47 26.21 25.94 25.68 25.42 25.16 24.91 24.65 24.40 24.14 23.89 23.63

h3 0.01 0.71 1.39 2.06 2.72 3.35 3.97 4.56 5.14 5.70 6.23 6.75 7.24 7.71 8.16 8.58 8.98

h9 0.01 0.51 1.01 1.48 1.94 2.39 2.81 3.21 3.59 3.95 4.29 4.61 4.90 5.17 5.42 5.65 5.86

h 15 0.01 0.46 0.90 1.33 1.73 2.12 2.48 2.82 3.14 3.42 3.68 3.91 4.12 4.30 4.45 4.57 4.67

h 21 0.0 0.40 0.78 1.15 1.50 1.82 2.11 2.37 2.60 2.79 2.95 3.07 3.15 3.20 3.21 3.19 3.12

h27 0.0 0.33 0.65 0.95 1.23 1.48 1.69 1.86 2.00 2.09 2.14 2.14 2.10 2.03 1.91 1.76 1.57

h33 0.0 0.27 0.52 0.75 0.96 1.13 1.26 1.35 1.40 1.40 1.36 1.28 1.17 1.02 0.85 0.65 0.43



4.7.3 Comparison ofFour Different Definitions ofVoltage Unbalance

The magnitudes of PVUR1, PVUR, LVUR and VUF are seen to be in the ratio of

3:2:1:1. As the VUF goes very high (beyond 10 %in this case), then LVUR happens to be
little lower than VUF as displayed in Fig. 4.1, for the single-phase under-voltage unbalance.
For the single-phase over-voltage unbalance, the relation among various definitions of voltage
unbalance remains same except for the fact that as the VUF increases, the LVUR happens to
be little higher than VUF.
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Fig. 4.1:

1.00 0.98 0.96 0.94 0.92 0.90 0.88

Positive sequence voltage component (V,,)

0.86

Comparison of four different definitions of voltage unbalance for single-
phase under-voltage unbalances case

4.7.4 Effect of Voltage Magnitude Unbalance on DC Parameters

The positive and negative sequence voltage components play an important role in

describing a more clear view of degree of voltage unbalance. For both cases of voltage

unbalance (under-voltage and over-voltage), it is observed that V2 increases with the increase

in VUF. The change in value of Vi depends on the type of unbalance as the Vi increases for

over-voltage unbalance case and decreases for under-voltage unbalance case with the rising

VUF. The variation of Vi and V2 as a function of VUF is displayed in Fig. 4.2(a) and Fig.

4.2(b) for under-voltage and over-voltage unbalance cases respectively.
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In addition to this, it is also observed from the results depicted in Table-4.1 and

Table-4.3 for single-phase under-voltage and over-voltage unbalances, that for a given value of

VUF, the numerical value of V2 is almost equal to the change in the numerical value of Vi as 4

compared to its value for balanced case, i.e. 1.0 p.u. Also, for a specified value of VUF, the

difference in values of V, and V2 from their corresponding values under balanced conditions

(V| = 1.0 p.u. and V2 = 0.0 p.u.) is found to be higher for single-phase over-voltage unbalance

as compared to the values for under-voltage unbalance case, e.g. for VUF equal to 16% from

Table-4.1 (for under-voltage case), V, is 0.862 p.u. and V2 is 0.138 p.u. i.e. (=1.00-0.862) p.u.,

while for the same VUF from Table-4.3 (for over-voltage case), Vj is 1.190 p.u. and V2 is

0.190 p.u. i.e. (=1.00-1.190) p.u. This example justifies the conclusions made above.

Decrease in the V, due to increasing VUF causes decrease in magnitudes of DC

output parameters (PDc, VDc, and IDc) in case ofsingle-phase under-voltage unbalance case, as

shown in Fig. 4.3(a). Similarly, for single-phase over-voltage unbalance case, as the Vi

increases with increasing degree of unbalance. The magnitudes of DC output parameters are

seen to be increasing as given in Fig. 4.3(b). It can be concluded that the Vi plays an important

role in the voltage unbalance analysis and the magnitudes of DC output parameters are found

to be proportional to it.

For both the single-phase (under-voltage and over-voltage unbalance cases studied

here, it is observed that the V2 increases with increasing VUF. This increasing V2 has its own

impact on rectifier performance which is reflected on the distortion of DC output parameters.

The distortion is found to be proportional to degree of unbalance. The change in distortion of

DC output parameters with increasing VUF is shown in Fig. 4.4(a) and Fig. 4.4(b) for under-

voltage andover-voltage unbalance cases respectively.

-i.

v
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4.7.5 Effect of Voltage Unbalance on AC Parameters

It is clear from Table-4.1 through Table-4.4 that even for a single-phase voltage

unbalance, the current waveforms of all three phases (IA, Ib, and Ic) are affected. For single-

phase under-voltage (UV) unbalance (Table-4.1), phase voltage and, therefore, load current in

phase A is decreasing very rapidly, while for single-phase over-voltage (OV) unbalance

(Table-4.3), phase voltage, and therefore, load current in phase A is increasing. The change in

rms values of phase currents in remaining two phases is very nominal. This change in rms

currents is presented in Fig. 4.5(a) and Fig. 4.5(b) for UV and OV unbalance cases

respectively. It is observed that phase in which the unbalance is taking place (A here) is the >

most affected as compared to remaining two phases. It is also observed from Table-4.1 that

THDi is highest for the phase A, which has minimum voltage value and, therefore, minimum

current. This observation is also verified from Table-4.2, where the single-phase UV unbalance

is considered individually in phase B and phase C, turn by turn.

The same sample of results can also be extended for the case of single-phase OV

unbalance. It can be observed from Table-4.3 that THDi is having minimum numerical value

for the phase having maximum voltage value i.e. the maximum current. This variation in THDi

of three different phases as a function of VUF is presented in Fig. 4.6(a) and Fig. 4.6(b) for UV

and OV unbalance considered in phase A respectively. As depicted in Table-4.2 and Table-4.4,

single-phase voltage magnitude (UV and OV) unbalance conditions when considered

independently in three different phases, the variation in their AC current parameters (rms value

and THDi) follows the same pattern as displayed in Fig. 4.5 and Fig. 4.6 relative to phase in

which the unbalance is taking place. The variation in THDi of three different phases as a M

function of VUF is presented in Fig. 4.7(a) and Fig. 4.7(b) for UV and OV unbalance

considered in phase B and in Fig. 4.8(a) and Fig. 4.8(b) when UV and OV unbalance is

considered in phase C, respectively.

On the basis of these observations, a general remark can be made that even a single-

phase supply voltage unbalance has its qualitative influence on AC current waveforms and its

parameters (rms value and THDi) of all three phases (IA, Ib, and Ic). The change in voltage
••t

magnitude 'most affects' the phase in which the voltage unbalance is taking place.
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From the above study it is found that as the VUF increases, THD, of three different

phases also vary depending on the nature ofunbalance. But during the analysis it was observed

that the average THDi of all three different phases remains almost constant (very small
variation) irrespective oftype of voltage unbalance (UV and OV) and phase (A, Bor Q. It was
also observed that VUF has no effect on this average THDi.

Phase Total Harmonic Distortion Unbalance Factor (PTHDUF) has been proposed
asa very effective measure ofvoltage source unbalance in presence of harmonic distortion. For

a given value ofVUF, it remains unchanged regardless ofthe phase being affected by voltage

% unbalance. Furthermore, the values of PTHDUF are found to be quite distinctive for both

(under-voltage and over-voltage unbalance cases for a given VUF. Plots of average THDi and

PTHDUF with variation of VUF are given in Fig. 4.9(a) and Fig. 4.9(b) for single-phase UV

andOV unbalance cases respectively.

It is evident from these two Figures that for a given value of VUF, the PTHDUF

has its value somewhat higher for the case of single-phase UV unbalance case as compared to

single-phase OV unbalance case. Hence, it is concluded that PTHDUF is reasonably

idiosyncratic for the type (UV orOV) and degree (VUF) of voltage unbalance.
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Fig. 4.5(a): Variation in rms phase currents in three different phases as a function of
VUF for single-phase under-voltage unbalance considered in phased
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Fig. 4.5(b): Variation in rms phase currents in three different phases as a function of
VUF for single-phase over-voltage unbalance considered in phase A
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Fig. 4.8(a): Variation in THDi of currents in three different phases as a function of
VUF for single-phase under-voltage unbalance considered in phase C
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4.8 THE EFFECTS OF NEGATIVE SEQUENCE VOLTAGE COMPONENT

The negative sequence voltage component (V2) also has its own impact on the
performance of AC-DC rectifier. To identify the effects of V2 apart from those of V,, the
increased value ofVUF is obtained by increasing (regulating) the value ofV2 and keeping Vi
constant. Table-4.6 shows the three-phase supply voltages, their corresponding V,, V2 and

VUF for this case where the changes in magnitude ofvoltage ofphase Aand phase Care made
in such a manner that the V, is fixed at 1.0 p.u.. The V2 is the only parameter being regulated
for variation in VUF from 1% to 16%. The variation ofV, and V2 is graphically presented in
Fig. 4.10.

When unbalanced three-phase voltages are supplied, the net effects of the

unbalanced voltages are equivalent to the superposition ofthe V2on the Vi. Table-4.6 presents

the apparent effects of the negative sequence voltage on the AC-DC rectifier performance, in

terms of increased distortion in DC output parameters. The rectifier output performance is also

presented in Fig. 4.11(a) and Fig. 4.11(b). In Fig. 4.11(a) the magnitude of DC output

parameters are seem to be constant with variable VUF as the magnitude of the Vi remains

constant throughout the variation of VUF. Here plots of all three parameters VDC, IdC, and

Pdc are almost overlapped as they remain at their rated value, for this case. The distortion of

DC parameters is found to be increasing proportional to V2 with increasing VUF, as shown in

Fig. 4.14(b).
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Table-4.6: Rectifier performance under constant V, and variable V2 for increasing
VUF

V

tfa

>

Unbalanced source voltage

+veseq.Volt.
(V,) -veseq.Volt

(V2)

DC parameters

Phase A Phase B Phase C Idc vDr Pdc

DJD
9

s
"Si
a

<

ei
fi

s
"3d
a

<

ei

s
a

<

ei
9

THD,
(%)

ei
fi

s

THD,
(%)

ei
«

THD,
(%)

0.00 1.000 0 1.00 240 1.000 120 1.00 0.00 1.00 5.95 1.00 6.72 1.00 12.13

1.0 1.017 0 1.00 240 0.983 120 1.00 0.01 1.00 6.03 1.00 6.80 1.00 12.30

2.0 1.035 0 1.00 240 0.965 120 1.00 0.02 1.00 6.27 1.00 7.02 1.00 12.78

3.0 1.052 0 1.00 240 0.948 120 1.00 0.03 1.00 6.66 1.00 7.37 1.00 13.55

4.0 1.069 0 1.00 240 0.931 120 1.00 0.04 1.00 7.16 1.00 7.84 1.00 14.55

5.0 1.087 0 1.00 240 0.913 120 1.00 0.05 1.00 7.76 1.00 8.41 1.00 15.74

6.0 1.104 0 1.00 240 0.896 120 1.00 0.06 1.00 8.44 1.00 9.05 1.00 17.08

7.0 1.121 0 1.00 240 0.879 120 1.00 0.07 1.00 9.17 1.00 9.75 1.00 18.54

8.0 1.139 0 1.00 240 0.861 120 1.00 0.08 1.00 9.95 1.00 10.50 1.01 20.08

9.0 1.156 0 1.00 240 0.844 120 1.00 0.09 1.00 10.76 1.00 11.30 1.01 21.68

10.0 1.173 0 1.00 240 0.827 120 1.00 0.10 1.00 11.60 1.00 12.11 1.01 23.33

11.0 1.191 0 1.00 240 0.809 120 1.00 0.11 1.00 12.46 1.00 12.95 1.01 25.01

12.0 1.208 0 1.00 240 0.792 120 1.00 0.12 1.00 13.34 1.00 13.82 1.01 26.72

13.0 1.225 0 1.00 240 0.775 120 1.00 0.13 1.00 14.22 1.00 14.69 1.02 28.45

14.0 1.243 0 1.00 240 0.757 120 1.00 0.14 1.00 15.12 1.00 15.6 1.02 30.19

15.0 1.260 0 1.00 240 0.740 120 1.00 0.15 1.00 16.02 1.01 16.48 1.02 31.93

16.0 1.277 0 1.00 240 0.723 120 1.00 0.16 1.00 16.93 1.01 17.39 1.03 33.67
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Fig. 4.11(a): Effect of variation in VUF on DC output parameters, when only V2 is
regulating the VUF
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Fig. 4.11 (b): Effect of variation in VUF on distortion of DC output parameters, when
only V2 is regulating the VUF
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4.9 SINGLE-PHASE ANGLE UNBALANCE CASES

For a three-phase balanced source voltage system, the angle displacement between

any two phases must be equal to 120°. Considering any particular phase as reference phasor, if

one of the other two phases is deflected, unequal displacement in single-phase occurs.

4.9.1 Single-Phase Unbalance due to Phase Angle Clockwise (CW) Movement

To study the effect of single-phase unbalance due to phase angle CW movement on

the performance of AC-DC rectifier, the VUF is gradually increased from 0% (balanced case)

to 16% by considering the deflection in any individual phase, in CW direction. Here, the

variation in VUF is adjusted by CW movement in phase angle of voltage phasor A of a

balanced source voltage supply, as shown in Fig. 4.12.

Fig. 4.12: An unbalance in three-phase voltage source due to CW movement in angle
position of voltage phasor/I

This movement causes the unbalance in voltage source. The comparison of input

and output parameters is given in Table-4.7, which includes the three-phase supply voltages,

their Vi and V2 along with the numerical values of four different definitions of voltage

unbalance. Table-4.8 gives the .results for phase angle unbalance due to phase angle CW

movement conditions considered independently in other two phases; B and C (unbalance in

only onephase of source voltage, at a time).

4.9.2 Single-Phase Unbalance due to Phase Angle Anticlockwise (ACW) Movement

Here, the VUF is regulated only by moving the voltage phasor A inACW direction,

as shown in Fig. 4.13. Table-4.9 shows the three-phase supply voltages, their V! and V2, the
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numerical values of four different definitions of voltage unbalance along with the output
performance parameters of rectifier.

Table-4.10 contains the results for single-phase voltage unbalance due to ACW

movement ofvoltage phasor considered individually in three different phases.

Fig. 4.13: An unbalance in three-phase voltage source due to ACW movement in
angle position of voltage phasor A

The effect of this type of voltage unbalance on DC parameters is found typical and

it makes no difference on the DC parameters of the rectifier. The only variation observed in

these three different cases of single-phase voltage unbalance due to ACW movement of

voltage phasor is in the values of AC side performance parameters (rms currents and their

distortion).

It was observed that the impact of phase angle unbalance due to phase angle

movement (CW or ACW) on DC parameters is very distinctive and fora given value of VUF it

does not show any divergence on DC parameters regardless of whether the unbalance is taking

place in phase A, B or C. The only difference observed in these three different cases is in the

values ofAC parameters i.e. rms currents and their distortion. This variation in AC parameters

is found dependenton two parameters:

(i) direction of movement of voltage phasor, i.e. CW/ACW;

(ii) phase in which the unbalance is takingplace viz. A,B, or C.

With increasing VUF, the behavior of characteristic and non-characteristic

harmonics is shown in Table-4.11(a) and Table-4.11(b) for CW movement and in Table-

4.12(a) and Table-4.12(b) for ACW movement, respectively. This variation in harmonic

pattern behavior is discussed in section 4.13.
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Table-4.7: Comparison of four different definitions of voltage unbalance and performance of rectifier for l-O Angle unbalance case
due to CW movement of phase A for increasing VUF
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ei
eg

s
ei
c

<
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RMS

THD,

(%)
Mag.

THD,

(%)
Mag.

THD,
Mag.

THD,

(%)
Mag.

THD,

(%)
Mag.

THD,

(%)

0.00 0 0 0 1.0 i'fi'f-'- 1.0 240 1.0 120 1.000 0.00 1.000 27.87 1.000 27.87 1.000 27.87 27.87 0.00 1.000 5.95 1.000 6.72 1.000 12.13

0.87 0 0 1 1.0 -1.72 1.0 240 1.0 120 1.000 0.010 1.000 27.84 0.991 28.34 1.008 ;27.43 27.87 1.69 1.000 6.03 1.000 6.80 1.000 12.30

1.75 0 0 2 1.0 -3.44 1.0 240 1.0 120 1.000 0.020 1.001 27.82* 0.982 28.82 1.016 27.01 27.88 3.36 1.000 6.27 1.000 7.02 1.000 12.78

2.63 0 0 3 1.0 -5.16 1.0 240 1.0 120 0.999 0.030 1.001 27.80 0.972 29.31 1.024 26.58; 27.90 5.07 0.999 6.66 0.999 7.38 0.999 13.55

3.52 0 0 4 1.0 -6.87 1.0 240 1.0 120 0.998 0.040 1.001 27.79 0.963 29.81 1.032 26.16 27.92 6.77 0.999 7.16 0.999 7.84 0.998 14.55

4.43 0 0 5 1.0 -8:59 1.0 240 1.0 120 0.998 0.050 1.002 27.78 0.953 30.32 1.040 25.75- 27.95 8.48 0.998 7.76 0.998 8.41 0.998 15.74

5.33 0 0 6 1.0 -10.3 1.0 240 1.0 120 0.996 0.060 1.002 27.78 0.943 30.84 1.047 2534 27.99 10.20 0.997 8.44 0.997 905 0.996 17.07

6.24 0 0 7 1.0 -12 1.0 240 1.0 120 0.995 0.070 1.002 27.78 0.933 31.36 1.054 24.93 28.02 11.91 0.996 9.16 0.996 9.74 0.995 18.51

7.16 0 0 8 1.0 -13.7 1.0 240 1.0 120 0.994 0.080 1.002 27.79 0.923 31.90 1.061 24.53 28.07 13.63 0.995 9.94 0995 10.49 0994 20.03

8.08 0 0 9 1.0 -15.4 1.0 240 1.0 120 0.992 0.089 1.002 27.80 0.912 32.44; 1.068 24.14 28.13 15.34 0.994 10.74 0994 11.27 0.992 21.61

9.02 0 0 10 1.0 -17.09 1.0 240 1.0 120 0.990 0.099 1.001 27.81 0.902 33.00 1.074 23.75 28.19 17.08 0.993 11.57 0.993 12.08 0.990 23.23

9.95 0 0 11 1.0 -18.77 1.0 240 1.0 120 0.988 0.109 1.001 27.83 0.891 33.56 1.081 23.36 28.25 18.80 0.991 12.42 0.991 12.92 0.988 24.88

10.89 0 0 12 1.0 -20.45 1.0 240 1.0 120 0.986 0.118 1.001 27.86 0.880 34.14 1.086 22.97 28.32 20.54 0.989 13.28 0.989 13.77 0.986 26.55

11.84 0 0 13 1.0 -22.12 1.0 240 1.0 120 0.984 0.128 1.001 27.89 0.870 34.73 1.092 22.59 28.40 22.27 0.988 14.16 0.988 14.63 0.984 28.23

12.80 0 0 14 1.0 -23.79 1.0 240 1.0 120 0.981 0.137 1.000 27.92: 0.859 35.33 1.098 22.21 28.49 24.02 0.986 15.04 0.986 15.51 0.981 29.92

13.76 0 0 15 1.0 -25.44 1.0 240 1.0 120 0.978 0.147 1.000 27.95 0.848 -35.93 1.103 21.84 28.57 25.75 0.984 15.92 0.984 16.38 0.978 31.60

14.72 0 0 16 1.0 -27.08. 1.0 240 1.0 120 0.975 0.156 1.000 27.99 0.837 36.55' 1.108 21.47 28.67 27.49 0.982 16.81 0.982 17.26 0.975 33.27

X x
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TabIe-4.8: Comparison of AC current parameters for l-O Angle unbalance case due to CW movement considered individually
three different phases for increasing VUF
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CWMovement only in phase A CW Movement only in phase B CW Movement onlv in Dhase C
1A Ib Ic Ia u Ic Ia Ib Ic

RMS
THDi
(%)

Mag.
THD,

(%)
Mag.

THD,
(%) RMS

THD,
(%)

Mag.
THDi

(%)
Mag.

THD,
(%) RMS

THD,
(V.) Mag.

THD,
Mag. THD,

0 1.000 0.00 0.00 27.87 1.000 27.87 1.000 27.87 1.000 27.87
1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87

1 1.000 0.010 169 27.87 1.000 27.84 0.991 28.34 1.008 27.43
1.009 27.44 1.000 27.84 0.991 28.34 0.991 28.35 1 008 27.43 1.000 27.84

2 1.000 0.020 3.36 27.88 1.001 27.82 0.982 28.82 1.016 27.01
1.017 27.01 1.001 27.81 0.982 28.82 0.982 28.83 1.017 27.01 1.001 27.81

3 0.999 0.030 5.07 27.90 1.001 27.80 0.972 29.31 1.024 2658
1.025 26.59 1.001 27.80 0.972 29.31 0.972 29.32 1.024 26.58 1.001 27.80

4 0.998 0.040 6.77 27.92 1.001 27.79 0.963 29.81 1.032 26.16
1.033 26 17 1.001 27.78 0.963 29.81 0.963 29.81 1.008 26.16 1.001 27.78

5 0.998 0.050 8.48 27.95 1.002 27.78 0.953 30.32 1.040 25.75
1.040 25.75 1.001 27.78 0.953 30.32 0.953 30.32 1.040 25.75 1.001 27.77

6 0.996 0.060 10.20 27.99 1.002 27.78 0.943 30.84 1.047 25.34 1.048 25.34 1.001 27.77 0.943 30.84 0.943 30.84 1.047 25.34 1.002 27.77

7 0.995 0.070 11.91 28.02 1.002 27.78 0.933 31.36 1.054 24.93
1.055 24.94 1.002 27.78 0.933 31.36 0.933 31.37 1.054 24.93 1.002 27.77

8 0.994 0.080 13.63 28.07 1.002 27.79 0.923 31.90 1.061 24.53
1 062 24.54 1.002 27.78 0.923 31.90 0.923 31.90 1.061 24.53 1.002 27.78

9 0.992 0.089 15.34 28.13 1.002 27.80 0.912 32.44 1.068 24.14
1.068 24.14 1.001 27.79 0.912 32.44 0.912 32.45 1.068 24.14 1.001 27.79

10 0.990 0.099 17.08 28.19 1.001 27.81 0.902 33.00 1.074 23.75 1.075 23.75 1.001 27.81 0.902 33.00 0.902 33.01 1.074 23.75 1.001 27.81

11 0.988 0.109 18.80 28.25 1.001 27.83 0.891 33.56 1081 23.36
1.081 23.36 1.001 27.83 0.891 33.56 0.891 33.57 1081 23.36 1.001 27.83

12 0.986 0.118 20.54 28.32 1.001 27.86 0.880 34.14 1.086 22.97
1.087 22.98 1.001 27.85 0.880 34.14 0.881 34 15 1.086 22.97 1.001 27.85

13 0.984 0.128 22.27 28.40 1.001 27.89 0.870 34.73 1.092 22.59
1.092 22.59 1.001 27.88 0.870 34.73 0.870 34.74 1092 22.59 1.001 27.88

14 0.981 0.137 24.02 28.49 1.000 27.92 0.859 35.33 1.098 2221
1.098 22.21 1.000 27.91 0.859 35.33 0.859 35.34 1.098 22.21 1.000 27.91

15 0.978 0.147 25.75 28.57 1.000 27.95 0.848 35.93 1.103 21.84
1.103 21.84 1.000 27.95 0.848 35.93 0.848 35.94 1.103 21.84 1.000 27.95

16 0.975 0.156 27.49 28.67 1 1.000 27.99 0.837 36.55 1.108 21.47
1.108 21.48 1.000 27.98 0.837 36.55 0.837 36.56 1.108 21.47 1.000 27.98
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Table-4.9: Comparison of four different definitions of voltage unbalance and performance of rectifier for l-O Angle unbalance case
due to ACW movement of phased for increasing VUF
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9 ^sx h
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THD,

(%)
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THD,

(%)
Mag.

THD,

(%)

0.00 0 0 0 1.0 0 1.0 240 1.0 120 1.000 0.00 1.000 27.87 1.000 27.87 1.000 27.87 27.87 0.00 1.000 5.95 1.000 6.72 1.000 12.13

0.87 0 0 1 1.0 1.72 1.0 240 1.0 120 1.000 0.010 1.000 27.91 1.009 27.40 0.991 28.31 27.87 1.70 1.000 6.03 1.000 6.80 1.000 12.30

1.75 0 0 2 1.0 3.44 1.0 240 1.0 120 1.000 0.020 0.999 27.95 1.017 26.95 0.983 28.75 27.88 3.35 1.000 6.27 1.000 7.02 1.000 12.78

2.63 0 0 3 1.0 5.16 1.0 240 1.0 120 0.999 0.030 0.999 28.00 1.026 26.50 0.974 29.20 27.90 5.02 0.999 6.66 0.999 7.38 0.999 13.55

3.52 0 0 4 1.0 6.87 1.0 240 1.0 120 0.998 0.040 0.998 28.05 1.034 26.06 0.965 29.65 27.92 6.66 0.999 7.16 0.999 7.84 0.998 14.55

4.43 0 0 5 1.0 8.59 1.0 240 1.0 120 0.998 0.050 0.997 28.11 1.042 25.62 0.956 30.11 27.95 8.33 0.998 7.76 0.998 8.41 0.998 15.74

5.33 0 0 6 1.0 10.3 1.0 240 1.0 120 0.996 0.060 0.996 28.17 1.049 25.20 0.946 30.58 27.98 9.95 0.997 8.44 0.997 9.05 0.996 17.07

6.24 0 0 7 1.0 12 1.0 240 1.0 120 0.995 0.070 0.995 28.24 1.057 24.78 0.937 31.05 28.02 11.57 0.996 9.16 0.996 9.74 0.995 18.51

7.16 0 0 8 1.0 13.7 1.0 240 1.0 120 0.994 0.080 0.994 28.31 1.064 24.38 0.927 31.53 28.07 13.16 0.995 9.94 0.995 10.49 0.994 20.03

8.08 0 0 9 1.0 15.4 1.0 240 1.0 120 0.992 0.089 0.993 28.40 1.071 23.97 0.918 32.01 28.13 14.78 0.994 10.74 0.994 11.27 0.992 21.61

9.02 0 0 10 1.0 17.09 1.0 240 1.0 120 0.990 0.099 0.992 28.48 1.077 23.57 0.908 32.50 28.18 16.37 0.993 11.57 0.993 12.08 0.990 23.23

9.95 0 0 11 1.0 18.77 1.0 240 1.0 120 0.988 0.109 0.991 28.57 1.084 23.18 0.899 33.00 28.25 17.95 0.991 12.42 0.991 12.92 0.988 24.88

10.89 0 0 12 1.0 20.45 1.0 240 1.0 120 0.986 0.118 0.990 28.67 1.089 22.80 0.889 33.50 28.32 19.50 0.989 13.28 0.989 13.77 0.986 26.55

11.84 0 0 13 1.0 22.12 1.0 240 1.0 120 0.984 0.128 0.989 28.77 1.095 22.42 0.879 34.01 28.40 21.06 0.988 14.16 0.988 14.63 0.984 28.23

12.80 0 0 14 1.0 23.79 1.0 240 1.0 120 0.981 0.137 0.988 28.88 1.101 22.05 0.869 34.52 28.48 22.59 0.986 15.04 0.986 15.51 0.981 29.92

13.76 0 0 15 1.0 25.44 1.0 240 1.0 120 0.978 0.147 0.986 28.99 1.106 21.68 0.860 35.04 28.57 24.12 0.984 15.92 0.984 16.38 0.978 31.60

14.72 0 0 16 1.0 27.08 i 10 240 1.0 120 0.975 0.156 0.985 29.10 1.110 21.32 0.850 35.57 28.66 25.62 0.982 16.81 0.982 17.26 0.975 33.27
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Table-4.10: Comparison of AC current parameters (rms value and THDi) for l-O Angle unbalance case due to ACW movement
considered individually in three different phases for increasingVUF
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Mag.
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Mag.
THD,

(%)
RMS

THD,
(%)

Mag.
THD,

Mag.
THD,

(%)

0 1.000 0.00 0.00 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87 1.000 27.87

1 1.000 0.010 1.70 27.87 1.000 27.91 1.009 27.40 0.991 28.31 0.992 28.31 1.000 27.9CK 1.009 27.40 1.009 27.41 0.991 28.31 1.000 27.90

2 1.000 0.020 3.35 27.88 0.99? 27.95 1.017 26.95 0.983 28.75 0.983 28.76 0599 27.94 1.017 26.95 1.018 26.95 0.983 28.75 0.999 27.94

3 0.999 0.030 5.02 27.90 0.99? 28.00 1.026 26.50 0.974 29.20 0.974 29.20 0.998 27.99 1.026 26.50 1.026 26.50 0.974 29.20 0.998 27.99

4 0.998 0.040 6.66 27.92 0.998 28.05 1.034 26.06 0.965 29.65 0.965 29.66 0.998 28.04 1.034 26.06 1.034 26.06 0.965 29.65 0.998 28.04

5 0.998 0.050 8.33 27.95 0.997 28.11 1.042 25.62 0.956 30.11 0.956 30.12 0.997 28.10 1.042 25.62 1.042 25.63 0.956 30.11 0.997 28.10

6 0.996 0.060 9.95 27.98 0.996 28.17 1.049 25.20 0.946 30.58 0.947 30.59 0.996 28.16 1.049 25.20 1.049 25.20 0.946 30.58 0.996 28.17

7 0.995 0.070 11.57 28.02 0.995 28.24 1.057 24.78 0.937 31.05 0.937 31.06 0.995 28.23 1.057 24.78 1.057 24.79 0.937 31.05 0.995 28.23

8 0.994 0.080 13.16 28.07 0.994 28.31 1.064 24.38 0.927 31.53 0.928 31.54 0.994 28.31 1.064 24.37 1.064 24.38 0.927 31.53 0.994 28.31

9 0.992 0.089 14.78 28.13 0.993 28.40 1.071 23.97 0.918 32.01 0.918 32.02 0.993 28.39 1.071 23.97 1.071 23.97 0.918 32.01 0.996 28.39

10 0.990 0.099 16.37 28.18 0.992 28.48 1.077 23.57 0.908 32.50 0.909 32.51 0.992 28.47 1.077 23.57 1.077 23.58 0.908 32.50 0.992 28.48

11 0.988 0.109 17.95 28.25 0.991 28.57 1.084 23.18 0.899 33.00 0.899 33.00 0.991 28.57 1.084 23.18 1.084 23.19 0.899 33.00 0.991 28.57

12 0.986 0.118 19.50 28.32 0.990 28.67 1.089 22.80 0.889 33.50 0.889 33.51 0.990 28T66 1.089 22.80 1.090 22.80 0.889 33.50 0.990 28.66

13 0.984 0.128 21.06 28.40 0.989 28.77 1.095 22.42 0.879 34.01 0.904 34.02 0.989 28.76 1.095 22.42 1.095 22.42 0.879 34.01 0.989 28.76

14 0.981 0.137 22.59 28.48 0.988 28.88 1.101 22.05 0.869 34.52 0.869 34.53 0.987 28.87 1.101 22.05 1.101 22.05 0.869 34.52 0.987 28.87

15 0.978 0.147 24.12 28.57 0.986 28.99 1.106 21.68 0.860 35.04 0.860 35.05 0.986 28.98 1.106 21.68 1.106 21.68 0.859 35.05 0.986 28.98

16 0.975 0.156 25.62 28.66 0.985 29.10 1.110 21.32 0.850 35.57 0.850 35.58 0.985 29.09 1.110 21.32 1.111 21.33 0.850 35.57 0.985 29.10
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Table-4.11 (a): Characteristic harmonic current components with increasing VUF for 1-<|> Angle unbalance in phase A due to CW
movement

VUF =

0.0 %

VUF =

1.0 %

VUF =

2.0 %

VUF =

3.0 %

VUF =

4.0 %

VUF =

5.0 %

VUF =

6.0 %

VUF =

7.0 %

VUF =

8.0 %

VUF =

9.0 %

VUF =

10.0 %

VUF =

11.0%

VUF =

12.0 %

VUF =

13.0 %

VUF =

14.0 %

VUF =

15.0 %

VUF =

16.0 %

V)
a

THD, 27.87 27.84 27.82 27.80 27.79 27.78 27.78 27.78 27.79 27.80 27.81 27.83 27.86 27.89 27.92 27.95 27.99

h5 22.37 22.31 22.24 22.15 22.04 21.91 21.77 21.61 21.44 21.25 21.05 20.83 20.61 20.37 20.12 19.86 19.59

h7 10.86 10.90 10.95 11.01 11.08 11.17 11.26 11.36 11.47 11.59 11.71 11.83 11.96 12.09 12.21 12.34 12.46

hll 8.35 8.31 8.26 8.19 8.11 8.01 7.91 7.79 7.66 7.53 7.39 7.26 7.12 6.99 6.86 6.74 6.62

hl3 5.74 5.77 5.81 5.87 5.93 6.00 6.07 6.15 6.23 6.31 6.39 6.46 6.53 6.58 6.63 6.66 6.68

hl7 4.62 4.60 4.56 4.50 4.44 4.37 4.28 4.20 4.11 4.02 3.93 3.85 3.78 3.72 3.67 3.63 3.59

hl9 3.56 3.58 3.61 3.65 3.69 3.74 3.80 3.85 3.90 3.95 3.99 4.01 4.03 4.04 4.03 4.01 3.99

h23 2.83 2.81 2.78 2.74 2.69 2.64 2.57 2.51 2.44 2.38 2.33 2.28 2.23 2.20 2.17 2.14 2.11

h25 2.3 2.31 2.33 2.36 2.39 2.43 2.46 2.50 2.53 2.56 2.57 2.58 2.58 2.57 2.55 2.53 2.50

h29 1.77 1.76 1.74 1.71 1.67 1.63 1.58 1.52 1.47 1.42 1.38 1.34 1.31 1.28 1.25 1.22 1.18

h31 1.48 1.49 1.50 1.52 1.54 1.57 1.60 1.63 1.65 1.67 1.67 1.67 1.66 1.64 1.62 1.61 1.60

o
3Q
39

—

THD, 27.87 2834 28.82 2931 29.81 3032 30.84 31.16 31.90 32.44 33.00 33.56 34.04 34.73 3533 35.93 36.55

hS 22.36 22.95 23.52 24.07 24.60 25.10 25.58 26.02 26.44 26.83 27.18 27.50 27.79 28.04 28.26 28.43 28.57

h7 10.87 10.54 10.16 9.74 9.29 8.78 8.24 7.66 7.04 6.38 5.68 4.95 4.19 3.40 2.58 1.75 0.92

hll 8.34 8.76 9.12 9.42 9.66 9.83 9.93 9.96 9.91 9.78 9.58 9.30 8.95 8.53 8.03 7.47 6.86

h 13 5.75 5.39 4.97 4.48 3.93 3.32 2.66 1.96 1.22 0.45 0.36 1.16 1.96 2.77 3.56 4.33 5.06

hl7 4.62 4.95 5.19 5.35 5.42 5.39 5.25 5.02 4.69 4.27 3.76 3.18 2.53 1.83 1.10 0.47 0.71

hl9 3.56 3.23 2.81 2.31 1.76 1.14 0.50 0.22 0.88 1.56 2.22 2.83 3.39 3.88 4.30 4.61 4.83

h23 2.82 3.08 3.24 3.29 3.23 3.06 2.79 2.42 1.95 1.41 0.82 0.19 0.47 1.12 1.74 2.31 2.81

h2S 2.30 2.01 1.63 1.17 0.67 0.15 0.46 1.00 1.52 1.99 2.38 2.68 2.88 2.96 2.93 2.78 2.51

h29 1.76 1.95 2.04 2.02 1.89 1.65 1.32 : 0.92 0.46 0.07 0.55 1.02 1.46 1.81 2.08 2.23 2.27

h 31 1.49 1.24 0.92 0.54 0.14 0.34 0.75 1.13 1.44 1.66 1.79 1.80 1.69 1.48 1.18 0.80 0.39

•J

03

a.

THD, 27.87 27.43 27.01 26.58 26.16 25.75 2534 24.93 24.53 24.14 23.75 2336 22.97 22.59 22.21 21.84 21.47

hS 22.36 21.80 21.23 20.64 20.03 19.42 18.79 18.16 17.52 16.87 16.22 15.57 14.92 14.26 13.61 12.96 12.32

h7 10.87 11.12 11.35 11.54 11.70 11.83 11.92 11.99 12.02 12.02 11.99 11.94 11.85 11.74 11.61 11.45 11.27

hll 8.34 7.91 7.43 6.92 6.38 5.81 5.22 4.61 3.99 3.35 2.72 2.09 1.46 0.84 0.27 0.39 0.94

h 13 5.75 6.02 6.23 6.38 6.48 6.52 6.50 6.43 6.30 6.13 5.90 5.63 5.33 4.98 4.60 4.20 3.77

hl7 4.62 4.24 3.81 3.32 2.81 2.25 1.68 1.10 0.52 0.12 0.64 1.17 1.67 2.14 2.56 2.93 3.25

hl9 3.56 3.80 3.97 4.06 4.07 4.01 3.88 3.68 3.41 3.09 2.72 2.31 1.87 1.40 0.91 0.43 0.07

h23 2.82 2.50 2.12 1.68 1.21 0.72 0.23 0.30 0.77 1.22 1.62 1.97 2.26 2.48 2.63 2.70 2.71

h25 2.30 2.50 2.62 2.65 2.60 2.46 2.25 1.97 1.63 1.25 0.83 0.40 0.07 0.47 0.88 1.25 1.57

h29 1.76 1.50 1.18 0.81 0.42 0.07 0.40 0.77 1.10 1.39 1.60 1.75 1.82 1.81 1.72 1.57 1.35

h 31 1.49 1.64 1.71 1.70 1.61 1.43 1.19 0.90 0.57 0.22 0.19 0.52 0.84 1.11 1.33 1.48 1.56

w -V



Tab.e-4.11 (b): Non^haraCerisfic harm„„ic carrea, compoaeats wi,b iacreasiag VUF for 1-+ Aagle aabalaace ia pbase Ada. «„ CW

03
-=

0-

•C
0*

THD,

h3

h9

hl5

h21

h27

h33

THD,

h3

h-9"

hl5

h21

h27

h33

THD,

h3

h9

hl5

h21

h27

h33

VUF =

0.0 %

27.87

0.01

0.01

0.01

0.01

0.01

0.01

27.87

0.01

0.01

0.0

0.0

0.0

~oJ~

27.87

0.01

0.01

0.01

0.0

0.0

0.0

VUF =

1.0 %

27.84

0.68

0.20

0.11

0.07

0.06

0.06

2834

0.72

0.78

0.71

0.62

0.51

1.39

27.43

0.65

0.69

0.63

0.54

0.44

0.33

VUF =

2.0 %

27.82

1.36

0.39

0.21

0.15

0.12

0.11

28.82

1.47

1.58

1.44

1.23

1.00

0.77

27.01

1.27

1.36

1.23

1.05

0.85

0.64

VUF =

3.0 %

27.80

2.03

0.57

0.31

0.21

0.18

0.16

2931

; 2.25

2.39

2.16

1.83

1.46

1.09

26.58

1.87

2.00

1.80

1.53

1.22

0.91

VUF =

4.0 %

27.79

2.70

0.75

0.40

0.27

0.23

0.21

29.81

3.04

3.21

2.86

2.38

1.85

1.34

26.16

2.45

2.62

2.34

1.96

1.54

1.13

VUF =

5.0 %

27.78

3.36

0.91

0.47

0.32

0.27

0.24

3032

3.87

4.03

3.54

2.88

2.17

1.50

25.75

3.00

3.21

2.83

2.34

1.80

1.29

VUF =

6.0 %

27.78

4.02

1.08

0.54

0.36

0.30

0.27

30.84

4.72

4.85

4.18

3.31

2.39

1.56

2534

3.53

3.77

3.29

2.66

1.99

1.38

VUF =

7.0 %

27.78

4.67

1.22

0.59

0.39

0.33

0.30

31.16

5.58

5.67

4.78

3.65

2.50

1.51

24.93

4.04

4.30

3.69

2.91

2.11

1.39

VUF =

8.0 %

27.79

5.32

1.36

0.63

0.42

0.37

0.33

31.90

6.47

6.47

5.32

3.89

2.49

1.35

24.53

4.53

4.79

4.04

3.09

2.14

1.32

VUF =

9.0 %

27.80

5.96

1.48

0.66

0.45

0.41

0.37

32.44

7.39

7.26

5.79

4.03

2.37.

