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Abstract
Electric power as a commodity is very different from other products – it is generated far from the
point of use, is fed to the grid together with the output of many other generators and arrives at the
point of use via several transformers and many kilometers of overhead and possibly underground
cabling. Quality check of power is very important. But it has constantly been polluted by both
consumers (non-linear loads) and utility companies (due to increased use of semi conductor based
power processors). Assuring the quality of delivered power to be good enough for the application at
hand calls for measurement and study of power quality at the point of common coupling.
There are various categories of Power Quality issues. Issues related to voltage amplitude variations
will include voltage sags/dips and voltage swells. Issue related to frequency is harmonics in the power
system. Short term problems include transients and momentary interruptions. We have carried out a
brief study of all these PQ issues, and problems caused by them.
Developments in the field of power electronics has brought tremendous power processing capability
to engineers but it has also polluted the power system with harmonics. Then there are non linear loads
that inject harmonics in the power system. Measurement and estimation of harmonics in power system
has become one of the most important tasks in the hands of power system engineers for increasing
reliability and quality of supplied power. For harmonic analysis FFT based schemes are unable to give
enough information for PQ mitigation. So researchers have been attempting other methods to estimate
harmonics in sampled voltage and current signals. Among these; least square estimation, for
estimating amplitudes and particle swarm optimization with passive congregation, for estimating
phase and frequency used together has most attractive features of compactness and fastness. We have
developed a harmonic estimator based on LSE and PSOPC to estimate amplitude, phase and
frequency of the sampled signal. We have used the estimator on real time data acquired using a digital
storage oscilloscope in Electrical Machines Laboratory of Department of Electrical Engineering at
NIT Rourkela. The results for estimating integral harmonics are attractive and encourage researchers
to modify the estimator code to make it able to estimate inter-harmonics and sub-harmonics also.
iii
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Chapter 1 Introduction
Electrical power has become the 4th essential element for survival of our modern civilized
world after bread, clothing and shelter. Our civilization has commoditized all these elements.
What makes electric power different from other commodities is that it requires a continuous
flow - it cannot be conveniently stored in quantity - and it cannot be subject to quality
assurance checks before it is used. For commodity of this type, the reliability of the supply
must be known and the pliability of the supply dependent processes must be understood.

Electric power is actually very different from any other product – it is generated far from the
point of use, is fed to the grid together with the output of many other generators and arrives at
the point of use via several transformers and many kilometers of overhead and possibly
underground cabling. Where the industry has been deregulated, these network assets will be
owned, managed and maintained by a number of different organizations. Assuring the quality
of delivered power at the point of use is no easy task – and there is no way that sub-standard
electricity can be withdrawn from the supply chain or rejected by the customer.

From the consumers’ point of view the problem is even more difficult. There are very limited
statistics available on the quality of delivered power, but the acceptable quality level as
perceived by the supplier (and the industry regulator) may be very different from that
required, or perhaps desired, by the consumer. The most obvious power defects are complete
interruption (which may last from a few seconds to several hours) and voltage dips or sags
(where the voltage drops to a lower value for a short duration). Naturally, long power
5

interruptions are a problem for all users, but many operations are very sensitive to even very
short interruptions. Examples of sensitive operation are:
•

Continuous process operations, where short interruptions can disrupt the
synchronization of the machinery and result in large volumes of semi-processed
product. A typical example is the paper making industry where the clean-up operation
is long and expensive.

•

Multi-stage batch operations, where an interruption during one process can destroy
the value of previous operations. An example of this type is the semiconductor
industry, where the production of a wafer requires a few dozen processes over several
days and the failure of a single process is catastrophic.

•

Data processing, where the value of the transaction is high but the cost of processing
is low, such as share and foreign exchange dealing. The inability to trade can result in
large losses that far exceed the cost of the operation.

These are examples of the most sensitive industries, but it is surprising how many apparently
mundane operations have quite critical power supply requirements. Examples include large
retail units with computerized point of sale and stock control equipment and manufacturing
plant with distributed control.

1.1 Motivation of the Thesis
The importance of clean power has become very vital these days. But which type of power
can be said as clean power may depend upon one’s reference frame. The same power can be
clean for one user and polluted for the other. So it is very necessary to decide on the criteria
of power quality. In this regard one need to get familiar with various Power Quality issues in
general. So study of power quality is very important.
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The rapid developments in the field of high capacity semi-conductor devices has on one hand
brought increased power processing capability to our service (which we wished for) and on
the other hand it has polluted the power system a lot by injecting current harmonics to it
(which we never wished for). Apart from power processors, there are many other non linear
loads that inject harmonic currents. The irony of situation is that the device that injects
harmonics in the power system is most affected by the polluted power. These power
processors are very sensitive to harmonics and they mal-operate in presence of harmonics,
sometimes creating havoc. If control scheme of these devices is not operating perfectly, they
inject non-characteristic harmonics, and sometimes inter-harmonics and sub-harmonics also.
So cognition of these harmonics is very essential for the purpose of successful mitigation.
Harmonic estimation thus, is very important.

1.2 Organization of the Thesis
The thesis has two major goals 1) study of power quality, and 2) Harmonic Estimation in
sampled data. We have divided the thesis in two sections, first section (chapter 2) deals with
introduction to power quality, and second section (chapter 3 onwards) is related to
measurement and estimation of harmonics in power system.

Chapter 2 gives introduction to power quality. Various power quality issues, problems caused
by them and solution to these problems have been discussed in brief in this chapter. Criteria
to estimate cost associated with poor power quality have also been given.

Chapter 3 focuses on the harmonics in power system in detail and establishes the importance
of knowing the degree of harmonic pollution in the system

Chapter 4 gives classical methods of harmonic estimation. This chapter also includes some
popular measures of harmonic content.

7

Chapter 5 is a survey on harmonic estimation problem. It has been found that particle swarm
optimization with passive congregation has quite attractive features to be considered for
estimating non-linear parameters of the harmonic estimation problem.

Chapter 6 has the documentation of least squares and particle swarm optimization (PSO)
techniques. It also documents the LSE and PSOPC based harmonic estimation technique
towards the end of the chapter.

Chapter 7 is devoted to the method adopted for collecting real time data for harmonic
analysis to be carried out using the technique based on LSE and PSOPC.

Chapter 8 is devoted to the results obtained by applying the harmonic estimator to the real
data obtained during the experiment. In the last we have given the conclusions.

8

Chapter 2 Introduction to Power Quality

What do we mean by ‘power quality’? : A perfect power supply would be one that is always
available, always within voltage and frequency tolerances, and has a pure noise free
sinusoidal wave shape. Just how much deviation from perfection can be tolerated depends on
the user’s application, the type of equipment installed and his view of his requirements.

2.1 Definitions
Institute of Electrical and Electronic Engineers (IEEE) Standard 1100 defines power quality
as “the concept of powering and grounding sensitive electronic equipment in a manner
suitable for the equipment.”
Mr. C. Sankaran in his book “Power Quality” published by CRC Press [2.1] says that “Power
quality is a set of electrical boundaries that allows a piece of equipment to function in its
intended manner without significant loss of performance or life expectancy.” This definition
embraces two things that we demand from an electrical device: performance and life
expectancy.
Dugan et. al. in their book “Electrical Power Systems’ Quality” (Second edition) [2.2] use the
following definition of PQ, “Any power problem manifested in voltage, current, or frequency
deviations that results in failure or mal-operation of customer equipment.”

9

There can be completely different definitions for power quality, depending on one’s frame of
reference. For example, a utility may define power quality as reliability and show statistics
demonstrating that its system is 99.98 % reliable. Criteria established by regulatory agencies
are usually in this vein. A manufacturer of load equipment may define power quality as those
characteristics of the power supply that enable the equipment to work properly. These
characteristics can be very different for different criteria. Power quality is ultimately a
consumer-driven issue, and the end user’s point of reference takes precedence.

2.2 Power Quality: The Buzzword
The term power quality has become one of the most prolific buzzwords in the power industry
since the late 1980s. It is an umbrella concept for a multitude of individual types of power
system disturbances. The issues that fall under this umbrella are not necessarily new. What is
new is that engineers are now attempting to deal with these issues using a system approach
rather than handling them as individual problems [2.2].
The phenomenon of disturbances caused by power system equipments resulting in a nonideal waveform of the supply voltage is as old as the power network itself. First
considerations made at the end of the 19th century identified transformers and rotating
machinery as the main source of the waveform distortion. The development of technology
over the years, especially the growth of the use of switched power semiconductor devices has
brought about many technical conveniences and economical profits, but on the other hand it
has exerted a continual growing influence on the power system’s operating conditions. This
ever increasing process is stimulated mostly by the way the power system has changed under
new challenges imposed by the prescriptions on the energy market introduced by many
countries. The resulted thereby growing share of renewable energy sources in power systems,
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which rely heavily on sophisticated power electronic equipments to operate properly. We see
the following four main reasons of increased concern:
i.

Newer-generation load equipment, with microprocessor-based controls and power
electronic devices, is more sensitive to power quality variations than was equipment
used in the past.

ii.

The increasing emphasis on overall power system efficiency has resulted in continued
growth in the application of devices such as high-efficiency, adjustable-speed motor
drives and shunt capacitors for power factor correction to reduce losses. This is
resulting in increasing harmonic levels on power systems and has many people
concerned about the future impact on system capabilities.

iii.

End users have an increased awareness of power quality issues. Utility customers are
becoming better informed about such issues as interruptions, sags, and switching
transients and are challenging the utilities to improve the quality of power delivered.

iv.

Many things are now interconnected in a network. Integrated processes mean that the
failure of any component has much more important consequences.

The ultimate reason that we are interested in power quality is economic value. There are
economic impacts on utilities, their customers, and suppliers of load equipment.

2.3 Power Quality Defects
Power quality defects – the deviations from perfection in the wave shape– fall into five
categories:
•

Harmonic distortion

•

Interruptions/Blackouts
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•

Under or over voltage

•

Dips (or sags) and surges

•

Transients

The issue of short interruptions and voltage dips highlights the difference in perspective
between supplier and customer. They are by definition short term events so that unless there
is a permanent monitor installed the very existence of the event is difficult to prove. It is even
more difficult to attribute a business loss to a particular event. The electricity supply industry
tends to value an interruption in terms of the cost of the electricity that was not supplied as a
result, while the consumer values it in terms of the revenue lost as a consequence of the break
in production. Electricity is relatively cheap and the supply interruption relatively short, while
lost production can be very valuable (as in the case of semiconductor industry) and the
downtime very long to allow for clean up (as in the paper making industry). The two parties
therefore have completely different views of the importance of voltage dips and on the level
of investment in reduction equipment that is justified.
Longer interruptions – power cuts – are usually thought of as being caused by the supplier but
can also be caused by the failure of on-site equipment, conductors and connections. Careful
design using high resilience techniques can minimize the effects. The objective is to identify
single points of failure and eliminate them by providing redundant equipment or alternative
supply paths so that operation can continue despite a single failure. Systems designed in this
way are easier to maintain and are better maintained as a result. It is important that
maintenance procedures are developed at an early stage as part of the resilient design
concept. Standby generation and UPS systems, required to cover short and longer term power
cuts are essential elements of a resilient system.
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While the majority of voltage dips and interruptions originate in the transmission and
distribution system and are the responsibility of the supplier, harmonic problems are almost
always the responsibility of the consumer. It is harmonic currents that cause problems in
installations and when these currents flow back into the supply impedance at the point of
common coupling, a harmonic voltage is developed. This voltage distortion, or at least some
components of it, are distributed around the system and are combined with the background
harmonic voltage distortion present in any transmission system (due to the non-linearity of
transformers for example). By limiting the harmonic current consumers are permitted to
draw, the level of voltage distortion on the supply is kept within acceptable limits.
Determining the source of harmonic distortion can be difficult and this often leads to
consumers blaming the supplier for the problem. In fact, it is unusual for harmonic problems
within an installation to arise from external causes – the cause is almost always due to the
equipment on site and the installation practice used.
Transient disturbances are high frequency events with durations much less than one cycle of
the supply. Causes include switching or lightning strikes on the network and switching of
reactive loads on the consumer’s site or on sites on the same circuit. Transients can have
magnitudes of several thousand volts and so can cause serious damage to both the installation
and the equipment connected to it. Electricity suppliers and telecommunications companies
go to some effort to ensure that their incoming connections do not allow damaging transients
to propagate into the customers’ premises. Nevertheless, non-damaging transients can still
cause severe disruption due to data corruption. The generation and influence of transients is
greatly reduced and the efficacy of suppression techniques greatly enhanced where a good
high integrity earthing system has been provided. Such an earthing system will have multiple
ground connections and multiple paths to earth from any point, so ensuring high integrity and
low impedance over a wide frequency band.
13

Power quality problems present designers with many questions, perhaps the greatest of which
is, ‘How good is good enough?’ This question is impossible to answer. While it is relatively
simple to quantify the behavior of a particular piece of equipment to voltage dips,
determining the likely incidence of voltage dips at a particular location on the supply system
is rather more difficult; it will change over time as new consumers are added and assets
replaced. It is extremely difficult to collect any meaningful data on the sensitivity of
equipment to harmonic voltage distortion, and even on the harmonic current distortion caused
by equipment. The real question is one of compatibility between the equipment and the
supply.
There are some international standards available that set limits of voltage variation and
harmonic voltage distortion below which equipment should function without error. Similarly,
there are standard limits for voltage deviation and harmonic voltage distortion of the supply.
Ideally, there should be a guard band – a safety margin – between the two limits but because
supply quality is difficult to measure on a continuous basis, the supply limits are set in
statistical terms and not as hard limits.

