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Preface

Power quality (PQ) has recently become a pressing concern in electrical power systems due to
the increasing number of perturbing loads and the susceptibility of loads to power quality
problems. Obviously, electrical disturbances can have significant economic consequences for
customers, but they can also have serious economic impacts on the utility companies, because
the new, liberalized competitive markets allow customers the flexibility of choosing which
utility serves them. In practice, the new, liberalized markets throughout the world are
changing the framework in which power quality is addressed, and power quality objectives
are now of great importance to all power system operators.

In particular, this book deals with power quality indices, which are a powerful tool for
quickly quantifying power quality disturbances. They also serve as the basis for illustrating
the negative impacts of electrical disturbances on power system components and for assessing
compliance with the required standards or recommendations within a given regulatory
framework. Both traditional indices, which are currently in use, and new indices, which are
likely to be useful in the future, are considered. The selected indices represent a tradeoff
among three main characteristics: their ability to capture complex phenomena, the simplicity
of the calculations they require and their mathematical and physical validity. Interruptions,
which have been addressed extensively in several books and publications, are not considered.

Chapter 1 begins with some background concepts concerning the main classifications,
causes and effects of power quality disturbances and some notes about the link between
electromagnetic compatibility and power quality disturbances. Subsequently, the traditional
indices are introduced, i.e. the indices that are most frequently used in international standards
and recommendations or in the relevant literature.

Chapter 2 illustrates new indices for assessing whether the utility or customers are
responsible for electrical disturbances. The problems associated with identifying the sources
of power quality disturbances are analyzed, including locating the source of the PQ distur-
bance, assigning responsibility for the disturbance and identifying the ‘prevailing source’ of
the disturbance, which is the side (utility or customer) that contributes more to the power
quality disturbance level.

In Chapter 3, indices for nonstationary waveforms are analyzed. This topic is particularly
important because, for such waveforms, the necessary information cannot be deduced easily
from the analyses of their spectral components, since their location in time must also be
known. Some advanced methods which are useful for overcoming difficulties that can arise
in the analysis of power system waveforms, such as spectral leakage problems, are also
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addressed; in particular, this chapter deals with the theoretical background of these methods
and their application to the calculation and proposal of power quality indices.

Global indices are presented in Chapter 4. The goal of global indices is to quantify the
quality of the whole supply voltage at a monitored site by means of just one figure or, at most,
two figures. The chapter outlines global indices that are based on a comparison between ideal
and actual voltages, the proper treatment of traditional indices and the economic impact on
the customers.

Chapter 5 deals with the problem of the definition of an adequate assessment of power
quality levels in an electrical distribution system in the presence of dispersed generation
(DG); in particular, probabilistic indices are illustrated that take into account the variation in
power quality disturbance levels in the presence of DG.

Finally, Chapter 6 addresses some of the economic aspects of power quality disturbances.
First, the focus is on the costs associated with some PQ disturbances and on the indices that
are more sensitive in terms of making good cost estimates. Then, economic mechanisms for
PQ regulation, based on financial penalties, incentives or both, are discussed.

Comprehensive coverage of the topics in the six chapters would have required a much
more extensive book than this. In the interest of brevity, the authors have attempted to make
the reader aware of the various issues as succinctly as possible. The reader can access more
comprehensive treatment of these areas by consulting the references listed at the end of each
chapter.

The book is based on the analysis and synthesis of a very large number of papers that have
been published over the years on the subject of PQ indices, and the authors encourage and
welcome input from anyone who reads this material and wishes to point out mistakes, make
suggestions or ask questions to clarify any issue.

Pierluigi Caramia, Guido Carpinelli
and Paola Verde
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1

Traditional power quality indices

1.1 Introduction

The term power quality should take into account different aspects of the behaviour of a power
system, the fundamental function of which is to supply loads economically and with adequate
levels of continuity and quality. Continuity usually refers to an uninterrupted electricity
supply service, while quality concerns a variety of disturbances that arise in the power system
and influence the waveforms’ characteristics. A recent definition of power quality (PQ),
adopted throughout this book, is related to [1]:

e the ability of a power system to operate loads without disturbing or damaging them
this property is mainly concerned with voltage quality at points of common coupling
between customers and utilities;

e the ability of loads to operate without disturbing or reducing the efficiency of the power
system this property is mainly, but not exclusively, concerned with the current quality
of the load’s waveforms.