1.09

24.14

4.99

5.25

4.33

3.20

2.10

1.19

VUF =

10.0 %

27.81

6.58

1.59

0.68

0.48

0.45

0.42

33.00

8.32

8.03

6.19

Tb6

2J4

0.76

23.75

T43

~167

T57

~124

T9l

099

VUF =

11.0%

27.83

7.20

1.69

0.69

0.52

0.50

0.47

33.56

9.27

8.76

ur

3.97

1.81

0.38

2336

5.84

6.06

4.74

3.20

1.79

0.74

VUF =

12.0 %

27.86

7.82

1.77

0.71

0.57

0.56

0.53

34.04

10.25

9.48

6.74

3.78

1.38

0.10

22.97

6.24

Til

T86

TI()

T55

0.46

VUF =

13.0 %

27.89

8.42

1.84

0.72

0.63

0.63

0.58

34.73

11.24

10.15

6.88

3.47

0.89

0.48

22.59

T61

~672

"T92

T9l

T2I

~0A6

VUF =

14.0 %

27.92

9.01

1.89

0.74

0.70

0.69

0.63

3533

12.26

10.79

6.93

3.06

0.36

0.87

22.21

6.96

T99

T9l

~2J0

"091

"oTf

VUF =

15.0 %

27.95

9.59

1.94

0.76

0.77

0.76

0.68

35.93

13.28

1138

6.88

2.57

0.22

1.19

21.84

7.29

T22

T87

"Z42

0.55

"b~46

VUF =

16.0 %

27.99

10.16

1.97

0.80

0.85

0.81

0.71

36.55

14.32

11.93

"6?73~

2.00

0.76

1.44

21.47

7.59

7.42

"4?77

Tio

"0T7

~b"7^
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Table-4.12 (a): Characteristic harmonic current components with increasing VUF for 1-(|> Angle unbalance in phase A due to ACW
movement

VUF =

0.0 %

VUF =

1.0 %

VUF =

2.0 %

VUF =

3.0 %

VUF =

4.0 %

VUF =

5.0 %

VUF =

6.0 %

VUF =

7.0 %

VUF =

8.0 %

VUF =

9.0 %

VUF =

10.0 %

VUF =

11.0%

VUF =

12.0 %

VUF =

13.0 %

VUF =

14.0 %

VUF =

15.0 %

VUF =

16.0 %

ft>
n
03

J=

THDr 27.87 27.91 27.95 28.00 28.05 28.11 28.17 28.24 2831 28.40 28.48 28.57 28.67 28.77 28.88 28.99 29.10

h5 22.37 22.41 22.43 22.44 22.43 22.40 22.36 22.30 22.23 22.14 22.03 21.92 21.79 21.65 21.50 21.34 21.17

h7 10.86 10.83 10.81 10.81 10.81 10.83 10.86 10.89 10.93 10.98 11.03 11.08 11.14 11.20 11.25 11.31 11.36

hll 8.35 8.37 8.38 8.38 8.36 8.33 8.29 8.24 8.19 8.13 8.07 8.01 7.94 7.89 7.84 7.79 7.76

h 13 5.74 5.72 5.71 5.71 5.72 5.73 5.74 5.75 5.77 5.77 5.78 5.77 5.76 5.74 5.71 5.67 5.62

hl7 4.62 4.64 4.64 4.64 4.62 4.61 4.59 4.57 4.55 4.54 4.53 4.53 4.55 4.56 4.59 4.62 4.66

h 19 3.56 3.54 3.53 3.53 3.52 3.52 3.50 3.49 3.46 3.42 3.38 3.32 3.26 3.18 3.10 3.01 2.92

h23 2.83 2.84 2.84 2.84 2.84 2.84 2.84 2.85 2.87 2.89 2.92 2.94 2.97 3.00 3.02 3.03 3.04

h25 2.3 2.29 2.28 2.26 2.24 2.22 2.19 2.14 2.09 2.03 1.97 1.90 1.84 1.77 1.71 1.65 1.60

h29 1.77 1.78 1.78 1.79 1.80 1.81 1.84 1.86 1.89 1.91 1.93 1.94 1.95 1.95 1.93 1.92 1.89

h 31 1.48 1.47 1.46 1.44 1.41 1.37 1.33 1.28 1.22 1.17 1.12 1.08 1.04 1.01 0.98 0.95 0.92

65

Vi

m
j=
Oh

THD, 27.87 27.40 26.95 26.50 26.06 25.62 25.20 24.78 2438 23.97 23.57 23.18 22.80 22.42 22.05 21.68 2132

h5 22.36 21.75 21.13 20.49 19.84 19.18 18.51 17.84 17.17 16.48 15.80 15.12 14.44 13.77 13.10 12.44 11.78

b.7 10.87 11.15 11.40 11.60 11.76 11.88 11.96 12.00 12.00 11.97 11.90 11.80 11.68 11.52 11.34 11.13 10.90

hll 8.34 7.87 7.36 6.81 6.23 5.61 4.98 4.33 3.67 3.00 2.34 1.69 1.04 0.41 0.21 0.79 1.35

h 13 5.75 6.03 6.25 6.39 6.46 6.46 6.40 6.27 6.09 5.84 5.55 5.22 4.84 4.43 3.99 3.54 3.06

hl7 4.62 4.21 3.74 3.22 2.66 2.07 1.46 0.84 0.23 0.38 0.95 1.49 1.99 2.44 2.83 3.17 3.45

h 19 3.56 3.81 3.97 4.03 4.00 3.89 3.69 3.42 3.08 2.69 2.25 1.78 1.29 0.79 0.33 0.34 0.76

h23 2.82 2.48 2.06 1.59 1.08 0.55 0.06 0.52 1.01 1.46 1.85 2.17 2.42 2.59 2.68 2.69 2.62

h25 2.30 2.50 2.60 2.60 2.49 2.29 2.01 1.66 1.26 0.82 0.36 0.14 0.56 0.98 1.35 1.67 1.92

h29 1.76 1.48 1.13 0.73 0.30 0.15 0.57 0.95 1.27 1.53 1.71 1.80 1.80 1.71 1.55 1.32 1.04

h31 1.49 1.64 1.69 1.63 1.48 1.25 0.94 0.59 0.21 0.18 0.55 0.89 1.17 1.38 1.51 1.57 1.54

V
«n
so

a.

THD, 27.87 2831 28.75 29.20 29.65 30.11 30.58 31.05 31.53 32.01 32.50 33.00 33.50 34.01 34.52 35.04 35.57

h5 22.36 22.90 23.43 23.93 24.41 24.87 25.30 25.71 26.09 26.45 26.78 27.08 27.35 27.60 27.82 28.00 28.16

h7 10.87 10.57 10.25 9.89 9.51 9.09 8.65 8.18 7.68 7.15 6.60 6.03 5.44 4.83 4.20 3.56 2.91
hll 8.34 8.73 9.07 9.37 9.60 9.79 9.91 9.98 9.99 9.94 9.83 9.66 9.44 9.16 8.82 8.44 8.02

h 13 5.75 5.43 5.05 4.63 4.16 3.64 3.09 2.51 1.89 1.25 0.60 0.08 0.75 1.42 2.09 2.75 3.40

hl7 4.62 4.93 5.18 5.35 5.45 5.47 5.41 5.27 5.05 4.76 4.40 3.98 3.50 2.97 2.39 1.80 1.20

hl9 3.56 3.25 2.88 2.45 1.97 1.44 0.89 0.31 0.28 0.87 1.45 2.01 2.55 3.04 3.49 3.89 4.23

h23 2.82 3.07 3.24 3.33 3.32 3.23 3.05 2.79 2.46 2.06 1.60 1.11 0.58 0.15 0.56 1.09 1.60

h25 2.3 2.03 1.69 1.29 0.85 0.38 0.11 0.59 1.06 1.51 1.91 2.26 2.55 2.77 2.91 2.98 2.97

h29 1.76 1.95 2.06 2.09 2.02 1.87 1.64 1.35 0.99 0.60 0.18 0.25 0.68 1.07 1.43 1.74 1.98
h 31 1.49 1.26 0.97 0.64 0.27 0.11 0.49 0.84 1.16 1.43 1.63 1.77 1.83 1.81 1.73 1.57 1.36
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Tab.e-4.12 (b): N^b^J. hanaoaic carrea, coa,p„neaB wW tacreasiog VUF for H Aagle aabataace ia pbase Adae to

THD,

h3

h9

hl5

h21

h27

h33

THD,

h3

h9

hl5

h21

h27

h33

THD,

h3

h9

hl5

h21

h27

h33

VUF =

0.0 %

27.87

0.01

0.01

0.01

0.01

0.01

0.01

27.87

0.01

0.01

0.0

0.0

0.0

0.0

27.87

0.01

"Tbl

"Tbl

"To

~~oTo

~ob

VUF =

1.0 %

27.91

0.68

0.21

0.13

0.09

0.08

0.07

27.40

0.71

.0.77

0.70

0.61

0.50

0.39

2831

0.66

0.70

0.63

0.54

0.43

0.33

VUF =

2.0 %

27.95

1.37

0.42

0.25

0.18

0.15

0.13

26.95

1.38

1.50

1.38

1.19

0.97

0.75

28.75

1.35

1.42

1.27

1.08

0.86

0.65

VUF =

3.0 %

28.00

2.05

0.63

0.38

0.27

0.22

0.19

26.50

2.03

2.21

2.01

1.72

1.39

1.05

29.20

2.06

2.14

1.92

To!

1.27

0.93

VUF =

4.0 %

28.05

2.74

0.84

0.50

0.36

0.29

0.24

26.06

2.65

2.89

2.60

2.19

1.73

1.28

29.65

2.78

2.88

2.55

TTi

1.63

1.17

VUF =

5.0 %

28.11

3.42

1.05

0.63

0.45

0.35

0.28

25.62

3.25

3.54

3.15

2.60

1.99

1.42

30.11

3.53

3.62

3.17

2.58

1.94

1.36

VUF =

6.0 %

28.17

4.11

1.26

0.75

0.53

0.40

0.31

25.20

3.83

4.14

3.63

2.92

2.16

1.46

30.58

4.30

4.35

3.76

2.99

2.19

1.47

VUF =

7.0 %

28.24

4.79

1.46

0.87

0.60

Til

0.34

24.78

4.37

4.71

4.05

7i7

774

1.41

31.05

Tbl

Tbl

T32

T35

"236

Hi

VUF =

8.0 %

2831

5.46

1.66

0.98

0.67

0.49

037

2438

4.89

5.24

4.41 r

3.32

2.22

1.27

31.53

IT?

Hi

Tsl

T64

746

ITi

VUF =

9.0 %

28.40

6.14

1.86

1.08

073

052

0.40

23.97

"539

T73

Ho

"339

2.10

Tbl

32.01

T71

T53

T32

Tsl

T47

T37

VUF =

10.0 %

28.48

Til

2.05

1.18

T78

"055

0.44

23.57

5.86

6.17

4.92

3.37

1.90

T77

32.50

755

724

T7l

4.00

2.40

1.20

VUF =

11.0%

28.57

7.48

2.24

1.26

082

059

0.48

23.18

6.30

6.57

Tbl

T26

T62

0.45

33.00

8.40

T92

Tl2^

4.06

T24

T97

VUF =

12.0 %

28.67

Til

741

T3I

08l

062

"053^

22.80

T73

T93

"1T5

Tbl

1.29

0.10

33.50

9.27

T59

T44

Tbl

Tbl

0.69

VUF =

13.0 %

28.77

T79

158

TTf)

08l

0.66

0.58

22.42

7.12

T2I

TT7

783

0.91

0.24

34.01

10.15

T2I

T69

T94

1.72

0.39

VUF =

14.0 %

28.88

T4l

774

1.46

091

"071

~064

22.05

7.50

7.51

Tl2^

75l

"bTo^

"056

34.52

11.05

~9M

T88

T76

T37

Tu5

VUF =

15.0 %

28.99

10.09

2.89

1.50

"094

"076

"069

21.68

T85

774^

Tbl

TTs

T09

"084

35.04

11.96

10.44

7.00

3.51

0.98

0.30

VUF =

16.0 %

29.10

10.72

Tbl^

Tm

097

~08l

T7I

2132

Tl7

7.92

T84^

T75

T32

Tbl

35.57

12.88

11.00

Tbl

Til

~056

Tol



4.9.3 Comparison of Four Different Definitions of Voltage Unbalance

For both the cases of single-phase voltage unbalance caused by phase angle

variation (either CW or ACW), the magnitudes of PVURl and PVUR are zero. The VUF

happens to be always little higher than LVUR, throughout the unbalance. With increasing

VUF, the difference between VUF and LVUR also increases as displayed in Fig. 4.14.
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4.9.4 Effect of Voltage Unbalance on DC Parameters

For both the cases of voltage unbalance due to phase angle (CW or ACW)

movement taken up for study, it is observed that V2 increases in proportion to the increasing

VUF. There is a very small decrease in the value of Vi with increasing VUF. Also, the

corresponding values of Vi and V2 are identical for both the cases of single-phase voltage

unbalance due to movement of voltage phasors, either CW or ACW. Fig. 4.15 presents the

variation of Vi and V2 as a function of VUF for single-phase voltage unbalance cases due to

movement (CW /ACW) of voltage phasors. It is observed that due to voltage unbalance, the

change in value of Vi is very small. For the total variation of VUF from zero percent to 16 %,

the change in p.u. value of V] is from 1.00 p.u. to 0.975 p.u.. However, the corresponding
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value ofV2 is almost equal to p.u. value ofVUF, which clearly describes the advantage of
using VUF as an effective measure of voltage unbalance.

For both the cases of single-phase voltage unbalance due to CW and ACW

movement of voltage phasors, it is found that

i) As the VUF increases, the decrease in V( causes decrease in magnitudes of DC

output parameters as shown in Fig. 4.16, which concludes that the magnitudes of

DC output parameters are proportional to the Vi. Thus V, has an important role in

the voltage unbalance study.

ii) The impact of increasing V2 on rectifier performance is reflected on the distortion

of DC output parameters and the distortion is found to be proportional to VUF. The

change in distortion ofDC output parameters with increasing VUF is shown in Fig.

4.17.
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4.9.5 Effect of Voltage Unbalance on ACParameters

The current waveforms of all three phases (IA, IB, and Ic) are affected by that even
for a single-phase voltage unbalance, as shown in Table-4.7 to Table-4.10.

For single-phase voltage unbalance due to movement ofvoltage phasor Afrom its

reference position, the load current in phase A is least affected in comparison of other two

phases, in which phase angles are unaffected. For the case of single-phase voltage unbalance
due to CW movement of voltage phasor A, as shown in Table-4.7 , there is no change in rms
values of phase current in phase A, while for single-phase voltage unbalance due to ACW

movement of voltage phasor .4 as in Table-4.9, the decrease in load current in phase Ais very

small. However, the change in rms values of phase currents in remaining two phases is

observed relatively noticeable. In case of CW movement of voltage phasor^, the p.u. change

in decreasing rms load current ofphase Bis found almost equal to p.u. value ofVUF, while for

ACW movement of voltage phasor/I, the rms load current ofphase Bincreases but the change

in numerical value is found lesser in comparison to CW movement ofvoltage phasor^.

For this observation the generalized statement can be given as:

i) The load current is least affected for the phase in which the voltage phasor

movement is taking place (i.e. phased here);

ii) The load current increases for the phase from which the moving phasor is going

away (i.e. phase C in case of CW movement and phase B in case of ACW

movement); and

iii) The load current decreases for the phase towards which it is moving (i.e. phase B in

case ofCW movement and phase C in case ofACW movement).

The amount of change in numerical values of load currents is same as discussed

above. This change in rms values of load currents is displayed in Fig. 4.18(a) and Fig. 4.18(b)

for single-phase voltage unbalance due to CW and ACW movement of voltage phasor A,

respectively. Fig. 4.19(a) and Fig. 4.19(b) present the load current variation for CW and ACW
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movement ofvoltage phasor B, whereas Fig. 4.20(a) and Fig. 4.20(b) present the load variation

for CW and ACW movement of voltage phasor C, in that order.

It is also observed from Table-4.7 that for CW movement of phasor A, there is no

change in the THDi for the phase A, which is having the unaffected load current throughout the

variation in VUF. THDi is found increasing for the phase towards which the voltage phasor A

is moving (i.e. phase B) and decreasing for the phase from which the voltage phasor A is

moving away (i.e. phase Q.This observation is also verified from Table-4.8, where the single-

phase voltage unbalance due to CW movement of voltage phasor B and C, is considered

individually, only one at a time.

The same illustration of results can also be extended for the case of single-phase

voltage unbalance due to ACW movement ofvoltage phasor. It can be viewed from Table-4.9

that for increasing VUF caused by ACW movement ofphasor A, THDi for phase Ais slightly

increasing, with its little decreasing load current. Again, the THDi is found increasing for the

phase towards which the voltage phasor Ais moving (i.e. phase Chere) and decreasing for the

phase from which the voltage phasor A is moving away (i.e. phase B). It is also clear from

Table-4.9 that THDj is having minimum numerical value for the phase having the maximum

load current.

This variation in THDi of three different phases as a function of VUF is presented

in Fig. 4.21(a) and Fig. 4.21(b) for CW and ACW movement in phase A, respectively. For

single-phase voltage unbalance conditions considered independently in three different phases is

presented in Table-4.8 and Table-4.10. The variation in AC current parameters follows the

same pattern as displayed in Fig. 4.18 and Fig. 4.21 (for rms current value and THDi, in that

order), relative to the phase in which the unbalance is taking place. For three different phases,

this variation in THDi w.r.t. variable VUF is presented in Fig. 4.22(a) and Fig. 4.22(b) for the

CW and ACW movement considered in phase B; and in Fig. 4.23(a) and Fig. 4.23(b) for CW

and ACW movement considered in phase C, respectively. On the basis ofthese observations, a

general remark can be made that:
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• Even a single-phase supply voltage unbalance has its specific influence on AC

current waveforms and its parameters (rms value and THDi) ofall three phases (IA,

> Ib, and Ic), and

• The change in voltage phase angle 'least affects' the phase in which the phase angle

movement is taking place, and 'most affects' the phase towards which it is moving.

It was found that the average THD[ of all three different phases remains almost

constant (very small variation) irrespective of the direction of movement (CW or ACW) of

voltage phasor, and phase (A, B or Q under movement. It was also observed that VUF has no

effect on this average THDi.

PTHDUF has been recommended as a proficient index of voltage source unbalance

in presence ofharmonic distortion. For a given value ofVUF, itdoes not change for the phases

(A, B or Q regardless of the reason of voltage unbalance. Furthermore, for the given VUF, the

values of PTHDUF are found to be quite unique for both cases of single-phase voltage

* unbalance due to phase angle movement (CW or ACW). Plots of average THDi and PTHDUF

with variable VUF are shown in Fig. 4.24(a) for the case of CW movement and in Fig. 4.24(b)

for ACW movement of voltage phasors.

It is evident from these two Figures that for a given value of VUF, the PTHDUF

has its value somewhat higher for the case of single-phase voltage unbalance due to ACW

movement of voltage phasors, as compared to case of single-phase voltage unbalance due to

CW movement of voltage phasors. Hence, it can be concluded that PTHDUF is reasonably

characteristic for the reason of unbalance and VUF.
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4.10 CHANGES IN TWO PHASE ANGLES WITH EQUAL CHANGE IN EACH
PHASE

For a three-phase balanced source voltage system, the displacement of voltage

phasors between any two phases must be equal to 120°. Considering any specific phase as a

reference phasor, if remaining two phases are deflected, in opposite directions i.e., one in CW

and another in ACW, which leads to two different cases. In one case the angle between the

remaining two phases is increased and in another case the angle between the remaining two
phases is decreased. Both the cases are considered for analysis. To make the results more

reliable, two different sets ofvoltage phasors are considered under movement i.e. phase Bwith

phase C and phase A with phase C. The most important point to mention here is that the

contribution of each phase angle deflection towards voltage unbalance is half of the total

amount of VUF.

4.10.1 Two-Phase Angle Unbalance due to 'Increasing Angle' between Two Phases

4.10.1.1 Increasing Angle between Phase B and Phase C

Here, phase A is considered as reference phasor and remaining two phases, i.e. B

and C, shift in opposite directions. In this particular case, the variation in VUF is adjusted by

ACW movement of voltage phasor B and CW movement of voltage phasor C of a balanced

voltage supply, as shown in Fig. 4.25. This movement increases the angle between voltage

phasors B and C and causes the unbalance in voltage source.

The input supply parameters, voltage sequence components Vi and V2, and

numerical values of four definitions of voltage unbalance for single-phase angle unbalance

case due to CW movement of voltage phasor C are shown in Table-4.13(a), while Table-

4.13(b) presents the same parameters for the ACW movement of voltage phasor B. Here, the

change in phaseangle position of a particular phase regulates the variable VUF.

A combination of cases given in Table-4.13(a) and Table-4.13(b) is considered in

Table-4.14, to analyze the combined effect of change in position of phasor C together with

phasor B, with equal change in each phase. The contribution of each phase angle deflection

towards voltage unbalance is considered half of the total value of VUF, but it is observed that

net VUF is smaller than the sum of the individual contributions e.g. angle (Oc =119.14°) gives

0.50 % VUF, and angle (<DB =240.86°) gives 0.50 % VUF, but combination of both provides
just 0.86 % VUF.
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240° + 240 • A 240° • A

Fig. 4.25: An unbalance in three-phase voltage source due to 2-<J> equal angle
unbalance for increasing angle between phase B and Phase C

4.10.1.2 Increasing Angle between Phase A and Phase C

At this point, phase B is considered as reference phasor and remaining two phases

specifically, phase C and phase A are modified in opposite directions. In this case, the direction

of movement for phase A is CW and ACW for phase C, as shown in Fig. 4.26. This condition

leads towards increasing angle between voltage phasors A and C, and thus, unbalanced voltage

source.

240° • A + 240 • A 240° • A

Fig. 4.26: An unbalance in three-phase voltage source due to 2-0 equal angle unbalance
by phase A and C for increasing angle between phase/i and Phase C

The movement of phasors A and B, in equal steps, is shown in Table-4.15(a) and

Table-4.15(b), respectively. These two tables also include the details of three-phase voltage

supply, their Vj and V2, and the numerical values of four definitions of voltage unbalance. To

analyze the effect of change in position of phasor C along with phasor A with equal change in

each phase, a combination of these two cases (of Table-4.15) is considered in Table-4.16. The

each phase angle deflection contributes half of the total amount of VUF considered, but it is

observed that net VUF is smaller than the sum of the individual contributions e.g. angle (<£>c

=120.86°) gives 0.50 % VUF, and angle (<DA = - 0.86°) gives 0.50 % VUF, but combination of

both provides just 0.87 % VUF.
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4.10.2 Two-Phase Angle Unbalance due to 'Decreasing Angle' between Two Phases

4.10.2.1 DecreasingAngle between PhaseB and Phase C

In this case, phase Ais considered as reference phasor and other two phases (B and

Q are shifted in opposite direction. The variation in VUF is adjusted by CW movement of

voltage phasor B and ACW movement of voltage phasor C, of a balanced source voltage

supply, as shown in Fig. 4.27. This movement decreases the angle between voltage phasors B
and C and results in unbalanced voltage source.

240° • A +

Fig. 4.27: An unbalance in three-phase voltage source, due to 2-0 equal angle
unbalance for decreasing angle between phase B and Phase C

The movements of phasors B and C, in equal steps, are shown in Table-4.17(a) and

Table-4.17(b), respectively. These tables also contain the corresponding three-phase supply

voltages, their Vi and V2, with the numerical values of four definitions of voltage unbalance.

A combination of these two single-phase angle unbalance cases is considered in

Table-4.18, to analyze the collective effect of change in position of phasor Calong with phasor

B, with equal change in each phase. Table-4.18 also contains the numerical values of four

definitions of voltage unbalance, their three-phase supply voltages with corresponding Vi and

V2, and DC output parameters. The contribution of both of the moving voltage phasors towards

voltage unbalance is considered half of the net VUF, but it is observed that net VUF is smaller

than the sum of the individual contributions e.g. angle (Oc =120.86°) gives 0.50 % VUF, and

angle (Ob =239.14°) gives 0.50 % VUF, but combination of both provides just 0.86 % VUF.
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4.10.2.2 Decreasing Angle between Phase A and Phase C

Here, phase B is considered as reference phasor and angle positions of remaining

two phases (Cand A) are modified in opposite direction. In this case, the movement in phase A

is ACW and in phase C it is CW, as shown in Fig. 4.28. Thus the angle between voltage

phasors Aand C decreases and causes unbalance in balanced voltage supply.

The movements of phasors A and C, in equal steps, are shown in Table-4.19(a) and

Table-4.19(b), respectively. The contribution of each phase angle deflection towards voltage

unbalance is considered half of the total value of VUF, but it is observed that net VUF is

smaller than the sum of the individual contributions e.g. angle (Oc =119.14°) gives 0.50 %

VUF, and angle (OA=0.86°) gives 0.50 % VUF, but combination of both cases provides just

0.87 % VUF. The corresponding three-phase supply voltages, their Vi and V2 along with the

numerical values (in percentage) of four definitions of voltage unbalance are also given.

Table-4.20 includes the combination of cases given in Table-4.19(a) and Table-

4.19(b), to analyze the collective effect of change in position of phasor C along with phasor ,4,

with equal change in each phase. This table also presents the values of four definitions of

voltage unbalance, their three-phase supply voltages, their corresponding Vt and V2, and DC

output parameters.

240° • A + 240° * A 240° • A

Fig. 4.28: An unbalance in three-phase voltage source due to 2-0 equal angle
unbalance for decreasing angle between phase A and Phase C

For the increasing VUF, the behavior of characteristic and non-characteristic

harmonics is presented in Table-4.21 (a) and Table-4.21 (b) for the case of increasing angle

between phasors B and C, while for the case of decreasing angle between them, this harmonic

behavior is shown in Table-4.22 (a) and Table-4.22 (b), respectively. This variation in

harmonic pattern behavior is discussed in section4.13.
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Table-4.14: Comparison of four definitions of voltage unbalance and rectifier performance for 2-0 equal angle unbalance for
increasing angle between phaseB and C- two phasors moving in opposite direction for increasing VUF

g

-J

il3 a.

£•*— c
OS

p
>

Unbalanced voltage source

>

>
+

"3
> _

EA

>

AC parameters
Q
X
H

41
CI
m
u
CI
>

<

u.

H
0-

DC parameters
Phased PhaseB Phase C Ia Ib Ic Idc Vdc Pdc

oi
m

£
"ex
s

<

ei
m

s

V

B

<

ei
es

s
c

<
RMS

THD,
(%)

Mag.
THD,
(%)

Mag. THD,
(%)

Mag.
THD,

(%)
Mag.

THD,

(%)
Mag.

THD,

(%)

0.00 0 0.00 1.0 0 1.0 240 1.0 120,.: 1.0000 0.00
1.000 27.87 1.000 27.87 1.000 27.87

27.87 0.00 1.000 5.95 1.000 6.72 1.000 12.13

0.86 0 0.86 1.0 0 1.0 240.86 1.0 119.14 0.9999 0.0086
0.991 28.33 1.004 27.67 1.005 27.62

27.87 1.64 1.000 6.01 1.000 6.78 1.000 12.26

1.71 0 1.72 1.0 0 1.0 241.72 1.0 118.28 0.9997 0.0172
0.982 28.79 1.008 27.47 1.009 27.38

27.88 3.26 1.000 6.19 1.000 6.95 1.000 12.62

2.55 0 2.57 1.0 0 1.0 242.58 1.0 117.42 0.9993 0.0257
0.973 29.25 1.012 27.28 1.014 27.14

27.89 4.88 0.999 6.48 0999 7.21 0.999 13.20

3.38 0 3.41 1.0 0 1.0 243.44 1.0 116.56 0.9988 0.0340
0.964 29.72 1.015 27.08 1.018 26.91

27.90 6.51 0.999 6.86 0.999 7.56 0.999 13.97

4.20 0 4.24 1.0 0 1.0 244.3 1.0 U5.7 0.9981 0.0423
0.954 30.20 1.019 26.89 1.022 26.68

27.92 8 15 0.999 7.32 0.999 7.99 0.998 14.89

5.00 0 5.07 1.0 0 1.0 245.16 1.0 114.84 0.9973 0.0506
0.945 30.69 1.023 26.71 1.026 26.46

27.95 9.79 0.998 7.85 0.998 8.48 0.997 15.95

5.80
0 5.89 1.0 0 1.0 246.02 1.0 113.98 0.9963 0.0587

0.935 31.18 1.026 26.52 1.030 26.24
27.98 11.44 0.997 8.42 0.997 9.02 0.996 17.10

6.58 0 6.70 1.0 0 1.0 246.87 1.0 113.13 0.9952 0.0667
0.925 31.66 1.030 26.34 1.034 26.02

28.01 13.04 0.996 9.02 0.996 9.60 0.995 18.31

7.35 0 7.51 1.0 0 1.0 247,73 1.0 112.27 • 0.9939 0.0746
0.915 ,32.16 1.033 26.16 1.038 25.81

28.04 14.68 0.995 9.66 0.995 10.22 0.994 19.60

8.12 0 8.31 1.0 0 1.0 248.59 1.0 111.41 0.9925 0.0825
0.905 32.67 1.036 25.97 1.042 25.60

28.08 16.35 0.994 10.32 0.994 10.86 0.992 20.94

8.87 0 9.11 1.0 0 1.0 '249.45 1.0 110,55] 0.9910 0.0903
0.895 33.18 1.039 25.79 1.045 25.39

28.12 17.99 0.993 11.00 0.993 11.52 0.991 22.31

9.61 0 9.90 1.0 0 1.0 "250.3 1.0 109.7r- 0.9893 0.0978
0.884 33.69 1.042 25.62 1.049 25.19

28.17 19.61 0.992 11.68 0.992 12.19 0.989 23.69

10.34 0 10.67 1.0 0 1.0 251.15 1.0 108.85- 0.9874 0.1054
0.874 34.21 1.045 25.44 1.052 24.99

28.21 21.25 0.990 12.38 0.990 12.87 0.987 25.09

11.06 0 11.44 1.0 0 1.0 .252 1.0 .108 . 0.9854 0.1127
0.863 34.74 1.048 25.26 1.055 24.79

28.26 22.92 0.989 13.08 0.989 13.56 0.985 26.50

11.77 0 12.21 1.0 0 1.0 252.85 1.0 107.15. 0.9833 0.1201
0.852 35.27 1.050 25.09 1.058 24.60

28.32 24.54 0.987- 13.79 0.987 14.27 0.982 27.93

12.47 0 12.97 1.0 0 1.0 253.7 1.0 106.3. 0.9810 0.1273
0.842 35.81 1.053 24.91 1.061 24.40

28.37 26.21 0.985 14.51 0.986 14.97 0.980 29.35

X
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Table-4.15 (a): Comparison of four different definitions of
voltage unbalance for l-O angle unbalance in phase C(moving
ACW) for increasing VUF.

g
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g
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Unbalanced voltage source
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i C
41
>

Phase A Phased Phase C

ei
al

s

41

a

<

ei
OS

s

41

CD
a

<

ei
fi

s
a

<

0.00 0 0 0.00 1.0 0 1.0 240 1.0 120 1.000 0.00

0.43 0 0 0.50 1.0 0 1.0 240 1.0 120.86 1.000 0.005

0.87 0 0 1.00 1.0 0 1.0 240 1.0 121.72;' 1.000 0.010

1.31 0 0 1.50 1.0 0 1.0 240 1.0 122.58 1 000 0.015

1.75 0 0 2.00 1.0 0 1.0 240 1.0 123.44 1.000 0.020

2.19 0 0 2.50 1.0 0 1.0 240 1.0 124.3;; 0.999 0.025

2.63
0 0 3.00 1.0 0 1.0 240 1.0 125.16 \ 0.999 0.030

3.08 0 0 3.50 1.0 0 1.0 240 1.0 • 126.02 0.999 0.035

3.52 0 0 4.00 1.0 0 1.0 240 1.0 :126.87 ~ 0.998 0.040

3.97 0 0 4.50 1.0 0 1.0 240 1.0 127.73 0.998 0.045

4.43 0 0 5.00 1.0 0 1.0 240 1.0 128.59 ' 0.998 0.050

4.88 0 0 5.50 1.0 0 1.0 240 1.0 129.45 0.997 0.055

5.33 0 0 6.00 1.0 0 1.0 240 1.0 130.3 0.996 0.060

5.78 0 0 6.50 1.0 0 1.0 240 1.0 131.15 0.996 0.065

6.24 0 0 7.00 1.0 0 1.0 240 1.0 J-132.' \ 0.995 0.070

6.70 0 0 7.50 1.0 0 1.0 240 1.0 132.8S 0.994 0.075

7.16 0
0

8.00 1.0 0 1.0 240 1.0 "133/7;" 0.994
0.080

*

Table-4.15 (b): Comparison of four different definitions of
voltage unbalance for l-O angle unbalance in phase A (moving
CW) for increasing VUF.
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et

S
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ei

1
41

e*
B

<

ei

£
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en
s

<

41
>
+

0.00 0 0 0.00 1.0
0

1.0 240 1.0 120 1000 0.00

0.43 0 0 0.50 1.0
-0.86

1.0 240 1.0 120 1.000 0.005

0.87 0 0 1.00 1.0
-1.72

1.0 240 1.0 120 1.000 0.010

1.31 0 0 1.50 1.0
-2.58

1.0 240 1.0 120 1.000 0.015

1.75 0 0 2.00 1.0
-3.44

1.0 240 1.0 120 1.000 0.020

2.19 0 0 2.50 1.0
•4.3

1.0 240 1.0 120 0.999 0.025

2.63 0 0 3.00 1.0
-5.16

1.0 240 1.0 120 0999 0030

3.08 0 0 3.50 1.0
-«.02

1.0 240 1.0 120 0.999 0.035

3.52 0 0 4.00 1.0
-6.87

1.0 240 1.0 120 0.998 0.040

3.97 0 0 4.50 1.0
-7.73

1.0 240 1.0 120 0.998 0.045

4.43 0 0 5.00 1.0
-8.59

1.0 240 1.0 120 0.998 0.050

4.88 0 0 5.50 1.0
-9.45

1.0 240 1.0 120 0.997 0.055

5.33 0 0 6.00 1.0
-10.3

1.0 240 1.0 120 0.996 0.060

5.78 0 0 6.50 1.0
-11.15

1.0 240 1.0 120 0996 0.065

6.24 0 0 7.00 1.0
-12

1.0 240 1.0 120 0.995 0.070

6.70 0 0 7.50 1.0
-12.85

1.0 240 1.0 120 0.994 0.075

7.16 0 0 8.00 1.0
_

-13.7
1.0 240 1.0 120 0.994 0.080
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Table-4.16: Comparison of four definitions of voltage unbalance and rectifier performance for 2-0 equal angle unbalance for
increasing angle between phase A and C- two phasors moving in opposite direction for increasing VUF
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DC parameters

Phase A Phases Phase C Ia Ib Ic Idc Vdc Pdc
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s

'•J

*ec
c

<

ei
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s

0J

"ei)
B

<

ei
03

s
"ei
B

<
RMS

THD,
Mag.

THD,

(%)
Mag.

THD,

(%)
Mag.

THD,

(%)
Mag.

THD,

(%)
Mag.

THD,

(V.)

0.00 0 0.00 1.0 0 1.0 240 1.0 120 1 1.0000 0.00 1.000 27.87 1.000 27.87 1.000 27.87 27.87 0.00 1.000 5.95 1.000 6.72 1.000
12.13

0.86 0 0.86 1.0 -0.86 1.0 240 1.0 120.86 0.9999 0.0086 1.005 27.63 0.991 28.32 1.004 27.67 27.87 1.60 1.000 6.01 1.000 678 1.000
12.26

1.71 0 1.72 1.0 -1.72 1.0 240 1.0 121.72 0.9997 0.0172 1.009 27.38 0.982 28.78 1.008 27.47 27.88 3.24 1.000 6.19 1.000 6.95 1.000
12.62

2.55 0 2.57 1.0 -2.58 1.0 240 1.0 122.58 0.9993 0.0257 1.014 27.15 0.973 29.25 1.012 27.28 27.89 4.86 0.999 6.48 1.000 7.21 0.999
13.20

3.38 0 3.41 1.0 -3.44 1.0 240 1.0 123.44 0.9988 0.0340 1.018 26.91 0.964 29.72 1.015 27.08 27.90 6.51 0.999 6.86 0.999 756 0.999
13.97

4.20 0 4.24 1.0 -4.3 1.0 240 1.0 124.3 0.9981 0.0423 1.022 26.68 0.954 30.20 1.019 26.90 27.93 8.14 0.999 7.32 0.999 7.99 0.998
14.89

5.00 0 5.07 1.0 -5.16 10 240 1.0 125.16c 0.9973 0.0506 1.026 26.46 0.945 30.68 1.023 26.71 27.95 9.77 0.998 7.84 0.998 8.48 0.997
15.94

5.80
0 5.89 1.0 -6.02 1.0 240 1.0 126.02 0.9963 0.0587 1.030 26.24 0.935 31.17 1.026 26.52 27.98 11.41 0.997 8.41 0.997 9.02 0.996

17.09

6.58 0 6.70 1.0 -6.87 1.0 240 1.0 126.87 0.9952 0.0667 1.034 26.03 0.925 31.66 1.030 26.34 28.01 13.03 0.996 9.02 0.996 9.60 0.995
18.31

7.35 0 7.51 1.0 -7.73 1.0 240 1.0 127,73 0.9939 0.0746 1.038 25.81 0.915 32.16 1.033 26.16 28.04 14.68 0.995 9.65 0.995 10.21 0.994
19.60

8.12 0 831 1.0 -8.59 1.0 240 1.0 128.59' 0.9925 0.0825 1.042 25.60 0.905 32.66 1.036 25.98 28.08 16.31 0.994 10.32 0994 10.86 0.992
20.93

8.87 0 9.11 1.0 -9.45 1.0 240 1.0 129.45 0.9910 0.0903 1.045 25.40 0.895 33.17 1.039 25.80 28.12 17.94 0.993 11.00 0.993 11.52 0.990
22.30

9.61 0 9.90 1.0 -10.3 ; 1.0 240 1.0 130.3 0.9893 0.0978 1.049 25.20 0.884 33.68 1.042 25.62 28.17 19.57 0.992 11.68 0.992 12.19 0.989
23.69

10.34 0 10.67 1.0 -11.15 1.0 240 1.0 131:15, 0.9874 0.1054 1.052 25.00 0.874 34.20 1.045 25.44 28.21 21.22 0.990 12.38 0.990 12.87 0.987
25.09

11.06 0 11.44 1.0 i-12 ; 1.0 240 1.0 132 0.9854 0.1127 1.055 24.80 0.863 34.73 1.048 25.27 28.27 22.87 0.989 13.08 0.989 13.56 0.984
26.50

11.77 0 12.21 1.0 -12.85 1.0 240 1.0 132.85 0.9833 0.1201 1.058 24.60 0.853 35.26 1.050 25.09 28.32 24.52 0.987 13.79 0.987 14.26 0.982
27.92

12.47 0 12.97 1.0 -13.7 1.0 240 1.0 133.7 0.9810 0.1273 1.061 24.41 0.842 35.80 1.053 24.91 28.37 26.17 0.985 14.50 0.985 14.97 0.980
29.35

4 4
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Table-4.17 (a): Comparison of four different definitions of
voltage unbalance for l-O angle unbalance in phase C (moving
ACW) for increasing VUF
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Unbalanced voltage source
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41
>
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s
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41

"an
a
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0.00 0 0 0.00 1.0 0 1.0 240 1.0 120 i 325.00 0.00

0.43 0 0 0.50 1.0 0 1.0 240 1.0 .120.86 324.99 1.63

0.87 0 0 1.00 1.0 0 1.0 240 1.0 121.72; 324.97 3.25

1.31 0 0 1.50 1.0 0 1.0 240 1.0 122.58;.. 324.93 4.88

1.75 0 0 2.00 1.0 0 1.0 240 1.0 123.44 324.87 6.50

2.19 0 0 2.50 1.0 0 1.0 240 1.0 124.3 ?! 324.80 8.13

2.63 0 0 3.00 1.0 0 1.0 240 1.0 125.16- 324.71 9.75

3.08 0 0 3.50 1.0 0 1.0 240 1.0 126.02 324.60 11.38

3.52 0 0 4.00 1.0 0 1.0 240 1.0 126.87 324.48 12.98

3.97 0 0 4.50 1.0 0 1.0 240 1.0 127.73 324.34 14.60

4.43 0 0 5.00 1.0 0 1.0 240 1.0 128.59': 324.19 16.23

4.88 0 0 5.50 1.0 0 1.0 240 1.0 129.45 324.02 17.85

5.33 0 0 6.00 1.0 0 1.0 240 1.0 130.3. 323.83 19.45

5.78 0 0 6.50 1.0 0 1.0 240 1.0 131.15 323.63 21.05

6.24 0 0 7.00 1.0 0 1.0 240 1.0 132 323.42 22.65

6.70 0 0 7.50 1.0 0 1.0 240 1.0 132,85: 323.19 24.25

7.16 0 0 8.00 1.0 0 1.0 240 1.0 133.7. 322.94 25.84

A

Table-4.17 (b): Comparison of four different definitions of
voltage unbalance for l-O angle unbalance in phase B (moving
CW) for increasing VUF

g
«
3
>
3

g g

>
a.