2.3.1 Pictorial representation of power quality events
This section gives some waveforms and identifies power quality defects in them. This gives a
very quick knowledge about the power quality (PQ) issues/events.
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proliferating to epidemic proportions. As a result, new challenges for power system operation
studies have been created giving a decisive impulse to the growing interest in the wide power
quality area, which is spread from fields relating to the problems of EMC, like emission or
compatibility limits and voltage or current characteristics to the traditional power system
areas of voltage continuity studies in terms of reliability and availability considerations.

2.4 Typical Problems Due to Poor Power Quality
The following are snippets from a study carried out by European Copper Institute in 2001,
covering 1,400 sites in 8 countries, any given site in Europe has a 5-20 % probability that it
will suffer from one or more of the PQ problems listed below. Typically, half of sites in
energy-intensive industries or mission-critical office buildings will suffer from two or more
problems. Very few sites are trouble free. Figure 2-1 gives the frequency distribution of the
most common PQ problems.
Of course, poor power quality is not the cause of every occurrence of the problems listed. For
example, computer lockups can be software related. In addition, attribution of the origin of
the problem to causes either before the meter (i.e. on the supplier’s side of the point of
common coupling (PCC)) or after the meter (i.e. on the customer’s installation side of the
PCC) is often difficult without detailed measurement and analysis.
•

COMPUTER LOCKUP

Earth current originating in the equipment, results in a voltage drop between the equipment
and true earth. Although small, this noise voltage may be significant as compared to the
signal voltages (of a few volts) on which IT equipment operates. PC hardware is designed to
minimize sensitivity to this kind of disturbance but it cannot be eliminated entirely, especially
as the noise frequency rises. Modern communications protocols have error detection and
18
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building and create uncontrolled and uncontrollable magnetic fields. In extreme cases, these
fields can result in flicker of computer screens. Neutral current always needs to be returned to
the point of common coupling using a separate conductor as in the TN-S and TN-C-S
systems. In fact, the discipline of having one and only one neutral-earth connection point in
the installation improves safety and EMC.
•

FLICKERING LIGHTS

Short duration voltage changes; resulting from switching, short-circuits and load changing
can result in light flicker. The permissible magnitude of light flicker is regulated by
International Standards, based on perception criteria. Excessive flicker can cause migraine
and is responsible for some instances of the so called ‘sick building syndrome’.
•

OVERHEATING OF TRANSFORMERS AT MODERATE LOAD

Harmonics cause additional losses in the transformer. When the transformer is close to
maximum load, these losses can lead to early failure due to overheating and hot spots in the
winding. With the current trend to push equipment harder to its limits, and the increasing
harmonic pollution in low-voltage networks, this problem is occurring ever more frequently.
Losses in transformers are due to stray magnetic losses in the core, and eddy current and
resistive losses in the windings. Of these, eddy current losses are of most concern when
harmonics are present, because they increase approximately with the square of the frequency.
In a typical mixed load building the transformer eddy current losses will be about 9 times
higher than would be expected, approximately doubling the total load losses. Before the
excess losses can be determined, the harmonic spectrum of the load current must be known.
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•

INDUCTION MOTORS

Voltage harmonics cause extra losses in direct line-connected induction motors. The 5th
harmonic creates a counter-rotating field, whereas the 7th harmonic creates a rotating field
beyond the motor’s synchronous speed. The resulting torque pulsing causes wear and tear on
couplings and bearings. Since the speed is fixed, the energy contained in these harmonics is
dissipated as extra heat, resulting in premature ageing. Harmonic currents are also induced
into the rotor causing further excess heating. The additional heat reduces the rotor/stator air
gap, reducing efficiency even further.
Variable speed devices cause their own range of problems. They tend to be sensitive to dips,
causing disruption of synchronized manufacturing lines. They are often installed some
distance from the motor, and cause voltage spikes due to the sharp voltage rise times.
Special care has to be taken at start-up of motors after a voltage dip when the motor is
normally operating at close to full load. The extra heat from the inrush current at start-up may
cause the motor to fail. Optimum sizing of motors should take into account:
9 that the motor has been designed to run at maximum efficiency at about 70 % load
9 frequency of voltage dips, and time one can afford to wait to resume motor operation.

•

OVERHEATING OF CONDUCTORS DUE TO SKIN EFFECT

All harmonics cause additional losses in the phase conductors. The skin effect, which is
negligible at 50 Hz, starts to play a role from 350 Hz (7th harmonic) and upwards. For
example, a conductor with 20 mm diameter has 60 % more apparent resistance at 350 Hz
than its dc-resistance. The increased resistance, and even more, the increased reactance (due
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to higher frequency), will result in an increased voltage drop and an increased voltage
distortion.
•

CORRECT FUNCTIONING OF PROCESS CONTROL EQUIPMENT

Severe harmonic distortion can create additional zero-crossings within a cycle of the sine
wave, affecting sensitive measurement equipment. Synchronization of process control
equipment in continuous manufacturing may be disturbed and PLC devices may lock up.
•

DATA NETWORK CONGESTION

Earth leakage currents cause small voltage drops along the earthing conductor. In a TN-C
network, the combined earth-neutral conductor will constantly carry significant current,
dominated by triple-n harmonics. Due to the increasing use of low-voltage signals in IT
equipment, bit error rate increases, up to the point that the entire network locks up. How
many large and small, privately owned networks enjoy this phenomenon almost on a weekly
basis- For an unexplained reason, the network locks up, e-mail services fail; it is no longer
possible to print.
•

PROBLEMS WITH POWER FACTOR CORRECTION EQUIPMENT

Harmonic frequencies may coincide with resonant frequencies of the combined stray
inductance and power factor correction (PFC) equipment, creating excessive voltage or
current and leading to premature failure. Moreover, as a general problem, measurement
devices may not correctly measure the loading of the PFC, as they incorrectly measure the
harmonic content in the current.
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•

PROBLEMS WITH SPECIFIC (LONG) LINES OR WHEN SWITCHING

HEAVY LOADS
Long lines mean higher impedance, resulting in higher voltage disturbances from inrush
currents, for example when a heavy motor starts up, or when switching on computers.
Harmonic currents generated by variable speed drives, or switch-mode power supplies,
located at the end of long lines, result in higher harmonic voltage distortion. Therefore,
upsize long power lines for low voltage drop is the solution. As a side benefit, upsized power
lines will have lower losses. When loaded more than 3,000 hours, the economic payback will
be very short.
•

OVERLOADED NEUTRALS

In a 3-phase circuit, there are 3 active conductors, and a return conductor, which carries the
unbalance between the 3 phases. However, with the triple-n harmonics adding up, significant
currents flow in the neutral conductor. As many neutral conductors have been, in the past,
half-sized, this situation can become critical, even when the phase conductors are operating
well below full load.
•

NUISANCE TRIPPING OF PROTECTIVE DEVICES

Inrush currents may trip circuit breakers. Circuit breakers may not correctly sum the current
contained in the fundamental and various harmonics and so trip erroneously, or not at all,
when they should. Leakage currents may reach thresholds that cause residual current devices
to trip.
The remedies against erroneous tripping must not compromise safety of personnel on-site.
The general solution is to reduce the inrush currents and earth leakage currents by splitting
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equipment over more circuits, each feeding fewer loads. Specially designed circuit breakers;
that can cope with harmonics, should be used. Over sizing is never the correct solution.
•

UTILITY

CLAIMS

RESULTING

FROM

HARMONICS

AFFECTING

SUPPLY
Not many utilities charge (yet) for harmonic pollution, as they currently do for reactive
power. However, they may start to do so in the future, as harmonics also lead to sub-optimal
exploitation of the electricity distribution system.

2.5 The Cost of Poor Power Quality
Electrical power is an important raw material for all commercial operations and, like any
other raw material, the quality of supply is very important. The nature and causes of power
quality defects have been discussed in earlier sections; this section concentrates on the effects
of defects on production and the costs that can be expected to occur. The five basic defects,
each with different causes and effects have different cost implications.
It is estimated that power quality problems cost industry and commerce in the EU about € 10
billion per annum while expenditure on preventative measures is less than 5 % of this [CDA].
The question is the obvious one: ‘How much money should be invested in prevention to
balance the risk of failure?’ and the answer depends on the nature of the business. The first
step is to understand the nature of the problems and assess how each of them relates to the
business and what losses might result. The following sections discuss power quality problems
from the point of view of their business interruption potential.
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2.5.1 Harmonic distortion
Harmonic distortion caused by non-linear loads on the electricity supply system, result in
currents in the system that are of higher magnitude than expected and contain harmonic
frequency components. These currents cannot be adequately measured by some of the lower
cost portable test meters commonly used by installation and maintenance technicians, leading
to current levels being seriously under-estimated – sometimes by as much as 40 %. This error
in magnitude alone can result in circuits being installed with conductors that are too small.
Even if the current is within the capacity of the overcurrent protection device, conductors run
at higher temperatures and waste energy – typically 2-3 % of the load. Frequently the
overcurrent protection device rating is too close to the real load current (because it was
under-estimated) and the circuit is prone to so-called nuisance tripping.
The harmonic frequency components cause greatly increased eddy current losses in
transformers because such losses are proportional to the square of the frequency. Because the
losses are higher, the operating temperature of the transformer is higher and the lifetime is
considerably shortened. Even moderately loaded transformers supplying IT loads will have
much lower lifetimes than expected unless proper precautions are taken.
The economic effects of harmonics are shorter equipment lifetime, reduced energy efficiency
and a susceptibility to nuisance tripping. The cost of nuisance tripping, like any other
unplanned shortage, can be very significant and is discussed further in the section on voltage
dips. Shorter equipment lifetime can be very expensive. Equipment such as transformers is
usually expected to last for 30 or 40 years and having to replace it in 7 to 10 years can have
serious financial consequences. The cost of avoidance is relatively small, requiring only good
installation practice and proper equipment selection. Installing cables that are one to two sizes
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greater than the calculated minimum reduces losses and operating costs at very little increase
in initial cost.

2.5.2 Blackouts
Blackouts are the most basic of power quality problems, lasting from several seconds up to,
in one famous extreme case, months. In the UK, the average blackout lasts for about 100
minutes and occurs every 15 months, but individual events may be very short and much more
frequent. Of course, the public supply is not the only source of failures. Within the
installation in a building or plant there will be many areas where the failure of a single
component, cable or connection will cause complete shutdown.
Protection against complete power failure requires two types of action. The installation must
be designed to eliminate single points of failure, or at least those identified in a risk
assessment as posing the greatest risk, and steps must be taken to identify the need for a
backup power supply. The techniques required are neither difficult nor particularly expensive
but can, alone, provide considerable benefit. As always, these techniques are far cheaper to
apply at the initial design stage than during commissioning. Alternative sources of power can
be very expensive both to purchase and to maintain – there is little point in having a standby
generator, for example, if it is not ready for an instant start-up – and the need for and type of
supply required must be carefully considered. In judging the economic viability of investing
in on-site generation plant it should be remembered that, once installed, it will protect against
failures over many years.
Large, power-hungry industries such as steel or paper-making will require a second supply
taken from a different section of the grid so that a single failure is very unlikely to affect both
supplies. Alternatively, on-site full demand generation may be viable, if suitable fuel supplies
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are available. In either case the initial cost of this is likely to be very high, but so is the
potential cost of power failure. Paper, for example, is manufactured in a continuous process
requiring precisely controlled speeds of hundreds of rollers in a machine that may be over
500 meters in length. Any failure of the power supply, even a dip, will cause loss of
synchronization, and halt the process. All the part processed paper and pulp must be cleared
from the machine and the surrounding area before restarting; this can take many hours. Apart
from the loss of output, the waste of raw materials and manpower, the inability to supply the
customer is very important. Newsprint, for example, is used in such vast quantities that it is
impossible for either supplier or customer to keep a buffer stock. It is required ‘just in time’,
and it is manufactured, used and discarded in just a few days. Failure of the papermaker to
deliver means that the publisher cannot print and, since yesterday’s news has no value (but
considerable costs), there are severe financial consequences. This may lead to a change of
supplier or a change in the terms of the supply contract, such as penalty clauses.
For smaller industries with lower power requirements it may be viable to have on-site
generation to handle essential equipment during blackouts and to reduce demand peaks. This
is much cheaper, but the cost must still be judged against the risks of failure – an assessment
that can only be made by the organization itself. It must be remembered that a standby
generator takes time to start, so some other backup supply, such as a UPS, must be provided
for sensitive loads. A UPS has limited capacity and it is important that it is used to support
only the essential loads, such as the computer network servers and critical workstations, and
nothing else. As always, good maintenance procedures are essential.