Within this framework, power quality issues include short-term events, lasting a few
cycles to seconds, and transients, or disturbances present for longer intervals (sometimes
continuously) in the waveforms.

This chapter deals with the power quality indices used to quantify the voltage quality and
the current quality, without considering interruptions, which are widely treated in several
books and papers covering reliability issues.’ In particular, this chapter considers the ‘tradi-
tional’ power quality indices. Within our definition of ‘traditional indices’ we include both
site indices, largely used in international standards and recommendations, and the indices
most frequently used in the relevant literature for power system analysis or for sizing the
electrical components in the presence of PQ disturbances; we also include the system indices

" The reliability is, in a general sense, a measure of the overall ability of the system to perform its intended function
[2,3].

Power Quality Indices in Liberalized Markets ~ Pierluigi Caramia, Guido Carpinelli and Paola Verde
© 2009 John Wiley & Sons, Ltd



2 POWER QUALITY INDICES IN LIBERALIZED MARKETS

which, even though not affirmed in standards or recommendations, are of particular interest in
the new liberalized market framework, because they can be used as a benchmark against
which index values for different distribution systems, or for various parts of the same
distribution system, can be compared.”

First, some background concepts concerning the main classifications and the main
causes and effects of PQ disturbances are provided. The basic concepts of electromagnetic
compatibility are recalled, and the link with PQ disturbances is discussed. Then, for each
disturbance, the existing site and system indices and the objectives to be complied with are
introduced.

We acknowledge that an exhaustive overview of all traditional indices and objectives
would be an arduous task, and one which is beyond the scope of this book.

1.2 Background concepts

Deviations of voltage or current from the ideal waveforms are generally called power quality
disturbances. The ideal waveforms in a three-phase power system are sinusoidal waveforms,
characterized by proper fixed values of frequency and amplitude; each phase waveform has
the same amplitude and the angular phase difference between them is 2/3 7 radians.

Section 1.2.1 deals with the classification of PQ disturbances and briefly recalls their
main causes and some effects.

The presence of PQ disturbances degrades the electrical characteristics of the power
systems where they occur and can lead to degradation of the performance of the equipment
connected to the system. The study of the interactions between the loads causing disturbances
and the performance of equipment operating in the same environment belongs within the
framework of electromagnetic compatibility (EMC). Section 1.2.2 deals with the link
between PQ disturbances and the EMC levels and limits; this section introduces some basic
concepts (for example, planning levels and voltage characteristics) that are of great impor-
tance in the assessment of traditional site and system indices, which will be the subjects of
Section 1.3.

1.2.1 Power quality disturbances

There are many classifications of PQ disturbances. Two classifications widely referenced are
reported in the IEC’s (International Electrotechnical Commission’s) EMC series and in [EEE
(Institute of Electrical and Electronic Engineers) 1159 1995.

The IEC’s EMC series classifies the environmental phenomena that describe all distur-
bances into low-frequency phenomena (up to 9 kHz), high-frequency phenomena, electrostatic
discharge phenomena and nuclear electromagnetic pulses.

Low- and high-frequency phenomena contain radiated and conducted disturbances,
depending on the medium within which they occur. Radiated disturbances occur in the
medium surrounding the equipment while conducted disturbances occur in various metallic
media.

2 Site indices refer to the points of common coupling between customers and utilities, while system indices refer to a
segment of the distribution system or, more generally, to the utility’s entire electrical system.
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Conducted low-frequency phenomena include the following disturbances: harmonics,
interharmonics, signalling voltages, voltage fluctuations, voltage dips, short and long inter-
ruptions, voltage unbalances, power frequency variations, inducted low-frequency voltages
and direct current (DC) in alternative current (AC) networks. Conducted high-frequency
phenomena include the following disturbances: induced continuous wave voltages or cur-
rents, unidirectional and oscillatory transients.

Radiated low- and high-frequency phenomena include magnetic fields, electric fields,
electromagnetic fields, continuous waves and transients.

Electrostatic discharge is the sudden transfer of charge between bodies of differing
electrostatic potential [4].

Nuclear electromagnetic pulses are produced by high-altitude nuclear explosions [5, 6].
Any conductor within the area of influence of this disturbance will act as an antenna, picking
up the electromagnetic pulses. The low-frequency effects of nuclear electromagnetic pulses
can also induce large currents and voltages in long-distance communications and telephone
links, while the high-frequency components may be picked up by circuits within electronic
and electrical apparatus.