3
>

Unbalanced voltage source

0

> _

41
>
+

-J

0

>

41
>

Phase A Phases Phase C

ei
03

s

41

a

<

ei
03

s

41

B

<

ei

1

41

cc
a

<

0.00 0 0 0.00 1.0 0 1.0 240 1.0 120 325.00 0.00

0.43 0 0 0.50 1.0 0 1.0 239.14: 1.0 120 324.99 1.63

0.87 0 0 1.00 1.0 0 1.0 238.28 1.0 120 324.97 3.25

1.31 0 0 1.50 1.0 0 1.0 237.42 1.0 120 324.93 4.88

1.75 0 0 2.00 1.0 0 1.0 236.56 1.0 120 324.87 6.50

2.19 0 0 2.50 1.0 0 1.0 235.7 1.0 120 324.80 8.13

2.63 0 0 3.00 1.0 0 1.0 234.84 1.0 120 324.71 9.75

3.08 0 0 3.50 1.0 0 1.0 233.98 1.0 120 324.60 11.38

3.52 0 0 4.00 1.0 0 1.0 233.13 1.0 120 324.48 12.98

3.97 0 0 4.50 1.0 0 1.0 232.27 1.0 120 324.34 14.60

4.43 0 0 5.00 1.0 0 1.0 231.41 1.0 120 324.19 16.23

4.88 0 0 5.50 1.0 0 1.0 230.55 1.0 120 324.02 17.85

5.33 0 0 6.00 1.0 0 1.0 229.7 1.0 120 323.83 19.45

5.78 0 0 6.50 1.0 0 1.0 228.85 1.0 120 323.63 21.05

6.24 0 0 7.00 1.0 0 1.0 228 1.0 120 323.42 22.65

6.70 0 0 7.50 1.0 0 1.0 227.15 1.0 120 323.19 24.25

7.16 0 0 8.00 1.0 0 1.0 226.3 1.0 120 322.94 25.84
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Table-4.18: Comparison of four definitions of voltage unbalance and rectifier performance for 2-0 equal angle unbalance for
decreasing angle between phase B and C- two phasors moving in opposite direction for increasing VUF

g
et
3
>
3

— x

il3 a.

— B
03

b.
3
>

Unbalanced voltage source

>

<*>4* C
Vi ^*

V
>
+

> _

&>
41 w
n

41

>

AC parameters

H
41
ec

2
41
>

<

3

i

DC parameters
Phase A Phases Phase C Ia Ib Ic Idc Vdc Pdc

ei
03

s
ec
B

<

ei
03

s
*ei
B

<

ei
03

s
ec
B

<
RMS

THD,

(%)
Mag.

THD,

(%)
Mag.

THD,

(%)
Mag.

THD,

(•/.)
Mag.

THD,

(•/.)
Mag. THD

(%)

0.00 0 0.00 1.0 0 1.0 240 1.0 120 1.0000 0.000 1.000 27.87 1.000 27.87 1.000 27.87 27.87 0.00 1.000 5.95 1.000 6.72 1.000 12.13

0.87 0 0.87 1.0 0 1.0 239.14; 1.0 120.86 0.9999 0.0087 1.009 27.42 0.996 28.07 0.995 28.12: 27.87 1.61 1.000 6.01 1.000 6.78 1.000 12.26

1.76 0 1.75 1.0 0 1.0 238.28 1.0 121.72 0.9997 0.0175 1.017 26.98 0.992 28.28 0.990 28.38 27.88 3.23 1.000 6.19 1.000 6.95 1.000 12.62

2.65 0 2.63 1.0 0 1.0 237.42- 1.0 122.58 0.9993 0.0263 1.025 26.54 0.988 28.49 0.986 28.65 27.89 4.85 0.999 6.50 1.000 7.22 0.999 13.22

356 0 3.53 1.0 0 1.0 236.56" 1.0 123.44 0.9988 0.0352 1.033 26.10 0.983 28.70 0.980 28.92 27.91 6.47 0.999 6.90 0.999 7 60 0.999 14.01

4.48 0 4.43 1.0 0 1.0 235.7 1.0 124.3 0.9981 0.0442 1.041 25.67 0.979 28.92 0.975 29.20 27.93 8.09 0.999 7.39 0.999 8.05 0.998 14.96

5.41 0 5.34 1.0 0 1.0 234.84 1.0 125.16 0.9973 0.0533 1.049 25.25 0.975 29.15 0.970 29.48 27.96 9.69 0.998 7.95 0.998 8.58 0997 16.05

6.35 0 6.26 1.0 0 1.0 233.98 1.0 126,02 0.9963 0.0624 1.056 24.83 0.971 29.37 0.965 29.78 27.99 11.30 0.997 8.57 0.997 9.17 0.996 17.26

7.30 0 7.18 1.0 0 1.0 233.13 1.0 126.87 0.9952 0.0714 1.064 24.42 0.966 29.60 0.960 30.08 28.03 12.89 0.997 9.22 0.996 9.80 0.995 18.53

8.26 0 8.12 1.0 0 1.0 232.27; 1.0 12773; 0.9939 0.0807 1.071 24.01 0.962 29.84 0.954 30.39 28.08 14.49 0.996 9.93 0.996 10.48 0.994 19.90

9.24 0 9.06 1.0 0 1.0 231.41 1.0 128.59, 0.9925 0.0900 1.077 23.61 0.957 30.09 0.949 30.71 28.14 16.09 0.994 10.67 0.994 11.20 0.993 21.31

10.24 0 10.02 1.0 0 1.0 230.55 1.0 129.45^ 0.9910 0.0993 1.084 23.21 0.953 30.34 0.943 31.04 28.2 17.69 0.993 11.44 0.993 11.95 0.991 22.78

11.23 0 10.98 1.0 0 1.0 '229.7$. 1.0 130.3 0.9893 0.1086 1.091 22.81 0.948 30.59 0.938 31.38 28.26 19.29 0.992 12.22 0.992 12.71 0.990 24.26

12.24 0 11.94 1.0 0 1.0 228.85 1.0 131.15 0.9874 0.1179 1.097 22.42 0944 30.85 0.932 31.72 28.33 20.86 0.991 13.01 0.991 13.50 0.988 25.76

13.26 0 12.92 1.0 0 1.0 228.51 1.0 132.:; 0.9854 0.1273 1.103 22.04 0.939 31.11 0.927 32.07; 28.41 22.41 0.989 13.83 0.989 14.31 0.986 27.29

14.29 0 13.91 1.0 0 1.0 227.15 1.0 132.85; 0.9833 0.1367 1.108 21.66 0.935 31.38 0.921 32.44 28.49 23.98 0.988 14.66 0.988 15.13 0.984 28.84

15.34 0 14.90 1.0 0 1.0 226:31 1.0 133.7. 0.9810 0.1462 1.114 21.28 0.930 31.66 0.915 3Z8i: 28.58 25.55 0.986 15.50 0.986 15.97 0.982 30.40
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Table-4.19 (a): Comparison of four different definitions of
voltage unbalance for l-O angle unbalance in phase A (moving
ACW) for increasing VUF

g
et

I
3

OS
3
>

g
et
3
>
a.

g

i

Unbalanced voltagi source

"o
> ^

41
>
+

-j

"o
>

4)
>

1

Phase .4 Phases Phase C

ei
03

s

41

ec
B

<

ei
08

s

41

"ei
a

<

ei

s

4*

•5
B

<

0.00
0 0

0.0
1.0 0 1.0 240 1.0 120 1.000 0.00

0.43 0 0 0.5 1.0 "0.86 1.0 240 1.0 120 1.000 0.005

0.87 0 0 1.0 1.0 ; 1.72 J 1.0 240 1.0 120 1.000 0.010

1.31 0 0 1.5 1.0 2.58 1.0 240 1.0 120 1 000 0.015

1.75 0 0 2.0 1.0 3^44 1.0 240 1.0 120 1.000 0.020

2.19 0 0 2.5 1.0 4.3 1.0 240 1.0 120 0.999 0.025

2.63 0 0 3.0 1.0 5.16 1.0 240 1.0 120 0.999 0.030

3.08 0 0 3.5 1.0 6.02 1.0 240 1.0 120 0.999 0.035

3.52 0 0 4.0 1.0 6.87 1.0 240 1.0 120 0.998 0.040

3.97 0 0 4.5 1.0 7.73 1.0 240 1.0 120 0.998 0.045

4.43 0 0 5.0 1.0 8.59 1.0 240 1.0 120 0.998 0.050

4.88 0 0 5.5 1.0 9.45 1.0 240 1.0 120 0.997 0.055

5.33 0 0 6.0 1.0 10.3 1.0 240 1.0 120 0.996 0.060

5.78 0 0 6.5 1.0 11.15 1.0 240 1.0 120 0.996 0.065

6.24 0 0 7.0 1.0 12 1.0 240 1.0 120 0.995 0.070

6.70 0 0 7.5 1.0 12:85 1.0 240 1.0 120 0.994 0.075

7.16 0 0 8.0 1.0 13.7 1.0 240 1.0 120 0.994 0.080

A

Table-4.19 (b): Comparison of four different definitions of
voltage unbalance for l-O angle unbalance in phase C (moving
CW) for increasing VUF.

g
OS
3
>
3

g
OS

s
0.

g

>
0.

g
3
>

Unbalanced voltage source
•j

"5
>

ii

Phase A Phases Phase C 0

> „

41
>
+

ei

1
41

ei
a

<

ei

I
41

et
a

<

ei

1
41

a

<

0.00
0 0

0.0
1.0 0 1.0 240 1.0 rji20 1.000 0.00

0.43
0 0

0.5
1.0 0 1.0 240 1.0 T19.14 1.000 0.005

0.87
0 0

1.0
1.0 0 1.0 240 1.0 J 18.28 1.000 0.010

1.31
0 0

1.5
1.0 0 1.0 240 1.0 117.42 1.000 0.015

1.75
0 0

2.0
1.0 0 1.0 240 1.0 116,56 1000 0.020

2.19
0 0

2.5
1.0 0 1.0 240 1.0 115.7 0.999 0.025

2.63
0 0

3.0
1.0 0 1.0 240 1.0 114.84 0.999 0.030

3.08
0 0

3.5
1.0 0 1.0 240 1.0 113.98 0.999 0.035

3.52
0 0

4.0
1.0 0 1.0 240 1.0 113.13 0.998 0.040

3.97
0 0

4.5
1.0 0 1.0 240 1.0 11277 0998 0.045

4.43
0 0

5.0
1.0 0 1.0 240 1.0 111.41 0.998 0.050

4.88
0 0

5.5
1.0 0 1.0 240 1.0 110.55 0.997 0.055

5.33
0 0

6.0
1.0 0 1.0 240 1.0 109.7 0.996 0.060

5.78
0 0

6.5
1.0 0 1.0 240 1.0 108.85 0.996 0.065

6.24
0 0

7.0
1.0 0 1.0 240 1.0 108 0.995 0.070

6.70
0 0

7.5
1.0 0 1.0 240 1.0 107.15 0994 0.075

7.16
0 0

8.0
1.0 0 1.0 240 1.0 106.3 0.994 0.080
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TabIe-4.20: Comparison of four definitions of voltage unbalance and rectifier performance for 2-0 equal angle unbalance for
decreasing angle between phase A and C- two phasors moving in opposite direction for increasing VUF

g
X
3
>
3

-<*

ii3 c_

E-»— B

?
fa

3
>

Unbalanced voltage source
o

>

4* C-vi *-*
«l
>
+

o

>

41 <—'
VI

41

>

AC parameters Q
X
(-

4>
ec

e
4)
>

<

g
fa
3
Q
X
H
0.

DC parameters

Phase A Phase S Phase C Ia Ib Ic Idc V BC P K

ei
03

JJ
ec
c

<

ei
03

s
"ec
a

<

ei
03

s

_4I
"ec
8

<
RMS

THD,
(%)

Mag.
THD,

(V.)
Mag.

THD,

(%)
Mag. THD

(•/.)
Mag.

THD,

(%)
Mag. THD

(%)

0.00 0 0.00 1.0 v° ' 1.0 240 1.0 120 _•• 1.0000 0.000 1.000 27.87 1.000 27.87 1.000 27.87 27.87 0.00
1.000 5 95 1.000 6.72 1.000 12.13

0.87 0 0.87 1.0 0.86:r 1.0 240 1.0 119.141 0.9999 0.0087 0.995 28.13 1.009 27.42 0.9% 28.07 27.87 1.63
1.000 6.01 1.000 6.78 1.000 12.26

1.76 0 1.75 1.0 1.72 1.0 240 1.0 118.28 0.9997 0.0175 0.990 28.39 1.017 26.97 0.992 28.28 27.88 3.26
1.000 620 1.000 6.95 1.000 12.62

2.65 0 2.63 1.0 2.58 1.0 240 1.0 117.42 0.9993 0.0263 0.986 28.65 1.025 26.53 0.988 28.49 27.89 4.88
1.000 650 1.000 7.23 0.999 13.22

3.56 0 3.53 1.0 3.44 1.0 240 1.0 116.56 0.9988 0.0352 0.981 28.92 1.033 26.10 0.984 28.70 27.91 6.47
0.999 6.90 0.999 7.60 0.999 14.01

4.48 0 4.43 1.0 4.3 1.0 240 1.0 115.7 0.9981 0.0442 0,975 29.20 1.041 25.67 0.979 28.92 27.93 8.09
0.999 7.39 0.999 8.05 0.998 14.96

5.41 0 5.34 1.0 5.16 i 1.0 240 1.0 114.84 0.9973 0.0533 0.970 29.49 1.049 25.25 0.975 29.14 27.96 9.69
0.998 7.95 0.998 8.58 0.997 16.06

6.35 0 6.26 1.0 6.02 1.0 240 1.0 113.98 0.9963 0.0624 0.965 29.79 1.056 24.83 0.971 29.37 28.00 11.31
0.997 8.57 0.997 9.17 0.996 17.26

7.30 0 7.18 1.0 6.87 1.0 240 1.0 113.13 0.9952 0.0714 0.960 30.09 1.063 24.42 0.966 29.60 28.04 12.90
0.997 9.22 0.997 9.80 0.995 18.54

8.26 0 8.12 1.0 7.73 1.0 240 1.0 112.27 V 0.9939 0.0807 0.954 30.40 1.071 24.01 0.962 29.84 28.08 14.50
0.996 9.93 0.996 10.48 0.994 19.90

9.24 0 9.06 1.0 8.59 , 1.0 240 1.0 111.41. 0.9925 0.0900 0.949 30.72 1.077 23.60 0.957 30.09 28.14 16.12
0.994 10.67 0.995 11.20 0.993 21.31

10.24 0 10.02 1.0 9.45 1.0 240 1.0 110.55 0.9910 0.0993 0.943 31.05 1.084 23.20 0.953 30.34 28.20 17.72
0.993 11.44 0.993 11.95 0.991 22.78

11.23 0 10.98 1.0 10.3 1.0 240 1.0 109,7 ..; 0.9893 0.1086 0.938 31.38 1.090 22.81 0.948 30.59 28.26 19.29
0.992 12.22 0.992 12.71 0.990 24.26

12.24 0 11.94 1.0 11,15 1.0 240 1.0 108.85- 0.9874 0.1179 0.932 31.73 1.097 22.42 0.944 30.85 28.33 20.87
0.991 13.01 0.991 13.50 0.988 25.76

13.26 0 12.92 1.0 12 1.0 240 1.0 108,' 0.9854 0.1273 0.927 32.08 1.102 22.04 0.939 31.11 28.41 22.42
0.989 13.83 0.989 14.31 0.986 27.29

14.29 0 13.91 1.0 : 12.85, 1.0 240 1.0 107.15 s 0.9833 0.1367 0.921 32.44 1.108 21.66 0.935 31.38 28.49 23.98
0.988 14.66 0.988 15.31 0.984 28.84

15.34 0 14.90 1.0 ;13,7;: t.o 240 1.0 106.3 »" 0.9810 0.1462 0.915 32.82 1.114 2178 0.930 31.66 . 28.59 25.56
0.986 15.50 0.986 15.97 0.982 30.39

sL
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Table-4.21 (a): Characteristic harmonic current components with increasing VUF for 2-0 equal angle unbalance for increasing angle
between phase B and C - two phasors moving in opposite direction for increasing VUF

VUF =

0.0 %

VUF =

1.0 %

VUF =

2.0 %

VUF =

3.0 %

VUF =

4.0 %

VUF =

5.0 %

VUF =

6.0 %

VUF =

7.0 %

VUF =

8.0 %

VUF =

9.0 %

VUF =

10.0 %

VUF =

11.0%

VUF =

12.0 %

VUF =

13.0 %

VUF =

14.0 %

VUF =

15.0 %

VUF =

16.0 %

41
Vi
03

•C
Oh

THD, 27.87 2833 28.79 29.25 29.72 30.20 30.69 31.18 31.66 32.16 32.67 33.18 33.69 34.21 34.74 35.27 35.81

h5 22.37 22.94 23.49 24.03 24.55 25.06 25.54 26.00 26.44 26.86 27.26 27.64 27.98 28.30 28.60 28.86 29.10

h7 10.86 10.54 10.19 9.79 9.36 8.88 8.37 7.81 7.22 6.59 5.92 5.21 4.47 3.71 2.91 2.08 1.22

hll 8.35 8.75 9.11 9.42 9.67 9.86 10.00 10.07 10.08 10.02 9.90 9.71 9.45 9.13 8.75 8.30 7.79

h 13 5.74 5.40 5.00 4.53 4.01 3.43 2.80 2.13 1.42 0.68 0.12 0.89 1.69 2.49 3.29 4.08 4.86

hl7 4.62 4.95 5.20 5.37 5.46 5.47 5.39 5.22 4.97 4.63 4.21 3.71 3.16 2.54 1.88 1.17 0.43

h 19 3.56 3.23 2.83 2.36 1.83 1.25 0.63 0.08 0.69 1.36 2.02 2.65 3.24 3.78 4.26 4.66 4.99

h23 2.83 3.08 3.25 3.32 3.30 3.18 2.96 2.65 2.26 1.80 1.28 0.70 0.11 0.50 1.10 1.67 2.21

h25 2.3 2.01 1.65 1.22 0.74 0.23 0.33 0.87 1.38 1.86 2.29 2.64 2.91 3.08 3.15 3.12 2.98

h29 1.77 1.96 2.06 2.06 1.97 1.78 1.50 1.15 0.75 0.30 0.17 0.63 1.07 1.46 1.79 2.04 2.20

h 31 1.48 1.25 0.94 0.58 0.19 0.25 0.65 1.03 1.36 1.62 1.81 1.89 1.88 1.77 1.56 1.27 0.91

a,
4>
Vj

0J
JB

Cm

THD, 27.87 M •27.67 27.47 27.28 27.08 26.891 26.71 26.52 2634 26.16 25.97 25.79 25.62 25.44 25.26 25.09 24.91

h5 22.36v 122.10 21.83 21.55 21.26 20.95 , 20.64 20.31 19.98 19.63 19.27 18.91 18.54 18.17 17.79 17.40 17.01

h7 10.87 •10.99 11.11 11.23 11.35 11.47 •11.59 11.70 11.81 11.93 12.03 12.14 12.23 12.32 12.41 12.49 12.56

hll 8.34 ii • 8.14 7.93 7.70 7.45 7.19 6.92 6.64 6.35 6.04 5.73 5.42 5.10 4.79 4.47 4.15 3.83

h 13 5.75 a 5.88 6.01 6.13 6.25 6.35 6.45 6.54 6.61 6.68 6.72 6.76 6.78 6.78 6.77 6.74 6.69

hl7 4.62 ? I 4.44 4.25 4.05 3.83 3.59 3.35 3.09 2.84 2.57 2.31 2.04 1.78 1.52 > 1.27 1.03 0.80

hl9 3.56 >-. '3.69 3.80 3.90 3.99 4.06 4.12 4.16 4.17 4.17 4.15 4.11 4.04 3.96 3.86 3.74 3.60

h23 2.82 || • 2.68 2.51 2.34 2.15 1.95 1 1.75 1.54 1.33 1.11 0.90 0.69 0.48 0.28 0.10 0.16 0.34

h25 2.30 ii I 2.41 2.50 2.58 2.63 2.67 ( 2.68 2.68 2.65 2.60 2.53 2.44 2.33 2.21 2.07 1.93 1.77

h29 1.76 1.65 1.52 1.38 1.23 1.07 0.91 0.75 0.59 0.42 0.26 0.10 0.09 0.25 0.41 0.58 0.74

h31 1.49 1 ;.: 1.57 1.64 1.69 1.72 1.73 1 1.71 1.68 1.63 1.56 1.47 1.38 1.27 1.16 1.04 0.91 0.78

O
V
VI
03

-S

Oh

THD, 27.87 27.62 2738 27.14 26.91 26.68 26.46 26.24 26.02 25.81 25.60 2539 25.19 24.99 24.79 24.60 24.40

h5 22.36 22.03 21.69 21.33 20.96 20.59 20.20 29.80 19.40 18.99 18.56 18.13 17.70 17.27 16.82 16.38 15.93

h7 10.87 11.03 11.19 11.34 11.49 11.63 11.75 11.87 11.99 12.09 12.19 12.27 12.35 12.42 12.47 12.52 12.56

hll 8.34 8.09 7.83 7.54 7.23 6.91 6.57 6.22 5.86 5.49 5.10 4.71 4.32 3.93 3.53 3.14 2.75

h 13 5.75 5.91 6.06 6.19 6.31 6.41 6.49 6.55 6.59 6.62 6.63 6.62 6.59 6.54 6.47 6.38 6.28

hl7 4.62 4.41 4.17 3.92 3.64 3.34 3.02 2.69 2.36 2.01 1.65 1.30 0.95 0.60 0.29 0.21 0.48

hl9 3.56 3.71 3.83 3.92 4.00 4.04 4.07 4.07 4.04 3.99 3.91 3.81 3.69 3.54 3.37 3.18 2.98

h23 2.82 2.65 2.45 2.22 1.98 1.71 1.43 1.13 0.83 0.53 0.22 0.09 0.38 0.67 0.94 1.19 1.43

h25 2.3 2.42 2.51 2.57 2.60 2.61 2.58 2.53 2.45 2.35 2.22 2.07 1.90 1.70 1.49 1.26 1.02

h29 1.76 1.63 1.46 1.27 1.06 0.84 0.60 0.35 0.10 0.15 0.40 0.64 0.86 1.06 1.24 1.39 1.53

h31 1.49 1.58 1.63 1.66 1.67 1.64 1.59 1.51 1.41 1.28 1.14 0.97 0.79 0.60 0.39 0.18 0.05
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Table-4.21 (b): non-characteristic harmonic current
angle between phase B and C - two ph

components with increasing VUF for 2-0 equal angle unbalance for increasing
asors moving in opposite direction for increasing VUF

VUF =

0.0 %

VUF =

1.0 %

VUF =

2.0 %

VUF =

3.0 %

VUF =

4.0 %

VUF =

5.0 %

VTJF =

6.0 %

VUF =

7.0 %

VUF =

8.0 %

VUF =

9.0 %

VUF =

10.0 %

VUF =

11.0%

VUF =

12.0 %

VUF =

13.0 %

VTJF =

14.0 %

VUF =

15.0 %

VTJF =

16.0 %

4>
n

03
J=

0-

THD, 27.87 28.33 28.79 29.25 29.72 30.20 30.69 31.18 31.66 32.16 32.67 33.18 33.69 34.21 34.74 35.27 35.81

h3 0.01 0.61 1.23 1.86 2.51 3.17 3.84 4.53 5.22 5.94 6.66 7.40 8.15 8.90 9.67 10.45 11.24

h9 0.01 0.75 1.49 2.25 3.01 3.77 4.53 5.28 6.02 6.75 7.46 8.15 8.81 9.44 10.04 10.61 11.13

hl5 0.01 0.68 1.36 2.03 2.69 3.33 3.93 4.50 5.01 5.47 5.87 6.20 6.45 6.62 6.71 6.72 6.63

h 21 0.01 0.59 1.16 1.72 2.24 2.72 3.13 3.47 3.72 3.89 3.96 3.93 3.80 3.58 3.25 2.84 2.35

h27 0.01 0.48 0.94 1.37 1.74 2.05 2.28 2.42 2.45 2.39 2.22 1.96 1.62 1.20 0.72 0.21 0.34

h33 0.01 0.37 0.71 1.02 1.26 1.43 1.52 1.51 1.40 1.21 0.94 0.61 0.24 0.16 0.55 0.91 1.23

03
V
n

03
JB
On

THD, 27.87 27.67 27.47 27.28 27.08 26.89 26.71 2652 2634 26.16 25.97 25.79 25.62 25.44 25.26 25.09 24.91

h3 0.01 0.56 1.11 1.64 2.15 2.65 3.14 3.62 4.07 4.51 4.94 5.36 5.75 6.14 6.50 6.86 7.20

h9 0.01 0.34 0.66 0.96 1.26 1.55 1.82 2.08 2.33 2.56 2.79 3.01 3.21 3.40 3.59 3.76 3.93

hl5 0.0 0.28 0.55 0.81 1.06 1.30 1.53 1.75 1.96 2.16 2.36 2.56 2.74 2.92 3.10 3.27 3.44

h21 0.0 0.23 0.46 0.68 0.89 1.09 1.29 1.49 1.67 1.85 2.03 2.20 2.36 2.52 2.66 2.79 3.90

h27 0.0 0.19 0.37 0.54 0.72 0.89 1.05 1.22 1.37 1.52 1.66 1.78 1.89 1.98 2.05 2.11 2.14

h33 0.0 0.14 0.27 0.41 0.55 0.68 0.81 0.94 1.05 1.15 1.24 1.31 1.36 1.39 1.40 1.40 1.37

41
VI
03

JB

THD, 27.87 27.62 2738 27.14 26.91 26.68 26.46 26.24 26.02 25.81 25.60 2539 25.19 24.99 24.79 24.60 24.40

• 3 0.01 0.61 1.20 1.78 2.33 2.87 3.40 3.90 4.39 4.86 5.32 5.76 6.18 6.58 6.97 7.34 7.69

h9 0.01 0.44 0.87 1.28 1.67 2.05 2.42 2.76 3.09 3.41 3.71 3.99 4.25 4.50 4.74 4.96 5.16

hl5 0.01 0.40 0.78 1.15 1.50 1.83 2.15 2.45 2.72 2.98 3.23 3.45 3.65 3.84 4.01 4.16 4.29

h 21 0.0 0.35 0.68 0.99 1.30 1.58 1.84 2.08 2.30 2.49 2.66 2.81 2.93 3.03 3.11 3.17 3.20

h27 0.0 0.29 0.56 0.83 1.07 1.29 1.49 1.67 1.82 1.94 2.03 2.09 2.13 2.14 2.13 2.09 2.03

h33 0.0 0.23 0.45 0.65 0.84 1.00 1.14 1.25 1.33 1.38 1.40 1.40 1.37 1.31 1.24 1.14 1.03



Table-4.22 (a):

A

Characteristic harmonic current components with increasing VUF for 2-0 equal angle unbalance for decreasing angle
between phase B and C- two phasors moving inopposite direction for increasing VUF

VUF =

0.0 %

VUF =

1.0 %

VUF =

2.0 %

VUF =

3.0 %

VUF =

4.0 %

VUF =

5.0 %

VUF =

6.0 %

VUF =

7.0 %

VUF =

8.0 %

VUF =

9.0 %

VUF =

10.0 %

VUF =

11.0%

VUF =

12.0 %

VUF =

13.0 %

VUF =

14.0 %

VUF =

15.0 %

VUF =

16.0 %

41
VI
a

j=

On

THD, 27.87 27.42 26.98 26.54 26.10 25.67 25.25 24.83 24.42 24.01 23.61 23.21 22.81 22.42 22.04 21.66 21.28
h5 22.37 21.79 21.20 20.59 19.98 19.35 18.72 18.09 17.45 16.81 16.16 15.51 14.87 14.22 13.58 12.94 12.31
h7 10.86 11.13 11.36 11.55 11.70 11.81 11.89 11.92 11.92 11.89 11.82 11.71 11.58 11.41 11.21 10.99 10.74
hll 8.35 7.90 7.41 6.89 6.34 5.76 5.16 4.54 3.92 3.28 2.64 2.01 1.38 0.78 0.23 0.45 1.00
h 13 5.74 6.02 6.23 6.37 6.45 6.46 6.41 6.29 6.12 . 5.89 5.61 5.28 4.91 4.51 4.07 3.60 3.11
hl7 4.62 4.23 3.79 3.30 2.76 2.20 1.61 1.02 0.44 0.20 0.74 1.28 1.77 2.23 2.64 3.00 3.29
h 19 3.56 3.80 3.86 4.04 4.03 3.93 3.76 3.52 3.21 2.84 2.41 1.95 1.47 0.96 0.45 0.06 0.56
h23 2.83 2.50 2.10 1.65 1.17 0.66 0.16 0.39 0.87 1.33 1.73 2.07 2.35 2.55 2.67 2.71 2.67
h25 2.3 2.50 2.61 2.62 2.54 2.38 2.13 1.81 1.44 1.02 0.57 0.11 0.34 0.77 1.16 1.51 1.80
h29 1.77 1.50 1.17 0.78 0.37 0.10 0.48 0.87 1.20 1.48 1.69 1.82 1.85 1.81 1.68 1.47 1.21
h31 1.48 1.64 1.70 1.67 1.55 1.35 1.08 0.76 0.40 0.03 0.35 0.69 1.00 1.24 1.41 1.51 1.52

IS
VI

a
JB

THD, 27.87 28.07 28.28 28.49 28.70 28.92 29.15 2937 29.60 29.84 30.09 3034 3059 30.85 31.11 3138 31.66
h5 22.36 22.61 22.84 23.05 23.26 23.44 23.62 23.78 23.92 24.05 24.16 24.26 24.34 24.41 24.46 24.50 24.52
h7 10.87 10.74 10.62 10.51 10.39 10.27 10.15 10.04 9.92 9.81 9.70 9.58 9.47 9.36 9.25 9.14 9.03

h 11 8.34 8.52 8.69 8.84 8.96 9.08 9.17 9.24 9.30 9.34 9.36 9.37 9.36 9.34 931 9.27 9.21
h 13

hl7

5.75

4.62

5.61

4 77

5.47

4 90

5.33

5 02

5.18

S 11

5.03

5 IK

4.87 4.71 4.55 4.38 4.21 4.04 3.85 3.67 3.48 3.28 3.08

hl9 3.56 3.43 3.29 3.14 2.99 2.83 2.66 2.49 2.31

J.ZI

2.13

3.25

1.93

5.21

1.73

5.16

1.53

5.10

1.31

5.03

1.09

4.96

0.88

4.87

0.66
h23 2.82 2.95 3.06 3.14 3.20 3.25 3.27 3.27 3.25 3.22 3.17 3.10 3.03 2.94 2.85 2.75 2.65
h25 2.30 2.19 2.06 1.92) 1.78 1.63 1.47, 1.31 1.14 0.97 0.79 0.60 0.41 0.21 0.05 0.22 0.42
h29 1.76 1.86 1.95 2.01 2.05 2.07 2.07 2.05 2.02 1.96 1.90 1.82 1.74 1.65 1.56 1.46 1.35
h31 1.49 1.39 1.28 1.17 1.04 0.92 0.79 0.66 0.53 0.39 0.25 0.10 0.08 0.22 0.38 0.53 0.68

U
41
n

03
JS

0-

THD, 27.87 28.12 28.38 28.65 28.92 29.20 29.48 29.78 30.08 3039 30.71 31.04 31.38 31.72 32.07 32.44 32.81
h5 22.36 22.68 22.98 23.27 23.55 23.81 24.06 24.29 24.50 24.69 24.87 25.04 25.18 25.31 25.41 25.51 25.58
h7

hll

10.87

8.34

10.69

8.57

10.51

8 77

10.32

8 95

10.12

9 11

9.91

9 24

9.70

9 35

9.48

9 43

9.25 9.01 8.77 8.51 8.25 7.98 7.71 7.42 7.13

h 13 5.75 5.57 5.37 5.16 4.93 4.68 4.42 4.14 3.85 3.54 3.22 2.88

y.44

2.53

9.37

2.17

9.27

1.80

9.15

1.42

9.00

1.05
hl7 4.62 4.80 4.95 5.07 5.16 5.23 5.25 5.25 5.22 5.16 5.06 4.94 4.79 4.61 4.41 4.18 3.93
h 19 3.56 3.40 3.21 2.99 2.76 2.50 2.23 1.93 1.62 1.29 0.94 0.58 0.22 0.20 0.57 0.96 1.35
h23 2.82 2.96 3.08 3.16 3.20 3.21 3.19 3.14 3.05 2.94 2.79 2.61 2.41 2.18 1.93 1.66 1.37
h25 2.3 2.16 1.99 1.79 1.57 1.32 1.06 0.77 0.48 0.17 0.16 0.48 0.80 1.11 1.41 1.70 1.96
h29 1.76 1.87 1.95 2.00 2.01 1.99 1.94 1.86 1.75 1.60 1.44 1.24 1.03 0.80 0.55 0.31 0.15
h31 1.49 1.37 1.22 1.05 0.86 0.64 0.41 0.16 0.12 0.36 0.61 0.85 1.08 1.28 1.45 1.59 1.69



to

Table-4.22 (b): Non-Characteristic harmonic current components with increasing VUF for 2-0 equal angle unbalance for decreasing
angle between phase B and C- two phasors moving in opposite direction for increasing VUF

VUF =

0.0 %

VUF =

1.0 %

VUF =

2.0 %

VUF =

3.0 %

VUF =

4.0 %

VUF =

5.0 %

VUF =

6.0 %

VUF =

7.0 %

VUF =

8.0 %

VUF =

9.0 %

VUF =

10.0 %

VUF =

11.0%

VUF =

12.0 %

VUF =

13.0 %

VUF =

14.0 %

VUF =

15.0 %

VUF =

16.0 %

41
VI
03

JS
c

THD, 27.87 27.42 26.98 26.54 26.10 25.67 25.25 24.83 24.42 24.01 23.61 23.21 22.81 22.42 22.04 21.66 21.28

h3 0.01 0.57 1.14 1.70 2.24 2.76 3.27 3.76 4.23 4.68 5.12 5.55 5.95 6.33 6.70 7.05 7.38

h9 0.01 0.71 1.41 2.09 2.75 3.38 3.98 4.55 5.08 5.58 6.05 6.48 6.86 7.20 7.51 7.77 8.00

hl5 0.01 0.65 1.29 1.90 2.48 3.01 3.50 3.93 4.30 4.61 4.86 5.04 5.16 5.21 5.20 5.12 4.99

h 21 0.01 0.56 1.11 1.62 2.08 2.48 2.82 3.08 3.25 3.35 3.36 3.29 3.15 2.93 2.65 2.31 1.92

h27 0.01 0.46 0.90 1.30 1.64 1.90 2.09 2.19 2.19 2.11 1.95 1.70 1.40 1.04 0.66 0.25 0.19

h33 0.01 0.35 0.69 0.98 1.20 1.35 1.42 1.39 1.29 1.10 0.85 0.55 0.23 0.14 0.45 0.75 1.01

o .
VI

03
JB

Pi

THD, ?7.87 28.07 28.28 28.49 28.70 28.92 29.15 2937 29.60 29.84 30.09 3034 3059 30.85 31.11 3138 31.66

h3 0.01 0.57 1.15 1.75 2.36 2.99 3.63 4.28 4.93 5.60 6.29 6.99 7.68 8.39 9.11 9.84 10.57

h9 0.01 0.34 0.69 1.04 1.41 1.79 2.17 2.55 2.94 3.33 3.73 4.12 4.51 4.90 5.29 5.67 6.04

hl5 0.0 0.28 0.58 0.88 1.18 1.50 1.81 2.12 2.43 2.75 3.05 3.35 3.64 3.91 4.18 4.43 4.66

h21 0.0 0.23 0.47 0.72 0.97 1.22 1.47 1.72 1.96 2.19 2.42 2.63 2.82 2.99 3.15 3.29 3.41

h27 0.0 0.18 0.37 0.56 0.75 0.94 1.13 1.32 1.49 1.65 1.80 1.94 2.05 2.15 2.23 2.28 2.32

h33 0.0 0.13 0.27 0.41 0.55 0.68 0.82 0.95 1.07 1.18 1.27 1.35 1.41 1.45 1.47 1.48 1.48

<J
4»
VI
03

JB
On

THD, 27.87 28.12 2838 28.65 28.92 29.20 29.48 29.78 30.08 3039 30.71 31.04 3138 31.72 32.07 32.44 32.81

h3 0.01 0.62 1.26 1.92 2.59 3.28 3.99 4.71 5.44 6.19 6.96 7.75 8.54 9.35 10.16 11.00 11.85

h9 0.01 0.45 0.91 1.38 1.87 2.36 2.86 3.37 3.88 4.39 4.91 5.43 5.94 6.45 6.96 7.46 7.95

hl5 0.01 0.40 0.81 1.23 1.65 2.08 2.50 2.92 3.32 3.73 4.11 4.49 4.83 5.16 5.47 5.74 5.99

h 21 0.0 0.35 0.70 1.06 1.41 1.75 2.08 2.40 2.69 2.97 3.21 3.43 3.61 3.75 3.86 3.93 3.96

h27 0.0 0.29 0.58 0.86 1.14 1.39 1.63 1.85 2.03 2.18 2.30 2.38 2.42 2.42 2.39 2.31 2.20

h33 0.0 0.23 0.45 0.67 0.87 1.05 1.20 1.33 1.42 1.47 1.49 1.48 1.43 1.35 1.24 1.10 0.94



4.10.3 Comparison of Four Different Definitions of Voltage Unbalance

The numerical values of two IEEE definitions of voltage unbalance, PVURl and

PVUR are always zero for the cases of voltage unbalance only because of phase angle

movement (either CW or ACW). For the case of increasing angle between two voltage phasors

caused by their movement in opposite directions, the VUF happens to be always little higher

than LVUR, since the inception of unbalance. With increasing VUF, the difference between

VUF and LVUR also increases as displayed in Fig. 4.29(a).

The movement of two voltage phasors in opposite directions (towards each other),

for the case of decreasing angle between them, leads towards a phasor arrangement, where the

phase angle of voltage phasors under movement relative to their reference phasor, increases

beyond 120°. Such as, for the case of decreasing angle between phasors B and C, (where,

phasor A is the reference) the angle between voltage phasors B and A, along with the angle

between voltage phasors C and A increases beyond 120°, as shown in Fig. 4.27.

This specific condition makes this case unique in comparison of other cases of

voltage unbalance. It is shown in Fig. 4.29(b) that for this specific case of voltage unbalance

the VUF happens to be always little lower than LVUR (i.e. VUF < LVUR), for each value of

Vj, similar to the case of OV unbalance. As the VUF increases, the difference between VUF

and LVUR also increases, as displayed in Fig. 4.29(b). It is found in present study that for all

voltage unbalance cases other than these two types, VUF > LVUR.