2.5.3 Dips or sags
Dips are short-term reductions in the RMS magnitude of the supply voltage lasting from a
fraction of a second up to several seconds. Dips are described in terms of duration and
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retained voltage, i.e. the percentage of the nominal supply voltage (RMS) remaining during
the event. Note that; a very short but complete loss of supply is called an interruption but is
frequently referred to as a dip. The Information Technology Industry Council (ITIC) curve,
formerly known as the Computer and Business Equipment Manufacturers Association
(CBEMA) curve, shown in Figure 2-2, describes the tolerance of equipment to voltage
disturbances of all types.
The solid lines represent the maximum and minimum voltages that can be tolerated without
malfunction plotted against time. For example, data processing equipment should tolerate an
over-voltage of five times nominal supply for a duration of 100 μs but only 20 % overvoltage for 10 ms. On the under voltage side, a complete loss of supply should be tolerated
for up to 20 ms (one mains cycle) but for 100 ms the minimum retained voltage must be 70 %
of nominal. The curve was originally produced to help users of IT equipment in resolving
power quality problems with electricity suppliers. By standardizing the requirements of
equipment it became much easier to determine by site measurement whether the supply was
adequate or not. The ITIC curve presents a rather optimistic view of the performance of
supply networks! Many dips are caused by faults on the supply network with the severity of
the dip depending on the relative positions of the generator, fault and measurement point.
There are no official statistics on the severity and distribution of voltage dips but some
medium scale measurements are now in progress and can be expected to yield valuable
information in due course. One study, carried out by a major generator, measured voltage
disturbances at 12 sites with demand between 5 and 30 MVA. In a ten-month period 858
disturbances were logged, 42 of which resulted in disruption and financial loss. Although all
12 sites were low technology manufacturing operations making low value added products the
financial loss totaled € 600 000 (average € 14 300 per event or € 50 000 per site), with the
highest individual loss of € 165 000. Clearly plants making high value added products and
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These are huge costs for what might seem to be trivial events lasting less than a second. The
problem is that, since the response of individual items such as data processing equipment, or
variable speed motor drives to dips is undefined, the behavior of a system is impossible to
predict or control. For continuous processes, such as papermaking, the effect of a dip is just
as serious as a complete blackout, with the same cleanup costs, raw material losses and lost
production. For computer based operations the time taken to re-boot a large number of
workstations and recover pending transactions and unsaved documents can take several
hours. The semiconductor industry is particularly vulnerable because wafers require two
dozen or so manufacturing stages to be completed over several days. If a wafer is spoiled
towards the end of the process all the value of the work done is lost. The rate of development
in semiconductors is now so fast, competition so intense and product life cycles so short that
the loss of product is a major concern not only to the suppliers but also to their customers
who cannot build and ship their own products.
On-line uninterruptible power supplies, in which the load power is continuously generated
from a storage battery constantly charged from the supply, inherently provide immunity to
dips. Off-line units are less secure because the absence of supply has to be detected before the
load is switched to the internal generator. If the detection threshold is too high, the UPS is
switched in and out frequently and unnecessarily while if the limit is too low, damaging dips
will be fed to the load. Detailed specifications should be consulted before selecting a
particular model.

2.5.4 Transients
Transients are voltage disturbances of very short duration (up to a few milliseconds) but high
magnitude (up to several thousand volts) with a very fast rise time. Most transients arise from
the effects of lightning strikes or switching of heavy or reactive loads. Because of the high
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frequencies involved they are considerably attenuated as they propagate through the network
so that those occurring close to the point of interest will be much larger than those originating
further away. Protective devices in the network ensure that transients are generally kept to a
safe level and most problems arise because the source of the transient is close to or within the
installation.
The damage that results may be instantaneous, such as the catastrophic failure of electrical
plant or appliances, or the corruption of data within computers or on network cabling or it
may be progressive with each event doing a little more damage to insulation materials until
catastrophic failure occurs. The cost of replacing the failed equipment and the cost of the
downtime involved must be considered. Protection is relatively cheap. The basic requirement
is that the installation earthing system should be designed to have low impedance over a wide
frequency band, with a good low impedance connection to the earth electrode system. The
lightning protection system should be designed appropriately, taking into account local
factors, such as the number of lightning days per year. Transient protection should be fitted at
the entry of all incoming conductors, including telephone and other communications lines.
The manufacturer should have provided suppression of transients from switching equipment
and good maintenance procedures should be introduced to ensure that it continues to be
effective.

2.6 Solutions Power Quality Issues
Electricity suppliers argue that critical users must bear the costs of ensuring supply quality
themselves rather than expect the supply industry to provide a very high reliability supply to
every customer everywhere on the network. Such a guaranteed quality supply would require a
very substantial investment in additional network assets for the benefit of relatively few
customers (in numerical, not consumption, terms) and would be uneconomic. It is also
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doubtful whether it would be technically feasible within the current social and legal
framework in which any customer is normally entitled to be connected to the supply and
utility providers have the right to excavate roadways with the risk of cable damage. Weather
conditions, such as high winds and freezing rain, frequently cause damage to overhead lines,
which, under the same conditions, are difficult and time consuming to repair. It is therefore
the consumer’s responsibility to take steps to ensure that the quality of power delivered to his
process is good enough, with the clear implication that this quality level may well be higher
than that delivered to the plant by the supplier.
There are a variety of engineering solutions available to eliminate or reduce the effects of
supply quality problems and it is a very active area of innovation and development. As such,
customers need to be aware of the range of solutions available and the relative merits and
costs. Users are faced with the need to make design investment decisions about the type and
quantity of additional plant required to achieve the quality of supply required. Unfortunately,
some vital information is missing – the extent and severity of power quality problems likely
to be experienced in any particular location is largely unknown. Because there are so few
published statistics it is very difficult for consumers to quantify the cost of failure and justify
the cost of preventative measures.
The list of possible solutions for power quality problems is again long and non-complete.
Figure 2-4 lists the power quality solutions adopted according to the survey conducted by
Copper Institute at 1,400 sites in 8 European countries.

32

Figure 2-44: Most prev
valent PQ solu
utions, in terrms of % ado
option rate at 1,400 sites in 8 Europeaan
countries

2.7 Stan
ndards
Followinng is a list off power quaality and relaated standardds from two renowned organization
o
ns;
some of the
t standard
ds listed are in
i existence at this time, while otherss are still in process:
Institute of Electricall and Electroonic Engineeers (IEEE); Piscataway, NJ; http://w
www.ieee.orgg
IEEE 6444

S
Standard
Proocedure for Measuremeent of Powerr Frequencyy Electric annd
M
Magnetic
Fieelds from AC
C Power Linnes

IEEE C663.12

R
Recommend
ded Practice for Electrom
magnetic Com
mpatibility Limits
L

IEEE 5188

G
Guide
for th
he Installation of Electriccal Equipmeent to Minim
mize Electrical
N
Noise
Inputss to Controllers from Extternal Sourcces

33

IEEE 519

Recommended Practices and Requirements for Harmonic Control in
Electrical Power Systems

IEEE 1100

Recommended Practice for Powering and Grounding

Sensitive

Electronic Equipment
IEEE 1159

Recommended Practice for Monitoring Electric Power Quality

IEEE 141

Recommended Practice for Electric Power Distribution for Industrial
Plants

IEEE 142

Recommended Practice for Grounding of Industrial and Commercial
Power Systems

IEEE 241

Recommended Practice for Electric Power Systems in Commercial
Buildings

IEEE 602

Recommended Practice for Electric Systems in Health Care Facilities

IEEE 902

Guide for Maintenance, Operation and Safety of Industrial and
Commercial Power Systems

IEEE C57.110

Recommended Practice for Establishing Transformer Capability when
Supplying Non-sinusoidal Load

IEEE P1433

Power Quality Definitions

IEEE P1453

Voltage Flicker

IEEE P1564

Voltage Sag Indices
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International Electrotechnical Commission (IEC); Geneva, Switzerland; http://www.iec.ch
IEC/TR3 61000-2-1 Electromagnetic Compatibility — Environment
IEC/TR3 61000-3-6 Electromagnetic Compatibility — Limits
IEC 61000-4-7

Electromagnetic Compatibility — Testing and
Techniques — General Guides on

Measurement

Harmonics and Interharmonics

Measurements and Instrumentation
IEC 61642

Industrial a.c. Networks Affected by Harmonics — Application of
Filters and Shunt Capacitors

IEC SC77A

Low Frequency EMC Phenomena

IEC TC77/WG1

Terminology

IEC SC77A/WG1

Harmonics and Other Low Frequency Disturbances

IEC SC77A/WG6

Low Frequency Immunity Tests

IEC SC77A/WG2

Voltage Fluctuations and Other Low Frequency Disturbances

IEC SC77A/WG8

Electromagnetic Interference Related to the Network Frequency

IEC SC77A/WG9

Power Quality Measurement Methods

2.8 Conclusion
The literature survey in the field of power quality reveals that PQ has become one of the most
talked about concern of the utility company as well as consumer. We have carried out an
introductory level study of power quality events. We have also come to know about the PQ
issues and how they affect industry and our normal day to day life. We have also come across
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some of the chosen ones PQ mitigation techniques, and come to know how these can be
applied to solve the problem of poor power quality.
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Chapter 3 Harmonics

As discussed earlier, harmonic distortion has been present within the power systems since the
advent of alternating current electricity distribution systems [3.1]. Over the past two decades
a lot of research has been done in the field of harmonic disturbances. The interest in
harmonics can largely be attributed to the advancing power electronics usage and growth in
the number of new load technologies connected to distribution systems that are sensitive to
excessive harmonic voltage levels. The increased penetration of these new technologies is for
the most part driven by the desire to have more energy efficient equipment and greater
control of equipment operation. Increased efficiency and control typically means the
equipment includes some type of semiconductor based power electronic front end. The same
new technologies, in general produce increased levels of harmonic current emissions that in
turn raise the levels of harmonic voltages existing on the system. In conjunction with this the
growing trend of electricity being sold as a product under contractual agreements in some
parts of the world means that guaranteeing an acceptable level of power quality disturbances
is becoming of greater importance to both electricity utility companies and customers alike.
Indications in the literature suggest that harmonic voltage levels in transmission and
distribution systems are increasing [3.2, 3.3, and 3.4]. Increasing levels of voltage harmonics
creates a concern for customers with sensitive equipment and also for electricity utility
companies that face increased losses throughout their power systems. The increased losses
burden utility companies with additional costs that have to be recovered to ensure profit
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margins are not decreased. There are suggestions by [3.5] that in Canada and some major
European countries the cost of network modifications and losses due to harmonic distortion
effects may represent as much as 1% of a country’s gross domestic product (GDP).

3.1 Causes of Harmonic Distortion
As stated earlier it is well known that harmonic voltage distortion within power systems is
due to the interaction of harmonic current emissions from a variety of sources and the
impedance of the power system. The sources of harmonic emissions can include large
industrial loads connected at transmission or distribution levels, smaller commercial and
residential distribution system customer loads, distributed generation installations, the power
system itself, and to a lesser extent traditional generation equipment. Harmonic current
emissions originate from all types of non-linear loads. Non-linear loads are broadly classified
as loads which draw non-sinusoidal current even when the supply voltage is perfectly
sinusoidal [3.6]. Non-linear loads include saturated magnetic circuits, such as those in power
system transformers and rotating machines, arc furnaces, fluorescent lighting and of course
power electronic loads. Power electronic loads by far are the most significant harmonic
contributors relative to the amount of energy they draw. Some of the more common power
electronic loads include
i.

Switch mode power supplies(SMPS) - present in computers, televisions,
microprocessors

ii.

Rectifiers – present in dc motor drives, regulated power supplies, battery chargers,

iii.

Inverters – present in variable speed ac drives and now a days in Indian homes also,

iv.

Static VAr compensators,

v.

Cyclo-converters, and

vi.