Although it is arguable as to whether all of these phenomena may be considered power
quality issues, it is generally accepted that only conducted phenomena qualify as such. Thus,
most of the disturbances included in the conducted category will be analyzed extensively in
this section.

IEEE 1159 1995 classifies the disturbances into seven categories: transients, short-
duration variations, long-duration variations, voltage unbalances, waveform distortions,
voltage fluctuations and power frequency variations. In each category, the disturbances are
diversified as a function of their spectral content, duration and magnitude [7]. The category
short-duration variations includes both short interruptions and IEC voltage dips (labelled
voltage sags in IEEE 1159 1995); moreover, this category also covers voltage swells (the
inverse phenomena to voltage dips). The category long-duration variations is added to deal
with ANSI C84.1 1989 limits [8] and includes long interruptions, undervoltages and over-
voltages. The category waveform distortions is used as a catch-all category for the IEC
harmonics, interharmonics and DC in AC networks phenomena, as well as for an additional
phenomenon called notching. In the last category the phenomenon noise is also introduced to
deal with broadband-conducted phenomena.

A third useful and simple classification of PQ disturbances that was used in [9, 10]
separates the disturbances into ‘events’ and ‘variations’. Events are occasional but significant
deviations of voltage or current from their nominal or ideal waveforms. Variations are small
deviations of the voltage or current from their nominal or ideal waveforms. In addition,
variations are practically characterized by a value at any moment in time (or over a suffi-
ciently long interval of time) and they have to be monitored continuously. This classification
is similar to another classification reported in the literature that separates the disturbances into
‘discrete disturbances’ and ‘continuous disturbances’.

In order to briefly analyze some characteristics of the main PQ disturbances, in this
section we refer to the classifications as ‘events’ and ‘variations’.

1.2.1.1 Events

Events include the following PQ disturbances: interruptions, voltage dips (sags), voltage
swells, transient overvoltages and phase-angle jumps.



4 POWER QUALITY INDICES IN LIBERALIZED MARKETS

Interruptions

Even though interruptions will not be a subject covered in any depth in this book, the
definition of this type of PQ disturbance is reported for completeness of the classification
of events.

Supply interruption is a condition in which the voltage at the supply terminals is lower
than a pre-fixed threshold. EN 50160 2000 fixes the voltage interruption threshold at 1% of
the declared voltage® [11]; IEEE 1159 1995 considers the interruption threshold to be 10%
of the nominal voltage. IEC documents do not fix a particular value for the interruption
threshold. IEC 61000-4-30 2003 recommends that, for the evaluation of a voltage interrup-
tion, the user of the power quality monitoring device sets an appropriate voltage interruption
threshold [12].

EN 50160 2000 classifies interruptions as:

e pre-arranged (or planned), meaning that customers are informed in advance;

e accidental (or unplanned), meaning that the interruptions are caused by permanent or
transient faults mostly related to external events, equipment failure or interference.
Accidental interruptions are further classified as long interruptions (longer than three
minutes) caused by a permanent fault, and short interruptions (up to three minutes)
caused by a transient fault.

IEEE documents introduce the terms instantaneous, momentary, temporary and sus-
tained interruptions, and different documents give different definitions. In particular, IEEE
1159 1995 distinguishes among momentary (between 0.5 cycles and 3 seconds), temporary
(between 3 seconds and 1 minute) and sustained (longer than 1 minute with zero voltage)
interruptions. IEEE 1250 1995, on the other hand, distinguishes among instantaneous
(between 0.5 cycles and 30 cycles), momentary (between 30 cycles and 2 seconds),
temporary (between 2 seconds and 2 minutes) and sustained (longer than 2 minutes)
interruptions [13].

IEC 61000-2-8 2002 considers short interruptions to be sudden reductions in the voltage
on all phases below a specified interruption threshold followed by its restoration after a brief
interval [14]. Interruptions having durations up to 1 minute (or, in the case of some reclosing
schemes, up to 3 minutes) are classified conventionally as short interruptions.