It is also apparent in Fig. 4.29(a) and Fig. 4.29(b) with Table-4.14, Table-4.16,

Table-4.18, and Table-4.20 that for the same value of Vi, the VUF and LVUR have higher

values, for the case of decreasing angle as compared to the case of increasing angle between

two phasors. For the same values of'change in phase angles' (which are individually changing

in equal steps of 0.86° to provide the 0.5 % change in VUF for each step of change), as

considered for the case of voltage unbalance due to equal change in phase angles of two

voltage phasors, the value of V| is same at different steps irrespective of the case of'increasing

or decreasing angle' but at those corresponding steps the V2 is more in case of 'decreasing

angle' as compared with the case of 'increasing angle' between two phasors. This discussion

explains the reason of higher VUF for the case of 'decreasing angle' between two phasors.
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Fig. 4.29(a): Comparison of four different definitions of voltage unbalance for the case
of voltage unbalance due to two-phase angle movement in opposite
direction, for increasing angle between these two phasors
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4.10.4 Effect of Voltage Unbalance on DC Parameters

As the VUF increases, the V, decreases and V2 increases. This variation of V, and

V2 as afunction of VUF is shown in Fig. 4.30(a) for the case of increasing angle between two

phasors; and in Fig. 4.30(b) for the case of decreasing angle between two phasors. The

existence of V2 in power system indicates the presence of unbalance. With the increasing VUF,

change in V, is very small (i.e., almost negligible). The similar variation reflects on the change

in magnitude of DC output parameters, is clear from Fig. 4.31(a) along with Table-4.14 and

Table-4.16, for the case of increasing angle. For the case of decreasing angle between two

phasors is is shown in Fig. 4.31(b) with Table-4.18, and Table-4.20. The change in magnitude

ofDC output parameters magnitude is observed to be in ratio ofvariation in Vi.

The distortion of DC output parameters is affected by V2 and it is observed to be

increasing in proportional to increasing VUF and hence, V2. This variation in distortion ofDC

output parameters with increasing VUF is shown in Fig. 4.32(a) for the case of increasing

angle and Fig. 4.32(b) for the case of decreasing angle between two phasors for two-phase

voltage unbalance condition.
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4.10.5 Effect of Voltage Unbalance on AC Parameters

It is observed from Table-4.14, Table-4.16, Table-4.18, and Table-4.20 that current

waveforms ofall three phases (IA, IB, and Ic) are affected (may be less or more) under two-

phase voltage unbalance condition owing to either increasing or decreasing angle between two
voltage phasors.

It has already been discussed in previous sections in accordance with single-phase

angle (CW or ACW) movement that the change in voltage phase angle 'least affects' the phase

in which the phase angle movement is taking place, and 'most affects' the phase towards which

it is moving. As shown in Table-4.7 and Table-4.8, in earlier section that in case of CW

movement ofvoltage phasor, the AC performance parameters (i.e. rms load current and THDi)

are almost constant for 'phasor under movement', THDi increases (and rms load current

decreases) for phase towards which it is moving, whereas THDi decreases (and rms load

current increases) for the phase from which it is moving away. For ACW movement ofvoltage

phasor, as presented in Table-4.9 and Table-4.10, it is apparent that for 'phasor under

movement', THDi slightly increases whilst rms load current decreases a bit (not constant as in

case CW phasor movement). For other two phases the change in AC performance parameters,

are found same as discussed for the case of CW movement of voltage phasor. This very

inference is also applicable here in both cases oftwo-phase voltage unbalance condition due to

'increasing angle' between two voltage phasors, i.e. either between phase B and Cor between

A and C.

It is observed from Table-4.8 and Table-4.10 that the rms load current decreases

and THDi increases in the phase towards which, both the phasors under movement are

approaching whereas the phasors under movement do not experience much change in their

values of AC performance parameters (i.e. rms load current and THDi).

In the case of 'increasing angle' between phase B and C (phasor B moving ACW

and C moving CW) as considered in Table-4.14 , phasors B and C both are moving towards

phasor ,4. Consequently, in phase Athe load current is decreasing and THDi increasing due to

the combined contribution of 'phasors under movement' (B and Q. In phases B and C

(phasors under movement) the changes in AC performance parameters are rather less

significant. As a result ofCW movement ofphasor C, THDi and rms load current ofphase C
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are almost constant and THDi of phase B decreases (as C is moving away from B). In

consequence ofACW movement ofphasor B, THDi ofphase B increases slightly and THDi of

phase C decreases (as B is moving away from C). It explains that both phasors under

movement (B and Q are reducing the THD! of each other, but the phasor under ACW

movement (B) is having a higher value of THDi (and lower value of load current) in

comparison to phasor under CW movement (C). This change in rms values ofload currents in

three different phases with variable VUF is displayed in Fig. 4.33(a) whereas variation in THDi

of three different phases asa function of VUF is presented inFig. 4.33(b).

Similarly, for the case of 'increasing angle' between phase A and C (phasor A

moving CW and Cmoving ACW) as taken up in Table-4.16. Here, phasor .4 and Care moving

towards phasor B, therefore the AC performance parameters phase B are most affected, where

the load current is decreasing and THDi increasing due to the combined contribution of

'phasors under movement' (A and Q. The changes in AC performance parameters ofphased

and C are relatively smaller. Here also the both phasors under movement (A and Q are

reducing the THDi ofeach other, but the phasor under ACW movement (Q is having a higher

value of THDi (and lower value of load current) in comparison to phasor under CW movement

(A). For the case of 'increasing angle' between phase Aand C, this change in rms values of

load currents in three different phases with variable VUF is displayed in Fig. 4.34(a) whereas

variation inTHDi of three different phases as a function of VUF is presented in Fig. 4.34 (b).

The analogous justification is also valid for the case of 'decreasing angle' between

two moving voltage phasors. For the case of 'decreasing angle' between phase Band C(phasor

B moving CW and C moving ACW) as considered in Table-4.18, phasors B and C both are

moving away from reference phasor A. Thus THDi is decreasing (rms load current increasing)

in phase Adue to the combined contribution of 'phasors under movement' (B and Q. Also the

both phasors under movement (B and Q are causing an increase in THDi ofeach other, but the

phasor under ACW movement (Q is having a higher value ofTHDi (and lower value ofload

current) in comparison to phasor under CW movement (A). This change in rms values of load

currents in three different phases with variable VUF is displayed in Fig. 4.35(a) whereas

variation inTHDi of three different phases asa function of VUF is presented inFig. 4.35(b).
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Correspondingly, for the case of 'decreasing angle' between phase Aand C(phasor

A moving ACW and C moving CW) as taken up in Table-4.20, phasors A and C both are

moving away from reference phasor B. This condition results in the reduction in THDi (and

subsequent increase in rms load current) in phase B due to the combined contribution of

'phasors under movement' (A and Q. Besides this, both phasors under movement (A and Q

are reducing the THDi of each other, but the phasor under ACW movement (A) is having a

higher value of THDi (and lower value of load current) in comparison to phasor under CW

movement (Q. Fig. 4.36(a) shows the variation in rms currents in three different phases with

variable VUF while Fig. 4.36(b) exhibits the variation in THDi of three different phases as a

function of VUF, for this case of 'decreasing angle' between phase Aand C.

As in case of unbalanced system, the THDi of every phase differs with other phases

significantly. PTHDUF has been introduced to simplify the harmonic current analysis and to

quantify the voltage source unbalance in presence of harmonic distortion. For a particular type

of voltage unbalance, the value of VUF remains unchanged regardless of the phase being

affected by voltage unbalance. Furthermore, the values of PTHDUF are found to be quite

unique for both (increasing or decreasing angle) types of cases of voltage unbalance caused by

of movement of two voltage phasors, for a given value VUF, as presented in Table-4.14,

Table-4.16, Table-4.18, and Table-4.20. Plots of average THDi and PTHDUF with variation of

VUF are given in Fig. 4.37(a) for the case of 'increasing angle' between two voltage phasors,

and in Fig. 4.37(b) for the case of 'decreasing angle' between two voltage phasors, caused by

their movement in opposite directions. These two Figures clearly illustrate that for the same

value of VUF, the PTHDUF has its value somewhat higher for the case of 'increasing angle'

between two voltage phasors as compared to the case of 'decreasing angle' between two

voltage phasors.

Hence, PTHDUF is found convincingly characteristic for the type (increasing

/decreasing angle between two voltage phasors under movement) and degree (VUF) of voltage

unbalance.
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4.11 CHANGES IN TWO PHASE ANGLES WITH UNEQUAL CHANGE IN
EACH PHASE

In the earlier case, it is considered that the contribution of each phase angle

deflection towards voltage unbalance is halfof the total value of VUF, but it is observed that

net VUF is smaller than the sum of the individual contributions, e.g. as considered in Table-

4.14, where angle (d>c = 119.14°) gives 0.50 % VUF, and angle (Ob = 240.86°) gives 0.50 %

VUF, but combination of both provides just 0.86 % VUF. Hence, to make the VUF equal to

the total of two individual contributions (i.e. 1% in the example taken) any one of the two

angles is deflected further to increase its contribution.

Here, two dissimilar cases are taken up; in one case both the phasors are moving in

opposite direction and in another case, phasors are moving in same direction. In case of

phasors moving in opposite direction, the net VUF is the more than the individual contribution

of each phase, i.e. they reflect partial addition effect, while for the case of phasors moving in

same direction, the unbalance contribution of each phasor movement is partially cancelled by

the other phasor.

4.11.1 Two Phasors Moving in Opposite Direction

In this case, phase A is considered as reference phasor and remaining two phases

specifically, phase B and phase C are shifted in opposite direction. In this particular case, the

variation in VUF is adjusted by ACW movement in phase angle of voltage phasor B and CW

movement in phase angle of voltage phasor C of a balanced source voltage supply, as shown in

Fig. 4.25, which increases the angle between voltage phasors B and C and this movement of

two voltage phasors becomes the reason of unbalance in voltage source.

It can be explained more clearly with the example taken for VUF equal to 1%.

Here, phase angle of voltage phasor C (<DC = 119.14°) gives 0.50 % VUF, and phase angle of

phasor B (<DB = 240.86°) gives 0.50 % VUF, but combination of both provides 0.86 % VUF.

Hence, phase angle of phasor B (cpB) is further increased to 241.13° to make VUF = 1%. In the

same approach, otherchanges are made in the positions of phasor B and C, to regulate the VUF

from l%tol6%.

In other words in can be said that in this case, the angle between one set of specific

phasors is increasing beyond 120° and for other two sets of voltage phasors their in between

angle is decreasing within 120°. Between these two decreasing angle, for every step the change
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in angle position is more in one case than other, which is a more practical condition to be

happen in real system.

The input parameters, voltage sequence components (Vi and V2), and percentage

values of four definitions of voltage unbalance for single-phase angle unbalance case due to

CW movement of voltage phasor C are shown in Table-4.23(a). Table-4.23(b) presents the

same parameters for the ACW movement of voltage phasor B. Here, the change in phase angle

position of a particular phase regulates the variable VUF. The contribution of eachphase angle

deflection towards voltage unbalance is unequal. A combination of cases given in Table-

4.23(a) and Table-4.23(b) is considered in Table-4.24, to analyze the combined effect of

change in position of phasor C together with phasor B, with their unequal contribution towards

voltage unbalance.

4.11.2 Two Phasors Moving in Same Direction

Phase A is considered as reference phasor in this case also and the remaining two

phasors B and C, both are moving in same direction, i.e. phase B is moving CW together with

phase C, as shown in Fig. 4.38. It can be explained more clearly with the example taken for

VUF equal to 1%. Here, phase angle C (<DC = 119.14°) gives 0. 50 % VUF, and phase angle B

(Ob = 239.14°) gives 0.50 % VUF, but combination of both provides but combination of both

also provides VUF = 0.50 % and LVUR = 0.43 %. Here, the net VUF and LVUR value are

reduced to half than the earlier case of opposite direction with equal change in each phase,

which only due to their movement in same direction. Hence, phase angle B (<1>B) is further

increased to 238° to make VUF = 1%. In the similar approach, other changes are made in the

positions of phasor B and phasor C, to regulate the VUF. The angle between one set of specific

phasors (A and B) is increasing beyond 120° and for other two sets of voltage phasors (B and

C, C and A) the angle between them is decreasing within 120°. Between these two decreasing

angle, for every step the change in angle position is more in one case than other, to be exact the

change in angle between B and C is more than the change in angle between C and A, which is a

more practical condition to take place in a real system.

The input parameters and voltage sequence components (Vi and V2) along with the

percentage values of four definitions of voltage unbalance for single-phase angle unbalance

case due to CW movement of voltage phasor B and C are shown in Table-4.25(a), and Table-

4.25(b) respectively. Here, the change in phase angle position of a particular phase regulates
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the variable VUF. The contribution of each phase angle deflection towards voltage unbalance
is unequal. Acombination ofcases given in Table-4.25(a) and Table-4.25(b) is considered in
Table-4.26, to analyze the combined effect of change in position of phasor Ctogether with
phasor B, with their unequal contribution towards voltage unbalance.

240° + 240° • A 240° • A

Fig. 4.38: An unbalance in three-phase voltage source due to 2-0 unequal angle
unbalance by phase B and C astwo phasors moving in same direction

With increasing VUF, the behavior of characteristic and non-characteristic

harmonics is presented in Table-4.27(a) and Table-4.27(b) for the movement ofphasors Band

C in opposite direction, while Table-4.28(a) and Table-4.28(b) show this harmonic behavior

for their movement in same direction. This variation in harmonic pattern behavior is discussed
in section 4.13.
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Table-4.23 (a): Comparison of four different definitions of
voltage unbalance for 1-<E> angle unbalance in phase B (moving
ACW) for increasing VUF

g
X
p
>

g
X

>
a.

g
X

>
a.

Unbalanced voltage source
"3
> _^

w

>
+

"o
> ___

<?>
VI

V
>

£
Phase .4 PhaseB Phase C

u.

p
>

s

«J

c

<

ei
•

<i

"an
c

<

ei
«

•&
c

<

0.00 0 0 0.00 1.0 0 1.0 240 1.0 120 1.0000 0.000

0.57 0 0 0.66 1.0 0 1.0 241.13 1.0 120 1.0000 0.0066

1.16 0 0 1.33 1.0 0 1.0 242.28 1.0 120 0.9998 0.0133

1.75 0 0 2.00 1.0 0 1.0 243.44 1.0 120 0.9996 0.0200

2.36 0 0 2.69 1.0 0 1.0 244.63 1.0 120 0.9993 0.0269

2.98 0 0 3.39 1.0 0 1.0 245.83 1.0 120 0.9989 0.0339

3.62
0 0 4.11 1.0 0 1.0 247.05 1.0 120 0.9983 0.0410

4.27 0 0 4.83 1.0 0 1.0 24829 1.0 120 0.9977 0.0482

4.93 0 0 5.56 1.0 0 1.0 24954 1.0 120 0.9969 0.0554

5.61 0 0 6.31 1.0 0 1.0 250.82. 1.0 120 0.9960 0.0629

6.29 0 0 7.06 1.0 0 1.0 252.1 " 1.0 120 0.9950 0.0703

7.00 0 0 7.83 1.0 0 1.0 253.4 1.0 120 0.9939 0.0778

7.71 0 0 8.60 1.0 0 1.0 254.12 1.0 120 0.9927 0.0854

8.36 0 0 9.30 1.0 0 1.0 2555 1.0 120 0.9915 0.0922

9.19 0 0 10.19 1.0 0 1.0 25741 1.0 120 0.9898 0.1009

9.96 0 0 11.01 1.0 0 1.0 258.78 . 1.0 120 0.9881 0.1088

10.73 0 0 11.83 1.0 0 1.0 "260:16 1.0 120 0.9863
0.1167

Table-4.23 (b): Comparison of four different definitions of
voltage unbalance for 1-0) angle unbalance in phase C(moving
CW) for increasing VUF
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1.31 0 0 1.50 1.0 0 1.0 240 1.0 117.42 1.000 0.015

1.75 0 0 2.00 1.0 0 1.0 240 1.0 116.56 1.000 0.020

2.19 0 0 2.50 1.0 0 1.0 240 1.0 115.7 0.999 0.025

2.63 0 0 3.00 1.0 0 1.0 240 1.0 114.84 0.999 0.030
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Table-4.24: Comparison of four different definitions of voltage unbalance and performance of rectifier for 2-d> unequal angle
unbalance in phase Band C-Two phasors moving in opposite direction for increasing VUF from 1% to 16%.
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14.19 0 0 15.0
1.0 0 1.0 258.78 1.0 107.15

0.9745 0.146 0.816 37.08 1.045 25.32 1.079 23.21 28.54 29.04 0.980 16.41 0.980 16 86 0.972 33.09

15.08 0 0
16.0

1.0 0 1.0 260.16 1.0 106.3
0.9708 0.155 0.802 37.80 1.047 25.17 1 082 22.91 28.63 30.99 0.978 17.37 0.978 17.81 0.968 34.98 1



Table-4.25 (a): Comparison of four different definitions of
voltage unbalance for l-O angle unbalance in phase B (moving
CW) for increasing VUF.

g
X
3
>
3

g
X
3
>
B.

g
X
3
>
0.

g
3
>

Unbalanced voltage source

> _

>
+

> ^

VI

>

Phase A Phases Phase C

ei
03

s
ec
35

<

ei
03

«l

"ei
e

•< s
ei
e

<

0.00 0 0 0.00 1.0 0 1.0 240 1.0 120 1.000 0.00

1.01 0 0 1.16 1.0 0 1.0 238 1.0 120 1.000 1.000

2.04 0 0 2.33 1.0 0 1.0 236 1.0 120 0.999 0.012

3.08 0 0 3.50 1.0 0 1.0 23358 1.0 120 0.999 0.023

4.14 0 0 4.69 1.0 0 1.0 231.95 1.0 120 0.998 0.035

5.24 0 0 5.90 1.0 0 1.0 229.88. 1.0 120 0.997 0.047

6.35
0 0 7.12 1.0 0 1.0 227.80 1.0 120 0.995 0.059

7.48 0 0 8.36 1.0 0 1.0 225.7 1.0 120 0.993 0.071

8.63 0 0 9.60 1.0 0 1.0 223.6 1.0 120 0.991 0.083

9.82 0 0 10.87 1.0 0 1.0 221.46, 1.0 120 0.988 0.095

11.02 0 0 12.14 1.0 0 1.0 219.32 1.0 120 0.986 0.107

12.26 0 0 13.44 1.0 0 1.0 217;15 1.0 120 0.982 0.120

13.51 0 0 14.75 1.0 0 1.0 214.98 1.0 120 0.979 0.132

14.81 0 0 16.10 1.0 0 1.0 212,76 1.0 120 0.975 0.144

16.10 0 0 17.43 1.0 0 1.0 210.59 1.0 120 0.971 0.157

17.43 0 0 18.79 1.0 0 1.0 208.38: 1.0 120 0.966 0.169

18.79 0 0 20.18 1.0 0 1.0 2Q6.15 1.0 120 0.962
0.182

Table-4.25 (b): Comparison of four different definitions of
voltage unbalance for l-O angle unbalance in phase C (moving
CW) for increasing VUF.

g
X
3
>
3

g
X
3
>
a.

g
X
3
>
0.

g
Ii,

3
>

Unbalanced voltage source

> _
cr >

>
+

> ^

(A

>

Phase A Phases Phase C

ei —

Cl
e

<

ei
03

s

CI

ec
c

<

ei
03

s
M
s

<

0.00 0 0 0.00 1.0 0
1.0 240 1.0 120 1.000 0.00

0.43 0 0 0.50 1.0 0
1.0 240 1.0 119.14 1.000 0.005

0.87 0 0 1.00 1.0 0
1.0 240 1.0 118.28 1.000 0.010

1.31 0 0 1.50 1.0 0 1.0 240 1.0 117.42 1.000 0.015

1.75 0 0 2.00 1.0 0
1.0 240 1.0 116.56. 1.000 0.020

2.19 0 0 2.50 1.0 0
1.0 240 1.0 115.7 0.999 0.025

2.63 0 0 3.00 1.0 0
1.0 240 1.0 114.84 0.999 0.030

3.08 0 0 3.50 1.0 0 1.0 240 1.0 113.98 0.999 0.035

3.52 0 0 4.00 1.0 0
1.0 240 1.0 113.13. 0.998 0.040

3.97 0 0 4.50 1.0 0 1.0 240 1.0 112.27 0.998 0.045

4.43 0 0 5.00 1.0 0
1.0 240 1.0 111.41 0.998 0.050

4.88 0 0 5.50 1.0 0
1.0 240 1.0 110.55 0.997 0.055

5.33 0 0 6.00 1.0 0 1.0 240 1.0 109.7 0.996 0.060

5.78 0 0 6.50 1.0 0
1.0 240 1.0 108.85 0.996 0.065

6.24 0 0 7.00 1.0 0
1.0 240 1.0 108 0.995 0.070

6.70 0 0 7.50 1.0 0
1.0 240 1.0 107.15 0.994 0.075

7.16 0 0 8.00 1.0 0
1.0 240 1.0 106.3 0.994 0.080



•f x

TabIe-4.26: Comparison of four different definitions of voltage unbalance and performance of rectifier for 2-<D unequal anele
unbalance in phase Band C- two phasors moving in same direction for increasing VUF.

3 >
a.

A.

g
3
>

Phi

Unbalanced voltage
ise/4 PhaseS

soure

P

E

haseC
E •J

o

>

ti
VI

>

Ia
AC parameters

Ib Ic m
DC -

g
3

Idc
DC parameters

Vdc Pdc

ei
03

s
oi
e

<

ei
03

s

Jl
"ei

s

<

ei
03

s

V

oi
e

<

&
I
>
+

RMS
THD,
(V.)

Mag.
THD,
(•/.)

Mag.
THD,

(V.)

2 =4t X

< Mag. THD,
Mag. THD,

(%)
Mag. THD,

0.0 0 1.0 240 1.0 120> 1.0000 0.000 1.000 27.87 1.000 27.87 1.000 27.87 27.87 0.00 1.000 5.95 1.000 6.72 1.000 12.13

1.0 0 1.0 238 1.0 119,14 0.9999 0.010 1.005 27.60 1.005 27.62 0.990 28.40 27.87 1.89 1.000 6.03 1.000 6.80 1.000 12.30
1.99 2.0 1.0 0 1.0 236 1.0 118.28 0.9996 0.020 1.011 2734 1.009 27.37 0.979 28.94 27.88 3.79 1.000 6.28 1.000 7.02 1.000 12.79

3.0 1.0 0 1.0 233.98 1.0 117.42 0.9991 0.030 1.016 27.07 1.014 27.13 0.968 29.49 27.90 5.71 0.999 6.67 0.999 7.38 0.999 13.57

4.0 1.0 231.95 1.0 116.56 0.9983 0.040 1.021 26.80 1.018 26.90 0.957 30.06 27.92 7.66 0.999 7.18 0.999 7.85 0.998 14.60

5.0 1.0 0 1.0 229.88 1.0 115.7 0.9974 0.050 1.026 26.53 1.022 26.67 0.946 30.64 27.95 9.64 0.998 7.79 0.998 8.43 0.997 15.84
5.87 6.0 1.0 0 1.0 227.80 1.0 114.84 < 0.9962 0.060 1.031 2625 1.026 26.45 0.934 31.24 27.98 11.65 0.997 8.49 0.997 9.09 0.996 17.24
6.83 0 7.0 1.0 0 1.0 225.7 1.0 113.98; 0.9948 0.070 1.036 25.98 1.030 26.23 0.921 31.85 28.02 13.67 0.996 9.25 0.996 9.82 0.995 18.77

8.0 1.0 0 1.0 223.6 1.0 113.13 0.9931 0079 1.041 25.70 1.034 26.03 0.909 32.47 28.07 15.69 0.995 10.05 0.995 10.60 0.993 20.39
8.72 0 9.0 1.0 0 1.0 221.46 1.0 112.27: 0.9912 0.089 1.046 25.42 1.037 25.82 0.896 33.12 28.12 1778 0.993 10.90 0.993 11.42 0.991 22.10
9.66 0 10.0 1.0 0 1.0 219.32 1.0 111.41. 0.9891 0.099 1.051 25.13 1.041 25.62 0.883 33.77 28.17 19.87 0.992 11.77 0.992 12.27 0.988 23.85

11.0 1.0 0 1.0 217.15 1.0 110.55 0.9866 0.109 1.055 24.85 1.044 25.42 0.869 34.44 28.24 21.97 0.990 12.67 0.990 13.16 0.986 25.66

11.50 12.0 1.0 0 1.0 214.98 1.0 109.7 0.9840 0.118 1.060 24.56 1.047 25.22 0.856 35.13 28.30 24.12 0.988 13.58 0.988 14.06 0.983 27.49

13.0 1.0 0 1.0 212.76 1.0 108.65 0.9811 0.128 1063 24.31 1.051 24.98 0.841 35.84 28.38 26.30 0.982 14.51 0.985 14.98 0.980 29.35

13.30 0 0 14.0 1.0 0 1.0 210.59 1.0 108 0.9779 0.137 1.068 23.97 1.052 24.84 0.827 36.56 28.46 28.48 0.983 15.46 0.983 15.91 0.976 31.22

14.19 15.0 1.0 0 1.0 208.38 1.0 107.15 0.9745 0.146 1.072 23.67 1.055 24.66 0.813 37.29 28.54 30.66 0.980 16.41 0.980 16.86 0.972 33.10

16.0 1.0 0 1.0 206.15 1.0 106.3- 0.9708

_., 1
0.155 1.075 23.36 1.057 24.47 0.798 38.05 28.63 32.921 0.977 17.37 0.978 17.81 0.968 34.98
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Table-4.27(a): Characteristic harmonic current components with increasing VUF for 2-t)) unequal angle unbalance in
phase B and C - two phasors moving in opposite direction

VUF=

0.0 %

VUF =

1.0 %

VUF =

2.0 %

VUF =

3.0 %

VUF =

4.0 %

VUF =

5.0 %

VUF =

6.0 %

VUF =

7.0 %

VUF =

8.0 %

VUF =

9.0 %

VUF =

10.0 %

VUF =

11.0 %

VUF =

12.0 %

VUF =

13.0 %

VUF =

14.0 %

VUF =

15.0 %

VUF =

16.0 %

fl
VI
03

J3

THD, 27.87 28.40 28.93 29.48 30.04 30.61 31.20 31.80 32.41 33.03 33.67 3432 34.99 35.69 3637 37.08 37.80

h5 22.37 23.02 23.66 24.28 24.88 25.46 26.02 26.55 27.05 27.52 27.95 28.35 28.70 29.03 29.28 29.50 29.67

h7 10.86 10.49 10.07 9.60 9.05 8.46 7.79 7.07 6.30 5.45 4.55 3.59 2.58 1.48 0.40 0.76 1.97

hll 8.35 8.81 9.21 9.55 9.81 9.98 10.07 10.07 9.98 9.78 9.47 9.07 8.56 7.93 7.23 6.42 5.52

h 13 5.74 5.34 4.86 4.29 3.63 2.90 2.10 1.24 0.33 0.63 1.62 2.62 3.62 4.63 5.56 6.46 7.31

hl7 4.62 4.99 5.26 5.43 5.48 5.41 5.21 4.89 4.45 3.88 3.21 2.43 1.58 0.65 0.37 1.31 2.28

hl9 3.56 3.18 2.69 2.11 1.45 0.73 0.09 0.86 1.66 2.45 3.19 3.86 4.43 4.90 5.20 5.36 5.35

h23 2.83 3.11 3.28 3.32 3.23 3.01 2.65 2.16 1.58 0.90 0.18 0.59 1.34 2.07 2.67 3.19 3.56

h25 2.3 1.96 1.52 0.99 0.40 0.25 0.89 1.51 2.06 2.54 2.89 3.10 3.16 3.03 2.75 2.31 1.72

h29 1.77 1.98 2.07 2.03 1.86 1.56 1.15 0.65 0.11 0.47 1.02 1.51 1.90 2.16 2.25 2.18 1.94

h 31 1.48 1.20 0.83 0.39 0.11 0.59 1.05 1.44 1.72 1.88 1.90 1.76 1.47 1.04 0.55 0.02 0.60

«5

VI
ej

Ph

THD, 27.87 27.67 27.48 27JO 27.12 26.94 26.76 26.59 26.43 26.26 26.10 25.94 25.78 25.57 25.47 2532 25.17

hS 22.36 22.11 21.84 21.56 21.25 20.93 20.60 20.25 19.89 19.51 19.11 18.71 18.29 17.79 17.42 16.98 16.52

b.7 10.87 10.98 11.10 11.23 11.36 11.49 11.62 11.76 11.89 12.03 12.16 12.29 12.42 12.55 12.66 12.76 12.86

hll 8.34 8.15 7.93 7.70 7.45 7.18 6.89 6.60 6.30 5.98 5.66 5.34 5.03 4.65 4.41 4.12 3.84

h 13 5.75 5.88 6.01 6.14 6.26 6.38 6.49 6.58 6.67 6.74 6.80 6.84 6.85 6.84 6.82 6.77 6.69

hl7 4.62 4.45 4.26 4.05 3.83 3.59 3.35 3.10 2.85 2.60 2.36 2.12 1.90 1.62 1.49 1.30 1.12

hl9 3.56 3.69 3.80 3.91 4.00 4.07 4.13 4.17 4.19 4.18 4.15 4.10 4.02 3.90 3.80 3.67 3.52

h23 2.82 2.68 2.52 2.34 2.16 1.97 1.78 1.58 139 1.20 1.02 0.83 0.65 0.41 0.28 0.10 0.12

h25 2.30 2.41 2.50 2.58 2.63 2.67 2.68 2.67 2.64 2.58 2.51 2.42 2.31 2.18 2.09 1.97 1.85

h29 1.76 1.65 1.52 1.39 1.25 1.10 0.96 0.82 0.68 0.53 038 0.22 0.10 0.20 0.32 0.48 0.64

h31 1.49 1.57 1.64 1.69 1.71 -1.72 1.70 1.66 1.61 1.55 1.48 1.40 1.32 1.21 1.15 1.05 0.94

9

THD, 27.87 27.55 27.23 26.92 26.60 26.29 25.98 25.67 2536 25.06 24.75 24.45 24.14 23.87 23.52 23.21 22.91

h5 22.36 21.93 21.48 21.01 20.51 20.00 19.46 18.91 18.34 17.74 17.14 16.52 15.89 15.29 14.59 13.93 13.26

h7 10.87 11.08 11.28 11.46 11.63 11.79 11.93 12.05 12.15 12.24 12.31 12.35 1237 12.39 12.35 12.31 12.24

hll 8.34 8.02 7.66 7.27 6.84 6.39 5.90 5.39 4.87 4.31 3.75 3.18 2.60 2.06 1.44 0.88 0.41

h 13 5.75 5.% 6.14 6.29 6.41 6.50 6.55 6.57 6.55 6.49 6.40 6.26 6.08 5.90 5.61 5.32 4.99

hl7 4.62 4.34 4.02 3.67 3.27 2.84 2.38 1.90 1.41 0.90 0.39 0.17 0.64 1.08 1.58 2.01 2.40

hl9 3.56 3.74 3.89 3.99 4.04 4.05 4.01 3.93 3.79 3.61 3.38 3.10 2.78 2.46 2.04 1.62 1.19

h23 2.82 2.59 2.32 2.00 1.64 1.26 0.85 0.42 0.02 0.44 0.85 1.24 1.60 1.89 2.19 2.41 2.57

h25 2.3 2.45 2.55 2.60 2.60 2.55 2.44 2.28 2.07 1.82 1.53 1.20 0.84 0.50 0.10 032 0.70

h29 1.76 1.58 1.35 1.08 0.78 0.45 0.11 0.24 0.57 0.90 1.18 1.43 1.62 1.75 1.83 1.84 1.78

h31 1.49 1.60 1.66 1.67 1.63 1.54 1.40 1.21 0.98 0.72 0.43 0.13 0.18 0.45 0.77 1.02 1.24



Table-4.27 (b): Non^tararterisflc harmonic current components with increasing VUF for 2+ unequal angle unbalance in
phase B and C- two phasors moving in opposite direction

J=

St.

o;

THD,

h3

h9

hl5

h21

h27

h33

THD,

h3

h9

hl5

h21

h27

h33

THD,

h3

h9

hl5

h21

h27

h33

VUF=

0.0 %

27.87

0.01

0.01

0.01

0.01

0.01

0.01

27.87

0.01

0.01

0.0

~W

0.0

0.0

27.87

0.01

0.01

0.01

0.0

0.0

0.0

VUF =

1.0 %

28.40

0.71

0.86

0.78

0.67

0.55

0.42

27.67

0.65

0.34

0.27

0.22

0.17

0.13

27.55

0.71

0.56

0.51

0.44

0.37

0.29

VUF =

2.0 %

28.93

1.43

1.73

1.57

1.34

1.07

0.81

27.48

1.29

0.65

0.53

0.43

0.34

0.26

27.23

1.40

1.10

1.00

0.87

0.72

0.57

VUF =

3.0 %

29.48

2.17

2.61

2.35

1.97

1.55

1.14

2730

1.92

0.96

0.77

0.63

0.51

039

26.92

2.06

1.63

1.47

1.27

1.05

0.82

VUF =

4.0 %

30.04

2.95

3.51

3.11

2.55

1.95

1.38

27.12

2.54

1.24

1.00

0.83

0.67

0.52

26.60

2.71

2.15

1.93

1.66

1.35

1.04

VUF =

5.0 %

30.61

3.75

4.41

3.84

3.06

2.24

1.50

26.94

3.14

1.51

1.21

1.02

0.84

0.66

26.29

3.34

2.64

2.36

2.01

1.61

1.22

VUF =

6.0 %

31.20

4.57

5.31

4.52

3.48

2.41

1.50

26.76

3.74

1.77

1.42

VUF =

7.0 %

31.80

5.43

HI

5.13

3777

2.44

1.36

26.59

~43l

Too

T6i

1.21 139

1.01

0.79

25.98

3.95

3.12

2.76

2.32

1.83

1.34

1.17

0.91

25.67

4.54

3.57

3.14

2.60

2.00

1.41

VUF =

8.0 %

32.41

6.31

7.09

5.67

T94

T32

77b

26.43

Tsl

T22

71b

1758

TH

Tbl

2536

TTb

Too

3.48

T83

TTi

77473

VUF =

9.0 %

33.03

7.22

7.95

67n

3.95

Tbl

T72

2626

"T43

2.42

1799

7776

1.48

7l2

25.06

T65

T41

3.79

Tol

TT7

738

VUF =

10.0 %

33.67

87J5

8778"

6.44

T82

T65

0.28

26.10

T97

T61

Til

795

7762

1.20

24.75

6.16

4.80

4.06

3.14

2.16

1.28

VUF =

11.0%

3432

TTi

"9757

~6M

1753

7l2

~bli

25.94

"76749

T79

T3l

TTi

7774

1.25

24.45

6.66

5.15

4.29

3.22

2.10

1.12

VUF =

12.0 %

34.99

10.09

10.32

6774

TUD

"oil

T69

25.78

T99

T94

T54

2.30

1.84

1.29

24.14

7.13

5.49

4.48

3.25

1.98

0.92

VUF =

13.0 %

35.69

11.12

11.03

"6761

Z50

0.17

1.14

2537

7.46

TB

2.78

T50

T94

712

23.87

7.59

Tl

T62

T22

l783

"5772

VUF =

14.0 %

3637

12.13

11.64

6l()

1.83

~b783

1.46

25.47

T9l

T23

T91

T6i

T98

T32

2332

Tbo

Tbl

TB

Th

77H

0.43

VUF =

15.0 %

37.08

13.19

12.21

THi

Tbl

747

767

2532

T41

T3l

3.10

T74

Tbl

HI

23.21

8.40

6.32

4.82

3.00

1.32

0.16

VUF =

16.0 %

37.80

14.28

12.69

1m

TTI

27(M

1772

25.17

T8l

T4l

T2I

T8l

Tbl

711

22.91

8.77

T5l

T8l

T82

Tbl

TI2
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Table-4.28 (a): Characteristic harmonic current components with increasing VUF for 2-<|) unequal angle unbalance in phase B and C -
two phasors moving in same direction

VUF =

0.0 %

VUF =

1.0 %

VUF =

2.0 %

VUF =

3.0 %

VUF =

4.0 %

VUF =

5.0 %

VUF =

6.0 %

VUF =

7.0 %

VUF =

8.0 %

VUF =

9.0 %

VUF =

10.0 %

VUF =

11.0%

VUF =

12.0 %

VUF =

13.0 %

VUF =

14.0 %

VUF =

15.0 %

VUF =

16.0 %

o
VI
03

•C
Ph

THD, 27.87 27.60 27.34 27.07 26.80 26.53 26.25 25.98 25.70 25.42 25.13 24.85 24.56 2431 23.97 23.67 2336

h5 22.37 22.02 21.66 21.27 20.86 20.42 19.96 19.48 18.99 18.47 17.93 17.38 16.81 16.29 15.63 15.03 14.41

h7 10.86 11.02 11.18 11.34 11.49 11.64 11.78 11.92 12.04 12.16 12.26 12.35 12.43 12.49 12.52 12.54 12.54

hll 8.35 8.08 7.79 7.46 7.11 6.73 6.32 5.90 5.45 4.98 4.50 4.00 3.50 3.06 2.49 1.99 1.50

hl3 5.74 5.92 6.08 6.23 6.37 6.49 6.58 6.65 6.69 6.71 6.69 6.63 6.54 6.44 6.24 6.04 5.80

hl7 4.62 4.39 4.13 3.83 3.51 3.16 2.79 2.40 2.00 1.58 1.17 0.75 0.37 0.21 0.54 0.91 1.27

hl9 3.56 3.72 3.86 3.98 4.07 4.13 4.15 4.14 4.08 3.98 3.84 3.65 3.42 3.19 2.85 2.51 2.14

h 23 2.83 2.63 2.40 2.15 1.87 1.57 1.25 0.93 0.59 0.25 0.09 0.41 0.73 0.99 1.32 1.59 1.84

h25 2.3 2.44 2.55 2.63 2.67 2.68 2.64 2.56 2.44 2.27 2.06 1.82 1.54 1.28 0.92 0.60 0.26

h29 1.77 1.61 1.43 1.22 1.00 0.76 0.51 0.25 0.03 0.27 0.52 0.77 1.00 1.18 1.41 1.56 1.68

h 31 1.48 1.59 1.67 1.72 1.73 1.70 1.63 1.51 1.37 1.18 0.98 0.75 0.51 0.30 0.06 0.25 0.49

«5

«

Ph

THD, 27.87 27.62 2737 27.13 26.90 26.67 26.45 26.23 26.03 25.82 25.62 25.42 25.22 24.98 24.84 24.66 24.47

h5 22.36 22.02 21.66 21.29 20.89 20.48 20.06 19.62 19.17 18.69 18.21 17.71 17.21 16.63 16.16 15.63 15.09

h7 10.87 11.04 11.21 11.37 11.53 11.68 11.83 11.98 12.11 12.24 12.37 12.48 12.59 12.67 12.76 12.83 12.89

hll 834 8.09 7.81 7.50 7.18 6.83 6.46 6.07 5.68 5.26 4.84 4.41 3.98 3.49 3.14 2.73 234

hl3 5.75 5.92 6.07 6.21 6.34 6.45 6.54 6.62 6.67 6.71 6.72 6.71 6.67 6.59 6.52 6.41 6.26

hl7 4.62 4.40 4.16 3.89 3.59 3.27 2.93 2.58 2.21 1.84 1.47 1.10 0.75 0.40 0.32 0.49 0.75

hl9 3.56 3.71 3.83 3.93 4.01 4.06 4.09 4.09 4.07 4.01 3.92 3.80 3.66 3.44 3.27 3.04 2.78

h23 2.82 2.64 2.44 2.20 1.94 1.65 135 1.04 0.72 0.40 0.10 0.25 0.54 0.86 1.07 1.30 1.52

h25 2.30 2.42 2.51 2.57 2.61 2.61 2.59 2.53 2.45 2.33 2.19 2.01 1.81 1.54 1.34 1.07 0.80

h29 1.76 1.62 1.45 1.26 1.03 0.79 0.53 0.27 0.03 0.26 0.51 0.74 0.95 1.17 1.29 1.42 1.53

h 31 1.49 1.58 1.63 1.66 1.67 ^1.64 1.58 1.50 1.39 1.25 1.09 0.90 0.69 0.43 0.24 0.06 0.24

«
03

J=

Pa

THD, 27.87 28.40 28.94 29.49 30.06 30.64 31.24 31.85 32.47 33.12 33.77 34.44 35.13 35.84 36.56 37.29 38.05

h5 22.36 23.02 23.67 24.30 24.90 25.50 26.06 26.60 27.11 27.58 28.02 28.42 28.78 29.09 29.35 29.56 29.71

h7 10.87 10.50 10.07 9.58 9.03 8.41 7.73 6.98 6.18 5.29 436 3.35 2.29 1.16 0.08 1.24 2.52

hll 8.34 8.81 9.22 9.55 9.81 9.99 10.07 10.06 9.95 9.72 9.40 8.95 8.40 7.74 6.97 6.10 5.12

h 13 5.75 5.34 4.85 4.27 3.61 2.86 2.04 1.15 0.22 0.79 1.81 2.85 3.88 4.90 5.87 6.79 7.64

hl7 4.62 4.99 5.26 5.42 5.47 5.39 5.18 4.80 4.37 3.76 3.05 2.23 1.33 0.37 0.65 1.66 2.66

h 19 3.56 3.18 2.69 2.10 1.43 0.69 0.15 0.94 1.77 2.57 3.32 3.99 4.56 4.99 5.26 5.36 5.28

h23 2.82 3.11 3.28 3.32 3.22 2.97 2.59 2.08 1.47 0.76 0.02 0.79 1.56 2.26 2.88 3.36 3.67

h25 2.3 1.96 1.52 0.98 0.38 0.29 0.93 1.56 2.12 2.59 2.93 3.11 3.12 2.94 2.59 2.06 1.40

h29 1.76 1.98 2.07 2.02 1.84 1.52 1.09 0.57 0.01 0.60 1.16 1.64 2.01 2.22 2.26 2.11 1.78

h 31 1.49 1.21 0.83 038 0.13 0.62 1.08 1.46 1.74 1.87 1.85 1.66 1.32 0.85 0.29 0.32 0.91
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4.11.3ComparisonofFourDifferentDefinitionsofVoltageUnbalance

ThenumericalvaluesoftwoIEEEdefinitionsofvoltageunbalance,PVURland

PVURarealwayszeroforthecasesofvoltageunbalancecausedbyphaseanglemovement

(eitherCWorACW).Forthecaseofincreasinganglebetweentwovoltagephasorscausedby

theirmovementinoppositedirections,theVUFhappenstobealwayslittlehigherthanLVUR,

sincethebeginningofunbalanceinvoltagesource.Similarlyforthecaseofunbalancedueto
movementoftwovoltagephasorsinsamedirectionthesamesetofvaluesofVUFandLVUR

isobserved.TheplotofthesevaluesofVUFandLVURwithrespecttotheircorresponding
valuesofViisdisplayedinFig.4.39.Asthedegreeofunbalanceincreases,thedifference

betweenVUFandLVURalsoincreases.