High voltage DC transmission converters.
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Mitigation techniques are often required to suppress the levels of harmonic emissions
resulting from the above mentioned power electronic equipments.

3.2 Problems Caused by Harmonics
How is an equipment affected by harmonics?-was discussed in last chapter, now we’ll see the
general problems caused by them. Harmonic distortion can have both short-term and longterm effects on distribution system equipment and connected customer loads. Short-term
effects are mainly concerned with immediate damage, equipment malfunction, and the
associated power losses due to harmonic currents and voltages. Long-term effects include
thermal losses and reduced life span of equipment.
•

HEATING: It is common to refer to heating as

losses. By using superposition,

the total losses can be expressed as a sum of the individual harmonic losses.

Although harmonic voltage and currents within most distribution systems are quite
small relative to the fundamental component, increased impedance of the network at
harmonic frequencies often gives rise to significant power losses. These power losses
include direct copper losses due to an effective increase in the level of rms current in
the presence of harmonics in combination with increases in conductor resistance due
to skin effect. Since most ac equipment ratings are based on 50-Hz losses, the addition
of the harmonic loss components requires derating the equipment [3.10]. The total
losses (50 Hz losses plus harmonic losses) are to be within the specified equipment
ratings. Regardless of actual quantities, it can be seen that they add to the total amount
of heating. The amount of derating will depend upon which harmonics are present and
the magnitudes of the individual harmonic current and resistance. Other results of
heating are
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o excessive losses and heating in motors, capacitors, and transformers, and
o blown capacitor fuses.
•

INCREASED IRON LOSSES: Increased iron losses due to harmonics are also
significant within the iron cores of most magnetic materials. Iron losses include
hysteresis losses, where losses increase approximately in proportion to the harmonic
frequency, and eddy current losses, where losses increase in proportion to the square
of the harmonic frequency. Iron losses result in reduced efficiency of equipment and
also raise core temperatures creating thermal stresses and degrading insulation levels.

•

PROBLEMS IN CAPACITORS: Harmonics are also a major cause of metal losses
and dielectric stress in capacitor banks causing additional heating and loss of life [3.7,
3.8]. Insulation stress due to higher peak voltages from harmonics can also result in
cable insulation breakdown and disruption to supply.

•

HARMONIC RESONANCE: In some circumstances capacitors can combine with
source and load inductance to form a parallel resonant circuit. In the presence of a
harmonic resonance, harmonic voltages and currents may be amplified. The resulting
voltages may highly exceed the voltage rating of capacitors or other connected
equipment and the consequence is capacitor damage or blown fuses.

•

RELAY/CIRCUIT BREAKER MALFUNCTION: Complete or partial load
disruption can also occur due to the presence of harmonics. Harmonics interfere with
protective relays, metering devices, control circuits, communication circuits, and
customer electronic equipment. Sensitive equipment can experience malfunction or
complete component failure.

•

SHORTENED LAMP LIFE: Shortened incandescent lamp lifetime and failure of
some types of fluorescent lights have also been reported in [3.7, 3.9].
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•

COMMUNICATION INTERFERENCE: Magnetic (or electrostatic) coupling
[3.10, 3.11] between electrical power circuits and communication circuits can cause
what is known as communication interference. Current flowing in the power circuit
produces a magnetic (or electrostatic) field that will induce a current (or voltage) in
the nearby conductors of the communication circuit. The amount of interference will
depend upon the magnitude of the induced current (or voltage), frequency [3.11], and
the efficiency of the magnetic (electrostatic) coupling. Other types of communication
interference are:
o induced line noise,
o interference with power line carrier systems, and
o

•

relay malfunctions can be there due to communication failure.

SOLID-STATE DEVICE MALFUNCTIONS: Harmonics can cause solid-state
devices to malfunction if the equipment is sensitive to zero crossings [3-13]. A
resonance condition can cause a current waveform to have zero crossings occur more
than once every half-cycle. Problems with solid-state devices also develop with
equipment that operates in response to peak values of voltage. The typical example of
this mode of operation is the diode. Because the operational settings for such a device
are often given in terms of rms values for the user's convenience, the device may not
operate properly in the presence of harmonics because it is sensing a peak value that
does not directly correspond to the rms value of the waveshape. Other solid-state
device malfunctions are:
o

errors in measurement equipment,

o

nuisance tripping of relays and breakers,

o

unstable operation of zero voltage crossing firing circuits, and

o

interference with motor controllers.
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While some of the above mentioned problems and effects associated with harmonics occur
over short-term durations, more significant long-term problems such as degrading insulation
due to thermal stresses are usually of most concern. These problems are often not visible to
the utility company or customer until final failure of equipment occurs. Reduced lifespan of
equipment necessitates costly repairs or replacements. Thus it is important for both utility
company and customer to be proactive with regards to measurement and mitigation of
harmonic distortion problems.

3.3 Conclusion
Now a day, it is very important to know which harmonics are present in power system. We
also need to estimate their amplitude and possible phase also, for designing the solution to the
harmonic problem. We’ll discuss about the methods of harmonic estimation in chapter 5.
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c
cs of the sig
gnal is calleed
amplitud
de spectrum and
a that show
ws phase versus frequenncy is called phase spectrrum.

4.1 Theeoretical Backgroun
B
nd
Any periiodic signal which is nott a perfect ssinusoid can be expresseed in a Fouriier series as a
sum of sinusoids
s
whhich have haarmonic freqquencies. Figure 4-1 shhows a fund
damental sineewave witth third and fifth
f
harmonnics.

Figure 4-11: Fundamental with 3rd & 5th Harmoniics
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f
l with 70 % third harmo
onic and 50 % fifth harrmonic added.
Figure 4--2 shows a fundamental
Note thaat in practicee most disto
orted currennt waveform
ms are much more compplex than thhis
example,, containing many more harmonics w
with a more complex phaase relationsship.

Figure 4-22: Distorted cu
urrent wavefoorm

This waaveform is clearly not a sine-wavve and thaat means thhat normal measuremennt
equipmennt, such as averaging reading rm
ms-calibratedd multimeteers, will givve inaccurate
readings.. Note also that there arre six zero ccrossing poiints per cyclle instead of two, so anny
equipmennt that uses zero crossin
ng as a refeerence will malfunction.
m
. The wavefform containns
non-funddamental freequencies and
a
has to be treatedd accordinglly. When talking
t
abouut
harmoniccs in power installationss it is the currrent harmonnics that are of most con
ncern becausse
the harm
monics originnate as curreents and mosst of the ill effects are ddue to thesee currents. N
No
useful co
onclusions caan be drawn without knoowledge of the
t spectrum
m of the curreent harmoniccs
but it is still commo
on to find only
o
the totaal harmonic distortion (W
We’ll discuss about it in
i
detail latter) figures quoted.
q
Wheen harmonics propagate around a diistribution sy
ystem, that is,
i
to branchh circuits nott concerned with carryinng the harmoonic current, they do so as
a voltages. It
is very im
mportant thaat both voltaage and currrent values are measureed and that quoted
q
valuees
are expliccitly specifieed as voltagee and currennt values.
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Conventionally, current distortion measurements are suffixed with ‘I’, e.g. 35 % THDI, and
voltage distortion figures with ‘V’, e.g. 4 % THDV. Harmonic currents have been present in
the electricity supply system for many years. Initially they were produced by the mercury arc
rectifiers used to convert AC to DC current for railway electrification and for DC variable
speed drives in industry. More recently the range of types and the number of units of
equipment causing harmonics have risen sharply, and will continue to rise, so designers and
specifiers must now consider harmonics and their side effects very carefully.

4.2 Fourier series
If a function

is periodic with period

,[4.1] i.e.,
(4-1)

and in any finite interval

has at most a finite number of discontinuities and a finite

number of maxima and minima (Dirichlet’s conditions), and in addition,

(4-2)

∞

i.e.

can be absolutely integrated over a period, then

can be expressed as a series of

sinusoids. That is,
∞

2

cos

sin
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(4-3)

where
2

and the Fourier coefficients

and

2

2

(4-4)

are determined by the following equations.

cos

0, 1, 2, 3, …

sin

0, 1, 2, 3, …

Equation (4-3) is called the trigonometric Fourier series. The term
dc component of the series and is the average value of
cos

sin

(4-4)

(4-5)

in Equation (4-3) is the

over a period. The term

is called the nth harmonic. The first harmonic is obtained when

1 . The latter is also called the fundamental with the fundamental frequency of

. When

2 , we have the second harmonic and so on.
Equation (4-3) can be rewritten as,
∞

2

cos

Θ

(4-5)

where
(4-6)
and

Θ

tan

(4-7)
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The total power in

is given by the Parseval’s equation:
∞

1
2

(4-8)

2

By using the Euler’s identity, the cosine and sine functions of Equation (4-3) can be replaced
by exponential equivalents, yielding the expression
∞

(4-9)
∞

where
1

⁄

(4-10)

⁄

and
2

(4-11)

Equation (4-9) is termed the exponential Fourier series expansion. The coefficient
related to the coefficients

and

of Equations (4-4) and (4-5) by the expression

1
2
In addition,

relates to

is

tan

(4-12)

and Θ of Equations (4-6) and (4-7) by the relation

2

Θ

(4-13)

The plot of | | versus frequency is termed the discrete amplitude spectrum or the line
spectrum. It provides information on the amplitude spectral components of
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. A similar

plot of

versus frequency is called the discrete phase spectrum and the latter gives

information on the phase components with respect to the frequency of

.

4.3 Fourier Transform
If g(t) is a non-periodic deterministic signal expressed as a function of time
Fourier transform of

, then the

is given by the integral expression [4.2]:
∞

(4-14)

where

denotes frequency

can be obtained from the Fourier transform

by the

Inverse Fourier Transform formula:
∞

(4-15)

For a signal

to be Fourier transformable, it should satisfy the Dirichlet’s conditions that

were discussed in earlier section. If

is continuous and non-periodic, then

will be

continuous and periodic. However, if g(t) is continuous and periodic, then G(f) will discrete
and nonperiodic; that is
(4-1)
where

then the Fourier transform of

is
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∞

1

1

(4-16)

∞

where
1

⁄

exp

2

(4-17)

⁄

4.4 Discrete & Fast Fourier Transform
Fourier series links a continuous time signal into the discrete-frequency domain. The
periodicity of the time-domain signal forces the spectrum to be discrete. Aperiodic finite
energy signals have continuous spectra. The discrete time Fourier transform of a discretetime signal

is given as [4.3]
∞

exp

(4-18)

∞

Since the

is periodic with period equal to 2 , so we can take

in one frequency period. Thus we get the

sample of this spectra

point Discrete Fourier Transform (DFT) as given

by following equation:

exp

2

⁄

The inverse discrete Fourier transform,

1

exp 2

;

0, 1, 2, … ,

1

(4-19)

0, 1, 2, … ,

1

(4-20)

is

⁄

;

where
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is the number of time sequence values of g[n]. It is also the total number frequency
sequence values in G[k].
is the time interval between two consecutive samples of the input sequence

.

is the frequency interval between two consecutive samples of the output sequence
.
, and

are related by the expression
1

(4-21)

is also equal to the record length. The time interval, , between samples should be chosen
such that the Shannon’s Sampling theorem is satisfied. This means that
the reciprocal of 2

, where

continuous time signal
algorithms require

should be less than

is the highest significant frequency component in the

from which the sequence

was obtained. Several fast DFT

to be an integer power of 2.

A discrete-time function will have a periodic spectrum. In DFT, both the time function and
frequency functions are periodic. Because of the periodicity of DFT, it is common to regard
points from

1 through

/2 as positive, and points from

/2 through

– 1 as negative frequencies. In addition, since both the time and frequency
/2 through

sequences are periodic, DFT values at points
the DFT values at points

/2 through

1 are equal to

1.

In general, if the time-sequence is real-valued, then the DFT will have real components which
are even and imaginary components that are odd. Similarly, for an imaginary valued time
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sequence, the DFT values will have an odd real component and an even imaginary
component.
If we define the weighting function

as

(4-22)
Equations (4-19) and (4-20) can be re-expressed as

1

(4-23)

and

(4-24)

The Fast Fourier Transform, FFT, is an efficient method for computing the discrete Fourier
transform. FFT reduces the number of computations needed for computing DFT. For
example, if a sequence has

points, and

operations, whereas FFT requires
additions and log

is an integral power of 2, then DFT requires

log

complex multiplication,

complex

1024, the computational reduction from DFT

subtractions. For

to FFT is more than 200

log

1.