Voltage dips (sags)

A voltage dip (sag) is a reduction in the voltage at a point in the electrical system below a
threshold, followed by a voltage recovery after a short period of time. The voltage dip threshold
is different to the interruption threshold and, in particular, it is assumed to be equal to 90% of
the declared voltage by EN 50160 2000 and IEC 61000-2-8 2002 and equal to 90% of the
nominal voltage by IEEE 1159 1995. In IEEE 1159 1995 the term ‘sag’ is used instead of the
IEC term ‘dip’; this recommendation distinguishes between instantaneous (from 0.5 cycles
to 30 cycles), momentary (from 30 cycles to 3 seconds) and temporary (from 3 seconds to

* The declared supply voltage U, is normally the nominal voltage U, of the system. The nominal voltage is the
voltage by which a system is designated or identified and to which certain operating characteristics are referred. If, by
agreement between the supplier and the customer, a voltage different from the nominal voltage is applied to the
terminal, then this voltage is the declared supply voltage U..
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1 minute) sags. We note that in IEEE 1159 1995, those voltages characterized by a magnitude
between 80% and 90% of the nominal voltage with duration greater than 1 minute are
classified as undervoltages.

A voltage dip is characterized by a pair of data: the residual voltage, or depth, and the
duration. The residual voltage is the lowest value of the voltage during the event. The depth is
the difference between the reference voltage (either a declared voltage or a sliding voltage
reference used when the pre-event voltage is considered as a reference voltage) and the
residual voltage. Duration is the time that the root mean square (RMS) stays below the
threshold; generally, the duration of a voltage dip is between 10 ms and 1 minute.

A voltage dip can be caused by short circuits and subsequent fault clearing by protection
equipment or by a sudden change of load, such as a motor starting. After a short circuit, the
duration of the voltage dip depends on the protection system.

There are many factors that result in a wide variety of dip severities, e.g. arc character-
istics, earthing impedance, feeder R/X ratio and motor and load characteristics.

An example of a voltage dip caused by a single-line-to-ground fault is shown in Figures
1.1 and 1.2; in particular, Figure 1.1 shows the waveform and Figure 1.2 shows the RMS of
the voltage as a function of time. The RMS is obtained over a 10 ms (one half cycle)
rectangular window which shifts through the waveform.

v(t)
[p.u] 0.8

0.6
0.4
0.2

-0.2
04}

0 1 2 3 4 5 6
time [s]

Figure 1.1 Voltage dip due to single-phase fault: voltage waveform

The interest in voltage dips is mainly due to the problems they cause on several types of
equipment. The most relevant problem associated with dips is equipment shutdown. In many
industries with critical process loads, this disturbance can cause process shutdowns which
require hours to restart. Switch-mode power supplies, which are common at the front end of
electronic equipment such as computers and PLCs, AC variable speed drives, relays, con-
tactors and directly connected induction motors are among the most sensitive loads to voltage
dips.
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v(t)

[p.u.] 1

0.8

0.6

0.4+

0.2

time [s]

Figure 1.2 Voltage dip due to single-phase fault: RMS value

Voltage swells

A voltage swell is an increase in the RMS of the supply voltage to a value between 110% and
180% of the declared voltage, followed by a voltage recovery after a short period of time.
Generally, the duration of a voltage swell is between 10 ms and 1 minute. IEEE 1159 1995
distinguishes swells as being instantaneous (from 0.5 cycles to 30 cycles with an amplitude
between 110% and 180%), momentary (from 30 cycles to 3 seconds with an amplitude between
110% and 140%) and temporary (from 3 seconds to 1 minute with an amplitude between 110%
and 120%). We note that in IEEE 1159 1995 voltages characterized by magnitudes between
110% and 120% of the nominal voltage with durations greater than 1 minute are classified as
overvoltages.

Voltage swells may be caused by system faults, in the same way as voltage dips, but they
are much less common than voltage dips. For example, they can appear in the non-faulty
phases of a three-phase circuit that has developed a single-phase short circuit. As a further
example, swells can be caused by switching off a large load. The severity of a voltage
swell during a fault condition is a function of the fault location, system impedance and
grounding.

Depending upon the frequency of occurrence, swells can cause the failure of components.
Electronic devices, including adjustable speed drives, computers and electronic controllers,
may show failure modes in the presence of swells. Transformers, switchgear, cables, rotating
machinery and voltage and current transformers may suffer reduced equipment life. A tempor-
ary increase in voltage may also result in undesired intervention of some protective relays.