Inbothcasesthereisoneanglebetweentwospecificphasors(between^andB,for

thecaseofmovementinoppositedirection,andbetweenBandC,incaseofmovementin

samedirection)whichisgoingbeyond120°andinboththecasesithastheequalnumerical
value,asgiveninTable-4.24andTable-4.26.Correspondingly,theanglebetweenphasorsA
andBalongwiththeanglebetweenphasorsAandC,forthecaseofmovementinopposite
directionareequivalenttoanglebetweenphasorsBandC,togetherwithanglebetween
phasorsAandC.Thisidenticalphaseangleorientationleadstotheequalvaluesofdefinitions
ofvoltageunbalance.
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4.11.4 Effect of Voltage Unbalance on DC Parameters

Despite the fact that both cases have different phase angle position ofphasors, due
to identical phase angle orientation (as discussed in section 4.11.3), V, and V2 are found

typically same for a given VUF. This variation ofV, and V2 is presented in Table-4.24 and

Table-4.26, and also depicted in Fig. 4.40 as a function ofVUF. Due to this equal value ofVi
and V2 for both the cases for a given value ofVUF, the DC output parameters (magnitude and
distortion) are also found identical, as shown in Table-4.24 and Table-4.26. With the

increasing VUF, change in V, is very small (i.e., almost negligible) and the same reflects on

the change in magnitude ofDC output parameters as apparent in Fig. 4.41. The change in DC
output magnitude is observed to be in ratio of variation in V].

The increase in V2 is found to be proportional to increasing VUF. The distortion of

DC output parameters is affected by this increasing V2 and consequently the distortion is

observed to be increasing proportionally to the increasing VUF. This variation in distortion of

DC output parameters with increasing VUF is shown inFig. 4.42.
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4.11.5 Effect of Voltage Unbalance on AC Parameters

It can be seen from Table-4.24, and Table-4.26 that current waveforms of all three

phases (IA, Ib, and Ic) are affected under two-phase voltage unbalance condition because ofunequal

change in their phase angle positions irrespective of direction of movement. Despite the fact that

the both cases show the identical phasor orientation, which results in similar Vi and V2 and,

therefore, equal magnitude and distortion of DC output parameters, still they affect the AC
parameters in different manner.

Analysis of these two cases is presented here using the results of single-phase angle

movement, as discussed in section 4.7.5. In case of CW movement of voltage phasor, as shown in

Table-4.7 and Table-4.8, AC parameters (i.e. rms load current and THDi) are almost constant for

phasor under movement, THD! increases (and rms load current decreases) for phase towards which

it is moving, whereas THDi decreases (and rms load current increases) for the phase from which it

is moving away. For ACW movement of voltage phasor, as presented in Table-4.9 and Table-4.10,

it is apparent that for phasor under movement, THDi slightly increases whilst rms load current

decreases a bit (notconstant as in case CW phasor movement). Forother two phases the change in

AC performance parameters, are found same as discussed for the case of CW movement of voltage

phasor. These conclusions are also applicable here in both cases, where the voltage phasor A is

considered as reference phasor.

In case of voltage phasors B and C moving in opposite direction with unequal changein

their angle positions as considered in Table-4.24, it is shown that the rms load current decreases

and THDi increases in the phase (A) towards which, both the phasors under movement are

approaching whereas the phasors under movement (B and C) experience very small change in their

values of AC performance parameters (i.e. rms load current and THDi). The changes in THDi and

loadcurrent are due to the collectivecontribution of phasors under movement.

In consequence of CW movement of phasor C, THDi and rms load current of phase C

are almost constant and THDi of phase B decreases (as C is moving away from B). Due to ACW

movement of phasor B, THDi of phase B increases slightly and THDi of phase C decreases (as B is

moving away from Q. It explains that both phasors under movement (B and C) are reducing the

THDi of each other, but the phasor under ACW movement (B) is having a higher value of THDi

(and lower value of load current) in comparison to phasor under CW movement (Q. This change

in rms values of load currents in three different phases with variable VUF is displayed in Fig.

4.43(a) whereas variation in THD] of three different phases as a function of VUF is presented in

Fig. 4.43(b).
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The comparable rationalization of results is also applicable for the case movement of

voltage phasors B and C in 'same direction' (both CW) with unequal change in their angle

positions as considered in Table-4.26. Here, phasor C is moving towards reference phasor A while

phasor C is moving away from reference phasor A. Here it is important to mention that the

contribution of phasor B is more for unbalance condition in comparison to phasor C, thus in

analysis of this specific condition (unequal change in phase angle) it is also important to recognize

the dominant role of phasor B. The CW movement of Phasor C does not affect its own AC

performance parameters (rms load current and THDi) while it increases the THDi (decreases the

load current) in phase A and decreases the THDi (increases the load current) in phase B. Likewise

the CW movement of Phasor B does not affect its own AC performance parameters, increases the

THDi (decreases the load current) in phase C and decreases the THDi (increases the load current)

in phase A. In conclusion, THDi increases (load current decreases) for phase C, as for phase A

THDi decreases (load current increases) due to the dominant contribution of movement of phase B;

and for phase B THDi decreases (load current increases) by a comparatively lesser amount of

'change in initial values' due to minor contribution of movement of phase C. This change in rms

values of load currents in three different phases with variable VUF is displayed in Fig. 4.44(a)

whereas variation in THDi of three different phases as a function of VUF is presented in Fig.

4.44(b). The more clear view of individual and net impact of changes in position of phasorB and

phasor C, on the THDi of phases A, B and C, are given respectively in Table-4.29(a), Table-

4.29(b), and Table-4.29(c), in which the actual THD] value comes from Table-4.261 and estimated

THDivalue is calculated using the results presented in Table-4.25(a) and Table-4.25(b).

PTHDUF simplifies the harmonic current analysis and quantization of voltage source

unbalance in presenceof harmonic distortion. For a particulartype of voltage unbalance, the value

of VUF remains unchanged regardless of the phase being affected by voltage unbalance.

Furthermore, the values of PTHDUF are found to be quite distinctive for both cases (i.e., the two

phasors movement in opposite direction and in same direction with unequal change in the position

of both phasors) for a given value of VUF, as presented in Table-4.24, and Table-4.26. Variationof

average THDi and PTHDUF as a function of VUF is depicted and compared in Fig. 4.45 for the

cases of unequal movement of two voltage phasors in opposite direction, and in same direction,

where it is also observed that for the same value of VUF, the PTHDUF has its value somewhat

higher for the case of movement in 'same direction' between two voltage phasors than the case of

movement in 'opposite direction' between two voltage phasors, which makes the PTHDUF a

reasonably effective index for the type ( opposite /same direction) and degree (VUF) of voltage

unbalance.
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Table-4.29 (a): Effectof movement of phasorsB and Con THDi of phaseA

Effect of CW

movement of

Phase B

Effect of CW

movement of

Phase C

Actual

Effect

Estimated

Effect

Actual

THD,

Value

Estimated

THD,
Value

0.00 0.00 -0.00 -0.00 27.87 27.87

-0.48 0.25 -0.27 -0.23 27.60 27.64

-0.98 0.49 -0.53 -0.49 27.34 27.38

-1.48 0.73 -0.80 -0.75 27.07 27.12

-1.97 0.97 -1.07 -1.00 26.80 26.87

-2.47 1.22 -1.34 -1.25 26.53 26.62

-2.96 1.46 -1.62 -1.50 26.25 26.37

-3.46 1.71 -1.89 -1.75 25.98 26.12

-3.95 1.96 -2.17 -1.99 25.70 25.88

-4.44 2.21 -2.45 -2.23 25.42 25.64

-4.93 2.47 -2.74 -2.46 25.13 25.41

-5.42 2.73 -3.02 -2.69 24.85 25.18

-5.91 2.99 -3.31 -2.92 24.56 24.95

-6.41 3.25 -3.56 -3.16 24.31 24.71

-6.90 3.51 -3.90 -3.39 23.97 24.48

-7.39 3.78 -4.20 -3.61 23.67 24.26

-7.88 4.05 -4.51 -3.83 23.36 24.04
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Table-4.29 (b): Effect of movement of phasors B and C on THDT of phase B

Effect of CW

movement of

Phase B

Effect of CW

movement of

Phase C

Actual

Effect

Estimated

Effect

Actual

THD,
Value

Estimated

THD,
Value

-0.00 0.00 0.00 0.00 27.87 27.87

-0.02 -0.20 -0.25 -0.22 27.62 27.65

-0.04 -0.41 -0.50 -0.45 27.37 27.42

-0.06 -0.63 -0.74 -0.69 27.13 27.18

-0.07 -0.84 -0.97 -0.91 26.90 26.96

-0.08 -1.06 -1.20 -1.14 26.67 26.73

-0.07 -1.27 -1.42 -1.34 26.45 26.53

-0.06 -1.48 -1.64 -1.54 26.23 26.33

-0.05 -1.69 -1.84 -1.74 26.03 26.13

-0.02 -1.89 -2.05 -1.91 25.82 25.96

0.01 -2.10 -2.25 -2.09 25.62 25.78

0.04 -2.31 -2.45 -2.27 25.42 25.60

0.09 -2.51 -2.65 -2.42 25.22 25.45

0.14 -2.71 -2.89 -2.57 24.98 25.30

0.19 -2.91 -3.03 -2.72 24.84 25.15

0.25 -3.12 -3.21 -2.87 24.66 25.00

0.32 -3.32 -3.40 -3.00 24.47 24.87

Table-4.29 (c): Effect of movement of phasors B and C on THDi of phase C

Effect of CW

movement of

Phase B

Effect of CW

movement of

Phase C

Actual

Effect

Estimated

Effect

Actual

THD,
Value

Estimated

THD,
Value

0.00 0.00 0.00 0.00 27.87 27.87

0.57 0.00 0.53 0.57 28.40 28.44

1.13 -0.01 1.07 1.12 28.94 29.00

1.71 -0.02 1.62 1.69 29.49 29.58

2.31 -0.03 2.19 2.28 30.06 30.18

2.93 -0.04 2.77 2.89 30.64 30.80

3.58 -0.05 3.37 3.53 31.24 31.45

4.24 -0.06 3.98 4.18 31.85 32.11

4.92 -0.07 4.60 4.85 32.47 32.79

5.64 -0.07 5.25 5.57 33.12 33.51

6.37 -0.07 5.90 6.30 33.77 34.24

7.14 -0.08 6.57 7.06 34.44 35.01

7.93 -0.08 7.26 7.85 35.13 35.80

8.76 -0.08 7.97 8.68 35.84 36.63

9.60 -0.07 8.69 9.53 36.56 37.47

10.48 -0.07 9.42 10.41 37.29 38.35

11.40 -0.07 10.18 11.33 38.05 39.27
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4.12 EIGHT DIFFERENT UNBALANCE CASES WITH SAME DEGREE OF
UNBALANCE

There are many possible voltage unbalance conditions in a power system. In this

study, the eight cases of source voltage unbalance have been considered. These cases are 3-

phase under-voltage unbalance (3-d> UV), 2-phase under-voltage unbalance (2-<D UV), 1-phase

under-voltage unbalance (1-<X> UV), 2-phase unequal angle Unbalance (2-<E> A), 1-phase angle

Unbalance (l-O A), 1-phase over-voltage unbalance (l-O OV), 2-phase over-voltage

unbalance (2-0 OV), and 3-phase over-voltage unbalance(3-0 OV). The variation of different

harmonic components and total harmonic distortion are analyzed for all the eight cases of

voltage unbalances listed above with varying VUF of 4 %, 8 %, 12 % and 16 %. These

different thirty two cases have been studied to find out the importance of sequence voltage

components in voltage unbalance analysis, and how these voltage unbalance conditions affect

the pattern of characteristic harmonics and generation of non- characteristic harmonics.

Table-4.30 shows the comparison of performance of rectifier for the eight different

voltage unbalance cases with VUF of 4 %, 8%, 12 % and 16%, along with three-phase supply

voltages, their positive and negative sequence components and comparison of values of four

different definitions of voltage unbalance.

The conclusions obtained from this study are discussed in next sections.
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TabIe-4.30: Comparison of four different definitions of voltage unbalance and performance of rectifier for eight different
unbalance cases with VUF of 4%, 8%, 12% and 16 %
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Balanced 0.00 0.00 0.00 0.00 1.00 0 1.00 240 1.00 120 1.000 0.000 1.000 5.95 1.000 6.72 1.000 12.13 27.87 27.87 27.87 27.87 0.00

3.-4UV 3.98 3.96 12.94 7.85 0.87 0 0.89 240 . 0.98 120 0.913 0.036 0.913 7.14 0.913 7.82 0.834 14.48 29.13 28.73 25.89 27.92 7.26
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2-4 Ang. 4.00 3.96 0.00 0.00 1.00 0 1.00 231.9 1.00 116 0.998 0.040 0.999 7.18 0.999 7.86 0.998 14.61 26.94 26.76 30.06 27.92 7.66

1-4 Ang. 4.02 3.54 0.00 0.00 1.00 0 1.00 240 1.00 113.1 0.998 0.040 0.999 7.17 0.999 7.85 0.998 14.57 29.82 26.16 27.78 27.92 6.81

Hov 4.00 4.04 12.02 8.01 1.13 0 1.00 240 1.00 120 1.042 0.042 1.042 7.15 1.042 7.83 1.087 14.49 25.88 28.82 29.06 27.92 7.31

2nt>OV 4.00 3.64 13.79 735 1.15 0 1.09 ; 240 1.00 120 1.079 0.043 1.080 7.17 1.080 7.85 1.167 14.57 26.32 27.51 29.93 27.92 7.20
3.-4 OV 4.00 3.56 13.82 7.17 1.17 0 1.10 240 1.02 120 1.094 0.044 1.095 7.16 1.095 7.84 1.200 14.55 26.26 27.61 29.89 27.92 7.06

3.-+UV 8.00 7.75 25.68 15.85 0.74 0 0.93 240 0.96 120 0.877 0.070 0.878 10.05 0.878 10.60 0.773 20.39 32.38 26.55 25.28 28.07 15.35

2-4 UV 8.00 7.65 26.44 15.62 0.76 0 0.95 240 1.00 120 0.902 0.072 0.903 10.04 0.904 10.59 0.819 20.35 32.28 26.87 25.06 28.07 15.00
1.-4uv 8.00 7.82 24.00 16.00 0.78 0 1.00 240 1.00 120 0.926 0.074 0.927 10.06 0.927 10.61 0.863 20.42 32.47 26.05 25.68 28.07 15.69

2-4 Ang. 8.00 7.80 0.00 0.00 1.00 0 1.00 223.54 1.00 112.7 0.993 0.079 0.995 10.05 0.995 10.60 0.993 20.40 25.80 25.92 32.48 28.07 15.72

1-4 Ang. 8.00 7.16 0.00 0.00 1.00 0 1.00 240 1.00 1063 0.994 0.080 0.995 9.94 0.995 10.49 0.994 20.04 31.90 24.53 27.78 28.07 13.64

1-4 OV 8.00 8.14 24.00 16.00 1.26 0 1.00 240 1.00 120 1.087 0.087 1.089 9.84 1.089 10.39 1.189 19.72 24.06 29.81 30.35 28.07 14.30
2-4 OV 8.00 8.09 25.38 15.90 1.28 0 1.03 240 1.00 120 1.105 0.088 1.107 9.84 1.107 10.40 1.228 19.74 24.10 29.36 30.77 28.08 14.16

3-4 OV 8.00 7.95 26.38 15.64 1.31 0 1.08 240 1.01 120 1.136 0.091 1.138 9.86 1.138 10.41 1.299 19.79 24.17 28.93 31.12 28.07 13.90

3.-4UV 12.00 11.23 40.13 23.21 0.64 0 0.89 .240 0.98 120 0.839 0.101 0.841 13.53 0.842 14.01 0.715 27.32 34.71 26.57 23.65 28.31 22.61

-2-4 UV 12.00 11.56 37.06 23.97 0.67 0 0.98 240 1.00 120 0.884 0.106 0.887 13.60 0.887 14.08 0.793 27.54 35.08 25.41 24.42 28.3 23.94

1.-4 UV 12.00 11.58 36.01 24.01 0.68 0 1.00 240 1.00 120 0.893 0.107 0.896 13.61 0.896 14.08 0.812 27.55 35.13 25.14 24.65 28.31 24.11
2-4 Ang. 12.00 11.49 0.00 0.00 1.00 0 1.00 215 1.00 109.8 0.984 0.118 0.989 13.58 0.988 14.06 0.983 27.48 24.54 25.25 35.13 28.31 24.11

1-4 Ang. 12.00 10.89 0.00 0.00 1.00 0 1.00 240 1.00 99.55 0.986 0.118 0.989 13.29 0.989 13.77 0.986 26.58 34.15 22.97 27.85 28.32 20.57

1-4 OV 12.00 12.30 36.01 24.01 1.41 0 1.00 240 1.00 120 1.136 0.136 1.141 13.06 1.141 13.55 1.310 25.85 22.40 30.86 31.74 28.33 20.94

-2.-40V 12.00 12.28 37.16 23.97 1.43 0 1.03 240 1.00 120 1.152 0.138 1.157 13.06 1.156 13.55 1.346 25.86 22.42 30.5 32.1 28.34 20.89

3/4 OV 12.00 12.21 38.04 23.86 1.48 0 1.08 1 240 1.02 120 1.192 0.143 1.197 13.07 1.197 13.56 1.443 25.89 22.45 30.16 32.4 28.34 20.77

3.-4 UV 16.00 15.97 53.18 31.1 0.58 0 0.68 240 0.98 120 0.746 0.119 0.750 16.57 0.750 17.02 0.570 32.50 34.00 31.00 21.00 28.67 26.74

2-4 UV 16.00 16.00 53.11 31.15 0.60 0 0.69 240 1.00 120 0.762 0.122 0.767 16.56 0.766 17.02 0.594 32.49 34.00 31.1 20.98 28.69 26.87

1.-4UV 16.00 15.21 48.01 32.00 0.59 0 1.00 240 1.00 120 0.862 0.138 0.868 17.42 0.868 17.86 0.763 35.12 38.04 24.20 23.63 28.62 32.90

2-4 Ang. 16.00 15.12 0.00 0.00 1.00 0 1.00 206 1.00 105.6 0.971 0.155 0.977 17.38 0.977 17.83 0.968 35.03 23.52 24.3 38.06 28.63 32.95

1-4 Ang. 16.02 14.73 0.00 0.00 1.00 0 1.00 240 1.00 92.9 0.975 0.156 0.981 16.83 0.981 17.28 0.975 33.33 36.57 21.47 28.00 28.68 27.51

1-4 OV 16.00 16.50 48.02 32.01 1.57 0 1.00 240 1.00 120 1.191 0.191 1.198 16.43 1.198 16.89 1.453 32.09 20.88 31.97 33.23 28.69 27.23

2-4 OV 16.00 16.46 49.68 31.94 1.60 0 1.04 240 1.00 120 1.216 0.195 1.224 16.43 1.224 16.89 1.515 32.12 20.90 31.4 33.8 28.70 27.18
3^> OV 16.00 16.38 50.77 31.81 1.66 0 1.10 240 1.02 120 1.261 0.202 1.269 16.45 1.269 16.91 1.629 32.18 20.93 30.97 34.18 28.69 27.06

*
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4.12.1 Comparison ofFour Different Definitions ofVoltage Unbalance

It is evident from the Table-4.30 that for a given value ofVUF, LVUR has lowest

value for l-<j> angle unbalance and highest value for l-<f> over-voltage unbalance. As for as 1-

<j> voltage unbalance (either under-voltage or over-voltage) is concerned, the magnitudes of
PVURl, PVUR, LVUR and VUF are seem to be in the ratio of3:2:1:1.

For phase angle movement unbalance cases, for the same VUF, the LVUR is

always higher for 2-<|> phase angle movement unbalance case in comparison to l-<j> phase angle
movement unbalance case. Comparison between the 1-<|> angle unbalance cases and 1-<|> under
voltage (magnitude) unbalance cases, also concludes that LVUR is always little lower than
VUF.

4.12.2 Effect ofVoltage Unbalance on DC Parameters

As the VUF increases, the Vi decreases and V2 increases, as shown in Fig. 4.46(a)
for V, and Fig. 4.46(b) for V2. So far as the magnitude ofVi and V2 is concerned, for the same

VUF, these can be ranked in the order in which they are considered, from lower to higher
magnitude (i.e. lowest for 3-<|> UV and highest for 3-<|> OV).

The effect of the voltage unbalance on rectifier output performance can be

estimated by the Vj. Considering for all thirty two different cases, the rectifier output
performance (DC voltage, VDC, DC current, IDC, and DC power, PDC) is proportional to the

magnitude of the V,, as depicted in Fig. 4.47. For eight different unbalance cases, the

variation of V] with increasing VUF is shown in Fig. 4.48(a), whereas the variation of DC

output voltage VDC, and DC current, IDC is depicted in Fig. 4.48(b), along with variation ofDC

output power Pdc in Fig. 4.48(c). It is apparent in Fig. 4.48(a) that the V, decreases for phase-

angle and under-voltage magnitude unbalance cases whereas, increases for over-voltage
magnitude unbalance cases with rising VUF.

It is also evident from Table-4.30 that for a given value of VUF, the distortion in

DC output parameters is almost constant and its difference from the distortion for the balanced

voltage source case increases with increasing VUF as shown in Fig. 4.49(a) through Fig.
4.49(c), respectively. Also, the distortion in DC output parameters, as presented in Fig. 4.49 is
found to be proportional to V2 (Fig. 4.46(b)).
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4.12.3 Effect of Voltage Unbalance on AC Parameters

It is clear from Table-4.30 that irrespective of nature and type of unbalance (either

voltage magnitude or phase angle, single-phase or multi-phase), the current waveforms of all

three phases (IA, Ib, and Ic) and their total harmonic distortion (THDi) are affected. For

magnitude unbalance case, THDi decreases for the phase in which voltage value is increased

and vice-versa.

For a constant VUF, average value of THDi is almost constant for all the eight cases

of unbalance, as reflected from Table-4.30. Also, for a given value of VUF, the value of

PTHDUF is approximately constant and is almost in direct proportion to the value of VUF for

all the eight cases of voltage unbalance as shown in Fig. 4.50.

4.12.4 Analysis of Harmonic Pattern under Unbalanced Voltage Supply

The presence of voltage source unbalance has a strong effect on harmonic current

components. Further analysis is carried out in order to study how VUF affects the harmonic

pattern. The frequency spectra of the distorted waveforms are obtained using Fast Fourier

Transform (FFT).

Table-4.31 presents the behavior of characteristic (5, 7, 11 and 13) and non-

characteristic harmonics ("triplens" or 3, 9, 15), for all the three phases and for the different

values of VUF (4 %, 8 %, 12 %, 16%). The percentages of harmonic components are based on

considering the fundamental frequency current component as 100%.

It is clearly visible fromTable-4.31 that, "triplens" magnitudesare zero at 0 % VUF

(i.e., balanced voltage source). It indicates that unbalance in source voltage produces non-

characteristic harmonics and their magnitude increases with increase in VUF. This increase in

VUF also affects the characteristic harmonics, and the harmonic current components do not

follow the same sequence arrangement as the balanced one. Fifth and eleventh harmonics are

changing according the pattern of change in THDi but changes in the seventh and thirteenth

harmonic are opposite to it.
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Table-4.31: Comparison of variation of THDi and harmonic current components with
increasing VUF

VUF

Phase .-I Phase 11 Phase C

0% 4% 8% 12% 16% 0% 4% 8% 12% 16% 0% 4% 8% 12% 16%

6
e

A

S3

THD, 27.87 29.13 32.38 34.71 34.04 27.87 28.73 26.55 26.57 31.04 27.87 25.89 25.28 23.65 20.99

h3 0.01 2.71 6.28 9.88 12.19 0.01 2.88 4.92 7.29 11.69 o.oi 2.56 5.09 7.01 7.94

hs 22.37 23.76 27.02 28.48 26.74 22.36 23.28 20.04 19.25 23.34 22.36 19.66 18.23 15.32 11.59

h7 10.86 10.03 6.35 3.16 5.78 10.87 10.3 11.86 12.24 9.61 10.87 11.77 12.15 12.17 10.52

h9 0.01 2.08 7.04 10.02 9.25 0.01 1.66 2.07 2.11 5.56 0.01 3.09 4.12 '6.04 8.18

h11 8.35 9.27 9.98 8.78 8.93 8.34 8.94 6.43 5.94 8.71 8.34 6.04 4.76 1.99 1.55

h13 5.74 4.76 0.39 3.07 0.68 5.75 5.14 6.65 6.80 3.68 5.75 6.46 6.52 5.69 2.60

h15 0.01 1.81 5.64 6.76 6.70 0.0 1.42 1.65 1.61 4.04 0.01 2.78 3.57 4.78 4.81

>
p

e
i

IS

C*

V

S3
(J

THD, 27.87 29.11 32.28 35.08 37.82 27,87 27.35 26.87 25.41 25.12 27.87 25.88 25.06 24.42 22.94

h3 0.01 2.72 6.21 10.18 14.29 0.01 2.89 5.01 6.86 8.82 0.01 2.57 5.05 7.19 8.78

hS 22.37 23.73 26.92 28.77 29.68 22.36 21.92 20.43 17.83 16.46 22.36 19.64 17.96 16.22 13.30

h7 10.86 10.05 6.51 2.39 2.01 10.87 11.12 11.74 12.46 12.86 10.87 11.77 12.13 12.46 12.26

h9 0.01 2.05 6.90 10.41 12.70 0.01 1.71 1.73 3.39 3.54 0.01 3.11 4.39 5.16 6.51

h 11 8.35 9.25 10.00 8.47 5.49 8.34 7.96 6.78 4.57 3.78 8.34 6.03 4.49 2.95 0.44

1)13 5.74 4.79 0.57 3.79 7.34 5.75 6.14 6.57 6.81 6.68 5.75 6.46 6.44 6.27 5.03

h15 0.01 1.78 5.56 6.73 5.66 0.0 0.67 1.24 2.95 3.34 0.01 2.79 3.79 4.29 4.84

e
i

4)

S3
g

THD, 27.87 30.05 32.47 35.13 38.04 27.87 26.95 26.05 25.14 24.20 27.87 26.75 25.68 24.65 23.63

h.3 0.01 2.96 6.38 10.24 14.54 0.01 2.50 4.78 6.77 8.43 0.01 2.71 5.14 -7.24 8.98

hS 22.37 24.90 27.11 28.79 29.76 22.36 21.05 19.41 17.50 15.38 22.36" 20.71 18.73 16.50 14.08

h7 10.86 9.03 6.18 2.30 2.52 10.87 11.43 11.99 12.47 12.78 10.87 11.58 12.15 12.51 12.61

h9 0.01 3.53 7.19 10.46 12.80 0.01 1.46 2.70 3.72 4.54 0.01 1.94 3.59 4.90 5.86

h 11 8.35 9.81 9.96 8.43 5.15 8.34 7.27 5.86 4.23 2.61 8.34 7.01 •5.2S» •3.24 1.25

h13 5.74 3.61 0.22 3.87 7.67 5.75 6.32 6.71 6.75 6.32 5.75 6.38' 6.63- 6.41 5.66

h15 0.01 3.13 5.72 6.73 5.40 0.0 1.22 2.29 3.22 4.05 0.01 1.73 3.14 4.12 4.67

e

•<

e
i

cs

4)

S3
o

THD, 27.87 26.94 25.80 24.54 23.52 27.87 26.76 25.92 25.25 24.30 27.87 30.06 32.48 35.13 3806

h3 0.01 2.5 4.71 6.56 8.15 0.01 2.72 5.17 7.36 9.17 0.01 2.96 6.40 10.33 14.66

h5 22.37 21.04 19.11 16.79 14.59 22.36 20.71 19.03 17.24 14.88 22.36 24.9 27.11 28.77 29.73

h7 10.86 11.43 12.03 12.42 12.59 10.87 11.58 12.13 12.59 12.85 10.87 9.04 6.17 2.29 2.56

h9 0.01 1.47 3.03 4.45 5.27 0.01 1.93 3.28 4.20 5.20 0.01 3.54 7.20 10.47 12.81

h 11 8.35 7.26 5.56 3.47 1.71 8.34 7.02 5.55 4.01 2.11 8.34 9.81 9.95 8.40 5.10

h13 5.74 6.32 6.70 6.53 5.91 5.75 6.38 6.66 6.68 6.15 5.75 3.61 0.21 3.87 7.67

h15 0.01 1.23 2.59 3.78 4.43 0.0 1.72 2.86 3.61 4.38 0.01 3.14 5.73 6.73 5.39

u

en
a

<

e
l

V

S3
u

THDi 27.87 29.82 31.90 34.15 36.57 27.87 26.16 24.53 22.97 21.47 27.87 27.78 27.78 27.85 27.98

h3 0.01 3.07 6.49 10.26 14.35 0.01 2.46 4.53 6.24 7.60 0.01 2.71 5.32' 7.81 10.16

h5 22.37 24.62 26.45 27.80 28.58 22.36 20.02 17.52 14.91 12.31 22.36 22.02 21.43 20.60 19.58

h7 10.86 9.27 7.02 4.17 0.89 10.87 11.71 12.02 11.85 11.27 10.87 11.09 11.48 11.97 12.47

h9 0.01 3.24 6.48 9.49 11.94 0.01 2.63 4.79 6.41 7.42 0.01 0.76 1.36 1.77 1.97

h 11 8.35 9.67 9.91 8.94 6.84 8.34 6.37 3.99 1.46 0.95 8.34 8.1 7.65 7.11 6.61

h13 5.74 3.91 . 1.20 1.98 5.08 5.75 6.48 6.30 5.33 3.77 5.75 5.93 6.24 6.53 6.69

h15 0.01 2.88 5.33 6.74 6.72 0.0 2.34 4.04 4.86 4.77 0.01 0.41 0.64- 0.71 0.82

>
o

e
i

S3
y

THD, 27.87 25.88 24.06 22.40 20.88 27.87 28.82 29.81 30.86 31.97 27.87 29.06 30.35 31.74 33.23

h3 0.01 2.52 4.63 6.36 7.72 0.01 2.69 5.52 8.43 11.38 0.01 2.95 6.10 9.39 12.78

h5 22.37 19.65 16.89 14.18 11.62 22.36 23.36 24.03 24.41 24.52 22.36 23.69 24.67 25.31 25.63

h7 10.86 11.77 11.89 11.40 10.45 10.87 10.32 9.82 9.36 8.91 10.87 10.01 9.05 7.97 6.80

h9 0.01 3.09 5.52 7.22 8.19 0.01 1.61 3.28 4.93 6.44 0.01 2.13 4.33 6.48 8.47

h 11 8.35 6.03 3.36 0.74 1.57 8.34 9.03 9.33 9.34 9.14 8.34 9.18 9.51 9.36 8.82

h 13 5.74 6.46 5.93 4.48 2.56 5.75 5.1 4.41 3.66 2.85 5.75 4.8 3.58 2.15 0.70

h15 0.01 2.77 4.57 5.21 4.78 0.0 1.35 2.71 3.93 4.89 0.01 1.88 3.68 5.18 6.23

>
o
0

1

CN

1>

4>
W
39

y

THD, 27.87 26.32 24.06 22.42 20.90 27.87 27.15 29.81 30.49 31.39 27.87 29.93 30.35 32.09 33.79

h3 0.01 2.43 4.63 6.32 7.68 0.01 2.71 5.52 8.34 11.18 0.01 3.04 6.10 9.53 13.05

h5 22.37 20.24 16.89 14.22 11.67 22.36 21.68 24.03 23.96 23.85 22.36 24.75. 24.67. 25.7 26.18

h7 10.86 11.66 11.89 11.42 10.50 10.87 11.25 9.82. 9.79 9.63 10.87 9.16 9.05 7.48 5.95

h.9 0.01 2.38 5.52 7.18 8.14 0.01 0.96 3.28 4.39 5.62 0.01 3.38- 4.33 6.96 9.15

h 11 8.35 '6^.57 3.36 0.77 1.55 8.34 7.83 9.33 9.18 9.00 8.34 9.73 9.51 9.39 8.67

h13 5.74 6.47 5.93 4.53 2.65 5.75 6.09 4.41 4.15 3.66 5.75 3.77 3.58 1.59 0.54

his 0.01 2.11 4.57 5.19 4.77 0.0 0.71 2.71 3.44 4.19 .0.01 3.01 3.68 5.52 6.58

>
o

e

as

•

THD, 27.87 26.26 24.17 22.45 20.93 27.87 27.61 28.93 30.16 30.97 27.87 29.89 31.12 32.39 34.18

h3 0.01 2.43 4.55 6.30 7.65 0.01 2.7 5.41 8.27 11.04 0.01 3.04 6.31 9.64 13.24

h5 22.37 20.17 17.06 14.27 11.71 22.36 21.8 22.91 23.55 23.34 22.36 24.7 25.56 26.01 26.55

h7 10.86 11.67 11.93 11.45 10.55 10.87 11.2 10.67 10.14 10.11 10.87 9.2 8.10 7.06 5.31

h9 0.01 2.46 5.32 7.13 8.10 0.01 0.87 2.08 3.93 5.02 0.01 3.32 5.41 7.35 9.62

h 11 8.35 6.51 3.52 0.82 1.52 8.34 7.92 8.71 9.00 8.84 8.34 9.71 9.78 9.39 8.52

h13 5.74 6.47 6.04 4.59 2.73 5.75 6.04 5.37 4.56 4.20 5.75 3.83 2.47 1.12 1.06

h15 0.01 2.19 4.43 5.16 4.76 0.00 0.59 1.48 3.00 3.64 0.01 2.96 4.57 5.79 6.78
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4.12.5 Analysis ofVoltage Unbalance in Two-Phase and Three-Phase

Analysis for eight different possible cases ofvoltage unbalance with four distinctive
values of VUF is presented here.

4.12.5.1 Three-phase Under-voltage (3-<D UV) Unbalance Case

Three-phase UV unbalance case is the combination of three single-phase UV cases.
Results presented in Table-4.32 reflect the impact of three-phase under-voltage on the AC
parameters, whereas impact ofindividual phase unbalance in a three-phase unbalanced case is

depicted in Table-4.33(a) through Table-4.33(c).

Correspondingly, Table-4.34(a) through Table-4.34(c) present the individual and

net impact of three single-phase unbalance conditions on variation of THD, of phases A, Band

C; in which the actual THD, value comes from Table-4.32 and estimated THD, value is

calculated using the results presented in Table-4.33(a), Table-4.33(b), and Table-4.33(c).

Table-4.32: Impact of three-phase under-voltage cases on AC performance parameters

g
X

>

g
X

>
0.

g
X

>
a.
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>

V ibalance voltage source

>

&
fi
Vi

+

>

"3
>

&
c

AC performance parameters
PhaseA Phase B Phase C Ia Ib Ic

ft M
c

<

lib
c

<

oil
C3

4J

M
B

<
RMS

THD,
(%)

Mag. TIID,
(%)

Mag.
THD,

(%)

0.00 0.00 0.00 0.00 1.000 0 1.000 240 1.000 120 1.00 0.00 1.000 27.87 1.000 27.87 1.000 27.87

3.96 12.94 7.85 4.00 0.866 0 0.887 240 0.984 120 19126 0.0363 0.891 29.13 0.899 28.73 0.948 25.89

7.75 25.68 15.85 8.00 0.738 0 0.930 240 0.963 120 J.8767 0.0702 0.804 32.38 0.905 26.55 0.924 25.28

11.23 40.13 23.21 12.01 0.645 0 0.892 240 0.982 120 ).8395 0.1008 0.736 34.71 0.875 26.57 0.916 23.65

15.97 53.18 31.1 16.0 0.582 0 3.679 240 0.978 120 ).7464 0.1194 0.674 34.00 0.725 31.00 0.853 21.00
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Table-4.33(a): AC performance parameters under impact of single-phase under-voltage
in phase A

X

g
X

g £

Unbalance voltage source

>

e
•>

cr
o
tin

0)

+

>

"5

d-
C
</)

V

AC performance parameters
Phase A Phase B Phase C U Ib Ir

oil

1
oil

<

Oil

2
Oil

<

Oil
Oil

<
RMS

THD,
(%)

Mag.
THD,

(%)
Mag.

THD,
(%)

4.61 14.01 9.34 4.67 0.866 0 1.000 240 1.000 120 0.955 0.045 0.909 30.47 0.978 26.82 0.981 26.59

9.31 28.73 19.16 9.58 0.738 0 1.000 240 1.000 120 0.913 0.087 0.819 33.50 0.960 25.71 0.965 25.29

12.89 40.31 26.88 13.44 0.645 0 1.000 240 1.000 120 0.882 0.118 0.751 36.16 0.949 24.83 0.956 24.31

15.39 48.63 32.42 16.21 0.582 0 1.000 240 1.000 120 0.861 0.139 0.704 38.22 0.943 24.17 0.950 23.60

Table-4.33(b): AC performance parameters under impact of single-phase under-voltage
in phase B

g
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X
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g
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Unbalance voltage source
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AC performance parameters

Phase A Phase 11 Phase C U Ib Ic
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2

Oil

<

Oil

5

ij

on
c

<

Oil

2
on
c

<
RMS

THD,

(%)
Mag.

THD,
(%)

Mag.
THD,

(%)

3.86 1 1.70 7.80 3.90 1.000 0 0.887 240 1.000 120 0.962 0.038 0.984 26.80 0.924 30.02 0.981 26.99

2.39 7.22 4.81 2.41 1.000 0 0.930 240 1.000 120 0.977 0.023 0.990 27.21 0.952 29.18 0.988 27.33

3.69 11.17 7.45 3.72 1.000 0 0.892 240 1.000 120 0.964 0.036 0.984 26.84 0.927 29.92 0.982 27.03

11.55 35.94 23.96 11.98 1.000 0 0.679 240 1.000 120 0.8°3 0.107 0.959 24.68 0.777 35.13 0.952 25.16

Tab!e-4.33(c): AC performance parameters under impact of single-phase under-voltage
in phase C
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>

g
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g
X

g

Unbalance voltage source

>

&
o
n

U
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©

d*
a

o

AC performance parameters
Phase A Phase 11 Phase C Ia Ib Ic

all

1

•J

c

<

on

2
c

on

2
RMS

THD,
(%)

Mag.
THD,

(%)
Mag.