The FFT can be used to (a) obtain the power spectrum of a signal, (b) do digital filtering, and
(c) obtain the correlation between two signals.
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4.5 Power Quality Terms Related to Harmonics
We have seen the methods to get the spectrum of a signal in the above sections. Now if we
have the harmonic spectrum of a current or voltage waveform

, the original waveform

can be constructed using the Fourier series summation:
∞

cos

where

Ψ

(4-25)

is the hth harmonic peak current or voltage, Ψ is the hth harmonic phase,
2

fundamental angular frequency,

, and

is the

is the fundamental frequency, typically

50Hz.

4.5.1 Total harmonic distortion (THD)
Although the harmonic content of a power system may be quite small relative to the
fundamental in most circumstances, for exactness the rms value of a current or voltage
waveform requires the harmonic content to be considered such that

∞

1

(4-26)

√2
where

is the rms value of voltage or current. The rms voltage or current can also be used

to quantify the level of distortion of the waveform. The total harmonic distortion of voltage or
current waveform (THDU) is calculated using equation (4-27)

1

∞

1
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(4-27)

where
as

represents voltage or current total harmonic distortion (alternatively represented
and

respectively) and

is the rms fundamental voltage or current.

Alternatively rms voltage or current can be represented in terms of total harmonic distortion

∞

(4-28)

1

As distribution system fundamental voltage and current rarely remain static in magnitude at
different times throughout the day, the definition for total harmonic distortion may at times
provide a misleading value for the harmonic distortion level [4.4]. This is especially true for
distribution system fundamental currents that fall close to zero at certain periods of the day,
resulting in large values of

For this reason a modified index for harmonic distortion

may be used with the harmonic content of the waveform expressed as a percentage of a fixed
nominal value rather than the fundamental value, giving total demand distortion

1

∞

1

:

(4-29)

√2

Total demand distortion is specified in [4.5] instead of THD for harmonic current distortion
for the above mentioned reasons. The fixed value

is required to be specified and may

be a maximum rms value, maximum demand, average or selected nominal system value.
4.5.2 Other harmonic PQ Terms
The following definitions have been adapted from IEEE Standard 519-1992.
deviation from a sine wave. A single number measure of the distortion of a sinusoid due to
harmonic components. It is equal to the ratio of the absolute value of the maximum difference
between the distorted wave and the crest value of the fundamental.
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deviation from a sine wave, maximum theoretical. For a nonsinusoidal wave, the ratio of
the arithmetic sum of the amplitudes (rms) of all harmonics in the wave to the amplitude
(rms) of the fundamental.
distortion factor (harmonic factor). The ratio of the root-mean-square of the harmonic
content to the root-mean-square value of the fundamental quantity, expressed as a percent of
the fundamental.

· 100%

harmonic. A sinusoidal component of a periodic wave or quantity having a frequency that is
an integral multiple of the fundamental frequency.
harmonic, characteristic. Those harmonics produced by semiconductor converter
equipment in the course of normal operation. In a six-pulse converter, the characteristic
harmonics are the nontriple odd harmonics, for example, the 5th, 7th, llth, 13th, etc.
1

harmonic, noncharacteristic. Harmonics that are not produced by semiconductor converter
equipment in the course of normal operation. These may be a result of beat frequencies; a
demodulation of characteristic harmonics and the fundamental; or an imbalance in the ac
power system, asymmetrical delay angle, or cycloconverter operation.
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power factor, displacement. The displacement component of power factor; the ratio of the
active power of the fundamental wave, in watts, to the apparent power of the fundamental
wave, in voltamperes (including the exciting current of the thyristor converter transformer).
power factor, total. The ratio of the total power input, in watts, to the total voltampere input
to the converter.
short-circuit ratio. For a semiconductor converter, the ratio of the short-circuit capacity of
the bus, in MVA, at the point of converter connection to the rating of the converter, in MW.
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Chapter 5 Survey on Harmonic Estimation

The severity of problems; caused by the presence of harmonics depend upon the sensitivity of
existing equipment and the magnitude of the waveform distortion. These problems range
from occasional nuisance trips to persistent problems, e.g., errors in kilowatt-hour metering,
and may even involve major damage including catastrophic failure.
Not only is excessive harmonic distortion unacceptable, it need not be tolerated. It is wellknown that many harmonic related problems can be corrected through relatively simple
system reconfiguration or the installation of harmonic filters. However, harmonic distortions
and their sources must be accurately identified before a verifiable solution can be
implemented. Knowing the location where problems have occurred within the system and the
location of harmonic sources and capacitor banks is prerequisite to any harmonic
measurement. Knowing these facts helps to determine where measurements should be made,
what types of measurements to take, and what type of result to expect. In chapter 3 we have
discussed the importance of harmonic analysis. Now that we know mathematics of harmonic
analysis from chapter 4 we’ll go for harmonic analysis. There are two challenges in handling
the measurement of harmonics:
i.

The first one is to get the sampled data. In this regard various standards are available.

ii.

Next one is to analyze the data. We have carried out a literature survey to know about
the method available.
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5.1 Harmonic Measurements
IEEE std.519-1992 [5.1] suggests that measurements of current and voltage harmonics are
essential for the reliable distribution of electric energy. The following are a few reasons that
highlight the importance of measurements:
•

Monitoring existing values of harmonics and checking against recommended or
admissible levels.

•

Testing equipment that generates harmonics.

•

Diagnosing and troubleshooting situations in which the equipment performance is
unacceptable to the utility or to the user.

•

Observing existing background levels and tracking the trends in time of voltage and
current harmonics (daily, monthly, seasonal patterns). Measuring for verification of
simulation studies that include harmonic load flow.

•

Measuring harmonic currents and harmonic voltages with their respective phase
angle. Such measurements can be made with and without a part of the nonlinear loads
connected, and can help determine the harmonic driving point impedance at a given
location.

The techniques used for harmonics measurements differ from those used for ordinary power
system measurement. The frequency bandwidth of the ordinary measurements of voltage,
current, and power can be accomplished with attention to a narrow band of frequencies near
the distribution frequency. Substantially wider bandwidths (up to 3 kHz) are required in the
study of power system harmonics.
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5.1.1 Basic equipments used for the analysis of non-sinusoidal voltages and
currents
i.

Oscilloscope: The display of the waveform on the oscilloscope gives immediate
qualitative information on the degree and type of distortion. Sometimes cases of
resonances are identifiable through the visible distortion that is present in the current
and voltage waveforms.

ii.

Spectrum Analyzers: These instruments display the power distribution of a signal as a
function of frequency. A certain range of frequencies is scanned, and all the
components, harmonics, and interharmonics of the analyzed signal are displayed. The
display format may be a CRT or a chart recorder.

iii.

Harmonic Analyzers or Wave Analyzers: These instruments measure the amplitude
(and in more complex units, the phase angle) of a periodic function. These
instruments provide the line spectrum of an observed signal. The output can be
recorded, or it can be monitored with analog or digital meters.

iv.

Distortion Analyzers: These instruments indicate total harmonic distortion (THD)
directly.

v.

Digital Harmonics Measuring Equipment: Digital analysis can be performed with
two basic techniques:
•

By means of digital filter: This method is similar to analog filtering. Dualchannel digital signal analyzers include digital filtering. In the setup for a
particular measurement, the frequency range to be measured sets up the
digital filters for that range. Also, the bandwidth is varied to optimize the
capture of smaller harmonics in the presence of a very large fundamental.
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•

The Fast Fourier Transform technique. These are real-time, very fast
methods of performing a spectrum analysis that permit the evaluation of a
large number of functions. Multichannel analog-digital conversion and micro
or mini computers are used for real time data acquisition.

When the waveform is recorded with suitable bandwidth using either analog or digital
techniques on-line, the Fast Fourier Transform (FFT) calculation of harmonic components,
the conversion to engineering units, the calculation of statistics, and the plotting and printing
of results can be performed off-line in the laboratory using suitable facilities.

5.1.2 Requirements for instrument response
For accurate harmonics measurements, the following important requirements must be met
[IEEE std 519-1992].
i.

Accuracy: The instrument must perform the measurement of a constant (steady state)
harmonic component with an error compatible with the permissible limits. It is
reasonable to use an instrument with an uncertainty no larger than 5% of the
permissible limit. For example, assume a 480 V, three-phase system in which the 11th
harmonic should be less than 0.70%. The line-neutral 11th harmonic, V11, is less than
1.94 V. This indicates that the instrument should have an uncertainty of less than
.

ii.

.

.

.

Selectivity: The selectivity of the instrument is an indication of its ability to separate
harmonic components of different frequencies. One practical way to ensure good
selectivity is to define requirements for minimum attenuation of an injected
frequency, while the instrument is set (tuned) at a frequency fh = 60 Hz. Table 5.1
gives minimum required attenuation.
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Table 5-1: Minimum Required Attenuation (dB)

Injected
(Hz)
60

Frequency Frequency-Domain
Instrument
0

Time-Domain
Instrument
0

30

50

60

120 to 720

30

50

720 to 1200

20

40

1200 to 2400

15

35

In many applications, the fundamental current may be very large in comparison to the
harmonic currents. The harmonic currents may be significant enough to cause serious
disturbance, as in the case of telephone interference. In such situations, the dynamic
range required for overall harmonic surveillance in a power system is important.
Almost all harmonic measuring devices can meet 60 dB (0.1% of fundamental)
minimum. Extra cost instruments reach down to 90 dB (0.00316%).
iii.

Averaging or Snapshot. If the measured harmonics vary in time, it is necessary to
“smooth out” the rapidly fluctuating components over a period of time. Two factors
become important in this case: dynamic response and bandwidth.

iv.

Dynamic Response. If, for example, an average over a period of 3 s is desirable, then
the response of the output meter should be identical to a first order low-pass filter
with a time constant of 1.5

0.15 .

5.2 Harmonic Analysis of Sampled Data
Analysis of acquired data is necessary to get useful information from it. The following works
have been found in literature survey:
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5.2.1 Application of FFT for harmonic analysis
The DFT and FFT algorithms have been applied to many useful applications in power system
phasor measurements and harmonic analysis [5.2, 5.3]. However, misapplication of the FFT
algorithm would lead to incorrect results. There are basic assumptions embodied in the
application of DFT and FFT. These assumptions are:
i.

The signal is stationary (constant magnitude);

ii.

The sampling frequency is equal to the number of samples multiplied by the
fundamental frequency assumed by the algorithm;

iii.

The sampling frequency is greater than twice the highest frequency in the signal to be
analyzed; and

iv.

Each frequency in the signal is an integer multiple of the fundamental frequency.

Basically, the fundamental frequency is the reciprocal of the window length of data (T).
When these assumptions are satisfied, the results of the DFT or FFT are accurate.
5.2.1.1 Pit falls in FFT Algorithm
There are three major pitfalls in the application of FFT:
i.

Aliasing,

ii.

Leakage, and

iii.

Picket-fence effect [5.4].

Aliasing can be alleviated by increasing the sampling frequency ( ). However, pseudoaliasing may still occur even if the highest frequency component is not higher than

⁄2. This

may be caused by the presence of a fraction of a cycle of data or the presence of a white noise
in the measurements.
The term "leakage" refers to the apparent spreading of energy from one frequency into
adjacent ones. It arises due to the truncation of the sequence such that a fraction of a cycle
exists in the analyzed waveform. Data acquisition systems sampling rates are usually set at
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fixed values, multiples of kHz. If the sampled waveform does not contain an integer number
of samples per integer number of cycles, the results of the DFT algorithm will include errors.
The resulting error is known as spectral "leakage" [5.4, 5.5]. The DFT and FFT of such a
sampled waveform will incorrectly indicate non-zero values for all of the harmonic
frequencies.
The picket-fence effect [5.4] occurs if the analyzed waveform includes a frequency which is
not one of the discrete frequencies (an integer times the fundamental). This influences the
accuracy of the magnitudes of each harmonic. Since the FFT is discrete, only those
frequencies that fall exactly on the discrete points in the frequency domain are indeed their
true value. The resulting frequency spectrum can be considered as the true spectrum viewed
through a picket fence with only those frequencies corresponding to gaps in the fence visible.
The peak values may be hidden from view behind the fence. Once established, the same
fundamental frequency, e.g., 50 Hz, must always be sampled. A varying frequency, as found
in a diesel generator that is not synchronized to line, may have fundamental or harmonic
frequencies that would be one of the in-between frequencies rather than 50 Hz and its
harmonics.

5.2.2 Application of Kalman filtering algorithm for optimal harmonic estimation
Application of Kalman filtering for the purpose of optimal harmonic estimation was reported
in the early 90’s [5.6, 5.7, and 5.8]. The Kalman filtering approach provides a means for
optimally estimating phasors and the ability to track time-varying parameters. Kalman
Filtering technique represents the signal in state space form and then applies state space
theory to estimate the harmonics. This approach is simple, linear, and robust; however, it
requires a priori knowledge of the statistics of the electrical signal and the state matrix needs
to be defined accurately as well.
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To overcome the short comings of Kalman filter in this regard, we require higher order FIR
filters, which are limited by ability of computer to perform calculations in real time.
Developments in this direction have origins in the theory of non-linear parameter estimation.