Rapid voltage changes

A rapid voltage change is a quick transition in RMS voltage between two steady-state
conditions. The voltage during a rapid voltage change must not exceed the voltage dip and/
or the voltage swell threshold, otherwise the phenomenon is considered a voltage dip or swell.
In addition, before and after the step variation the voltage should be characterized by a normal
value (typically 90% to 110% of the nominal voltage).
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This phenomenon can be caused by transformer tap-changers, sudden increases or
decreases in loads (sometimes associated with fault switching), the in-rush current of a
motor or the switching action in an electrical system. Rapid voltage changes will mainly
lead to visual annoyance and generally do not cause any damage or malfunction of electrical
equipment (although this is still a field for further research).

Transient overvoltages
A transient overvoltage is a short-duration oscillatory or nonoscillatory overvoltage, usually
highly damped and with a duration of a few milliseconds or less.

Transient overvoltages can be divided into impulsive transient and oscillatory transient
overvoltages. Impulsive transients are characterized by the fact that they are unidirectional in
polarity and result from, for example, direct and indirect lightning strikes, arcing or insulation
breakdowns. Figure 1.3 (a) shows an example of an impulsive transient occurring on a voltage
waveform; the magnitude of the transient can be many times larger than the peak value of the
voltage waveform. The impulsive transient is characterized by rise time, decay time and peak
value, as shown in Figure 1.3 (b). The rise time 7, is measured between the instant when the
front edge rises from 10% to 90% of its peak value; it is usually calculated as 1.67 times the
time for the transient to rise from 30% to 90% of the peak value. The decay time 75 is
measured from the start of the waveform to the time when the tail value is half the peak. The
waveform shown in Figure 1.3 (b) is called a T/T, waveform, where T, and T, are expressed
in microseconds.

v(t) 4

1.0] .
v(t) 0.9|---

0.5j N ,\

0.3

0.1 R

\/ \ time > leT time
-+ <—Tl

T, T,=1.67T

@) (b)

Figure 1.3 (a) Example of an impulsive transient overvoltage occurring on a voltage
waveform; (b) characteristics of impulsive transients

Oscillatory transient overvoltages consist of voltages that oscillate both positively and
negatively with respect to the voltage waveform; the frequencies of these oscillations can be
quite high. Switching operations are the major cause of these oscillations. Oscillatory
transients are described by their peak voltage, predominant frequency and decay time
(duration).
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These parameters are useful quantities for evaluating the potential impact of these
transients on power system equipment. The absolute peak voltage, which is dependent on
the transient magnitude and the point on the fundamental frequency voltage waveform at
which the event occurs, is important for dielectric breakdown evaluation. Some equipment
and types of insulation, however, may also be sensitive to rates of change in voltage or
current. The predominant frequency, combined with the peak magnitude, can be used to
estimate the rate of change.

Oscillatory transients can be subdivided into low-, medium- and high-frequency cate-
gories according to the classifications given in IEEE 1159 1995.

Low-frequency transients (a predominant frequency component less than 5 kHz and
duration from 0.3 to 50 ms) are frequently caused by switching events; the most frequent is
capacitor bank energization, which typically results in an oscillatory voltage transient with a
predominant frequency between 300 and 900 Hz and a peak value magnitude between 1.3 and
1.5 times the peak voltage of the 50/60 Hz waveform, depending on the system damping.
Oscillatory transients associated with ferroresonance and transformer energization also fall
into this category. Figure 1.4 shows an example of an oscillatory transient overvoltage event
due to capacitor switching.

v(t)
[p.u]

time [s]

Figure 1.4 Example of a transient overvoltage event due to switching capacitor transients

Medium-frequency transients are characterized by a predominant frequency component
between 5 and 500 kHz and durations measured in tens of microseconds. A typical example is
the transient generated by back-to-back capacitor energization.*

4 When a capacitor is energized in close proximity to one already in service, the energized bank sees the de energized
bank as low impedance, resulting in a current transient oscillating between them. These oscillations can last up to tens
of microseconds, depending on the size of the capacitors and the damping (resistive losses) between them.
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Finally, oscillatory transients with predominant frequency components greater than 500
kHz and typical durations in microseconds are considered to be high-frequency transients.
These often occur when an impulsive transient excites the natural frequency of the local
power system network.