THD,

(%)

0.53 1.58 1.06 0.53 1.000 0 1.000 240 0.984 120 0.995 0.005 0.997 27.77 0.998 27.74 0.989 28.17

1.25 3.75 2.50 1.25 1.000 0 1.000 240 0.963 120 0.988 o.oi; 0.993 27.60 0.994 27.53 0.975 28.55

0.62 1.86 1.24 0.62 1.000 0 1.000 240 0.982 120 0.994 o.ooc 0.997 27.75 0.997 27.71 0.988 28.21

0.72 2.17 1.45 0.72 1.000 0 1.000 240 0.978 120 0.993 0.00" 0.996 27.72 0.997 27.68 0.986 28.27
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Table-4.34(a): Effect of three-phase under-voltage unbalance source on THD,
of Phase/4

Effect of

unbalance

in Phase A

(«)

Effect of

unbalance

in Phase B

(P)

Effect of

unbalance

in Phase C

to

Estimated

Effect

=(<x) +(P) +(Y)

Estimated

THD,
Value

= (5) + 27.87*

Actual

Effect

Actual

THD,
Value

2.58 -1.09 -0.12 1.37 29.24 1.26 29.13
5.61 -0.68 -0.29 4.64 32.51 4.51 32.38
8.27 -1.05 -0.14 7.08 34.95 6.84 34.71

10.33 -3.21 -0.17 6.95 34.82 6.13 34.00

27.87 % is value ofTHD, for phase current under balanced voltage source

Table-4.34(b): Effect of three-phase under-voltage unbalance source on THD,
of Phase B

Effect of

unbalance

in Phase A

(•)

Effect of

unbalance

in Phase B

(P)

Effect of

unbalance

in Phase C

to

Estimated Effect

(5)
=(<x) +(P) +(Y)

Estimated

THDi
Value

= (8)+ 27.87

Actual

Effect

Actual

THD,
Value

-1.07 2.13 -0.15 0.91 28.78 0.86 28 73
-2.18 1.29 -0.36 -1.25 26.62 -1.32 26.55
-3.06 2.03 -0.18 -1.21 26.66 -1.30 26.57
-3.72 7.24 -0.21 3.31 31.18 3.13 31.00

Table-4.34(c): Effect of three-phase under-voltage unbalance source on THD,
of Phase C

Effect of

unbalance

in Phase/I

(«)

-1.3

-2.6

-3.58

-4.29

Effect of

unbalance

in Phase B

(P)

-0.9

-0.56

-0.86

-2.73

Effect of

unbalance

in Phase C

to

0.28

0.66

0.32

0.38

Estimated Effect

(8)
=(o)+(P) +(y)

-1.92

-2.5

-4.12

-6.64
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Estimated

THD,
Value (%)

= (8)+ 27.87

25.95

25.37

23.75

21.23

Actual

Effect

-1.98

-2.59

-4.22

-6.87

Actual

THD,

Value

(%)

25.89

25.28

23.65

21.00



4.12.5.2 Two-phase Under-voltage (2-<P UV) Unbalance Case

Two-phase UV unbalance case is the combination of two single-phase UV cases.

Results presented in Table-4.35 reveal the impact of two-phase under-voltage on the AC

parameters, whereas impact of individual phase unbalance in a two-phase unbalanced case is

depicted in Table-4.36(a) and Table-4.36(b). In the same way, Table-4.37(a), Table-4.37(b),

and Table-4.37(c) present the individual and net impact of two single-phase UV unbalance

conditions on variation of THDi of phases A, B and C; in which the actual THDi value is

considered as in Table-4.35 and estimated THDi value is calculated using the results presented

in Table-4.36(a), and Table-4.36(b).

Table-4.35: Impact of two-phase under-voltage cases on AC performance parameters
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AC performance parameters

Phase A Phase « Phase C Ia In Ic

OJO
33

B
<
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<

DJD
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"3d
B3

<
RMS

THD,

(%)
Mag.

THD,

(%)
Mag.

THD,

(%)

000 0.00 0.00 0.0 1.000 0 1.000 240 1 000 120 1.00 0.00 1.000 27.87 1.000 27 87 1.000 27.87

3 99 12.92 7.90 4.0 0.880 0 0.900 240 1,000 120 0.9268 0.0370 0.905 29.11 0913 28.77 0.963 25.88

7.65 26.44 15 62 8.0 0.761 0 0.946 240 1.000 120 0.9023 0.0722 0.829 32.28 0,927 26.87 0.955 25.06

11.56 37.06 23.97 12.0 0.672 0 0.981 240 1.000 120 0.8843 0.1062 0.769 35.08 0.939 25.41 0.953 24.42

16.00 53.11 3115 160 0.595 0 0.692 240 1.000 120 0.7625 0.1220 0.689 34.00 0.740 31.10 0.872 20.98

Table-4.36(a): AC performance parameters under impact of single-phase under-voltage
in phase A

g
X

>

g
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X
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AC performance parameters

Phase A Phase B Phase C Ia Ib Ic
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<

a!)
O/J
c

<

oh

2

11

on
zz

<
RMS

THD,

(%)
Mag.

THD

(%)
Mag.

THD

(%)

4.11 12.47 8.31 4.16 0.880 0 1.000 240 1.000 120 0.960 0.040 0.919 30.17 0.980 26.94 40.11 26.73

8.43 25.92 17.28 8.64 0.761 0 1.000 240 1.000 120 0.920 0.080 0.836 32.90 0.963 25.92 39.50 25.54

11.82 36.79 24.53 12.26 0.672 0 1.000 240 1.000 120 0.891 0.109 0.771 35.32 0.952 25.10 39.11 24.60

14.85 46.81 31.21 15.60 0.595 0 1.000 240 1.000 120 0.865 0.135 0.715 37.76 0.944 24.32 38.83 23.75
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Table-4.36(b): AC performance parameters under impact of single-phase under-voltage
in phase B

g
X

>

g
X

>
a.

g
—

>

Unbalance voltage source

>

©
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d"
4>
(fl
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"o
>

d-
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AC performance parameters
Phase A Phase B Phase C Ia Ib Ic

CO

2
on

c
<

on

2

u

on
c

<

on

5
on
c

<
RMS

THD,
(%)

Mag. THD,

(%)
Mag.

THD

(%)

3.42 10.34 6.90 3.45 1.00 0 0.900 240 1.00 120 0.967 0.033 0.986 26.92 0.932 29.76 0.983 27.10
1.84 5.54 3.69 1.85 1.00 0 0.946 240 1.00 120 0,982 0.018 0.992 27.36 0.963 28.87 0.990 27.46
0.65 1.95 1.30 0.65 1.00 0 0.981 240 1.00 120 0.994 0.006 0.997 27.70 0.987 28.23 0.997 27.74
11.05 34.29 22.86 11.43 1.00 0 0.692 240 1.00 120 0.897 0.103 0.960 24.82 0.786 34.75 0.954 25.29

Table-4.37(a): Effect of two-phase under-voltage unbalance source on THD, ofPhase/I

Effect of

unbalance

in Phase A

Effect of

unbalance

in Phase/?

(P)

Effect of

unbalance

in Phase C

to

Estimated

Effect

(8)
=(a)+(P) +(y)

Estimated

THD,
Value

= (8)+ 27.87*

Actual

Effect

Actual

THD,
Value

2.28 -0.97 0.00 1.31 29.18 1.24 29.11

5.01 -0.53 0.00 4.48 32.35 4.41 32.28

7.43 -0.19 0.00 7.24 35.11 7.21 35.08

9.87 -3.07 0.00 6.8 34.67 6.13 34.00

27.87 % isvalueof THD, for phase current under balanced voltage source

Table-4.37(b): Effect of two-phase under-voltage unbalance source on THD, of Phase B

Effect of

unbalance

in Phase A

(«)

Effect of

unbalance

in Phase B

(P)

Effect of

unbalance

in Phase C

to

Estimated Effect

(8)
=(a) +(P) +(y)

Estimated

THD,

Value

= (8)+ 27.87

Actual

Effect

Actual

THD,
Value

-0.95 1.87 0.00 0.92 28.79 0.90 28.77

-1.97 0.98 0.00 -0.99 26.88 -1.00 26.87

-2.79 0.34 0.00 -2.45 25.42 -2.46 25.41

-3.57 6.86 0.00 3.29 31.16 3.23 31.10

Table-4.37(c): Effect of two-phase under-voltage unbalance source on THD, of Phase C

Effect of

unbalance

in Phase A

(a)

Effect of

unbalance

in Phase B

(P)

Effect of

unbalance

in Phase C

(r)

Estimated Effect

(8)
=(a) +(p) +(y)

Estimated

THD,
Value (%)

= (8)+ 27.87

Actual

Effect

Actual

THD,

Value

(%)

-1.16 -0.79 0.00 -1.95 25.92 -1.99 25.88

-2.35 -0.43 0.00 -2.78 25.09 -2.81 25.06

-3.29 -0.15 0.00 -3.44 24.43 -3.45 24.42

-4.14 -2.60 0.00 -6.74 21.13 -6.89 20.98
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4.12.5.3 Two-phase Angle (2-0 A) Unbalance Case

The two-phase angle unbalance case is combination of two single-phase angle

unbalance cases. To understand the individual contribution of these two single-phase angle

unbalance cases towards the net impact of two-phase angle unbalance case on AC performance

parameters, results of 2-phase angle unbalance case on AC parameters are shown in Table-

4.38. Table-4.39(a), and Table-4.39(b) present the AC performance parameters for the single-

phase angle unbalance cases considered in phase B, and phase C, in that order.

Correspondingly, Table-4.40(a), Table-4.40(b), and Table-4.40(c) present the

individual and net impact of two single-phase angle unbalance conditions unbalance on

variation of THD, of phases A, B and C; in which the actual THDi value comes from Table-

4.38 and estimated THDi value is calculated using the results presented in Table-4.39(a), and

Table-4.39(b).

Table-4.38: Impact of two-phase un der- yoltag e cases on AC performance para meters
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u
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ah

2
M
a RMS

THD,

(%)
Mag.

THD,

(%)
Mag.

THD,

(%)

0,00 0.00 0,00 0.00 1 00 0 1.00 240 1.000 120 1.00 000 1.000 27.87 1.000 27.87 1.000 27.87

396 0,00 0,00 400 1.000 0 1.00 231.9 1.00 116 0.9983 0.0399 1.018 26.94 1.021 26.76 0.957 30.06

7,80 0.00 000 8.00 1.000 0 1 00 223.5 1.00 112.7 0.9931 0.0794 1.039 25.80 1.036 25.92 0 909 32.48

11,49 000 0.00 12.0 1.000 0 1.00 215 1.00 109.8 0.9840 0.1181 1.060 24.54 1.047 25.25 0.856 35.13

15.12 000 0.00 16.0 1.000 0 1 00 206 1.00 105.6 0.9706 0.1553 1.073 23.52 1.060 24.3 0.798 38.06

Table-4.39(a): AC performance parameters under impact of single-phase angle
unbalance in phase B
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AC performance parameters
Phase A Phase 11 Phase C •A Ib Ic

at
CS

7.
an
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an
E3 an

a

ei
S3 an

a
<

RMS
THD,

(%)
Mag.

THD,
(%)

Mag.
THD,

(%)

4 17 000 (100 •1 72 1 00 0 1.00 231.9 1 00 120 1.000 0.047 1 038 25.89 1.001 27.80 0.956 30.19

8.69 0.00 0.00 9.65 1.00 0 1.00 223.5 1.00 120 0991 0096 1.072 23.90 1.001 27.82 0905 32.83

13.50 0.00 000 1474 1,00 0 1,00 215 1,00 120 0,979 0.144 1.101 21.96 1.000 27.96 0.851 35.79

18 89 0.00 000 2028 1.00 0 1,00 206 1.00 120 0.961 0 195 1 125 19.95 0997 28.19 0790 39.33
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Table-4.39(b): AC performance parameters under impact of single-phase angle
unbalance in phase C

g
X
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•8

gg
- X

> -
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u.

Unbal ance voltage source
5

>

VI —^

+

a* >
l/J

AC performance parameters
PhaseA Phase B Phase C Ia Ib Ic

ex
an
a

<

eJD
33 M

a

an
<3

2
an
a

<
RMS

THD,

(%)
Mag. THD,

(%)
Mag.

THD,
(%)

2.04 000 2.33 1.000 0 1 000 240 1.000 116 0,999 0 023 0.979 29,00 1.019 26.89 1 001 27.83
3 75 0 00 4 23 1.000 0 1.000 240 1.000 112.7 0997 0042 0 960 29.96 1.034 26.08 1 001 27.80
5.28 0.00 5.95 1.000 0 1.000 240 1.000 109.8 0996 0.059 0.944 30.83 1.047 25,38 1.002 27.79
7.54 0,00 841 1.000 0 1 000 240 1.000 105.6 0993 0.084 0,918 32.14 1.064 24.39 1.002 27.81

Table-4.40(a): Effect oftwo-phase angle unbalance voltage source on THD, ofPhase A

Effect of

unbalance

in Phase A

(«)

Effect of

unbalance

in Phase B

(P)

Effect of

unbalance

in Phase C

to

Estimated

Effect

(8)
=(a) +(P) +(y)

Estimated

THD,
Value

= (8) + 27.87*

Actual

Effect

Actual

THD,

Value

0.00 -2.00 l.n -0.89 26.98 -0.93 26.94

0.00 -3.99 2.07 -1.92 25.95 -2.07 25.80

0.00 -5.93 2.94 -2.99 24.88 -3.33 24.54

0.00 -7.94 4.25 -3.69 24.18 -4.35 23.52

27.87 % is value ofTHD, for phase current under balanced voltage source

Table-4.40(b): Effect of two-phase angle unbalance voltage source on THD, ofPhase B
Effect of

unbalance

in Phase A

(«)

Effect of

unbalance

in Phase ZJ

(P)

Effect of

unbalance

in Phase C

to

Estimated Effect

=(o) +(P) +(y)

Estimated

THD,

Value

= (8)+ 27.87

Actual

Effect

Actual

THD,

Value

0.00 -0.09 -1.00 -1.09 26.78 -1.11 26.76

0.00 -0.07 -1.81 -1.88 25.99 -1.95 25.92

0.00 0.07 -2.51 -2.44 25.43 -2.62 25.25

0.00 0.30 -3.50 -3.20 24.67 -3.57 24.30

Table-4.40(c): Effect of two-phase angle unbalance voltage source on THD, ofPhase C

Effect of

unbalance

in Phase A

Effect of

unbalance

in Phase B

(P)

Effect of

unbalance

in Phase C

to

Estimated Effect

(8)
= (cx) +(P) +(Y)

Estimated

THD,
Value (%)

= (8)+ 27.87

Actual

Effect

Actual

THD,

Value

(%)

0.00 2.30 -0.06 2.24 30.11 2.19 30.06

0.00 4.94 -0.09 4.85 32.72 4.61 32.48
0.00 7.90 -0.10 7.80 35.67 7.26 35.13
0.00 11.44 -0.08 11.36 39.23 10.19 38.06
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4.12.5.4 Two-phase Over-voltage (2-0 OV) Unbalance Case

The two-phase OV unbalance case is the combination of two single-phase OV

cases. To understand the individual contribution of these two single-phase OV unbalance cases

towards the net impact of two-phase OV unbalance case in terms of AC parameters, the results

are shown in Table-4.41, while Table-4.42(a), and Table-4.42(b) present the AC performance

parameters for the single-phase OV cases considered in phase A, and phase B, in that order.

Correspondingly, Table-4.43(a), Table-4.43(b), and Table-4.43(c) present the individual and

net impact of two single-phase OV unbalance conditions on variation of THD] of phases A, B

and C; in which the actual THDi value comes from Table-4.41 and estimated THD] value is

calculated using the results presented in Table-4.42(a), and Table-4.42(b).

Table-4.41: Impact of two-phase over-voltage cases on AC performance parameters

g
X
p
>
-J

g
X

>

g
X
5
>
a.

u.

_

>

Unbalance voltage source

>

"o
>

d"
<u

it
>
+

>

>

G

it

AC performance parameters

Phase A Phase B Phase C Ia Ib Ic

ei

2*
ES

Ml
at

s
"an
a

<

an
S3

s
on
e

<

RMS
THDI

(%)
Mag.

THDI

(%
Mag.

THDI

(%

0,00 0,00 0.00 0.00 i .000 0 1,000 240 1.000 120 1.00 0.00 1 000 27.87 1.000 27.87 1.000 27.87

364 13 79 7,35 4.00 1.149 0 1.089 240 1.000 120 1.0793 0,0432 1.113 26.32 1,088 27.51 1.038 29.93

809 25.38 15,90 800 1.280 0 1.034 240 1.000 120 1.1046 0.0884 1.188 24.10 1 OSO 29.36 1,052 30.77

1228 37.16 23.97 12 0 1.428 0 1.028 240 1.000 120 1 1519 0.1383 1.280 22.42 1,110 30.5 1 078 32.10

16 46 4968 31 94 16.0 1.604 0 1.043 240 1.000 120 1.2157 0.1946 1.392 20.90 1 165 31.4 1,117 33.80

Table-4.42(a): AC performance parameters under impact of single-phase over-voltage
in phase A
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AC performance parameters
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THD,

(%)
Mag.

THD,

(%)
Mag.

THD,
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4.78 14.18 9.45 4.73 1.149 0 1.000 240 1.000 120 1.050 0.395 1.098 25.55 1.029 29.02 1.025 29.31

8.70 25.64 17.09 8.55 1.280 0 1.000 240 1.000 120 1.093 0,744 1.182 23.84 1.057 29.97 1.048 30.56

12.80 37.46 24.97 12.49 1.428 0 1.000 240 1.000 120 1.143 1.136 1.275 22.23 1.091 31.02 1.077 31.93

17.29 50.28 33.52 16.76 1.604 0 1.000 240 1.000 120 1.201 1.603 1.383 20.62 1.135 32.20 1.113 33.54
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Table-4.42(b): AC performance parameters under impact of single-phase over-voltage
in phase B
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(%)
Mag.

THD,
(%)

2.90 8.64 5.76 2.88 1.00 0 1.089 240 1.00 120 1.030 0.030 1.014 28.74 1.059 26.43 1.017 28.57

111 3.32 2.21 1.11 1.00 0 1.034 240 1.00 120 1.011 0.011 1.005 28.21 1.023 27.32 1.006 28.15

0.92 2.74 1.83 0.91 1.00 0 1.028 240 1.00 120 1.009 0.009 1.004 28.16 1.019 27.42 1.005 28.10

1.42 4.25 2.83 1.42 1.00 0 1.043 240 1.00 120 1.014 0.014 1.007 28.30 1.029 27.16 1.008 28.22

Table-4.43(a): Effect of two-phase over-voltage unbalance source on THDi of PhaseA

Effect of

unbalance

in Phase A

(«)

Effect of

unbalance

in Phase B

(P)

Effect of

unbalance

in Phase C

(r)

Estimated

Effect

(5)
= (a) +(P) +(Y)

Estimated

THD,

Value

= (5)+ 27.87*

Actual

Effect

Actual

THD,
Value

-2.34 0.85 0.00 -1.49 26.38 -1.55 26.32

-4.05 0.32 0.00 -3.73 24.14 -3.77 24.10

-5.66 0.27 0.00 -5.39 22.48 -5.45 22.42

-7.27 0.41 0.00 -6.86 21.01 -6.97 20.90

27.87% is value of THD, for phase current under balanced voltage source

Table-4.43(b): Effect of two-phase over-voltage unbalance source on THDi of Phase B

Effect of

unbalance

in Phase A

(•)

Effect of

unbalance

in Phase B

(P)

Effect of

unbalance

in Phase C

(y)

Estimated Effect

(5)
=(a) +(P) +(y)

Estimated

THD,

Value

= (8)+ 27.87

Actual

Effect

Actual

THD,
Value

1.13 -1.46 0.00 -0.33 27.54 -0.36 27.51

2.08 -0.57 0.00 1.51 29.38 1.49 29.36

3.13 -0.47 0.00 2.66 30.53 2.63 30.5

4.31 -0.73 0.00 3.58 31.45 3.53 31.4

Table-4.43(c): Effect of two-phase over-voltage unbalance source on THD, of Phase C

Effect of

unbalance

in Phase A

(«)

Effect of

unbalance

in Phase B

(P)

Effect of

unbalance

in Phase C

Or)

Estimated Effect

(5)
= (ct)+(P) +(y)

Estimated

THD,

Value (%)
= (6)+ 27.87

Actual

Effect

Actual

THD,
Value

(%)

1.42 0.68 0.00 2.10 29.97 2.06 29.93

2.67 0.26 0.00 2.93 30.80 2.9 30.77

4.04 0.21 0.00 4.25 32.12 4.23 32.10

5.65 0.33 0.00 5.98 33.85 5.93 33.80

185



4.12.5.5 Three-phase Over-voltage (3-0 OV) Unbalance Case

The three-phase OV unbalance case is the combination of three single-phase OV

cases. To understand that how any one of these of three single-phase OV cases contributes

individually, towards the net impact of three-phase OV unbalance case on AC performance

parameters, the results are shown in Table-4.44, while Table-4.45(a), Table-4.45(b), and Table-

4.45(c) present the AC parameters for the single-phase OV cases considered in phase A, phase

/?. and phase C, respectively. Correspondingly, Table-4.46(a), Tablc-4.46(b), and Table-4.46(c)

present the individual and net impact of three single-phase over-voltage unbalance conditions

on variation of THD| of phases A, B and C; in which the actual THDi value comes from Table-

4.44 and estimated THDi value is calculated using the results presented in Table-4.45(a)

through Table-4.45(c).

Table-4.44: Impact of three-phase over-voltage cases on AC performance parameters
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0.00 0.00 0.00 0.00 1.000 0 1.000 240 1.000 120 1.00 0.00 1.000 27.87 1.000 27.87 1.000 27.87

3.56 13.82 7.17 4.00 1.167 0 1.100 240 1.016 120 .094; ).043 1.130 26.26 1.102 27.61 1.054 29.89

7.95 26.38 15.64 8.00 1.313 0 1.080 240 1.014 120 .135' ).090 1.221 24.17 1.120 28.93 1.074 31.12

12.21 38.04 23.86 12.0 1.477 0 1.077 240 1.023 120 .192< 3.143 1.326 22.45 1.157 30.16 1.110 32.4

16.38 50.77 31.81 16.0 1.662 0 1.098 240 1.022 120 .260: ).201 1.443 20.93 1.219 30.97 1.147 34.18

Table-4.45(a): AC performance parameters under impact of single-phase over-voltage
in phase A
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5.33 15.81 10.54 5.27 1.167 0 1.000 240 1.000 120 1.056 0.056 1.110 25.30 1.033 29.15 1.028 29.48

9.65 28.37 18.91 9.46 1.313 0 1.000 240 1.000 120 1.104 0.104 1.203 23.46 1.064 30.21 1.054 30.87

14.09 41.15 27.43 13.72 1.477 0 1.000 240 1.000 120 1.159 0.159 1.305 21.75 1.103 31.35 1.087 32.39

IS.67 54.20 36.13 18.0" 1.662 0 1.000 240 1.000 120 1.221 0.221 1.418 20.16 1.150 32.58 1.126 34.06
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Table-4.45(b): AC performance parameters under impact of single-phase over-voltage
in phase B
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3.25 9.68 6.45 3.23 1.000 0 1.100 240 1.000 120 1.033 0.033 1.016 28.85 1.066 26.27 1.019 28.65
2.61 7.79 5.19 2.60 1.000 0 1.080 240 1.000 120 1.027 0.027 1.013 28.66 1.053 26.57 1.015 28.50
2.52 7.50 5.00 2.50 1.000 0 1.077 240 1.000 120 1.026 0.026 1.012 28.63 1.051 26.62 1.014 28.48

3.20 9.53 6.36 3.18 1.000 0 1.098 240 1.000 120 1.033 0.033 1.016 28.83 1.065 26.29 1.019 28.64

Table-4.45(c): AC performance parameters under impact of single-phase over-voltage
in phase C
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0.52 1.57 1.04 0.52 1.000 0 1.000 240 1.016 120 1.005 0.005 1.003 28.01 1.002 28.04 1.011 27.62

0.45 1.36 0.91 0.45 1.000 0 1.000 240 1.014 120 1.005 0.005 1.002 27.99 1.002 28.02 1.009 27.65

0.77 2.32 1.55 0.77 1.000 0 1.000 240 1.023 120 1.008 0.008 1.004 28.07 1.004 28.11 1.016 27.49

0.71 2.14 1.43 0.71 1.000 0 1.000 240 1.022 120 1.007 0.007 1.004 28.06 1.003 28.10 1.014 27.52

Table-4.46(a): Effect of three-phase over-voltage unbalance source on THDi of Phase A

Effect of

unbalance

in Phase A

(«)

Effect of

unbalance

in Phase B

(P)

Effect of

unbalance

in Phase C

(y)

Estimated

Effect

(8)
=(a)+(p) +(y)

Estimated

THD,

Value

= (8)+ 27.87*

Actual

Effect

Actual

THD,

Value

-2.59 0.96 0.12 -1.51 26.36 -1.61 26.26

-4.43 0.77 0.1 -3.56 24.31 -3.70 24.17

-6.14 0.74 0.18 -5.22 22.65 -5.42 22.45

-7.73 0.94 0.17 -6.62 21.25 -6.94 20.93

27.87 % is value of Till), for phase current under balanced voltage source
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Table-4.46(b): Effect of three-phase over-voltage unbalance source on THD] of Phase B

Effect of

unbalance

in Phase A

(«)

Effect of

unbalance

in Phase R

(P)

Effect of

unbalance

in Phase C

(y)

Estimated Effect

(8)
=(a) +(P) +(Y)

Estimated

THD,

Value

= (5)+27.87

Actual

Effect

Actual

THD,

Value

1.26 -1.62 0.15 -0.21 27.66 -0.26 27.61

2.32 -1.32 0.13 1.13 29.00 1.06 28.93

3.46 -1.27 0.22 2.41 30.28 2.29 30.16

4.69 -1.60 0.21 3.30 31.17 3.10 30.97

Table-4.46(c): Effect of three-phase over-voltage unbalance source on THD| of Phase C

Effect of

unbalance

in Phase A

(a)

Effect of

unbalance

in Phase B

(?)

Effect of

unbalance

in Phase C

(y)

Estimated Effect

(8)
=(a)+(P) +(y)

Estimated

THD,
Value (%)

= (8)+ 27.87

Actual

Effect

Actual

THD,

Value

(%)

1.59 0.76 -0.27 2.08 29.95 2.02 29.89

2.98 0.61 -0.24 3.35 31.22 3.25 31.12

4.50 0.59 -0.40 4.69 32.56 4.53 32.40

6.17 0.75 -0.37 6.55 34.42 6.31 34.18

On the basis of detailed analysis carried out in section 4.12.5 it is found that effect

of unbalance in individual phases is very high (as in phase A and phase B, here), but the net

effect of unbalance in three phases is very much reduced. Hence, this gives a conclusion that if

voltage unbalance is present in more than one phase, then the combination of unbalance

voltages may nullify the detrimental effect of different individual voltage unbalances and the

net effect is very much reduced.

4.13 EFFECTS OF VOLTAGE UNBALANCE ON HARMONIC CURRENT
COMPONENTS

Any type of voltage source unbalance introduces the non-characteristic harmonics

in load current, even if a single-phase supply voltage (magnitude or phase angle) takes place; it

affects the harmonic pattern in all the three phases. A sufficient change in the value of THDi is

observed with the increase in the value of VUF.

A basic difference in single-phase magnitude unbalance and single-phase phase

angle unbalance is observed as "THDi is most affected in the phase, in which the magnitude
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unbalance is present, while THD, is least affected (rather almost constant) in that particular
phase, in which single-phase angle unbalance is present".

But it is important to mention here that even in the single-phase angle unbalance
case where, THDi is almost constant throughout (with increasing VUF) harmonic current
components differ with variation in VUF.

For a six-pulse converter, the harmonic order (n) and the magnitude ofharmonic
currents (/„) are given by following equations:

n = 6.k±l, k = 1,2,3. (4.9)

k-1
lx~~n (4-10)

where, // is the magnitude of fundamental current component.

Equation (4.9) gives the harmonic (multiples of fundamental frequency) orders of

the 5, 7, 11, 13, 17 etc. and assuming a 50 Hertz fundamental frequency corresponds to
250, 350, 550, 650, 850, hertz respectively. These harmonic orders are referred as

'characteristic harmonics'.

The magnitudes ofactual harmonic current components have been found to often be

at variance from the relationship described in equation (4.10). The 1/h values have often been

illustrated as theoretical maximum and that in actual fact all harmonic components have
magnitude a little lower [154].

An investigation is performed to detect the impact of voltage source unbalance on

harmonic generation of rectifier. An attempt has also been made to find out the change in

magnitude of different harmonic orders (characteristic and non-characteristic) under the

influence of variable VUF.

The characteristic harmonics (as given by 6.k ±1) can be divided into two groups

i.e. (6.k+l) and (6.k-l), for a more clear view of results.

In every case, where THD] is changing with the VUF, it is found that change in

magnitude of(6.k-l)th order harmonics follow the pattern ofchange in THDi value, and for
(6.k+l)th order harmonics, the pattern is reversed.

• To be more specific, itcan be stated that magnitude of(6.k-l)th order (5th, 11th, )

harmonics increaseswith the increase in value of THDi and vice-versa.
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• For (6.k+l)' order (7* , 13th, ) harmonics, magnitude of harmonics decreases

with increase in value of THD] and vice-versa.

For higher order characteristics harmonics, the direction of change in magnitude is

initially increasing but after attaining some specific maximum value it starts decreasing or

initially decreasing and after attaining some minimum (possibly zero) value it starts increasing

and again after reaching some maximum value (limited by 1/h harmonic component magnitude

rule) again starts decreasing. In earlier literature [137], it has been referred as "independent

nature of harmonics variation". This discussion about the change in harmonic component

magnitude also holds well about non-characteristics harmonics (triplens), in contrary of an

earlier conclusion [156] that "non-characteristics harmonics always increase" with the increase

in the value of VUF. It is observed that higher order non-characteristic harmonic components

are also showing this increasing-decreasing magnitude pattern with increasing VUF.

But an important observation to be mentioned here is that whatever is the behavior

of the pattern of change in harmonic component magnitude at higher values of VUF, initially

they follow the pattern of change in magnitude of harmonic component, according to

classification presented here as (6n-l) and (6n+l) order harmonics.

For example- if it is (6n-l) order harmonics, it will increase initially, if the THDi is

increasing but after attaining some specific (maximum) value it will start decreasing. This

observation about the initial change in percentage magnitude in harmonic components holds

valid for all the cases of voltage source unbalance considered in this study.

4.14 CONCLUDING REMARKS

Based on a detailed and rigorous simulation study it is found that the harmonic

pattern is decided by the degree of voltage unbalance (VUF). Positive sequence voltage

component (Vi) regulates the magnitude of output voltage (VDc), and output power (PDC),

while distortion in DC quantities (PDc, VDc and IDc) is found to be proportional to negative

sequence voltage component (V2). A new term "Phase Total Harmonic Distortion Unbalance

Factor" (PTHDUF) has been introduced to simplify the harmonic current analysis in three

different phases. The variation of different characteristic and non-characteristic harmonics is

investigated to assess the sensitivity of current harmonic components to different unbalance

voltage operating conditions.

190



CHAPTER V

HARMONIC MITIGATION AND DEVELOPMENT OF FUZZY LOGIC BASED

ACTIVE POWER FILTER FOR RANDOM LOAD VARIATION

5.1 INTRODUCTORY REMARKS

The increased use of power electronic controlled equipments and non-linear

electronic devices in power systems has given rise to a type of voltage and current waveform

distortion, called as "harmonics" or "power system harmonics". Various examples of such

loads are rectifiers, DC motor drives, battery chargers, electronic lighting ballasts, variable

frequency AC drives, static VAR generators, static motor starters and uninterruptible switching

mode power supplies etc. These nonlinear loads draw harmonic and reactive power

components of currents from AC mains. Due to tremendous advantages in efficiency and

controllability, these power electronic loads are proliferating, and can be found at all power

levels from low voltage appliances to high voltage converters. Hence, power system harmonics

are an important problem [42].

In electrical power systems, the harmful effects of harmonics are very real. As

discussed in literature, harmonics causes various problems in power systems and in consumer

products such as distorted voltage waveforms, equipment overheating, blown capacitor fuses,

transformer overheating, excessive neutral currents, low power factor etc. [79, 83, 157]. The

research has been underway for last three decades to have a control over the harmonics and to

supply the consumers with reliable and clean fundamental frequency, sinusoidal electric power

that does not represents a damaging threat to their equipments.

To control harmonics and their effects on utility distribution system along with the

methods to keep harmonic distortion under control are potential power quality concerns.

Harmonic mitigation is the reduction or elimination of power system harmonics. To reduce

harmonic distortion, both passive and active compensation techniques (filters) can be

implemented. Conventionally, passive LC tuned filters and capacitors (passive harmonic

compensation) have been used for harmonic current mitigation and reactive power

compensation, by increasing the power factor. These filters have the drawback of bulky size,
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component ageing, resonance and fixed compensation performance. These provide either over-
or under-compensation of harmonics, whenever a load-change occurs [120]. Hence, active
compensation, known as active power filter (APF) is preferred over passive compensation.
APF's are an up-to-date solution to power quality problems, which allow the compensation of
current harmonics and unbalance, together with power factor improvement, and can be amuch
better solution than conventional passive filters. Before taking any corrective action, it is
necessary to evaluate the distortion introduced by the installation into the distribution network
and the expected reduction when the active filter is in use. At this stage, simulation has been
proved to be a useful tool, when a corrective action is introduced, simulation shows the
reduction in the distortion. Also, simulation can be used as a tool for the design of the active
filter. Through simulation, it is shown here that the application of an active power filter to a
power distribution system with undesirable harmonics can result in areasonably clean current

waveform.

Artificial intelligence is one of the major fields developed since past four decades,

and is popular due to its ability to handle complex problem at difficult situations. These tools
of artificial intelligence (Fuzzy Logic, Artificial Neural Network, Genetic Algorithms, Wavelet
theory, Optimization methods) are used for improving the power quality effectively since 80's
and produce good performances. Asurvey ofvarious techniques is available in [23].

Fuzzy logic is one of the alternatives to artificial intelligence originated by Zadeh
[26]. Use of fuzzy logic for minimization of harmonics and improvement of power quality is
not a new issue rather various authors have introduced some innovative methodologies using

these tools. Asurvey of various works using fuzzy logic is available in [27]. Abrief review of

important findings reported by various authors using fuzzy logic is given below:

In [158], Dell'Aquila et al. have developed shunt active filter with fuzzy logic
estimation of the power devices duty cycle via current control ofPWM inverter. This scheme

was tested for compensating the real line current drawn by an AC induction motor drive using
virtual instrumentation and found that the scheme is able to compensate the harmonics

pollution. In [159], Shaosheng and Yaonan have proposed aTakagi-Sugeno fuzzy model to
predict the future harmonics compensating current. The model is derived from input-output
data by means of product space fuzzy clustering. The developed control model is applied to
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compensate the harmonics produced by the variable nonlinear load. An important point of the

work is the use of optimization method to minimize the computational steps, which makes the

overall scheme complex. In [160], a comparative analysis is given for voltage source active

filter compensating current harmonics using conventional PI and fuzzy PI controlled scheme,

and it is shown that the fuzzy PI scheme gives better performance. However, the scheme was

not tested for variable load conditions. In [161], the authors have introduced a decaying factor

with the conventional PI controller of APF keeping the proportional and integral gain constant.

This decaying factor is regulated via fuzzy logic and it is shown that the scheme gives better

performance in comparison to conventional PI controller. In [162], the authors have focused to

minimize the harmonics for unbalanced and voltage sagcompensation via fuzzy logic for series

APF.

The most important observation from the work reported by various authors for

power quality improvement is the design of active power filter under "fixed load" conditions,

however in practical life the load are not fixed. Hence, there is the need to design an active

power filter, which is capable of maintaining the THD according to the specifications decided

by universally accepted IEEE norms [28], under variable load conditions.

This chapter, therefore, presents a simple, robust fuzzy logic based active power

filter to control the harmonics under variable load conditions.

5.2 THE SHUNT ACTIVE POWER FILTER

5.2.1 Overview

Active power filters are considered as a feasible alternative over the classical

methods to compensate harmonics as well as reactive power requirements of the non-linear

loads. These are also referred as active filters (AF), active power line compensators (APLC),

instantaneous reactive power compensators etc.

With the significant development and advances in switching speed and capacity of

the power semiconductor devices, various topologies of the APF are developed for the

compensation of voltage and current harmonics, reactive power, neutral current, voltage

unbalance, terminal voltage regulation ,voltage flicker etc.

APFs are generally built around a Pulse Width Modulation (PWM) converter with a
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capacitor /inductor on its DC side. The PWM converter switches are controlled to draw
/supply acompensating current from /to the utility. So that it cancels current harmonics on the
AC side, by generating nonlinearities opposite to the load nonlinearities, and make the source
current almost sinusoidal, which may be in phase or in phase displacement by some phase

angle with mains voltage, based on both harmonic and reactive power compensation
simultaneously oronly harmonic compensation capability.

The basic principle of shunt active filter was originally presented by Sasaki and
Machida [129] in 1971. They controlled the shunt active filter in such a way as to shape the
source current into sinusoid by injecting the compensating current in phase opposition. Since a

linear amplifier was used to generate the compensating current, its realization was
unreasonable due to low efficiency. In 1976, Gyugyi and Strycula [163] presented a family of

shunt and series filters, and established the concept of active filters consisting of PWM

inverters using power transistors, but it was lacking on the part ofcontrol scheme for practical
implementation. In the beginning, shunt active power filters were proposed to suppress the
harmonics generated by large rated thyristor converters and inverters used in HVDC
transmission systems. However, they could not be realized in real power systems due to non

availability of high power, high speed switching devices in 1970's. With remarkable
improvement in switching speed and capacity of the power semiconductor devices in the
1980's, shunt active power filters using PWM inverters have been studied, with an attention to

their practical implementation in real power systems. However, their practical uses were
delayed due to the lack of better control strategies, high losses in the main circuit of active
filter, higher initial cost and inferior efficiency [164]. Today, significant advancement in the
capacity and switching speed of GTO's and IGBT's, in conjunction with microcomputers and
digital signal processors (DSPs) have made it possible to realize APF's with complex control.

Various types of active power filters have been proposed [127] and are classified

based on the type of converter, different configurations used, control methodologies, the

economic and technical considerations and selection for specific applications. Several types of

APF have been usefully categorized and discussed in [20] using ideas ofduality to explore the.

similarity between different approaches. Chen and Xie [128] have presented a review of
control strategies (current reference generation techniques as well as current control

techniques) applied to APF.

Among the various topologies ofAPF developed so far, shunt APF based on the
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current controlled voltage source type PWM converter has been proved to be very effective

even when the load is highly nonlinear. The current source inverter as an APF acts as non-

sinusoidal current source. It is reliable, but has higher losses and requires higher parallel AC
power capacitance. Also, it can not be used in multilevel configuration to improve the

performance at higher voltage ratings. The voltage-source inverter as an APF has a self-

supporting DC voltage bus with large DC capacitance. It is lighter, cheaper and expandable to
multilevel configurations [121].

In [122], an APF scheme was presented, in which the compensating current was

determined using a simple synthetic sinusoid generation technique by sensing the load current.

This scheme is further modified, by sensing line currents only [123, 124, 165], in which the

reference compensating currents are obtained by regulating the DC link voltage, which is

simple and easy to implement. A low pass filter is generally used to filter the ripples

introduced in the DC link voltage, due to injection of real /reactive power [124]. Use of this

low pass filter also introduces a finite delay. To avoid the use of this low pass filter, the DC

link voltage is sampled at the zero crossing (positive going) ofthe source voltages [123, 165].

In [123], it is proposed to sample this voltage at the zero crossing of one of the

phase voltages, to make this compensation instantaneous. It makes the compensation

instantaneous in single phase systems, but not in three phase systems. Also, sampling only

once in a cycleas compared to six times in a cyclehas a higher rise /fall in the DC link voltage

during transients. Therefore, they havepreferred to sample this voltage at the zero crossings on

the source voltages (i.e. six times in a cycle). The complete design criterion for selection of

power and control circuit parameters is given in [123, 125].

Investigations reported in this chapter are performed on a three phase shunt active

filter to compensate harmonics and reactive power requirement of the nonlinear loads. The

control scheme is based on sensing line currents only, an approach different from the

conventional methods. DC link voltage is regulated to estimate the reference current template.

Role of DC link capacitor is described to estimate the reference current. Results presented here

are based on exhaustive simulation study to investigate the performance of the APF during

transients as well as in steady state for different loading conditions, and important parameters

(THD, power factor, etc.) are studied before and after compensation.