5.2.3 Application of wavelet transform for harmonic estimation
A new algorithm proposed in 1999 by V.L.Pham and KRWong [5.9] is among the first
attempts to identify all harmonics including integer, non-integer and sub-harmonics. In the
first step of the approach, the frequency spectrum of the waveform is decomposed into subbands using discrete wavelet packet transform filter banks. In the second step, continuous
wavelet transform is applied to nonzero sub-bands to evaluate the harmonic contents. In the
first step, there is the problem of images due to down samplings and up samplings of the
waveform. A method for alleviating this image problem is developed in their paper. Methods
are developed to accurately quantify harmonics frequency amplitude and phase.

5.2.4 Application of artificial intelligence for harmonic estimation
In the very recent years artificial neural networks [5.10], evolutionary algorithms [5.11, 5.12],
optimization techniques [5.12, 5.13] have been proposed by various researchers.
Noting that the actual models of voltage/current signals are nonlinear in phase and linear in
amplitude, a hybrid algorithm iterating between genetic-algorithm (GA)-based phase
estimation and LS-based amplitude estimation is proposed in [5.11]. As a population-based
algorithm, unlike the conventional gradient based methods, GA does not rely on the gradient
information of an objective function; thus, it is unlikely to be trapped in local minima.
However, the efficiency of GA is significantly degraded when it is applied to a function
where the parameters that are optimized are highly correlated [5.13] (e.g., in harmonic
estimation, the change of the phase of the fundamental harmonic may alter the phases of
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other harmonics). Thus, the optimization process of the GA will converge prematurely,
leading to the deterioration of the accuracy of the optimization results.
Lu et al proposed a very novel approach [5.13] based on particle swarm optimization with
passive congregation (PSOPC) to estimate harmonics. They proposed to apply PSOPC to
optimize the phase of each individual harmonic, because the particle swarm optimizer (PSO)
has shown a faster convergence rate than other evolutionary algorithms on some problems
and has fewer parameters to adjust [5.14]. By introducing passive congregation, the
information sharing mechanism is improved and the optimization result is more accurate.

5.3 Conclusion
PSOPC seem to be most attractive among all the algorithms discussed above, because of its
ease of implementation. It is also faster than most of the other algorithms. This algorithm first
requires estimation of amplitude by some linear estimation procedure. Lu et al. proposed to
use Least Square Estimation method. We‘ll also stick to the same method for our harmonic
analysis. Before we go onto discussing particle swarm optimization, we’ll discuss about least
square estimation method first.
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Chapter 6 A Harmonic Estimation

Technique based on LSE & PSOPC

The algorithm discussed toward the end of this chapter is based on Linear Least Square
Estimator (LSE) and Particle Swarm Optimizer (PSO). We’ll discuss LSE and PSO in the
next two sections, and then we’ll propose the harmonic estimation technique.

6.1 Introduction to the method of Least Square Estimation
6.1.1 Principle of least squares
According to Gauss the principle of least squares is that the unknown parameters of a model
should be chosen in such a way that
The sum of the squares of the differences between the actually observed and computed
values multiplied by numbers that measure the degree of precision is a minimum.
To be able to give an analytic solution, the computed values must be linear functions of the
unknown parameters.
6.1.2 Method of least squares:
Least squares estimation becomes particularly simple if the mathematical model can be
written in the form:
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.
Where

(6-1)

observed variable
,…,

Unknown parameters

,…,

Known functions that may depend on other known

variables.
The variables

,

…,

are called regression variables or regressors and the model of

equation (6-1) is called a regression model.
Define

Then we can write
.
If

(6-2)

measurements are taken then equation can be written as

1

1

1

1

2

2

2

2
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ΦΘ

or,

1 vector

where
Φ

Matrix

and
1
2

1
2

1
2

1
2

The problem is to determine the parameters in such a way that the output computed from the
modes of equation (6-1) agrees as closely as possible with the measured variables

in the

sense of least squares.
To obtain the least squares estimate we minimize
1

1

.

In vector form, we want to minimize
1

Φ

Φ

1

Φ

Φ

Φ Φ

All terms in this expression are scalar. We can therefore transpose a scalar without changing
it. Now
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Φ

Φ

Φ

Therefore,
1

Φ

Φ

Φ Φ

Now setting to zero the derivative of with respect to .

2Φ

2Φ Φ

0

or,
Φ

Φ Φ

or,

(6-3)

This solve for a unique minimum if the second derivative matrix

is positive definite.
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6.2 Introduction to the Particle Swarm Optimization based Techniques
The particle swarm optimizer (PSO) is a population-based algorithm that was invented by
Kennedy and Eberhart [6.1] in 1995. It is inspired by the social behavior of animals such as
fish schooling and bird flocking. Similar to other population-based algorithms, such as
evolutionary algorithms, PSO can solve a variety of difficult non-linear optimization
problems and has shown a faster convergence rate than other evolutionary algorithms on
some problems [6-2]. Another advantage of PSO is that it has very few parameters to adjust,
which makes it particularly easy to implement.

The foundation of PSO is based on the hypothesis that social sharing of information among
con-specifics offers an evolutionary advantage [6.1]. The SPSO model is based on the
following two factors [6.1]:

i.

The autobiographical memory, which remembers the best previous position of each
individual ( ) in the swarm;

ii.

The publicized knowledge, which is the best solution ( ) found currently by the
population.

Therefore, the sharing of information among con-specifics is achieved by employing the
publicly available information
among individuals except that

, shown in Figure 6-1. There is no information sharing
broadcasts the information to the other individuals.

Therefore, the population may lose diversity and is more likely to confine the search around
local minima if committed too early in the search to the global best found so far.
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Figure 6-1: Interaction between particles and the best particle gbest

Angeline [6.3] pointed out that although PSO may outperform other evolutionary algorithms
in the early iterations, its performance may not be competitive as the number of generations is
increased. Recently, several investigations have been undertaken to improve the performance
of standard PSO (SPSO). Løbjerg et al. [6.4] presented a hybrid PSO model with breeding
and subpopulations. Kennedy and Mendes [6.5] investigated the impacts of population
structures to the search performance of SPSO. Other investigations on improving PSO’s
performance were undertaken using cluster analysis [6.6] and fuzzy adaptive inertia weight
[6.7].

Biologists have proposed four types of biological mechanisms that allow animals to
aggregate into groups: passive aggregation, active aggregation, passive congregation, and
social congregation [6.8]. There are different information sharing mechanisms inside these
forces. It has been found that the passive congregation model is suitable to be incorporated in
the SPSO model.

6.2.1 Standard Particle Swarm Optimizer (SPSO)
PSO is a population-based optimization algorithm. The population of PSO is called a swarm
and each individual in the population of PSO is called a particle. The ith particle at iteration k
has the following two attributes:
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,

A current position in an N-dimensional search space

i.

,

,1

,

,…,

, where

are the lower and upper bound for the nth

dimension, respectively.
ii.

,

A current velocity ,
,

,…,

, which is bounded by a maximum velocity

,…,

,

and

,…,

a

minimum

velocity

.

In each iteration of PSO, the swarm is updated by the following equations [6.1]:

(6-4)

(6-5)
is the best previous position of the ith particle (also known as pbest). According to

where

the different definitions of
•

If

, there are two different versions of PSO.

is the best position among all the particles in the swarm (also known as gbest),

such a version is called the global version.
•

If

is taken from some smaller number of adjacent particles of the population (also

known as lbest), such a version is called the local version. Pi and Pg are given by the
following equations, respectively:

;
;

,

,…,

|

(6-6)

min
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,

,…,

(6-7)

where

is the objective function,

and

is the total number of particles,

elements from two uniform random sequences in the range (0,1): r1

and

are

U(0,1); r2 U(0,1), and

ω is an inertia weight [6.9] which is initialized typically in the range of [0,1]. A larger inertia
weight facilitates global exploration and a smaller inertia weight tends to facilitate local
exploration to fine-tune the current search area [6.10]. The variables c1 and c2 are acceleration
constants[6.7], which control how far a particle will move in a single iteration.

Another important variant of standard PSO is the constriction factor approach PSO (CPSO),
which was proposed by Clerc and Kennedy [6.11]. The velocity of CPSO is updated by the
following equation:

(6-8)
where χ is called a constriction factor, given by:

2
2

4
(6-9)

where,

,

4

The CPSO ensures the convergence of the search procedures and can generate higher-quality
solutions than the standard PSO with inertia weight on some studied problems [6.12].
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6.2.2 Particle Swarm Optimizer with Passive Congregation (PSOPC)
The PSO algorithm is inspired by social behaviors such as spatial order, more specially,
aggregation such as bird flocking, fish schooling, or swarming of insects. Each of these cases
has stable spatio-temporal integrities of the group of organisms: the group moves persistently
as a whole without losing the shape and density.

For each of these groups, different biological forces are essential for preserving the group’s
integrity. Parrish and Hamner [6.13] proposed mathematical models of the spatial structure of
animal groups to show how animals organize themselves. In these models, aggregation
sometimes refers to a grouping of the organisms by non-social, external, physical forces.
There are two types of aggregation: passive aggregation and active aggregation. Passive
aggregation is a passive grouping by physical processes. One example of passive aggregation
is the dense aggregation of plankton in open water, in which the plankton are not attracted
actively to the aggregation but are transported passively there via physical forces such as
water currents. Active aggregation is a grouping by attractive resource, such as food or space,
with each member of the group recruited to a specific location actively.

Congregation, which is different from aggregation, is a grouping by social forces that is the
source of attraction is the group itself. Congregation can be classified into passive
congregation and social congregation. Passive congregation is an attraction of an individual
to other group members but where there is no display of social behavior. Social
congregations usually happen in a group where the members are related (sometimes highly
related). A variety of inter-individual behaviors are displayed in social congregations,
necessitating active information transfer [6.13]. For example, ants use antennal contacts to
transfer information about individual identity or location of resources [6.14].
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From the definitions above, the third part of Equation (6-1):

can be classified

as either active aggregation or passive congregation. But since Pg is the best solution the
swarm has found so far, which can be regarded as the place with most food, researchers argue
that it is better to classify

as active aggregation.

It has been discovered that in spatially well-defined congregations, such as fish schools,
individuals may have low fidelity to the group because the congregations may be composed
of individuals with little to no genetic relation to each other [6.15]. Schooling fish are
generally considered a “selfish herd”[6.16], in that each individual attempts to take the
sweeping generalization advantage from group living, independent of the fates of neighbors
[6.17]. In these congregations, information may be transferred passively rather than actively
[6.18]. Such asocial types of congregations can be referred to as passive congregation.
Because PSO is inspired by fish schooling, it is therefore natural to ask if a passive
congregation model can be employed to increase the performance of SPSO. Here, other
models have not been considered such as passive aggregation, because PSO is not aggregated
passively via physical processes. And social congregation usually happens when group
fidelity is high, such that the chance of each individual meeting any of the others is high
[6.19]. Social congregations frequently display a division of labor. In a social insect colony,
such as an ant colony, large tasks are accomplished collectively by groups of specialized
individuals, which is more efficient than performing sequentially by unspecialized
individuals [6.20]. The concept of labor division can be employed by data clustering, sorting
[6.21] and data analysis [6.22].

Group members in an aggregation can react without direct detection of incoming signals from
the environment, because they can get necessary information from their neighbors [6.8].
Individuals need to monitor both environment and their immediate surroundings, such as the
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bearing and speed of their neighbors [6.8]. Therefore, each individual in an aggregation has a
multitude of potential information from other group members that may minimize the chance
of missed detection and incorrect interpretations [6.8]. Such information transfer can be
employed in the model of passive congregation. Inspired by this result, and to keep the model
simple and uniform with SPSO, a hybrid PSO with passive congregation is proposed as
follows:

(6-10)

(6-11)
where Ri is a particle selected randomly from the swarm, c3 the passive congregation
coefficient, and r3 is a uniform random sequence in the range (0,1): r3

U(0,1). The

interactions between individuals of PSOPC are shown in Figure. 6-2, the pseudo-code for
PSOPC is listed in Table 6-1.