Transient overvoltages can result in degradation or immediate dielectric failure of
electrical equipment, such as rotating machines, transformers, capacitors and cables. In
electronic equipment, power supply component failures can result from a single transient
of relatively modest magnitude, and transients can cause nuisance tripping of adjustable
speed drives.

Phase-angle jumps

A change in the electrical power system, like a short circuit, causes a change in voltage. Voltage
is a complex quantity characterized by amplitude and phase angle. Sometimes, changes in
voltage produced by changes in system state are not limited to the magnitude but include a
change in phase angle as well. The phase-angle jump manifests itself as a shift in zero crossing
of the instantaneous voltage. Power electronic converters that use phase angle information to
determine their firing instants may be affected by this type of disturbance.

1.2.1.2 Variations

Within the category of variations fall the following PQ disturbances: waveform distortions
(including both harmonics and interharmonics), slow voltage variations, unbalances, voltage
fluctuations, mains signalling voltages, power frequency variations, voltage notches and noise.

Waveform distortions
‘Waveform distortion’ is usually discussed in terms of harmonic and interharmonic compo-
nents (for brevity, simply referred to as harmonics and interharmonics), which are sine waves
obtained by performing a Fourier analysis on the original waveform.” Strictly speaking,
harmonics are sinusoidal waveforms with a frequency equal to an integer multiple of the
fundamental frequency, assumed frequently to be the same as the power system frequency (50
or 60 Hz). Interharmonics are sinusoidal waveforms at frequencies that are not integer
multiples of the fundamental frequency. The ratio of the harmonic (interharmonic) frequency
to the fundamental frequency is the harmonic (interharmonic) order. As an example, for a
fundamental frequency of 50 Hz, the frequency of the harmonic of order 5 is 250 Hz and the
frequency of the interharmonic of order 1.2 is 60 Hz.

As an example of waveform distortion, Figure 1.5 shows the current waveform absorbed
by a personal computer.

Examples of sources of waveform distortion are the saturation of a transformer core, static
power converters and other non linear and time-varying loads (such as arc furnaces).

Harmonics have undesirable effects on power system components. For example, induction
motor windings are overheated, accelerating the degradation of insulation and reducing the
useful life of the motor. In a three-phase, four-wire system, the sum of the three phase currents
returns through the neutral conductor, which can be overloaded. In fact, positive- and negative-
sequence components add to zero at the neutral point, but zero-sequence components are

3 For details about Fourier analysis and its problems, see Section 1.3.1 of Chapter 1 and Section 3.2 of Chapter 3.
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Figure 1.5 Current waveform absorbed by a personal computer

additive to neutral. The zero-sequence components sum in the neutral wire and can overload the
neutral conductor, with consequent loss of life of the component and possible risk of fault.®

Transformers and capacitors can also be affected by harmonics. Distorted currents can cause
transformers to overheat, reducing their useful life. Capacitors are affected by the applied
voltage waveform; harmonic voltage, in fact, produces excessive harmonic currents in capaci-
tors because of the inverse relationship between capacitor impedance and frequency. In turn,
capacitors can cause excessive harmonic voltages in the presence of resonance conditions at
frequencies where their capacitive impedances and the inductive impedance of the power system
can combine to give a very high impedance; in this case a small harmonic current within this
frequency range can give very high and undesirable harmonic voltages. As a further example,
harmonics can also degrade meter accuracy. In addition, the operating condition of some
equipment depends on an accurate voltage waveform, and such equipment can malfunction in
the presence of harmonics. Examples are light dimmers and some computer-controlled loads.

Besides the typical problems caused by harmonics, such as overheating and the reduction
of useful life, interharmonics create some new problems, such as subsynchronous oscillations
and light flicker, even for low amplitude levels.

Slow voltage variations

In normal operating conditions, bus voltage magnitudes can be characterized by small
deviations around their nominal values. Slow voltage variations are increases or decreases
in voltage amplitude due to various causes, e.g. variations in the load demands with time.
These variations are characterized by daily, weekly and seasonal cycles.