195



5.2.2 APF: Basic Compensation Principle

Fig. 5.1(a) shows the basic compensation principle of the shunt APF. A current

controlled voltage source PWM converter with necessary passive components is used as an

APF. It is controlled to draw /supply a compensated current from /to the utility, such that it

cancels reactive and harmonic currents of the non-linear load. Thus, the resulting total current

drawn from the a.c. mains is sinusoidal. Ideally, the APF needs to generate just enough reactive

and harmonic current to compensate the non-linear loads in the line. Fig. 5.1(b) illustrates the

waveform of load current (curve A), source current, after the harmonic compensation (curve

B), and compensating current injected by the APF (curve C), to make the source current

sinusoidal.

Active Current
>

• Active Current

• Reactive Current

• Harmonic Current

^ • Reactive Current
• Harmonic Current

Active Power Filter

(APF)

Fig. 5.1(a): Basic compensation principle of the shunt APF

/\ Load C= mrrmtn* /\ f\

Non-linear

Load

Curve A Curve B

Curve C

Fig. 5.1(b): Waveform of load current (curve A),desired source current (curve B), and
compensating current injected by the APF (curve C)
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5.2.3 APF: Working Principle and Configuration

A current controlled voltage source PWM converter with an inductor on its AC side

and a capacitor on its DC side is used as an APF. The complete diagrammatic representation of

current controlled voltage source type PWM converter based shunt active power filter is shown

in Fig. 5.2(a) and Fig. 5.2(b).
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Fig. 5.2 (a): Connection diagram of shunt APF
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Fig. 5.2 (b): Schematic diagram of shunt APF
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5.2.3.1 Control Scheme of APF

The Control scheme consists:

• A PI controller,

• Limiter,

. 3-phase sine wave generator for reference current generation, and

• Generation of switching signal.

The peak value of reference currents is estimated by regulating the DC link voltage.
The actual capacitor voltage is compared with aset reference value. The error signal is then
processed in aPI controller, which contributes to zero steady error, in tracking the reference
current signal. The output of the PI controller is considered as peak value of the supply current
(Imax), which is composed of two components: (a) fundamental active power component of load
current and (b) loss component of APF; to maintain the average capacitor voltage to aconstant

value.

Peak value of the current (Imax) so obtained, is multiplied by the unit sine vectors in
phase with the respective source voltages to obtain the reference compensating currents. These
estimated reference currents (Isa*, U\ Isc*) and sensed actual currents (Isa, U, Uare compared
at ahysteresis band, which gives the error signal for the modulation technique. This error
signal decides the operation of switches of converter. In this current control circuit
configuration, the source /supply currents Isabc are made to follow the sinusoidal reference
current Isabc*, within afixed hysteresis band. The width of hysteresis window determines the
source current pattern, its harmonic spectrum and switching frequency ofthe devices.

The delink capacitor voltage is kept constant throughout the operating range of the
converter. In this scheme, each phase of the converter is controlled independently. To increase
the current of aparticular phase, the lower switch of the converter associated with that
particular phase is turned on while to decrease the current the upper switch of the respective
converter phase is turned on.
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5.2.3.2 Power Circuit of APF

The APF shown in Fig. 5.3 uses the three-arm current controlled voltage source

PWM converter. Here,PLoad, Pl, and P^ are the total active power, fundamental active

power and harmonic active power consumption of the load. QLoaci, Ql »and Ql are total,

fundamental, and harmonic reactive power consumption of the load. Ptnv 's me tota^ active

power supplied by the APF and Pl0ss 's Power losses of inverter which is used to maintain the

DC sidecapacitor voltage. P§ and Q§ are active and reactive powersupplied by the source.

PS= PL;
Qs=o

0_fYYYl_

Ls, Rs

Is

IFA

Lp, Rp

H
PLoad = PL+PL ;

QLoad=QL+QL'

k

PlNV=+PLH-PLoss;
QlNV = QLoad

Three-Phase

PWM Inverter

Three-Phase

Non-Linear

Load

^C

H

Fig. 5.3: Power circuit diagram of the shunt APF

The reactive power capacity of the APF is set by the level of limiter [125]. With

constant limiter level, whenever the load current increases, load reactive power demand also

TJ

increases, hence, Qinv< QLoad' also> ?L >PINV as harmonic real power demand of load

increases. This unbalance in power equation affects the performance of APF, and it needs an

additional supplement of reactive power equal to QLoad-Qrjsjv and harmonic real power equal

to Pj14 - Pn^v > t0 maintain the performance of APF. In order to achieve unity power factor

operation, and for drawing sinusoidal currents from the utility, APF must supply all the reactive

and harmonic power demand of the non-linear load. Thus, to bring the APF back in proper

/normal operation mode, level of limiter has to be increased or decreased with the change in the

nonlinear load current. At the same time, APF will draw real component of power ( Ploss )

from the utility, to supply switching losses and to maintain DC link voltage.
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For accurate and instantaneous compensation of reactive and harmonic power, it is

necessary to calculate the actual value ofthe instantaneous current supplied by the source, i.e.

5.2.4 Design of Power Circuit Parameters

5.2.4.1 Selection ofreference value ofDC link voltage VDcref and Filter Inductor LF :

For satisfactory operation, the magnitude VDcref should be higher than the

magnitude of source voltage Vs. By suitable operation of switches, voltage Vp, having

fundamental component Vp is generated at AC side of PWM converter of the APF. This

results in flow of fundamental current component Ip , to compensate the reactive power of the

load.

In order to maintain the source fundamental currently, in phase with theVs, APF

should compensate all the fundamental reactive power ofthe load. The vector diagram, shown

in Fig. 5.4, represents the reactive power flow, in which, 1$, should be in phase with the

source voltage Vs and fundamental filter current Ipj should be orthogonal to Vg, to fulfill

the reactive power requirement.

V DC * c
PWM Inverter

ofAPF

VFi LF
rrm

•*w

T.,,

Fig. 5.4: Single line diagram of APF

200

v.



From the Fig. 5.4,

VFl=Vs+j.co.LF.IFl (5.1)

IF, =((VF, -VS)/«.LF)=(vFl/(DJLF)(l-(Vs/VFl)] (5.2)
and three-phase reactive power delivered by the APF can be calculated as

QFj =Qlf, =3Vs.IFl (5.3)

from eqn. (5.2) and (5.3)

QF, =3Vs(Vp1/co.Lp)^l-(vs/VF1)j (5.4)

From above eqn., it is evident that the APF can compensate the lagging reactive power only

when Vp > V§ as for this value Qp is positive. For the case Vp < V§, Qp is negative and

APF will draw the reactive power from the utility. The upper limit of Vp is calculated on the

basis of maximum capacity of the APF, determined as below:

To obtain maximum capacity of APF

= 0; => Vp. =2VS
, v d f3VS-VFl 3V*

S

co.Lp co.Lp

Maximum capacity of APF is

Qp =(3V| /co.Lp) (5.5)
1 max \ °' /

Hence, Vp must be set according to the capacity requirement of the system. From above

discussion the range of Vp can be given as

Vs<VFl^ 2VS (5.6)

If it is assumed that the PWM converter operates in the linear modulation mode

(i.e. 0<, ma <> 1) [166], then amplitude modulation factor ma = [2v2 JVp /Vp)C •
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For ma - 1,

VDC=(2V2)VF1 (5J) *

The filtering inductor (LF) is used to attenuate the ripples of converter /filter current, due to the
switching of converter. Hence, the design of LF is based on the principle of harmonic current
reduction. For the sinusoidal PWM converter that operates in the linear modulation

modeO<wa <1, the maximum harmonic voltage occurs at the frequency v>.mf, wheremf is

the frequency modulation ratio ofthe PWM converter [167]. *

Considering only this harmonic content, the ripple current of the converter current can be given

as

IFh slph (co.mf) =(Vph (co.mf)/co.mf.LF ) (5-8)

where, subscript 'h' denotes the harmonic component. For the qualitative representation, ratio

of If and IF is defined as Ripple Attenuation Factor (RAF);
r h r 1rated

""-K/O (5'9)
the rated value ofthe fundamental component of filter current IFl, which

can be determined from eqn. (5.4)

where, Ip. is
1rated

QLPl-QF1-3VsiF1-3V8^l

VDC and LF can be selected by solving eqn. (5.4) and (5.8) simultaneously.
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5.2.4.2 Design of DC Link Capacitor

The role of DC link capacitor is to absorb /supply real power demand of the load

during transient. The design of DC link capacitor is either based on the principle of

instantaneous power flow or is based on maximum real power rating of load. It is found that

the value of Crjc depends on the maximum possible variation in load and not on the steady

state value of the load current. Hence, a proper forecasting in the load variation reduces the

value ofCdc .

On the basis of above discussion, for 5 KVA compensation capacity, three-phase,

230 volt, 50 Hz system, with 5% RAF, mf = 200, ma= 1, following parameters are selected

for simulation study:

Lp =3.35 mH, VDCref =600 V, CDC =2200 uF.

5.2.5 Role of Limiter in Active Power Filter

The complete diagrammatic representation of current controlled voltage source type

PWM converter based shunt active power filter is shown in Fig. 5.2, which contains a PWM

converter, a control unit and a power circuit. As discussed in section 5.2.3, APF must supply

all the reactive and harmonic power demand of the non-linear load, level of limiter has to be

changed with the increase or decrease into the nonlinear load current, to keep the THD within

the acceptable limits.

By increasing the value of load current, a specific value of limiter was obtained

corresponding to a particular load current, for minimum possible value of THDi. On the basis

of this rigorous analysis, a look-up table (Table-5.1) is formed between load current and

corresponding LIMITER value. Using this look-up table, limiter block changes its value,

corresponding to variable load current, to bring the THDi to lowest possible value. For this

purpose, limiter model was reconfigured as two-input and one-outputdevice, earlier which was

considered as one-input and one-output device. Second input will now be used to take the

saturation (limiter) value from look-up table, on basis of load current. The conventional limiter

model used in shunt APF, which has a constant value and the limiter model are shown in Fig.
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5.5(a) and Fig. 5.5(b) respectively. The two inputs needed for the proposed (variable) limiter
model are (i) PI controller output i.e. Imax and (ii) FLC output i.e. limiter value.

The curve, shown in Fig. 5.6 (a), gives acomparison between constant and variable
Limiter, in terms of its performance (THD, vs. non-linear load current). With constant limiter,
load current range of operation (for which the value of THD, is below 5%) of APF is 1.8 Ato

9.6 A. With variable limiter, the range ofoperation is 1.6 Ato 80 A.

For ready reference, results are also shown in Fig. 5.6 (b), in form ofacharacteristic
curve, which forms the basis ofselection of limiter value for various load currents. It seems

necessary to mention here that the "value of 'R' on DC side of non-linear load" is ameasure of
load current, i.e. higher value of 'R' indicates the lower load current, as it is evident from

Table- 5.1. Afuzzy logic controller (FLC) is designed to take over the work ofvariable limiter

based on look-up table.

PI

Controller

Output

Fig. 5.5(a): Conventional (constant) limiter model

PI

Controller

Output

Fig. 5.5(b): Proposed (variable) limiter model
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Table-5
1: Look-Up table between Load Current and Corresponding Limiter Value

R (in Ohms)

299

250

199

150

99

80

67

56

53

49

45

44

43

42

40

35

30

25

20

15

12

10

7.5

Ias (rms)

(in amps.)

1.470

1.762

2.267

3.078

4.307

5.428

6.380

7.608

8.048

8.700

9.640

9.860

10.01

10.37

10.89

12.47

14.58

17.42

21.83

29.52

37.44

45.21

62.12

80.13
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THDi (%)

4.30

3.29

2.99

2.17

1.63

1.10

0.93

0.86

0.78

0.76

0.68

0.68

0.70

0.63

0.59

0.50

0.39

0.34

0.35

0.32

0.33

0.38

0.44

0.57

LIMITER Value

±1.75

±2.00

±2.25

±4.00

±6.50

±6.75

± 10.50

±11.00

±11.50

± 12.50

± 12.75

± 13.00

± 13.25

± 13.75

± 14.50

± 16.75

± 19.75

±23.75

±30.00

±41.00

± 52.25

±63.25

± 87.25

± 120.0



5.3 FUZZY LOGIC

Power systems are large, complex, broadly distributed systems, influenced by

unexpected events. The mathematical formulations of power systems and related events are

derived under restrictive assumptions and allow many uncertainties. The system model is not

often available, and its operations are based on many vague constraints and multiple conflicting
objectives. Computational burden for solving such system using conventional techniques

becomes significant. The experience of human experts can be represented as functional

knowledge in terms of heuristic rules. Much of human knowledge is imprecise and vague.

Fuzzy logic and fuzzy set theory is a convenient framework for dealing with such vague,

linguistic articulated knowledge. Additional benefits of fuzzy logic include its simplicity and

its flexibility. Fuzzy logic can handle problems with imprecise and incomplete data, and it can

model nonlinear functions of arbitrary complexity.

Research on the theory and application of fuzzy logic has been growing since the

idea offuzzy set theory was introduced in 1965 by Zadeh as a new approach to represent vague

and inexact nature of real world [26]. Among its many applications, it has been shown to bea

powerful tool in dealing with uncertainties and nonlinearities in control systems. In the past

decade, fuzzy control has been used in many industrial applications, such as control of the

PWM inverter for an AC drive [168], Load Frequency Controller [169], Industrial welding

[170], temperature control [171], Modeling of basic electrical machines [172], speed control of

an induction motor [173], switch control in DC /DC converters [174], and Voltage Stability

Analysis [175], to name just a few. In this section, we give a briefdescription of fuzzy sets and

their application to fuzzy logic control.

Consequently, fuzzy logic is a technique, which can successfully handle imprecise,

vague or "fuzzy" information present in power systems. The term fuzzy logic has been used in

two different senses. Ina narrow sense, fuzzy logic is a logical system thatgeneralizes classical

two-valued logic, which is an extension of multi-valued logic for reasoning under uncertainty.

In a broad sense, fuzzy logic is the theory of fuzzy sets as a generalization of conventional set

theory, by introducing graded membership and relates to sets with soft boundaries [176].
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Fuzzy set theory derives from the fact that almost all natural classes and concepts
are fuzzy rather than crisp in nature. Fuzzy logic systems provide an excellent framework to
model uncertainty and imprecision in human reasoning with the use of linguistic variables with

membership functions.

The fuzzy theory is an appropriate tool for dealing with the heuristics of
linguistically described algorithms. These linguistic algorithms are simply intuitive natural
language statements representing expert knowledge derived out of long experience of human
experts /operators. These statements are simple and easy to understand. Additionally, only few
of these statements are required for describing complex processes satisfactorily [177]. These

natural language statements can be classified as:

i) Deterministic linguistic term (Singleton)

ii) Crisp linguistic term (Crisp sets)

iii) Fuzzy linguistic term (Fuzzy sets)

Anatural language statement that is used to represent an element /variable that has

one and only one meaning attached to it is called as deterministic linguistic term or singleton.
Sometimes, natural language statements refer to arange of values instead ofasingle value. The
set of all values in that interval (range) constitutes acrisp linguistic term or crisp set. The use

of natural language statements that are intuitive and include some kind of uncertainty is quite
common in daily life. For example statements like 'room temperature is comfortable' or a
person is tall (no exact numerical value of temperature or height at that moment) or 'beautiful
girl' (for beautiful, no metric exists) etc. Here, comfortable, tall and beautiful are fuzzy sets.
These statements are uncertain from the point of view of exact numerical values, but still they
are precise enough from the understanding point of view. So, fuzzy concepts are one of the
important channels by which we mediate and exchange information, ideas and understanding
among ourselves. Such statements are characterized through membership functions whose
membership value lies in the interval [0, 1]. These statements are called as fuzzy linguistic

terms or fuzzy sets.

208



In fuzzy theory, a fuzzy set is defined as a set with movable boundaries. The

elements ofthis set are expressed using membership value that lies in the interval [0, 1]. Unlike

the elements ofconventional sets, elements offuzzy sets need not satisfy all the properties of

this set for becoming a member. In the limiting case, the fuzzy set approaches the conventional

set. The membership value 'zero' for an element denotes the complete absence ofthis element

from the fuzzy set where as the value 'one' denotes the full membership ofthis element in the

fuzzy set. A fuzzy set introduces vagueness by eliminating the sharp boundary that divides

members from nonmembers in the group. Thus, the transition between full membership and

non-membership is gradual rather than abrupt. Hence, fuzzy sets may be viewed as an

extension and generalization of the basic concepts of crisp sets; however, some theories are

unique to the fuzzy framework.

5.3.1 Definition of Crisp and Fuzzy Sets

A universal set X is defined as a set in a universe of discourse. If a crisp set A is

included in the universal set X, the relationship is expressed as

A<^X (5.11)

An element x is called a member of the set A if it is included in the set A. This is expressed as

xeA (5.12)

If elements a,, a2 ....an are the members of set A, it is represented as

A={aj,a2....a„} % (5.13)

Membership functions (characteristic function) are used to represent whether or not an element

x is contained in a set A. Thus, the membership function nA is defined as

/iA(x)=\ ifandonly if xeA , and (5.14)

/iA(x)**Q ifandonlyif x?A (5.15)
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The membership function of acrisp set assigns avalue of either 0or 1to each member in the
universal set. In other words, the membership function /iA maps elements in the universal set

A'to the set {0, 1}. It can be written as

^:X->{0,1}, \fxeX {5A6)

When there is a vague boundary involved, the theory of fuzzy sets is applicable. With fuzzy
sets, each element is mapped to areal number between 0and 1by the membership function

VA:X^[0,\],VxeX. (5A7)

The value assigned to each element indicates aprobability that the element belongs to the set

A.

5.3.2 Membership Function

All the Membership Degrees associated to a fuzzy set generate a shape called

Membership functions (MF). Amembership function (MF) is a curve that defines how each
point in the input space is mapped to amembership value (or degree of membership) between 0
and 1. The distribution of membership does not always vary linearly with universe of

discourse. Hence, we have many types of membership distribution generally referred as

membership functions. Various types of membership functions (MFs) are triangular,

trapezoidal, sigmoidal, exponential, bell membership function (MF) etc. These MF can be
expressed either in graphical or in functional form. For the purpose of simulation using fuzzy
logic tools, the functional representation of MF is more suitable as it allows itself to be
manipulated through fuzzy arithmetic. The simplest membership functions are formed using
straight lines. Of these, the simplest is the triangular membership function, it is nothing more
than acollection ofthree points forming a triangle. The trapezoidal membership function has a

flat top and really is just a truncated triangle curve, i.e. a special case of a triangular
membership function. These straight line membership functions have the advantage of
simplicity. That is why these two are the most commonly used membership functions. The
functional description of these functions can be given as:
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T (triangular) function

T(x;a,b,c)=

0 forx<a

(x-a)/(b-a) fora<x<b

(c-x)/(c-b) forb<x<c

0 for x > c

Graphical presentation of triangular function isgiven in Fig. 5.7(a).

ii) Trapezoidal function

T(x;a,b,c,d) =

0 forx<0

(x-a)/(b-a) fora<x<b

1 for b < x < c

(d-x)/(d-c) forc<x<d

0 forx>d

Graphical presentation of trapezoidal function is given in Fig. 5.7(b).

a b c

Fig. 5.7 (a): Graphical presentation of triangular function

Fig. 5.7 (b): Graphical presentation of trapezoidal function
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5.3.3 Basic Structure ofFuzzy Logic Controller

The basic configuration of fuzzy logic controller (FLC) is shown in Fig. 5.8. In
general, afuzzy logic system maps crisp input into crisp output and in such case contains four
major components:

i) Fuzzification,

ii) Knowledge Base,

iii) Inference engine and

iv) Defuzzification

Input

±
Fuzzification

Interface
Inference Engine

Knowledge Base

Data base Rule base

Output

Defuzzification
Interface

Fig. 5.8: Basic configuration of fuzzy logic controller

Fuzzification converts input data into suitable linguistic values which may be
viewed as labels of fuzzy sets. Data base and rule base are the two components of knowledge
base of an FLC. Database provides necessary definitions used for linguistic control rules and
fuzzy data. If-then rule statements are used to formulate the conditional statements that
comprise fuzzy logic. Arule base is the collection of all these statements. The rules are aset of
linguistic statements based on expert knowledge, including experience and heuristics, instead
of detailed mathematical model. In the fuzzy inference engine, fuzzy logic principles are used
to combine fuzzy rules into amapping from fuzzy input sets to fuzzy output sets. The process
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of fuzzy inference involves: membership functions, fuzzy logic operators, and if-then rules.
Mathematically, fuzzy rule-based inference can be viewed as an interpolation scheme because
it enables the fusion of multiple fuzzy rules when their conditions are all satisfied to adegree.
Defuzzification produces a crisp output from the fuzzy set that is the output of the inference
engine.

5.4 THE PROPOSED FUZZY CONTROLLER

A fuzzy logic controller (FLC) is designed to take over the work of variable limiter

based on look-up table. The input-output block diagram of FLC is depicted in Fig. 5.9 to
explain its function.

Load Current
Input ^ Fuzzy logic controller

(FLC)

Output
Limiter Value——•

Fig. 5.9: Input-output block diagram of fuzzy logic controller (FLC)

The numerical value ofload current works as the input for FLC. For the purpose of

load current sensing, two different techniques have been applied. In technique-1 total DC load

current has been taken as input for FLC while in technique-2 rms value of AC load current is

used for this purpose. These two techniques are classified and detailed here as 'DC load current

sensing method' and 'AC load current sensing method'.

It has been discussed in section 5.2.5 that the limiter value varies with change in

load current. However, the nature of variation is highly nonlinear, and it is difficult to relate it

by mathematical expression. Also in practice, the nature of input power to load is not pure

sinusoidal rather stochastic in nature. Hence, mathematical modeling of variable saturation

value maynot be able to fully compensate the effect of harmonics.

Fuzzy logic is an alternative approach to handle this type of problem, which has

become more popular during past four decades due to its advantages of robustness against

parameter variation, popularity, customization etc. When system is too complex or too poorly

understood to be described in precise mathematical terms, fuzzy modeling provides the ability

to linguistically specify approximate relationships between the input and desired output. The
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relationships are represented by a set of fuzzy If-then rules in which the antecedent is an
approximate representation of the state of the system and the consequent provides arange of
potential responses. In the work presented here, FLC is used to regulate the limiter value
according to load current. The range of operating current and particular band of operating
current is one of the important design factors of fuzzy controller. The proposed FLC
compensates the harmonic current for any load current variation between 1.5-80A.

The block diagram representation of fuzzy logic controller is given in Fig. 5.10,
which contains the following design parameters: number and type of membership functions for

input and output variables, rule base, defuzzification method.

Load Current

I

Limiter Value

Normalization

I
De-normalization

I
Fuzzification

I
Inference Engine

I

I
Weighted Average

Knowledge Base
I

Fig. 5.10: Block Diagram representation ofSugeno fuzzy Controller

5.4.1 Membership Functions for Input Variable:

Computational efficiency, memory requirement and computational time are the few
important aspects of evolutionary computational methods. The number and type of
membership function (MF) decides the computational efficiency of aFLC. The shape of fuzzy
set affects how well a fuzzy system ofIf-then rules approximate a function.

It is found that the triangular and trapezoidal membership functions are most

economical [178]. This is consistent with [179] who found that triangular and trapezoidal
membership functions produce the best estimation of the possibility distribution when modeling
an 'expert' based system. Triangles have been the most popular If-part set shape for
approximating non-linear function. Studies reported in [180] have shown that triangular
membership function is most economical in the sense of above said parameters. The triangular
membership functions (MFs) have been frequently used in many applications of fuzzy sets
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including fuzzy controllers, fuzzy models and classification [181]. Triangular membership
functions are preferred because of their striking simplicity, solid theoretical basis and ease of

^ computation, since they are symmetrical and have zero value at some point away from their
center. Pedrycz [179] has carried out a detailed study legitimizing the use of the triangular
membership function.

There has been arecent interest in using trapezoidal membership functions in fuzzy
set theory mainly because their special structure yields more efficient computations. By
definition, triangular membership functions are special cases of trapezoidal membership

^ functions [182]. For Takagi-Sugeno (TS) fuzzy models, trapezoidal membership functions are
better since membership functions with wide core areas are preferable for TS models [183]. In
[184], acomparative study between triangular and trapezoidal MFs has concluded that degree
of fulfillment for trapezoidal MF is always higher than triangular MF. High sensitivity to small
changes in the crisp input near the center of a member is mentioned as a disadvantage of
triangular MF [185], however, the parametric functional description oftriangular MF is most
economic one.

As in the present case, the choice ofMF does not much affect the performance of

system. Hence, to reduce the complexity and to involve minimum computational memory, the

triangular and trapezoidal MFs, both are chosen and applied in FLC for two distinct

simulations. In technique-1 (DC load current sensing method) the triangular MFs are chosen,

while in technique-2 (AC load current sensing method) the trapezoidal MFs are used. For

these two cases different load patterns are considered and it is found that in both cases FLC is

controlling the APF very effectively.
A

5.4.4.1 Triangular Membership Function for Input Variable

For this work, nine unequally spaced triangular membership functions have been

chosen (as shown in Fig. 5.11) for representing each linguistic variables viz., Z, VS, S, SS, SM,

M, MD, H, VH. The reason for unequal spacing is to cover a band of load current with high
accuracy. The number of linguistic variables is directly related to the accuracy of

approximating function and plays an important role for approximating the nonlinear input-
output mapping. It is shown in [180] that as the number of linguistic variable increases the

output of fuzzy controller becomes a linear function of the input. In the present case, a
nonlinear mapping ofinput-output is performed via fuzzy logic.
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In order to trade-off between accuracy and complexity, through rigorous simulation
studies it has been found that nine MFs are sufficient to produce desired results in required
band. Reducing the number of MFs will produce improper results at some band, while
increasing the number ofMFs will produce adelay due to more computational steps required.

The linguistic variables are defined byM =(a,b,c)where a,b,c are starting, middle
point with unity membership grade, and end points respectively. Again, each fuzzy set is 50%
overlapped with neighbor. The linguistic names of each fuzzy set with their definition are given in
Table-5.2.

10 A) 30 40 60
input variable "Loadcurrent"

60 80

Fig. 5.11: Membership functions for input variable for triangular mf

Table-5.2: Description of membership function considered for input variable with
triangular membership function

Linguistic name

Zero

Very Small

Small

Slightly Small

SlightlyMedium

Medium

Moderate

High

Very High

Left end point

0.5

5.5

4.31

11.2

20.6

37.9

46.3

62.9
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Modal value

1.5

6.5

9.5

17.5

37.5

45.5

62

79.9

Right end point

2.5

7.85

10.6

20

36

45.8

62.5

79.9

81.5



5.4.1.2 Trapezoidal Membership Function for Input Variable

For this work, nine unequally spaced trapezoidal membership functions have been

chosen (as shown in Fig. 5.12) for representing each linguistic variables viz., ZE, VS, SM,
SS, SMD, MD, MOD, HG, VHG. The reason for unequal spacing is to cover a band of load

current with high accuracy, which is varying nonlinearly. Further, these are defined

byM =(a,b,c,d), where a,b,c,d are (a)starting point, (b) starting point with unity

membership grade (c) end point with unity membership grade, and (d)end point respectively.

Again, each fuzzy set is 50% overlapped with neighbor, which provides significant
approximate value between two linguistic variables. The linguistic names of each fuzzy set
with their definition are given in following Table-5.3.

Fig. 5.12: Membership functions for input variable for trapezoidal mf

Table-5.3: Description of membership function considered for input variable with
trapezoidal membership function

Linguistic name (a) (b) (c) (d)

Zero (ZE) 0.5 0.5 8.7 12.47

Very Small (VS) 8.7 12.4 12.5 14.58

Small (SM) 12.4 17.4 17.5 21.83

Slightly Small (SS) 17.42 21 22 29.83

Slightly Medium (SMD) 21.83 29 30 37.44

Medium (MD) 29.52 37 38 45.21

Moderate (MOD) 37.44 45 45.5 62.12

High (HG) 45.21 62 63 80.13

Very High (VHG) 63 80 81 81
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5.4.2 Membership Functions for Output Variable

In the case of Sugeno type FLC [186], no membership functions are used for
representing output variable, rather these are mapped as mathematical expression of
consequent part of rule base. In present case, the function of fuzzy logic is to map anonlinear
input-output function. Thus, the number of rules is directly related with number of MP for
input and output. Hence, in the present case nine rules are made.

The weighted factor of Sugeno FLC is an important factor for producing accurate
output. Since, the antecedent part of rules are chosen as linear combination of input, the
weighted factors are also linear and of zero order.

5.4.3 Design of Rule Base

In general, the rule-base of Sugeno type fuzzy controller is given by

(Ri): IF load current is 1{K) THEN Limiter Value =of Ij(.k) , (5-20)
antecedent consequent

for i=1, 2,...9; and f=1, 2,.9; where, antecedent part maps the membership grade of input
variable, this membership grade is utilize to find the crisp consequent part which is generally
represented by apolynomial of input variables. In this work, the order of consequent variable is
zero, M=0. Finally the crisp output is calculated by weighted average, which is given by:

, a,.I,(k)+aI.I2(k) (5.21)
Limiter value=

The universe of discourse of both input and output variables are considered as the
actual physical va.ue. hence, normalization and denonua.iza.ion factors are considered as

unity.
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5.5 DC LOAD CURRENT SENSING METHOD

The new topology of APF with FLC based limiter is shown in Figs. 5.13(a) and

5.13(b). The total DC load current II is sensed from load connected to the utility which acts as

the input for FLC. Then on the basis of lookuptable (Table 5.1) FLC gives its output as limiter

value.
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Fig. 5.13 (a): Connection diagram of proposed active power filter
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Fig. 5.13 (b): Proposed active power filter topology with fuzzy logic controller
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5.5.1 Simulation Results

The performance of the proposed APF is studied on atypical variable load. Variable
load is a7-step increasing load (with four stages), connected through circuit breakers (CB).
Initial load \s{R +jcoL),R =52 ohm, L= 2.5 mH. The load is varied in random steps, (in four
stages) to test the effectiveness of the proposed APF. The APF starts working at 0.1 seconds. In
stage-1 'another similar load' is connected in 6steps. Loads are increasing at 0.3, 0.5, 0.7, 0.9,
1.1,1.3 seconds and decreasing at 1.5, 1.7, 1.9,2.1, 2.3 and 2.5 seconds. In stage-2, the 'double
of the basic load' is connected at 2.5, 2.7 and 2.9 seconds and disconnected at 3.1, 3.3 and 3.5
seconds. In stage-3, the 'three times of the basic load' is connected at 3.5 and 3.7 seconds and
disconnected at 3.9 and 4.1 seconds. Finally, in stage-4, the 'four times of the basic load' is

connected at 4.1 sec. and disconnected at 4.3 sec.

Every individual load is connected for 10 cycles (0.2 sec.) and the FFT analysis is
done for "every cycle" (0.02 sec.) of the entire time. The results are depicted in Fig. 5.9 (a) to
Fig. 5.9 (g). Fig. 5.14 shows the random loading and unloading of non-linear loads, in terms of
load current on DC side of nonlinear load. It is evident from the Figure that in different stages,

the loading pattern is changing continuously. Fig. 5.15 gives the random loading and unloading
of non-linear loads, in terms of current drawn from the utility. Two curves in this Figure give
the comparison of current drawn from the utility in both cases, with and without APF. It is
evident from this figure that, in any condition APF does not become aburden on utility, and
losses in APF are insignificant. Fig. 5.16 shows the random loading and unloading pattern of
non-linear loads, in terms of source voltage. The curves showing the value of THD,, for every
cycle of utility current waveform are given in Fig. 5.17, Fig. 5.18 and Fig. 5.19. These three
different Figures show the APF performance for various stages of loading. Each of these
Figures gives the performance comparison between the conditions 'with APF' and 'without
APF'. The total harmonic distortion of the current generated by the load is observed to be
approximately 28.19 %to 31.5 %, whereas 'compensated supply current' has atotal harmonic
distortion, well within the limit of 5% (IEEE 519-1992), except at the "instants of non-linear
load-change" and APF brings back the THD, within the acceptable limit immediately,
depending on the amount of load change. As reflected in the Fig. 5.18 and Fig. 5.19, the
number of cycles (time-period) required by APF to bring back the THD, within the acceptable
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limit increases (2 or 3cycles) when variation in the step-change of load is twice, thrice or four
times of the basic load considered. The variation of that much load in one step is arare event
and time taken by the APF is not so high still, this may be taken as limitation of the proposed
APF. In Fig. 5.20, THDV is plotted for all 4-stages ofloading, for both cases, 'with APF' and
'without APF'. This very clearly illustrates the effectiveness of the proposed APF. As it is
evident from Fig. 5.20, THDV has reduced to a very small value (well below the required
norms) with the aid of APF as compared to the case without APF. Also, the response of the
APF to thechange in load is very fast.

It is important to mention here that in stage-2, stage-3 and stage-4, loads are
changing dynamically at the rate of200 %, 300 %and 400 %ofthe basic load. Even the APF

is capable of compensating for all these loads, in addition ofloads ofstage-1 as evident from
Fig. 5.18 and Fig. 5.19. This clearly shows that the proposed APF is robust under random load
variation.

rjLJ—i—i—i i i i_
00.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3 2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9 4.1 4.3 4.5

Time (s)

Fig. 5.14: Random loading and unloading (4-stages and multi steps) of non-linear
loads, in terms of load current on DC side of nonlinear load.
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Fig. 5.15: Random loading and unloading (4-stages and multi steps) of non-linear
loads, in terms of current (rms) drawn from the utility
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Random loading and unloading (4-stages and multi steps) of non-linear
loads, in terms of source voltage

222



"" I MIIIIII

0.0 -r"'iiii"|iiiiiiiii|iiiiiiiii|iiiiiiui| | i|iiiiiiiii|iiiiiiiii|iiiiiiiii|iimiiii|i Iiiiiiiin
co in i^. o>
o <=> o <=>

Fig. 5.17:

co in •«-; co in
oi oi oi

Time (sec.)

THDi vs. time for stage-1 ofvariation ofnon-linear loads, where single-step
change of load is considered

0.0 +iii " I i i | i i i i i i i i i j i i i i i i i i i |
in

oi

iiiiiiii

oi
co

co

m

co

Time (sec.)

Fig. 5.18: THD, vs. Time for stage-2 of variation ofnon-linear loads, where two-step
change of load is considered

223



-i—i—i—i—i—i ! 1—I—I—I—I—I—I—I—I——I—I—I—I—I—I—I—I—I —t—I—I—I—I—I—I—r

30.0 -•

_ 25.0

without APF

with APF

0.0 •{• i i i i i i i i i | i i i i i i i i i | i i i i i i i i i | i i i i i i i i i
m

co co CO

Fig. 5.19:

Time (sec.)

THDi vs. Time for stage-3 and 4 of variation of non-linear loads, where
three and four-step change of load is considered
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Fig. 5.20: THDV vs. time for complete (4-stages and multi steps) variation of non
linear loads
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5.6 AC LOAD CURRENT SENSING METHOD

The proposed topology of APF with FLC based limiter using AC load current
sensing technique is shown in Fig. 5.21. In this method, no additional current sensing is
required as the AC load current sensing is already being done to be used at PWM pulse
generator block. The same AC load current Iabc works as the input to FLC, passing through the
load current conditioning block, which performs only in case of load current unbalance by
selecting the highest rms value of load current. Then on the basis of lookup table (Table 5.1)
FLC gives its output as limitervalue.

Load

Current

Conditioning

Reference current
generator

*max FLC

controlled

LIMITER

Fuzzy logic controller
(FLC)

PI

Fig. 5.21: Proposed APF topology with modified control circuit of shunt APF

5.6.1 SIMULATION RESULTS

5.6.1.1 Compensation for Harmonic Distortion:

The performance of the proposed APF is studied on a typical variable load, which

has the same loading steps(R+Ja>L) as earlier. The only difference is that now the variable load

is a10-step increasing load connected through circuit breakers (CB). Initial load is(R+jo)L), R

=52 ohm, L= 2.5 mH. The load is varied in random steps to test the effectiveness ofproposed
APF. The APF starts working at 0.1 seconds. In single-step load variation 'another similar
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load' is connected in 10 steps. Loads are increasing at 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.7, 1.9

seconds and decreasing at 2.1, 2.3, 2.5, 2.7, 2.9, 3.1, 3.3, 3.5, 3.7 seconds. Variation in DC load

current for single-step load variation case is shown in Fig. 5.22.

In multi-step load variation, two-, three-, and four-step load variation is performed,

to test the performance of proposed APF for random and dynamic load change. In two-step

load variation study, the 'double of the basic load' is connected at 0.3, 0.5, 0.7 and 0.9 seconds

and disconnected at 1.1, 1.3, 1.5 and 1.7 seconds. In three-step load variation study, the 'three

times of the basic load' is connected at 1.9 and 2.1 seconds and disconnected at 2.3 and 2.5

seconds. The four-step loading is done at 2.1 second by connecting the 'four times of the basic

load' and unloading is done at 2.9 second. For the durations 0.1 to 0.3 seconds, 1.7 to 1.9

seconds, 2.5 to 2.7 seconds, and 2.9 to 3.7 seconds, the single-step initial is connected. Fig.

5.23 presents the DC load current variation for multi-step load.
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Fig. 5.22: Single-step (up to 10 steps) loading and unloading of non-linear loads, in
terms of DC side load current of nonlinear load
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Fig. 5.23: Multi-step (2, 3, and 4-steps) loading and unloading of non-linear loads,
terms of DC side load current of nonlinear load

in

All the steps of non-linear load are connected for 10 cycles (0.2 sec.) and every
cycle (0.02 sec. time period for 50 Hz frequency) is analyzed by carrying out FFT of voltage
and current waveform, for the complete length of time. The results of this analysis are shown
here independently for single-step and multi-step load variation.

Fig. 5.24 displays the pattern of single-step dynamic loading and unloading of non
linear loads in terms of rms utility current, for the cases without and with APF, while the Fig.
5.25 depicts the same pattern for multi-step dynamic loading and unloading ofnon-linear loads.
In both the figures, comparison of these two curves concludes that in any state the APF does
not become aburden on utility, and losses in APF are more or less negligible.

The utility voltage variation characterizing the pattern of dynamic loading and
unloading of non-linear loads is shown in Fig. 5.26 and Fig. 5.27 for single- and multi-steps,
respectively. The addition /removal of non-linear loads are indicated by adecrease /increase in
voltage.
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Fig. 5.24: Single-step (up to 10 steps) loading and unloading of non-linear loads in
terms of rms current drawn from the utility
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Fig. 5.25: Multi-step (2, 3, and 4-steps) loading and unloading of non-linear loads in
terms of rms current drawn from the utility
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Fig. 5.26: Single-step (up to 10 steps) loading and unloading of non-linear loads, in
terms of source voltage
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Fig. 5.27: Multi-step (2,3, and 4-steps) loading and unloading of non-linear loads, in
terms of source voltage
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The plots showing the variation of THDi value, for each and every cycle of utility

current waveform are given in Fig. 5.28 for single-step loading, Fig. 5.29 for two-step loading

and Fig. 5.30 for three- and four-step loading. These figures display the performance

comparison between the cases 'without APF' and 'with APF'. The total harmonic current

distortion for the 'without APF' case is between 27.5 % to 30.0 % for single-step loading, 28.0

% to 30.4 % for two-step loading and 29.2% to 32.0 % for three- and four-step loading. After

compensation 'with APF' it can be observed that the total harmonic current distortion is well

within the limit of 5% as per [15], except at the 'instants of load- change', where also it is

compensated immediately, depending on the amount of load change. As reflected in the Fig.

5.29 and Fig. 5.30 the maximum number of cycles (time-period) required by APF to bring back

the THDi within the acceptable limit increases to 2 cycles for two-step loading, 3 cycles for

three-step loading, and 5 cycles for four-step loading. The variation of that much load in one

step is an exceptional experience and time taken by the APF is not so high, albeit, this may be

taken as limitation of the proposed APF. It is important to reveal here that wherever it is stated

that the THDi is within the acceptable limits, it is also checked for every cycle of waveform

that harmonic current components are also restricted to their individual specified limits, as

detailed in [15].
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Fig. 5.28: Variation of THDi with time for 'single-step' (up to 10 steps) loading and
unloading of non-linear loads, for the cases with and without APF.
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Variation ofTHD, with time for 'two-step' loading and unloading ofnon
linear loads, for the cases with and without APF.