Figure 6-2: Interactions of particles with passive congregation
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Table 6-1: Pseudo-code for the PSOPC algorithm

Set k:=0;
Randomly initialize positions and velocities of all particles;
WHILE (the termination conditions are not met)
FOR (each particle i in the swarm)
Calculate fitness: Calculate the fitness value of current particle:
: Compare the fitness value of pbest with

Update

. If

is better than the fitness

value of pbest, then set pbest to the current position Xi;
Update

: Find the global best position of the swarm. If

is better than the fitness

value of gbest, then gbest is set to the position of the current particle Xi;
Update

: Randomly select a particle from the swarm as

;

Update velocities: Calculate velocities Vi using Equation (6-7). If
then
Update positions: Calculate positions Xi using Equation. (6-8);
END FOR
Set k:=k+1;
END WHILE
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then

. If

6.3 LSE and PSOPC based Harmonic Estimation Technique
This section presents an estimaton procedure for harmonic estimation using PSOPC (a
nonlinear optimization algorithm) and the linear LS method. Assume an electrical signal
is described as

sin

1, 2, 3, … ,

where

(6-12)

represents the order of the harmonic;

amplitude, phase angle, and angular frequency of the
and

,

are the
2

harmonic, respectively,

;

is the additive noise.
,

To estimate

of each harmonic, the following function is constructed:

sin

where

,

,

are the estimatio of

(6-2)

,

respetively. Thereby, the original

signal can be represented as
(6-3)
where
and

is the estimation error or estimation residual that indicates the difference between
. the estimation goal is to search for the best

is the smallest in condition of

,

; sufficing that

being determined.

Since the phases of the harmonics in the model are nonlinear and are restricted within 0, 2 ,
the recursive optimization algorithm is utilized to estimate the values of

. Once the

phases and the frequencies are estimated in each iteration, the amplitude

is obtained by the

standard LS method.
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Sampling the signal

with samples, the discrete linear model is given as
·

,

sin
sin

…
…

sin
sin

sin

…
…
…

sin

sin
where

is the
…

1, 2, … ,

(6-4)

(6-5)

sin

th sample of the measured signal with additive noise

;

is the amplitude vector. We aim to estimate it using LS algorithm.

is the system structure matrix. As stated earlier, the goal is to find the best
which minimizes the difference between

After the values of

,

,

·

,

,

.

are evaluated using a certain optimization algorithm (PSOPC

is our case),

is calculated consequently. Assuming

estimation of

can be obtained via the standard LS algorithm as

is a full rank matrix, the

·

(6-6)

which ensures that the estimation of the signal
·

is best in the condition of

,

. However, the values of

(6-7)
,

solution and needed to be optimized. Therefore, in the next iteration,
using a PSOPC, according to the cost function , which is defined as
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are not the best
,

are updated

∑
∑

The process repeats until the convergence condition is met.
Letting

…

…

and Φ

we represent

th particle as

Φ . The flow chart for the applied algorithm is given in figure 6-3.
Based on this flow chart and knowledge acquired in previous sections we have written a
Matlab script that can estimate a given number of odd harmonics in the sampled signal whose
sampling interval is known. The script is given in appendix. A variant of the above script is
used to get all the harmonics in the signal. This script is also given in the appendix. We have
also found the total harmonic distortion and deviation in sine wave also for each case.
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Figure 6-3: Flow chart for LSE & PSOPC based Harmonic Estimation Technique
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Chapter 7 Real Time Data Collection for

the Purpose of Harmonic Estimation

Our study concentrates on the power quality problems related to harmonics, so we decided to
have an estimate of harmonic content in voltage supply in our institute premises only. We
conducted an experiment to collect the wave shape data in the Electrical Machines
Laboratory of Electrical Engineering Department. We also wanted to see the effect of loading
a good capacity industrial rectifier on the supply of a Diesel Engine Driven Alternator of
comparable capacity. So we collected data in various operating environments of the
laboratory. We’ll describe the methodology in the form of an experiment report.

7.1. Aim of the Experiment
To collect the wave shape/spectrum data for power quality analysis of voltage waves
generated by a 3 phase Diesel Engine-Alternator set and supply mains.

7.1.1 Equipments used
1. Diesel Engine-Alternator Set
a. Alternator
Manufacturer

Kirlosker Ltd.

Frame

CM200A

kVA

40.0
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RPM

1500

VOLT

415

AMP

55.8

Rotation

Reversible viewing at the driven end

Rating

S1, BS 2613-1970

Insulation Class

ST-F, RT-F, EX-F

Connection

Y

Phase

3

Hz

50

Excitation

285 V, 4.3 A

PF

0.8

Phase Sequence

BS 822-UVW

P Code/ Machine No. 292421805/ 8602AD-27
b. Diesel Engine
Manufacturer

Kirlosker Ltd.

Type

BB44

RPM

1500

Bore x Stroke

110 x 116

kW

37.2

BHP

50.5

Engine No.

481208185175

B55514

2. Rheostats: 100 ohm, 5 A (3 in no.)
3. Ammeters: 0-3 A (3 in no.), MI Type
4. Lamp Load: 3 Phase type (had 2; 200 W/215 V bulbs in series in each phase)
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5. Digital Storage Oscilloscope
Manufacturer

Tektronix Ltd.

Model No.

TDS 2022 B

Channels

2

Sample Rate

2.0 GS/s

Band width

200MHz

Display

Color

Record Length

2500 data points

PC Connectivity

Through USB & Open Choice PC Communication software

Probe*

P2220

*

We used attenuation setting at 10X to utilize the whole available band width. At 1X

band width is only 6 MHz for the instrument.
6. Digital Multi-meter available in the Laboratory
7. PC: HP Pavilion dv2025TU Notebook PC

7.1.2 Circuit diagram of the experimental setup

Figure 7-1: Circuit diagram of the experimental setup

89

7.1.3 Procedure followed
1. Connected the equipments and instruments as shown in the circuit diagram.
2. Connected the oscilloscope to the PC through USB port.
3. We assumed that all the circuit elements we linear and did inject no harmonics into the
circuit. To get the voltage waveform we used rheostats as potential dividers and
saw/acquired the waveform/spectrum across almost 10 ohm resistance (measured using
multi-meter). We ensured that the potential difference across the two terminals of the
probe was within the safe limits. For this also we used multi-meter.
4. We used ammeters to ensure that the load was balanced.
7.1.4 Observations
We observed/acquired the following things:
1. Voltage waveform
2. Spectrum
Both of the above; under various operating condition inside the Laboratory. We acquired the
data into the PC through the USB interface provided with the oscilloscope. Sampling time of
the storage oscilloscope was 0.00004 sec. For the purpose of review the acquired images of
wave form and spectrum are given here.
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Table 7-1:: Acquired Waave form and Spectrum imaages

1. S
Service Main
ns
Waaveform

Sppectrum

2. Diesel Engine--Alternator set
s on No Looad
Waaveform
Sppectrum

3.. Service Mains
M
Loadedd with Rectifier and DC Machines
Waaveform
Sppectrum

Waaveform

Sppectrum
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4. Diesel Enggine-Alternaator set on noormal Laborratory load
Waaveform
Sppectrum

7.1.5 Con
nclusions frrom the imaages
1. Mains
M
supply
y being draw
wn from the national grid id not affeected by the rectifier loaad
of the laborattory.
2. Under
U
no loaad conditions the alternaator producees insignificaant harmoniics. These arre
w
within
the lim
mits and are due
d to the tooothed structture of the sttator and rotoor.
3. On
O a normal day of the laaboratory thhe alternator is burdenedd with the foollowing typees
of loads:
a. Rectiffier
b. DC Rotating
R
Macchines
c. AC Rotating
R
Macchines
d. Transformers
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Out of these loads rectifier is the biggest culprit for injecting harmonics into the
electrical circuit of the laboratory. This is observed in the wave shape and spectrum
also. So the data is suggested to be analyzed for harmonics.

93

Chapter 8 Application of the LSE & PSOPC
Based Harmonic Estimation Technique to
the Real Time Data

We have found the following results by applying the proposed LSE+PSOPC based Harmonic
Estimation technique to the real time data we have collected. We are giving here, the output
of the estimator scripts (Matlab code of the Estimator is given in the appendix).

8.1 Output of the script estimating odd harmonics
The script PSOPC.m was run for 15 number of particle and 100 generations in the following
data samples. The results were published in word format using the GUI interface of Matlab,
and the same are pasted here.
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i.

Amplitude(%) Freq.(Hz) Phase(deg)

Output of the the script for data
sample no. 1 (data1.m).

1.0e+003 *

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

0.1000 0.0464 ‐0.1116
0.0003 0.1393 ‐0.1889

Date of Exp: 28 Jan 2009

0.0014 0.2322 ‐0.1472

Source: DG Set‐‐phase A

0.0013 0.3251 0.0895

Work Environment of the Laboratory: Without any load

0.0001 0.4179 0.0061
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

0.0002 0.5108 ‐0.0038
0.0002 0.6037 0.3168
0.0001 0.6965 0.0406

Computed Output in the format:

0.0004 0.7894 0.2341

Amplitude(V) Freq.(Hz) Phase(rad)

0.0004 0.8823 0.0195

1.0e+003 *

0.0001 0.9752 0.1863
0.0000 1.0680 ‐0.0747

‐0.0131 0.0464 0.0012

0.0001 1.1609 ‐0.0785

‐0.0000 0.1393 ‐0.0002

0.0001 1.2538 0.0530

‐0.0002 0.2322 0.0006

0.0000 1.3466 ‐0.0666

0.0002 0.3251 0.0016
0.0000 0.4179 0.0001

DfSW: Deviation from sine wave (in %)

‐0.0000 0.5108 0.0031

DfSW =

0.0000 0.6037 0.0055

5.2525

0.0000 0.6965 0.0007
0.0001 0.7894 0.0041

THD: Total Harmonic Distortion (in %)

‐0.0001 0.8823 0.0035

THD =

0.0000 0.9752 0.0033

2.1097

‐0.0000 1.0680 0.0018
‐0.0000 1.1609 0.0018
‐0.0000 1.2538 0.0041
‐0.0000 1.3466 0.0020

Normalized Output in the format:
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1.0e+003 *

‐0.0135 0.0494 0.0031
‐0.0002 0.1484 0.0029
0.0004 0.2473 ‐0.0001
0.0001 0.3462 ‐0.0011
0.0000 0.4451 0.0016
‐0.0001 0.5440 0.0005
‐0.0000 0.6429 0.0012

Figure 8-1: Spectrum of data sample no. 1

0.0000 0.7418 0.0015
0.0000 0.8407 0.0025
0.0000 0.9396 0.0025
0.0000 1.0385 0.0020
‐0.0000 1.1374 0.0000
‐0.0000 1.2364 0.0009
0.0000 1.3353 ‐0.0001
‐0.0000 1.4342 0.0025

Figure 8-2: Estimation Error for data sample no. 1
Normalized Output in the format:

i.

Amplitude(%) Freq.(Hz) Phase(deg)

Output of the script running
for data sample no. 2
(data2.m).

1.0e+003 *

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

0.0999 0.0494 ‐0.0005

Date of Exp: 28 Jan 2009

0.0012 0.1484 ‐0.0130

Source: Mains‐‐phase A

0.0030 0.2473 ‐0.0048

Work Environment of the Laboratory: No load inside the lab

0.0004 0.3462 ‐0.0652
0.0000 0.4451 0.0921

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

0.0007 0.5440 ‐0.1505

Computed Output in the format:

0.0003 0.6429 ‐0.1127

Amplitude(V) Freq.(Hz) Phase(rad)

0.0000 0.7418 0.0840
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0.0000 0.8407 0.1424
0.0003 0.9396 0.1411
0.0001 1.0385 0.1161
0.0000 1.1374 ‐0.1782
0.0001 1.2364 ‐0.1271
0.0000 1.3353 ‐0.0064
0.0000 1.4342 ‐0.0374

Figure 8-4: Estimation error for data sample no. 2
DfSW: Deviation from sine wave (in %)
DfSW =

ii.
6.3402

Output of the script running
for data sample no. 3
(data4.m).

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

THD: Total Harmonic Distortion (in %)
THD =

Date of Exp: 29 Jan 2009
3.3011
Source: DG Set‐‐phase A
Work Environment of the Laboratory: Normal Working Day

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
Computed Output in the format:
Amplitude(V) Freq.(Hz) Phase(rad)
1.0e+003 *

‐0.0192 0.0460 0.0032

Figure 8-3: Spectrum of data sample no. 2

‐0.0000 0.1382 0.0004
‐0.0005 0.2303 0.0010
0.0005 0.3224 0.0005
0.0001 0.4146 0.0004
‐0.0000 0.5067 0.0016
‐0.0001 0.5988 0.0004
‐0.0001 0.6910 0.0011
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‐0.0002 0.7831 0.0002
0.0001 0.8753 0.0016

THD: Total Harmonic Distortion (in %)

0.0001 0.9674 0.0015

THD =

0.0001 1.0595 0.0014

3.8806

‐0.0000 1.1517 0.0016
‐0.0000 1.2438 0.0026
0.0000 1.3359 0.0013

Normalized Output in the format:
Amplitude(%) Freq.(Hz) Phase(deg)
1.0e+003 *

Figure 8-5: Spectrum of data sample no. 3

0.0999 0.0460 0.0026
0.0000 0.1382 ‐0.1586
0.0026 0.2303 ‐0.1218
0.0024 0.3224 0.0310
0.0004 0.4146 0.0228
0.0002 0.5067 ‐0.0857
0.0006 0.5988 ‐0.1572
0.0003 0.6910 ‐0.1187

Figure 8-6: Estimation error in data sample no. 3

0.0012 0.7831 ‐0.1706

iii.