° In three phase balanced systems, the harmonic orders 7 3, 6,9, . ... are of zero sequence; the harmonic orders
h 4, 7, 10,...are of positive sequence and the harmonic orders h 2, 5, 8,...are of negative sequence.
Theoretically, in unbalanced systems, all three phase harmonic currents (but also voltages) can be decomposed
into positive , negative and zero sequence components.
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Unbalances

An unbalance is a condition of a poly-phase system in which the RMS values of the line
voltages (fundamental components) and/or the phase angles between consecutive line vol-
tages are not all equal and/or 2/3n displaced. Large single-phase loads, such as railway
traction systems or arc furnaces, and untransposed overhead lines are the main sources of
unbalances in transmission systems. Also, distribution systems with unbalanced lines and line
sections carrying a mixture of single, double or three-phase loads are characterized by
unbalances.

Voltage unbalances on electrical machines lead to increased losses; moreover, the net
torque and speed, in the presence of an unbalanced voltage supply, are reduced, and torque
pulsations and acoustic noise may occur. For power electronic converters in which the firing
angle is derived from the voltages, unbalances can cause the presence of noncharacteristic
harmonics, on both the DC and AC sides. Noncharacteristic harmonics are harmonics that are
not produced by semiconductor converter equipment in the course of normal operation.

Figure 1.6 shows a plot of the three phase-unbalanced voltages in a bus of a distribution
system.

1
v (t)
[p.ul

0.5

0 0.02 0.04 0.06 0.08 0.1
time [s]

Figure 1.6 Three phase-unbalanced voltages in a bus of a distribution system

Obviously, the phase currents in poly-phase systems can also be unbalanced.

Voltage fluctuations

A series of voltage changes or a continuous variation in the RMS voltage are denoted voltage
fluctuations (a qualitative example is shown in Figure 1.7). If fluctuations occur within proper
frequency ranges, they cause changes in the luminance of lamps, which can create the visual
phenomenon called ‘flicker.” Above a certain threshold, the flicker becomes annoying, and
annoyance grows very rapidly with the amplitude of the fluctuation. At certain repetition
rates, even very small amplitudes can be annoying.
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Figure 1.7 Example of voltage fluctuations

The main sources of severe voltage fluctuations are industrial loads, which are particu-
larly troublesome in the steelmaking industry, where there is significant use of arc furnaces,
rolling mills and multiple-welder loads. In some cases, large fluctuating motor loads, such as
mine winders, can also cause voltage fluctuation problems. Domestic loads with repeated
switching, such as cooker hobs, electric showers, heat pumps and air conditioning, have the
potential to cause local flicker, but the problem is contained by imposing statutory product
design constraints in terms of the size and frequency of load switching.

It should be noted that voltage fluctuations and interharmonics have an inherent relation-
ship. In fact, the magnitude of a voltage waveform can fluctuate if it contains interharmonics,
and conversely, the voltage fluctuation can cause the presence of interharmonics. Experience
has shown that even a small amount of interharmonics can result in perceptible light flicker in
incandescent and fluorescent lamps.

In addition to flicker, an effect produced by voltage fluctuations is the braking or
acceleration of motors connected directly to the system.

Mains signalling voltages

Some utilities intentionally superimpose small signals on the supply voltage for the purpose
of transmission of information in the public distribution system and to customers’ premises.
Signals in the public distribution system can be classified into three types:

e ripple control signals: superimposed sinusoidal voltage signals in the range of 0.11 to
3 kHz;

e power-line-carrier signals: superimposed sinusoidal voltage signals in the range of
3 to 148.5 kHz;

e mains marking signals: superimposed short-time alterations (transients) at selected
points of the voltage waveform.
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Power frequency variations

A power frequency variation is a deviation of the frequency from the nominal value (equal to
50 or 60 Hz and denoted the ‘power supply frequency,” ‘power system frequency’ or ‘power
frequency’). A power frequency variation is linked directly to the variation in rotation speed
of the generators supplying the electrical power system. There are slight variations in
frequency due to imbalances between load and generation. Slight deviations in frequency
can cause severe damage to generators and turbine shafts due to the large torque developed. In
addition, cascading system separations can result with even slight deviations in frequency,
since electric systems are closely connected and depend on synchronous operation. Actually,
significant frequency variations are rare in modern interconnected power systems.