Fig. 5.30: Variation of THD, with time for 'three-step' and 'four-step' loading and
unloading of non-linear loads, for the cases with and without APF.
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For both, 'with APF' and 'without APF' cases the curve between THDV and time is

plotted here. The variation of harmonic voltage distortion (THDV) for every cycle of utility

voltage waveform is shown in Fig. 5.31 for single-step loading, Fig. 5.32 for two-step loading,

and Fig. 5.33 for three- and four- step loading. This demonstrates the effectiveness of the

proposed APF very noticeably. It is apparent from Fig. 5.31 to Fig. 5.33 that THDV has reduced

to 0.07% to 1.6 % (for maximum loading), for different-step loadings after harmonic

compensation using the proposed APF. For different-step loadings, their THDV for the case

without APF are also shown in their relevant figures. At the 'instants of load change' the THDv

gives the more clear view than THDi about the effectiveness of the proposed APF, as THDi is

having higher values at these instants due to presence of high DC current components in load

current during initial cycles of loading and unloading. It is also observed that the response of

the APF to the load variation is very quick.

It is significant to refer here that in multi-step loading, the loads are changing

dynamically at the rate of 200 %, 300 % and 400 % of the basic load. Even that the APF is

found capable of providing the compensation for all these loads, as well as the single-step

increasing loads. Results shown in Fig. 5.28 to Fig. 5.33 clearly elucidate that the proposed

APF is robust under random load variation /conditions.

>
Q
I

5.0-
• 111 1111

"
-r i i i i I 1 i i —n I i - i i i i ; i i i i i i i i i i i t -rr n i i i

Ii i
IT

•1

j-4-1- -1

III I

1

-

; 1 ! without APF

with APF
A ft -•t.U

1(1 .

j

,1 J

o.u

1 I
1

on .
z.u

|

' i;

•

-i n - [rill •

l.U

0.0- inrrrrtWrTlH++M milim |iin|nii|ini|iiii|iiii|ini K++4Hhm+J

-V\
Hnil Iiiiii 11 TfTiTrrTT tJ

T-coinr^o>^coinr^o>*-;cotnr»;o>T-;coint~-o>
oooooT^T^^T^^oioioioioicococococo

Time (sec.)

Fig. 5.31: Variation of THDv with time for Single-step (up to 10 steps) loading and
unloading of non-linear loads, for the cases with and without APF
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Fig. 5.33:

'

0.7 0.9 1.1

Time (sec.)

Fig. 5.32: Variation of THDV with time for two-step loading and unloading of
linear loads, for the cases with and without APF
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Variation of THDV with time for three-step and four-step loading and
unloading ofnon-linear loads, for the cases with and without APF
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5.6.1.2 Power Factor Improvement

The concept ofpower factor originated from the need to quantify how efficiently a

load utilizes the current it draws from an AC power source. For sinusoidal voltages and

currents, the apparent power (S) is given by:

s=>/p2+Q2 (5,22)
and the power factor is defined as ratio P/S and the power factor angle cp is

«t, =cos-^=tan-'Q (5-23)
Y S P

where S is the total volt-ampere power input from the utility, P is the active power

consumption and Q is the reactive power requirement of load. <p, power factor angle can also

be expressed as the phase angle between the fundamental components ofvoltage and current. If

dv and dj are the phase angles of the fundamental components of voltage and current,

respectively, then

coscp =cos (9yF -dip) (5.24)

For non-linear loads, cp is still defined as mentioned above, but it is called the displacement

angle and the apparent power (S) can be defined as

S=>2+Q2+D2 (5-25)

where, D is the distortion (harmonic) power requirement of non-linear loads.

An expression for distortion power factor can be arrived from THDi and THDV values, as

Distortion P.F. = w , =^~ (5-26)
i+(thdv/ioo)2 |.U+(thdt/ioo)2

By incorporating certain assumptions, the approximate form for true (total) power factor is

obtained as

True Power Factor =(cos cp). , yr-. =T (5.27)|̂ i+(thdv/ioo)2 J.|̂ i+(thdt/ioo) I
Thus, True Power Factor = (Displacement Power Factor) x (Distortion Power Factor) (5.28)
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The true power factor is the product of displacement power factor (which is the

same as fundamental power factor) and the distortion power factor asdefined above.

Apart from harmonic mitigation, FLC based APF is also providing the reactive

power compensation very effectively and improving the total power factor to unity. After
compensation, source currents are in phase with their respective source voltages, as the
difference in phase angles between the fundamental components of voltage and current is
reduced to almost zero. This reduction in the value ofangle cp, due to compensation provided

by the APF is also presented in Fig. 5.34 and Fig. 5.35, for single- and multi-step loading
correspondingly, which concludes that after compensation the utility currents are in phase with

the respective source voltages, as the angle cp becomes almost negligible after compensation.

The effect ofcompensation provided by the APF in terms of improvement oftrue power factor

is clearly observable as the Fig. 5.36 displays the true power factor at different loads before

(without APF) and after (with APF) compensation, for single-step load variation, while Fig.

5.37 depicts the same for multi-step load variation.
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Fig. 5.37: True power factor at different loads, before (without APF) and after (with
AT*) compensation, for multi-step load variation

5.6.1.3 Compensation of Load Current Unbalance

An unbalance in load currents is considered in two different cases. In case-1, load
current unbalance is realized by adding impedance in series ofphase 'B' circuit, and results are
shown in Fig. 5.38 to Fig. 5.41 along with Table-5.4. The comparison of load currents in three
different phases is presented in Fig. 5.38 for the 'without APF' condition while in Fig. 5.39 for
the 'with APF' condition. At the same time the evaluation of total harmonic distortion for load
currents in three different phases has been shown in Fig. 5.40 for 'without APF' condition and
inFig. 5.41 for the 'withAPF' condition.

In case-2, load current unbalance is considered by inserting two different
impedances in series of phase 'A' and phase 'C circuits, and results are depicted in Fig. 5.42
to Fig. 5.45 together with Table-5.5. The comparison of load currents in three different phases
is presented in Fig. 5.42 for the 'without APF' condition while in Fig. 5.43 for the 'with APF'
condition. At the same time the evaluation of total harmonic distortion for load currents in
three different phases has been shown for 'without APF' condition in Fig. 5.44 and for the
'with APF' condition in Fig. 5.45.
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It was found that API- with FLC based LIMITER is working properly for this

unbalance in load. A detailed simulation analysis for unbalanced load current condition

concludes that before compensation, phase load currents are unbalanced. After compensation,

currents are almost balanced, it is also observed that before compensation, current distortion

(THD,) for each phase current are very high, and after compensation, current distortion (THD,)

for each phase current is very well within the acceptable limit of 5% .

Tablc-5.4: Results for "case-1" of load current unbalance

1/3

E

o

Utility Current (without APF) Utility Current (with APF)

Phase A Phase B Phase C Phase A Phase B Phase C

RMS
THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)

6 60.5 12.9 19.75 34.87 61.11 11,00 45.45 2.41 46.53 2.10 47.22 2.38

7 52.2 13.9 19.01 34.32 52.24 12.58 39.78 2.26 40.61 1.96 41.23 2.26

8 45.9 14.9 18.32 33.84 46.07 13.95 35.5 2.11 36.16 1.80 36.7 2.12

10 37.0 16.4 17.03 33.04 36.97 16.19 29.41 1.91 29.87 1.58 30.29 1.90

12 31.0 17.7 15.89 32.42 30.9 17.93 25.25 1.70 25.59 1.37 25.92 1.76

15 25.0 19.2 14.39 31.73 24.84 19.89 20.98 1.48 21.21 1.16 21.45 1.52

20 19.0 20.9 12.39 30.99 18.78 22.10 16.49 1.24 16.63 0.95 16.79 1.31

25 15.3 22.2 10.85 30.55 15.15 23.57 13.66 1.06 13.76 0.85 13.86 1.15

30 12.9 23.1 9.64 30.26 12.72 24.60 11.7 1.12 11.77 0.87 11.83 1.24

35 11.1 23.7 8.664 30.08 10.97 25.36 10.23 1.13 10.28 0.97 10.33 1.17

40 9.83 24.3 7.864 29,95 9.659 25.95 9.097 1.15 9.14 1.08 9.186 1.23

42 9.38 24.5 7.583 29.91 9.218 26.15 8.715 1.09 8.751 0.98 8.798 1.20

43 9.17 24.6 7.45 29.89 9.013 26.24 8.542 1.20 8.575 1.10 8.618 1.31

44 8.97 24.7 7.321 29.87 8.817 26.33 8.365 1.30 8,405 1.24 8.448 1.31

45 8.78 24.9 7.197 29,86 8.629 26.42 8.211 1.20 8.226 1.06 8.278 1.33

49 8.09 25.1 6.739 29,81 7.954 26.73 7.6 1.15 7.63 1.07 7.665 1.31

53 7.51 25.7 6.334 29.77 7.378 27 7.085 1.32 7.112 1.38 7.151 1.56

56 7.12 25.5 6.062 29.74 6.998 27.17 6.731 1.42 6.744 1.31 6.777 1.56

67 5.99 26.0 5.233 29.69 5,891 27.68 5.731 1.58 5.748 1.61 5.767 1.71

99 4.11 27.0 3.742 29.66 4.042 28.55 4.002 2.30 4.017 2.22 4.009 2.27
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Fig. 5.38: Variation of load current with "value of 'R' on DC side of non-linear
load" before compensation (without APF), for case-1 of load current
unbalance
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Fig. 5.39: Variation of load current with "value of 'R' on DC side of non-linear
load" after compensation (with APF), for case-1 of load current
unbalance.
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Fig. 5.41: Variation of THDi with "value of 'R' on DC side of non-linear load" after
compensation (with APF), for case-1 of load current unbalance.
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TabIe-5.5: Results for "case-2" ofload current unbalance

VI

E
JB
O

OS

Utility Current (without APF) Utility Current (with APF)

Ph ase A Phase B Phase C Phase A Phase B Phase C

RMS
THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
6 32.99 8.11 36.03 9.84 15.88 18.36 28 1.86 27.17 1.72 27.53 1.69

7 30.22 9.17 32.93 10.76 15.22 19.58 25.88 1.78 25.16 1.65 25.45 1.56

8 27.89 10.17 30.32 11.62 14.64 20.57 24.07 1.78 23.43 1.58 23.7 1.53

10 24.19 11.98 26.2 13.16 13.63 22.07 21.19 1.61 20.68 1.45 20.88 1.36

12 21.38 13.56 23.08 14.49 12.77 23.13 18.98 1.52 18.56 1.36 18.71 1.25

15 18,23 15.52 19.61 16.14 11.69 24.22 16.46 1.47 16.14 1.24 16.26 1.14

20 14.68 17.99 15.71 18.24 10.27 25.34 13.55 1.26 13.32 1.16 13.4 1.06

25 12.33 19.78 13.13 19.79 9.163 26.01 11.56 1.32 11.4 1.07 11.46 0.99

30 10.64 21.12 11.29 20.98 8.271 26.46 10.09 1.29 9.973 1.02 10 0.98

35 9.376 22.16 9.911 21.91 7.536 26.79 8.974 1.18 8.877 1.01 8.896 0.98

40 8.386 22.98 8.837 22.67 6.921 27.04 8.079 1.31 7.99 1.21 8.012 1.09

42 8.048 23.27 8.471 22.93 6.702 27.12 7.767 1.23 7.694 1.07 7.712 1.08

43 7.889 23.40 8.299 23.06 6.597 27.16 7.629 1.22 7.563 1.04 7.58 1.17

44 7.737 23.53 8.134 23.18 6.496 27.20 7.49 1.33 7.418 1.25 7.431 1.28

45 7.59 23.65 7.976 23.29 6.398 27.24 7.353 1.24 7.294 1.11 7.305 1.11

49 7.058 24.10 7.4 23.72 6.033 27.37 6.863 1.42 6.805 1.30 6.819 1.37

53 6.596 24.50 6.904 24.10 5.707 27.49 6.43 1.41 6.377 1.23 6.399 1.34

56 6.289 24.76 6.573 24.35 5.484 27.57 6.146 1.49 6.108 1.38 6.119 1.40

67 5.375 25.54 5.594 25.11 4.798 27.81 5.287 1.66 5.248 1.57 5.259 1.67

99 3.788 26.91 3.908 26.48 3.516 28.26 3.77 2.10 3.75 1.99 3.748 2.26

—
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Fig. 5.42: Variation of load current with "value of 'R' on DC side of non-linear
load" before compensation (without APF), for case-2 of load current
unbalance.
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Fig. 5.43: Variation of load current with "value of 'R' on DC side of non-linear
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compensation (with APF), for case-2 of load current unbalance.
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5.6.1.4 Compensation of Source Voltage Unbalance:

Voltage unbalance is regarded as an increasing power quality problem of significant

concerns at the distribution level. Voltage unbalance in a three-phase electric system is a

condition in which the phases have different voltage magnitude or an angular displacement

among the phases different from 120 electrical degrees, or even both conditions

simultaneously. In practical systems, the supply is usually unbalanced to a certain extent. The

unbalance in the supply system causes unbalanced load currents that may lead to further

distortion.

Here, an unbalance in source voltage is considered in three different cases. These

three cases of source voltage unbalance represent all three conditions discussed earlier, i.e. (i)

three-phase source voltage magnitude unbalance, (ii) two-phase angle unbalance, and (iii)

combination of 'three-phase source voltage magnitude unbalance' and 'two-phase angle

unbalance'.

5.6.1.4.1 Case-1: Three-phase source voltage magnitude unbalance

In case-1, the three-phase unbalanced mains voltages are considered as:

Va =281.50 Z0*

Vb =288.41Z 240* (5.29)

VC=319.88Z120*

For this set of three-phase mains voltages, the value of voltage unbalance factor

(VUF) is calculated as 4 % and the results are shown in Fig. 5.46 to Fig. 5.49 along with

Table-5.6. The comparison of load currents in three different phases is presented in Fig. 5.46

for the 'without APF' condition while in Fig. 5.47 for the 'with APF' condition. At the same

time the evaluation of total harmonic distortion for load currents in three different phases has

been shown in Fig. 5.48 for 'without APF' condition and in Fig. 5.49 for the 'with APF'

condition.
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5.6.1.4.2 Case-2: Two-phase angle unbalance

In case-2, the three-phase unbalanced mains voltages are considered as:

Va =325 ZO*

V>=325Z23'-'* (5.30)
VC=325Z116*

For this set of three-phase mains voltages, the value of voltage unbalance factor
(VUF) is calculated as 4%and the results are shown in Fig. 5.50 to Fig. 5.53 along with
Table-5.7. The comparison of load currents in three different phases is presented in Fig. 5.50
for the 'without APF' condition while in Fig. 5.51 for the 'with APF' condition. At the same
time the evaluation of total harmonic distortion for load currents in three different phases has
been shown in Fig. 5.52 for 'without APF' condition and in Fig. 5.53 for the 'with APF'
condition.

5.6.1.4.3 Case-3: Combination of three-phase source voltage magnitude unbalance
(case-1) and two-phase angle unbalance (case-2)

In case-3, the combination of three-phase source voltage magnitude unbalance
(case-1) and two-phase angle unbalance (case-2) is taken up for study the three-phase
unbalanced mains voltages are considered as:

Va =281.50 ZO*

Vb =288.41Z 231.9* (531)
Vc =319.88 Zl 16*

For this arrangement of three-phase mains voltages, results are depicted in Fig. 5.54
to Fig. 5.57, together with Table-5.8. The comparison of load currents in three different phases
is presented in Fig. 5.54 for the 'without APF' condition while in Fig. 5.55 for the 'with APF'
condition. At the same time the evaluation of total harmonic distortion for load currents in

three different phases has been shown for 'without APF' condition in Fig. 5.56 and for the
'with APF' condition inFig. 5.57.
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From these test results it has been demonstrated that APF with FLC based

LIMITER is working pertinently under three different possible cases of unbalanced source

voltages. This unbalance in the supply system causes unbalanced load currents and

consecutively higher values of phase current distortion. It is lucidly observable that after

compensation, currents are almost balanced. The APF is found capable to compensate the

current distortion (THDi) for each phase current, very well within the acceptable limit of 5%

which was very high before compensation.

Table-5.6: Results for "case-1" of source voltage unbalance (3-phase voltage magnitude
unbalance)

£
xi
o

06

Utility Current (without APF) Utility Current (with APF)

Phase A Phase B Phase C Phase A Phase B Phase C

RMS
THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)

6 59.59 28.15 60.23 27.67 63.39 25.00 62.64 0.79 62.83 1.07 62.75 1.05

6.5 55.19 28.33 55.76 27.86 58.7 25.16 57.92 0.76 58.07 0.83 57.99 0.67

7 51.39 28.48 51.91 28.03 54.66 25.3 53.84 0.67 53.96 0.76 53.93 0.82

8 45.17 28.74 45.62 28.31 48.05 25.54 47.23 0.65 47.35 0.76 47.3 0.68

9 40.29 28.96 40.68 28.54 42.86 25.73 42.05 0,62 42.15 0.75 42.11 0.74

10 36.37 29.13 36.71 28.73 38.68 25.89 37.9 0.71 37.99 0.71 37.97 0.72

11 33.14 29.29 33.45 28.89 35.25 26.03 34.46 0.55 34.56 0.68 34.54 0.57

12 30,44 29.42 30.72 29.03 32.37 26.15 31.62 0.44 31.72 0.65 31.62 0.65

13 28.14 29.53 28.4 29.15 29.93 26.25 29.23 0.60 29.32 0.55 29.29 0.49

14 26.17 29.63 26.41 29.25 27.83 26.34 27.17 0.56 27.23 0.61 27.24 0.58

15 24.45 29.72 24.68 29.34 26.01 26.42 25.37 0.55 25.43 0.60 25.44 0.53

16 22.95 29.80 23.16 29.42 24.41 26.49 23.8 0.63 23.86 0.59 23.87 0.67

18 20.44 29.94 20.62 29.56 21.73 26.61 21.18 0.60 21.22 0.59 21.25 0,60

20 18.42 30.05 18.59 29.68 19.59 26.71 19,07 0.64 19.14 0.62 19.15 0.61

22 16.76 30.15 16.92 29.77 17.83 26.80 17.35 0.67 17.41 0.64 17.43 0.72

24 15,38 30.23 15.52 29.85 16.36 26.87 15.93 0.73 15.99 0.84 15.99 0.80

26 14.21 30.30 14.34 29.92 15.11 26.93 14.7 0.76 14.75 0.71 14.77 0.65

28 13.2 30.36 13.33 29.98 14.04 26.99 13.68 0.93 19.41 1.02 13.73 0.99

30 12.33 30.42 12.44 30.03 13,11 27.03 12.77 0.97 12.8 0.84 12.83 0.88

34 10.89 30.51 10.99 30.11 11.58 27.11 11.27 0.80 11.31 1.00 11.33 0.95

38 9.75 30.58 9.843 30.18 10.37 27.18 10.09 1.17 10.13 1.16 10.17 1.18

42 8.827 30.65 8.912 30.24 9.388 27.23 9.154 1.39 9.187 1.39 9.206 1.20

46 8.063 30.70 8.141 30.29 8.576 27.27 8.346 1.30 8.383 1.29 8.409 1.24

50 7.421 30.74 7.494 30,32 7.894 27.31 7.692 1.51 7.737 1.54 7.769 1.43

55 6.75 30.79 6.816 30,36 7.18 27.35 6.987 1.83 7.021 1.74 7,048 1.55

68 5.464 30.88 5.518 30.44 5.812 27.42 5.687 2.04 5.706 2.10 5.728 2.10

80 4.646 30.94 4.694 30.49 4.943 27.47 4.84 2.53 4.859 2.39 4.902 2.16

99 3.757 31.00 3.795 30.55 3.997 27,52 3.929 3.03 3.945 2.76 3.973 2.43
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Table-5.7: Results for "case-2" of source voltage unbalance (2-phase angle unbalance)

E

o

Utility Current (without APF) Utility Current (with APF)

Phase A Phase B Phase C Phase A Phase B Phase C

RMS
THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)

6 68.16 25.93 6826 25.88 64.05 29.00 69,22 1.62 69 1.32 69.11 1.49

6.5 63.11 26.11 63.21 26.04 59.31 29.19 6399 1.66 63.77 1.29 63.86 1.45

7 58.76 26.27 58.87 26.17 55.22 29.36 59.48 1.56 59.28 1.19 59.34 1.28

8 51.64 26.54 51.75 26.41 48.53 29.64 52.13 1.33 51.97 1.07 52.02 1.27

9 46.06 26.76 46.16 26.60 43.29 29.87 46.38 1.36 46.24 1.09 46.23 0.97

10 41.56 26.94 41.67 26.76 39.07 30.06 41.79 1.31 41.7 1.22 41 66 0.85

11 37 87 27.09 37.97 26.9 35.6 30.22 38.02 1.04 37.89 0.78 37.89 0.86

12 3478 27.22 34.87 27.01 32.69 30.36 34.89 1.04 3477 0.84 3478 0.89

13 32.15 27.34 32.24 27.12 30.23 30.48 32.22 0.79 32.12 0.66 32.11 0.65

14 29 9 27.44 29 98 27.21 28 1 1 30.58 29.94 0.76 2985 0.67 29.82 0.69

15 27 94 27.52 28.02 27.29 26.26 30.67 27 96 0.88 27 88 0.64 27 86 0.81

16 26.22 27.60 26.29 27.36 2465 30.76 26.23 0.89 26 16 0.83 26.13 0.72

18 23.35 27.73 23.41 27.49 21 95 30.90 23,34 0.90 23.26 0.70 23.23 0.83

20 21.4 27.84 21.1 27.59 19.78 31.02 21.00 0.62 20.96 0.76 20.93 0.75

22 19.15 27.93 19.2 27.68 18 31.11 19.12 0.69 19.07 0.78 19.04 0.61

24 1757 28.00 17.62 27.75 16.52 31.20 1754 0.79 17 49 0.77 17.46 0.57

26 16.23 28.07 16.28 27.82 15.26 31.27 16.2 0.80 16.15 0.71 16.12 0.78

28 1508 28.12 15.13 27.88 14,18 31.33 15 04 0.74 15.01 0.72 14 97 0.77

30 14.09 28.17 14.13 27.93 13,24 31.39 14.06 0.82 14.03 0.93 13.98 0.82

34 12.44 28.26 12.48 28.01 11.7 31.48 12.41 1.00 12.38 0.99 12.33 0.94

38 11.14 28.32 11.17 28.08 10.47 31.56 11.13 0.98 11.09 0.88 11.03 0.94

42 10.09 28.37 10.11 28.14 9.483 31.62 10.08 1.05 10.06 1.06 10 1.03

46 9 215 28.42 9238 28.19 8.663 31.67 9.199 1.01 9.184 1.06 9.12 1.09

50 8.482 28.46 8.502 28.23 7.974 31.71 8.473 1.27 8.458 1.30 8.395 1.28

55 7.715 28.49 7.73 28.27 7.252 31.76 7.714 1.32 7.681 1.31 7.626 1.28

68 6.246 28.57 6.26 28.36 5.871 31.85 6.251 1.70 6.249 1.85 6.19 1.84

80 5.312 28.61 5.323 28.41 4.993 31.9 5.33 1.84 5.312 2.08 5.257 1.88

99 4296 28.61 4.304 28.47 4037 31.97 4.33 2.08 4305 2.22 4.239 2.39
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Table-5.8: Results for "case-3" of source voltage unbalance (combination of 3-phase
voltage magnitude and 2-phase-angle unbalance)

E

o

a

Utility Current (without APF) Utility Current (with APF)

Phase A Phase B Phase C Phase A Phase B Phase C

RMS
THD,

(%)
RMS

THD,

(%)
RMS

THD,

(%)
RMS

THDr

(%)
RMS

THD,

(%)
RMS

THD,

(%)

6 60.59 27.19 61.24 26.65 61.02 26.83 62.97 0.82 63.00 0.94 62.96 0.75

6.5 56.1 27.37 56.71 26.82 56.5- 27.01 58.21 0.82 58.21 0.85 58.19 0.85

7 52.24 27.52 52.8 26.98 52.61 27.16 54.1 0.76 54.11 0.79 54.11 0.89

8 45.91 27.79 46.4 27.24 46.24 27.42 47.39 0.54 47.4 0.55 47.38 0.61

9 40.95 28 41.39 27.45 41.25 27.63 42.17 0.60 42.2 0.54 42.17 0.49

10 36.96 28.18 37.36 27.63 37.23 27.8 38.01 0.52 38.01 0.41 38.0 0.52

11 33.67 28.34 34.04 27.78 33.92 27.95 34.59 0.58 34.6 0.53 34.56 0.53

12 30.93 28.47 31.26 27.91 31.15 28.08 31.74 0.60 31.73 0.53 31.72 0.62

13 28.59 28.58 28.9 28.02 28.8 28.19 29.3 0.63 29.33 0.60 29.29 0.54

14 26.59 28.68 26.87 28.12 26.78 28.29 27.23 0.50 27.24 0.53 27.23 0.48

15 24.85 28.77 25.11 28.20 25.03 28.38 25.42 0.53 25.45 0.52 25.43 0.50

16 23.32 28.85 23.57 28.28 23.49 28,45 23.87 0.59 23.87 0.62 23.87 0.58

18 20.76 28.98 20.99 28.41 20.91 28.59 21.22 0.62 21.23 0.67 21.22 0.68

20 18.71 29.09 18.91 28.52 18.85 28.7 19.13 0.67 19.12 0.63 19.13 0.70

22 17.03 29.19 17.21 28.61 17.16 28.79 17.39 0.73 17.4 0.63 17.39 0.7

24 15.63 29.27 15.8 28.69 15.74 28.87 15.97 0.74 15.97 0.7 15.95 0.7

26 14.44 29.33 14.59 28.76 14.54 28.94 14.75 0.89 14.74 0.74 14.74 0.89

28 13.41 29.39 13.56 28,82 13.51 28.99 13.7 0.8 13.7 0.86 13.7 0.84

30 12.53 29.45 12.66 28.87 12.62 29,05 12.81 0.95 12.8 0.96 12.8 0.8

34 11.07 29.53 11.18 28.96 11.15 29.13 11.31 1.07 11.32 0.94 11.31 1.08

38 9.908 29.6 10.01 29.03 9.98 29.20 10.13 1.19 10.13 1.12 10.12 1.24

42 8.97 29.66 9.067 29.08 9.035 29.26 9.184 1.4 9.176 1.32 9.185 1.34

46 8.195 29.71 8.283 29.13 8.254 29.31 8.377 1.28 8.396 1.25 S.402 1.29

50 7.542 29.75 7.624 29.17 7.597 29.35 7.715 1.32 7.733 1.47 7.729 1.46

55 6.86 29.79 6.934 29.21 6.909 29.4 7.021 1.59 7.027 1.81 7.025 1.62

68 5.553 29.88 5.613 29.3 5.593 29.48 5.703 1.99 5.724 2.10 5.709 1.94

80 4.723 29.93 4.774 29.35 4.757 29.54 4.868 2.41 4.887 2.51 4.865 2.30

99 3,819 29.99 3.86 29.41 3.846 29.60 3.945 2.81 3.956 2.76 3.939 2.87
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5.7 COMPARISON OF DC AND AC LOAD CURRENT SENSING METHODS

As the DC load current is sensed from the load side of rectifier while AC load

current is sensed from utility side of rectifier, on making comparison between these two load

current sensing methods it is observed that in technique-1 (DC load current sensing method)

operating range is lesser than in technique-2 (AC load current sensing method) due to its

known relation between AC load current and its equivalent DC load current. Incase of AC load

current sensing method the operating range is increased by a factor V2 . Another advantage of

AC load current sensing method is that in this method no additional arrangement is to be made

for load current sensing for FLC, as the AC load current sensing is already being done for FLC

with constant limiter, which is using the load current for hysteresis band (HB) current control

method in pulse generation for inverter. There is not much difference in two methods as the

performance is concerned except that at the points of load change (i.e. after every 10 cycles),

the harmonic compensation is faster (i.e. takes lesser no. of cycles in bringing down the THDi

value below 5 %) for trapezoidal membership function than triangular membership function.

5.8 CONCLUDING REMARKS

The APF offers an unprecedented ability to clean the power system network from

harmonics. This work demonstrate the validity of an APF controlled by fuzzy-expert system

based variable limiter, which is found competent of handling a large range of variation in load

current. The results of simulation study with proposed APF control techniques as discussed in

this chapter are found quite acceptable to mitigate harmonics and eliminate reactive power

components from the utility current. The proposed shunt APF is also found suitable in

controlling the unbalanced distorted load currents caused by load unbalance and source voltage

unbalance, and making them balanced and sinusoidal after compensation. These conclusions

about the APF performance are authenticated by rigorous simulation study. It is evident from

simulation results that the proposed topology is simpleand robust as it is based on sensing load

currents only, and is capable of providing compensation for random and dynamic load
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variations to meet the IEEE-519 standard requirements for harmonic limits. The proposed

shunt APF enhances the system efficiency as it does not process the active power delivered to

the load and results in sinusoidal, unity power factor and balanced utility currents.
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CHAPTER VI

CONCLUSIONS

6.1 GENERAL

In the scope of this thesis a through and systematic study on power quality

investigations is presented, through a series of steps. Power quality deterioration has two

unusual aspects: one is transient disturbance (i.e. voltage sags, swells, impulses etc.) and

another is steady state disturbances (i.e. harmonic distortion, unbalance, flicker etc.). This work

is a discussion on the second aspect of power quality. In the first step, a wide background of

these two attributes of power quality, in terms of causes and effects are presented.

The significance of harmonics in power systems has increased substantially due to

their magnified impact on power systems caused by significantly increasing use of

semiconductor based non-linear devices /power-electronic components. Power-electronic has

provided a better management and control of electric power as the systems used for controlling

different applications using power-electronics are more efficient, dynamic, faster in response,

economical and smaller in size. But, ironically these also act as main perpetrator of harmonic

pollution. The interest in harmonics (voltage or current distortion) involves all three parties

concerned with the power industry i.e. utility companies, equipment manufacturers and electric

power customers. Possibly due to this concern only, harmonic distortion has become most

researched and most published among all the power quality disturbances, especially over the

last few decades.

In second step, two different case studies are performed to quantify the harmonic

contents in power system in case of single /multiple PC loads for different operating conditions

and processing modes; and a variety of modern home appliances and equipments having

different power levels. It is illustrated here that the parameters, which have an effect on

harmonics produced in the line current are multiplicity of PC loads, mode of operation, and

status of monitor. It is shown that presence of UPS also affects the harmonic distortion.

Furthermore, it is also observed that attenuation and diversity are two important factors while

studying the harmonic behavior of single-phase nonlinear loads, in particular for the higher

order harmonic components.
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Voltage unbalance in three phase electric system is acondition in which the three-
phase voltages differ in magnitude and /or does not have its normal 120° phase relationship.
While it is practically unfeasible to make available aperfectly balanced supply system to a
customer, every attempt has to be taken to minimize the voltage unbalance to reduce its effects
on customer loads, i.e. high dc distortion, over voltages and high currents, excessive losses in
other rotating machines, KVAr inductive meter errors, protection relay malfunction, etc.

In third step, the effect of source voltage unbalance is studied with respect to the
changes in magnitude as well as phase angles in individual phases, and in different possible
combinations of phases for arectifier load. In recent years, the three phase ac-dc rectifiers are
finding great industrial utility. The static power converters are nonlinear in nature and
consequently they generate harmonics into the supply. Unbalanced rectifier currents cause
detrimental effects including: uneven current distribution over the legs of the rectifier bridge
that increases the conduction loss and may cause failure of rectifying devices; increased rms
ripple current in the smoothing capacitor; increased total rms line current and harmonics. Also,
the input current harmonics are not restricted to the converter characteristic harmonics, and
non-characteristic triplen harmonics appear which may make the power factor and system
efficiency very low along with the undesirable harmonic distortion in the output.

In practical systems, the supply is usually unbalanced to acertain extent due to
various unavoidable reasons, which aggravates the complications of harmonic generations.
This work presents adetailed analytical study on the effect of voltage unbalance in the supply
system on the performance of athree-phase AC-DC rectifier under various typical voltage
unbalance cases. These different possible cases of unbalance have different noticeable impacts
on the harmonic characteristics. Thus, it is not merely adequate to know the percentage of
voltage unbalance, but it is equally significant to know the composition /type of unbalance.
Four different definitions of source voltage unbalance are calculated for these unbalance cases
and it is observed that relation between their numerical values varies for avariety of voltage
unbalance cases. Even single-phase voltage unbalance influences the rms magnitude as well as
THD, of current waveforms of all three phases. The cases up to three-phase voltage unbalance
have been considered to confirm the results.
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An attempt has been made to recognize the responsibility of sequence voltage

components in voltage unbalance analysis in existence of harmonics. It is found that the

harmonic pattern is decided by the degree of voltage unbalance (VUF). Positive sequence

voltage component (V,) controls the magnitude of dc output parameters, while their distortion

is found relative to negative sequence voltage component (V2).

For a balanced three phase system with balanced operating conditions, the phase

harmonic currents have equal magnitudes and a known phase sequence. Hence, analysis ofonly

one phase is carried out. But in case of unbalanced system, harmonic content of each phase

current differs with other phases and the difference in various phase harmonic component and

their distortion levels can be significant. To simplify the harmonic current analysis in three

different phases a new term "Phase Total Harmonic Distortion Unbalance Factor" (PTHDUF)

is introduced. As the voltages become more unbalanced (i.e. % VUF increases), the PTHDUF

increases in proportional to the degree of unbalance (%VUF). The variation of different

characteristic and non-characteristic harmonics is investigated to understand the sensitivity of

current harmonic components to different unbalance voltage operating conditions. A full

understanding of sensitivity of the current harmonic components to different unbalance voltage

operating conditions is also obtained.

A detailed analytical study gave the following results:

(i) Definitions of voltage unbalance for l-O cases

• As for as single-phase voltage magnitude unbalance (either UV or OV) is

concerned, the magnitudes of PVURl, PVUR, LVUR and VUF are seen to be in

the ratio of 3:2:1:1,

• For higher VUF (more than 10 %), LVUR happens to be little lower than VUF in

case of single-phase under-voltage unbalance,

• For the single-phase over-voltage unbalance, the LVUR happens to be little higher

than VUF,

• In case of single-phase angle variation (either CW or ACW), magnitudes of

PVURl and PVUR are zero, and LVUR happens to be lower than VUF

throughout the unbalance.
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(ii) Definitions ofvoltage unbalance for eight different cases

It isclearly observable that for the same VUF,

LVUR has lowest value for 1-O angle unbalance, and highest value for 1- Oover-

voltage (OV) unbalance,

. In case of phase angle movement unbalance, the LVUR is always higher for 2-
Ophase angle movement unbalance case in comparison to 1-phase angle
movement unbalance case,

. Comparison between the l-O angle unbalance cases and l-O UV (magnitude)
unbalance cases, concludes that LVUR is always little lower than VUF,

For the case of phase angle unbalance, change in value of V, is almost negligible,
while the value of V2 is almost comparable with other cases.

(iii) Effect on DC parameters ofAC-DC rectifiers

The existence of negative sequence voltage component (V2) in power system

indicates the presence of unbalance,

Negative sequence voltage component (V2) increases with the increase in VUF,

• The change in value of positive sequence voltage component (Vi) depends on the
type of unbalance as the V, increases for OV unbalance and decreases for UV
unbalance with increasing VUF,

• Positive sequence voltage component (V,) regulates the magnitude of DC output
parameters, while distortion in DC output parameters is proportional to negative
sequence voltage component (V2),

For single-phase angle unbalance case the change in value of positive sequence
voltage component (V,) is very small, i.e. for 10% change in VUF, the V, changes
by 1.0% and for 16% change in VUF, the V, changes by 2.5% only,
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• The same pattern ofvariation is reflected in magnitudes ofDC output parameters,

• Negative sequence voltage component (V2) increases with the increase in degree

of unbalance (VUF),

• Distortion ofDC output parameters is found increasing with the increase in V2,

• In a typical case where the VUF is regulated only by increasing the value of

negative sequence voltage component (V2) and keeping positive sequence voltage

component (V,) constant, it is found that magnitude of DC output parameters

remains constant throughout the variation of VUF, while their distortion increases

with increasing VUF,

• In a different condition, where two different cases are compared for unequal phase

angle movements of two different phasors in opposite and similar direction, it is

observed that in both cases, even with different three-phase source voltages, at

every step of increasing VUF, the positive (V,) and negative sequence voltage

component (V2) have similar values, and thus having identical DC output

parameters and their distortion,

• As the VUF increases, the TH^ of three different phases also vary depending on

the nature of unbalance. But degree of voltage unbalance (VUF) has no effect on

the averageTHDiofall three differentphases, i.e. it remains almost constant.

» Phase Total Harmonic Distortion Unbalance Factor (PTHDUF) has been proposed

as an effective measure of voltage source unbalance in presence of harmonic

distortion, as it is found to be

(a) Proportional to degree (VUF) of voltage unbalance

(b) Reasonably characteristic for the type (voltage magnitude

/phase angle movement) and degree (VUF) of voltage

unbalance.
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(iv) Effect on AC parameters of AC-DC rectifiers

• Even a single-phase supply voltage unbalance has its qualitative impact on AC
current waveforms and its parameters (rms value and THDi) of all three phases

(IA, IB, and Ic),

. It is observed that for increasing value of rms current, the THDi decreases and

vice-versa,

• 'The change' in voltage magnitude (either UV or OV) 'most affects' the phase in

which the supply voltage unbalance is taking place,

• THDi decreases for the phase in which voltage value is increased and vice-versa,

• 'The change' in voltage phase angle (either CW or ACW) 'least affects' the phase
in which the phase angle movement is taking place, and 'most affects' the phase

towards which it is moving,

• For the CW movement ofthe phase in which the phase angle movement is taking

place, the rms value of utility current and its THDi are constant for any value of

VUF,

• For ACW movement of the phase in which the phase angle movement is taking

place, the THDi slightly increases and accordingly, load current magnitude

decreases, with increasing VUF,

• THDi is found increasing for the phase towards which the voltage phasor (under

movement) is approaching and decreasing for the phase from which it is moving

away. This observation is valid for the single-phase voltage unbalance due to
movement (CW or ACW) of any voltage phasor (A, B or Q considered

individually at a time,

• Ifvoltage unbalance is present in more than one phase, then the combination of
unbalance voltages may nullify the detrimental effect of different individual

voltage unbalances and the net effect (as the value of VUF) is very much

reduced,
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• For cases with voltage unbalance in two or three phases, analysis is done as the

combination of two or three cases ofsingle phase voltage unbalance. This analysis
> is presented for eight different possible cases of voltage unbalance with four

distinctive values of VUF and it is observed that estimated values of THD, (in
three different phases) are found very close (almost equal) to the actual values,

• The data sheet developed can be used in analyzing any combination of source

voltage unbalance, and finding the results for corresponding harmonic distortion.

It can also be used in assessment of voltage unbalance (VUF) with the available
•X- knowledge of harmonic distortion.

In final step, the concept of an active power filter to control the harmonics under

'variable load' conditions is presented. A fuzzy-expert system to control the performance of
shunt active power filter is developed. The suggested control strategy imparts the following
special features:

• It is simple, cost-effective, efficient, and reliable.

(

• Easily adaptable for randomly, and dynamically varying nonlinear load currents.

• It provides harmonic current and reactive power compensation simultaneously.

• Furthermore, it is also compensating for unbalanced utility currents due to

unbalance either in loads or in the three phase supply voltages.

$ The proposed APF control method results in almost sinusoidal, unity power factor,

and balanced utility current operation of non-linear loads with harmonic current, reactive, and

unbalanced components.

As the power quality issues are gaining the attention and concern of various

researchers, because of large diffusion of non-linear and time varying single phase and three

phase loads and their interactions with the distribution networks in residential, commercial and

industrial areas, it has become very essential that unbalance phenomena in presence of

harmonic distortion should also be well monitored, detected and corrected. The work

presented here is an endeavor in this direction.
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6.2 SCOPE FOR FUTURE WORK

Unbalanced supply conditions and unbalanced and /or nonlinear loads are the most

common and realistic situations for most power conversions. It is, therefore, very important to

know in advance how the power system will behave under new conditions. The data sheet

developed can be used in analyzing any combination of source voltage unbalance, and finding

the results for corresponding harmonic distortion. It can also be used in assessment of voltage

unbalance (VUF) with the available knowledge of harmonic distortion.

In future, various possible cases of voltage unbalance, other than the cases studied

so far, can also be taken up for further studies. These results for different voltage unbalance

cases may be used to train the expert system, which could be helpful to investigate and

characterize the type and quantity of voltage unbalance present in three-phase system. This

information can help to identify threatening conditions in a power system and using this

information the operator can use implement the corrective measures, in time.

A closer study on the case of multiple nonlinear devices under the influence of

unbalance supply conditions can be the subject of future considerations, where a holistic

approach combining statistical data of loads and network impedances with measurement based

analytical methods can improve the thoroughnessof the analysis.
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