0.0003 0.8753 0.0897
0.0005 0.9674 0.0862

Output of the script for data
sample no. 4 (data7.m).

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

0.0003 1.0595 0.0822

Date of Exp: 30 Jan 2009

0.0000 1.1517 ‐0.0900

Source: DG Set‐‐phase B

0.0002 1.2438 ‐0.0317

Work Environment of the Laboratory: Normal Working Day

0.0001 1.3359 0.0747
DfSW: Deviation from sine wave (in %)

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

DfSW =

Computed Output in the format:

1.1463
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0.0002 0.6957 ‐0.1094

Amplitude(V) Freq.(Hz) Phase(rad)

0.0001 0.7885 0.1297

1.0e+003 *

0.0000 0.8813 ‐0.0381
0.0188 0.0463 ‐0.0000

0.0001 0.9741 0.0437

‐0.0002 0.1391 0.0032

0.0002 1.0669 0.1043

0.0008 0.2319 0.0031

0.0001 1.1596 0.0611

‐0.0007 0.3246 0.0020

0.0001 1.2524 ‐0.0697

0.0000 0.4174 0.0008

0.0001 1.3452 0.0654

0.0003 0.5102 0.0013
0.0001 0.6030 0.0031

DfSW: Deviation from sine wave (in %)

‐0.0000 0.6957 0.0012
0.0000 0.7885 0.0023

DfSW =

‐0.0000 0.8813 0.0025

2.0354

0.0000 0.9741 0.0008
0.0000 1.0669 0.0018

THD: Total Harmonic Distortion (in %)

0.0000 1.1596 0.0011

THD =

‐0.0000 1.2524 0.0019
6.0416

0.0000 1.3452 0.0011

Normalized Output in the format:
Amplitude(%) Freq.(Hz) Phase(deg)
1.0e+003 *

0.0998 0.0463 ‐0.0012
0.0011 0.1391 0.0015
0.0045 0.2319 0.1770
0.0035 0.3246 ‐0.0629

Figure 8-7: Spectrum for data sample no. 4

0.0001 0.4174 0.0470
0.0015 0.5102 0.0765
0.0004 0.6030 0.1751
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Figure 8-8: Estimation error for data sample no. 4
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8.2 Output of the script estimating all (even +odd ) harmonics
In the following outputs, the script PSOPCh.m was run for 60 generations with 10 number of
particles.

i.

‐0.0000 0.6114 0.0024

For data sample no. 5 (data3.m)

‐0.0000 0.6585 0.0024

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

‐0.0000 0.7055 0.0016

Date of Exp: 29 Jan 2009

‐0.0000 0.7525 0.0016

Source: DG Set‐‐phase A

0.0000 0.7996 0.0032

Work Environment of the Laboratory: Without converter load

0.0000 0.8466 0.0019
0.0001 0.8936 0.0008

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

0.0000 0.9407 0.0025
Computed Output in the format:
‐0.0000 0.9877 0.0016
Amplitude(V) Freq.(Hz) Phase(rad)
‐0.0000 1.0348 0.0006
1.0e+003 *
‐0.0000 1.0818 0.0014
‐0.0000 1.1288 0.0028
‐0.0193 0.0470 0.0031
‐0.0000 1.1759 0.0035
0.0000 0.0940 0.0014
‐0.0000 1.2229 0.0029
‐0.0000 0.1411 0.0024
0.0000 1.2699 0.0026
‐0.0001 0.1881 0.0023
‐0.0000 1.3170 0.0027
0.0004 0.2351 0.0028
‐0.0000 1.3640 0.0014
0.0000 0.2822 0.0006
‐0.0000 1.4110 0.0028
‐0.0002 0.3292 0.0018
‐0.0000 1.4581 0.0034
‐0.0000 0.3762 0.0020
‐0.0000 1.5051 0.0025
‐0.0000 0.4233 0.0015
‐0.0000 1.5522 0.0019
‐0.0000 0.4703 0.0015
0.0000 1.5992 0.0014
0.0001 0.5174 0.0024
‐0.0000 1.6462 0.0037
0.0000 0.5644 0.0009
0.0000 1.6933 0.0016
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‐0.0000 1.7403 0.0019

0.0001 1.0818 ‐0.0981

‐0.0000 1.7873 0.0035

0.0001 1.1288 ‐0.0216

‐0.0000 1.8344 0.0019

0.0001 1.1759 0.0184

‐0.0000 1.8814 0.0016

0.0001 1.2229 ‐0.0143

Normalized Output in the format:

0.0000 1.2699 0.1489

Amplitude(%) Freq.(Hz) Phase(deg)

0.0000 1.3170 ‐0.0254

1.0e+003 *

0.0001 1.3640 ‐0.0972
0.0000 1.4110 ‐0.0197

0.1000 0.0470 ‐0.0048

0.0001 1.4581 0.0158

0.0002 0.0940 0.0788

0.0000 1.5051 ‐0.0371

0.0001 0.1411 ‐0.0445

0.0001 1.5522 ‐0.0697

0.0003 0.1881 ‐0.0502

0.0000 1.5992 0.0818

0.0020 0.2351 0.1584

0.0000 1.6462 0.0313

0.0001 0.2822 0.0322

0.0000 1.6933 0.0914

0.0011 0.3292 ‐0.0762

0.0000 1.7403 ‐0.0695

0.0002 0.3762 ‐0.0675

0.0000 1.7873 0.0215

0.0002 0.4233 ‐0.0962

0.0000 1.8344 ‐0.0736

0.0000 0.4703 ‐0.0945

0.0000 1.8814 ‐0.0877

0.0005 0.5174 0.1402
0.0001 0.5644 0.0496

DfSW: Deviation from sine wave (in %)

0.0002 0.6114 ‐0.0434

DfSW =
0.5016

0.0001 0.6585 ‐0.0439
0.0002 0.7055 ‐0.0888
0.0002 0.7525 ‐0.0876

THD: Total Harmonic Distortion (in %)

0.0002 0.7996 0.1820

THD =
2.4740

0.0000 0.8466 0.1086
0.0003 0.8936 0.0461
0.0001 0.9407 0.1431
0.0001 0.9877 ‐0.0912
0.0000 1.0348 ‐0.1450
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‐0.0164 0.0388 0.0036
0.0048 0.0777 0.0041
‐0.0019 0.1166 0.0015
0.0012 0.1554 ‐0.0009
‐0.0007 0.1943 0.0021
0.0003 0.2331 0.0041
0.0000 0.2720 0.0043

Figure 8-9: Spectrum for data sample no. 5

‐0.0007 0.3108 0.0031
‐0.0002 0.3497 0.0008
0.0000 0.3886 0.0007
0.0001 0.4274 0.0037
0.0001 0.4663 0.0034
‐0.0000 0.5051 0.0003
‐0.0000 0.5440 0.0002
‐0.0001 0.5829 0.0020
‐0.0001 0.6217 0.0024
0.0000 0.6606 0.0010

Figure 8-10: Estimation error for data sample no. 5

0.0000 0.6994 0.0041
0.0000 0.7383 0.0031

ii.

For data sample no.6 (data7.m)
‐0.0000 0.7772 0.0007

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

0.0000 0.8160 0.0001

Date of Exp: 30 Jan 2009

‐0.0001 0.8549 0.0025

Source: DG Set‐‐phase B

0.0001 0.8937 0.0003

Work Environment of the Laboratory: Normal Working Day

0.0000 0.9326 ‐0.0004
0.0000 0.9715 0.0012

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

‐0.0000 1.0103 0.0018

Computed Output in the format:

0.0000 1.0492 0.0030

Amplitude(V) Freq.(Hz) Phase(rad)

0.0000 1.0880 0.0009

1.0e+003 *

0.0000 1.1269 0.0006
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0.0000 1.1657 0.0001

0.0003 0.5440 ‐0.1701

0.0000 1.2046 0.0029

0.0007 0.5829 ‐0.0629

‐0.0000 1.2435 0.0029

0.0006 0.6217 ‐0.0423

‐0.0000 1.2823 0.0023

0.0003 0.6606 0.0597

‐0.0000 1.3212 0.0016

0.0000 0.6994 0.2351

0.0000 1.3600 ‐0.0010

0.0001 0.7383 0.1784

‐0.0000 1.3989 ‐0.0010

0.0000 0.7772 ‐0.1414

0.0000 1.4378 ‐0.0006

0.0002 0.8160 0.0056

0.0000 1.4766 0.0035

0.0003 0.8549 ‐0.0345

‐0.0000 1.5155 0.0001

0.0004 0.8937 0.0198

‐0.0000 1.5543 0.0014

0.0001 0.9326 ‐0.0203
0.0002 0.9715 0.0681
0.0000 1.0103 ‐0.0755

Normalized Output in the format:

0.0000 1.0492 0.1745

Amplitude(%) Freq.(Hz) Phase(deg)

0.0002 1.0880 0.0543

1.0e+003 *

0.0002 1.1269 0.0355
0.0001 1.1657 0.0038

0.0950 0.0388 0.0268

0.0002 1.2046 0.1655

0.0277 0.0777 0.2330

0.0000 1.2435 ‐0.0116

0.0113 0.1166 ‐0.0942

0.0001 1.2823 ‐0.0460

0.0071 0.1554 ‐0.0513

0.0002 1.3212 ‐0.0855

0.0040 0.1943 ‐0.0624

0.0002 1.3600 ‐0.0572

0.0017 0.2331 0.2352

0.0000 1.3989 ‐0.2395

0.0002 0.2720 0.2478

0.0001 1.4378 ‐0.0325

0.0040 0.3108 ‐0.0030

0.0001 1.4766 0.1994

0.0009 0.3497 ‐0.1349

0.0001 1.5155 ‐0.1737

0.0002 0.3886 0.0412

0.0002 1.5543 ‐0.0985

0.0004 0.4274 0.2104
DfSW: Deviation from sine wave (in %)

0.0006 0.4663 0.1922
0.0001 0.5051 ‐0.1605

104
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DfSW =
12.4179

THD: Total Harmonic Distortion (in %)
THD =
32.9514

Figure 8-12: Estimation error for data sample no. 6

Figure 8-11: Spectrum for data sample no. 6
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8.3 Conclusion
This thesis presents application of Particle Swarm Optimization with Passive Congregation for
estimation of phase and frequency; and application of Least Square Algorithm for estimating the
amplitudes in a power signal. From the experiments we conclude that the proposed algorithm can
accurately estimate the amplitudes and phases of the harmonics contained in a voltage or current
waveform for PQ monitoring. The estimation process is iterative and; in each iteration, the
algorithm first applies PSOPC to estimate the phases or the frequencies, and then calculates the
amplitudes using the well-known LS method.
As far as integral harmonics estimation are concerned, the proposed algorithm achieves
improved performance and better results as compared to conventional methods of GA and DFT
schemes in the presence of noise. Moreover, unlike DFT, the proposed algorithm can be made
capable of estimating inter-harmonics and sub-harmonics. The experimental results demonstrate
that the proposed algorithm can be applied to the estimation of harmonics even in the case of the
deviation of the fundamental frequency.
Remark on the chosen values of PSOPC parameters
The values of PSOPC parameters

,

,

,

are very critical to the problem at hand, and the

same set of parameters may not give satisfactory results for two different problems. The usual
ranges of the PSOPC parameters are given in chapters 6. We have also given some criteria for
choosing appropriate vales, yet one needs to do a little bit of trial and error before he can get
satisfactory values specific to his problem. For harmonic estimation problem
0.2,

0.8,

0.2 ,

0.6 seem to work quite well. We have chosen these values in our estimator

and the results are good.
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8.4 Scope of Future Work
At present the scripts, PSOPC.m and PSOPCh.m, presented in appendix are not able to estimate
inter-harmonics. But the authors (Lu et al.) of this Algorithm claim that the algorithm can be
used to estimate inter-harmonics also. For that we believe that Matlab script will need
modifications. So; one can go for developing a script to estimate inter-harmonics and subharmonics.
One can also compare the results obtained with PSOPC and other those obtained with neural
networks, bacteria foraging techniques etc. also.
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