Voltage notches

Notching is a periodic transient occurring within each cycle as a result of the phase-to-phase
short circuit caused by the commutation process in AC DC converters (Figure 1.8). Being
periodic, this disturbance is characterized by the presence of the harmonic spectrum of the
voltage waveform; in particular, notching mainly results in high-order harmonics. Most
problems caused by notches are confined to a customer’s own installation. In fact, the high
frequency content of notches not under a utility’s control is ‘filtered’ by the power transfor-
mer at the service entrance. Voltage notches are characterized by their depth and duration in
combination with the point on the sine wave at which the notching starts.
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Figure 1.8 Example of voltage notching caused by converter operation

Noise

In IEEE 1159 1995, noise is indicated as an additional PQ disturbance. Noise is an unwanted
electrical signal with broadband content lower than 200 kHz superimposed upon the power
system voltage or current in phase conductors or found on neutral conductors or signal lines.
Basically, noise consists of any unwanted distortion that cannot be classified as a waveform
distortion or a transient. Noise problems are often exacerbated by improper grounding.



14 POWER QUALITY INDICES IN LIBERALIZED MARKETS

1.2.2 Power quality disturbances and electromagnetic compatibility

The study of the interaction between the emissions of disturbing loads and the performance of
equipment operating in the same environment falls within the framework of electromagnetic
compatibility (EMC).

In particular, EMC is defined as ‘the ability of a piece of equipment or system to
function satisfactorily in its electromagnetic environment without introducing intoler-
able electromagnetic disturbances to anything in that environment.” [15]. The principle
of EMC can be explained considering two devices operating in the same environment:
the first device produces disturbances (‘disturbing load’) and the second device can be
affected by these disturbances (‘susceptible load’). If the operating performance of the
susceptible load is degraded by the disturbances emitted by the disturbing load, an
EMC problem exists.

To achieve electromagnetic compatibility, it is necessary both that the emission of
disturbances by the disturbing loads into the electromagnetic environment is below a level
that would produce an undesirable degradation of the performance of equipment operating in
the same environment, and that the susceptible loads operating in the electromagnetic
environment have sufficient immunity from all disturbances at the levels existing in the
environment [46].

The emission limit is the maximum amount of electromagnetic disturbance that a device
is allowed to produce.

The immunity level is the minimum level of electromagnetic disturbance that a device can
withstand. To take into account the different sensibilities of devices with respect to the
disturbances, a probability density function (pdf) of the equipment immunity level is intro-
duced. For the applied disturbance, this curve gives the probability of malfunction or of
damage to the device. Practically, considering the pdf curve of the equipment immunity level,
the immunity level of the device is chosen equal to the value of the disturbance, allowing for a
small probability (typically 5%) of susceptibility’ of the device.

To coordinate the emission of the disturbing loads and the immunity of the susceptible
loads operating in the same environment, the concept of compatibility levels is introduced. In
order to ensure EMC in the whole system, the immunity limit must be equal to or greater than
the compatibility level and the emission limit must be equal to or less than the compatibility
level (Figure 1.9). Compatibility levels are generally based on 95% non-exceeding prob-
ability levels of entire systems, using distributions that represent both temporal and spatial
variations in disturbances.

Together with compatibility levels, standards and recommendations consider other
objectives for disturbance levels useful in achieving EMC in the whole electrical system:
planning levels and voltage characteristics.

Planning levels are levels that can be used for planning purposes in evaluating the impact of all
customers on the supply system. Planning levels are specified by the utilities and can be
considered internal quality objectives of the utilities. These levels are used to define the emission
limits for large loads and installations that are to be connected to the system. Although each
planning level mainly considers large equipment and installations, many other

7 Susceptibility is the inability of a device, piece of equipment or system to resist an electromagnetic disturbance.
Susceptibility is the lack of immunity.
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Figure 1.9 Illustration of EMC level and limits

sources of disturbance must be accounted for, notably numerous low-power devices supplied by
low voltages. In order to ensure EMC in the system, planning levels are chosen equal to or lower
than compatibility levels.

Voltage characteristics are the main characteristics of the voltage at the customers’ supply
terminals in electrical distribution systems under normal operating conditions. These are
quasi-guaranteed limits covering any location of the power system and consequently are
equal to or slightly greater than the compatibility levels.

1.3 Power quality disturbances: indices and objectives

Compatibility levels, planning levels, voltage characteristics and emission limits are indi-
cated in standards, recommendations or guidelines in terms of reference values of one or more
index [16]. In practice, the PQ indices represent, for compactness and practicality, the
quickest and most useful way to describe the characteristics of PQ disturbances. They are
convenient for condensing complex time and frequency domain waveform phenomena into a
single number. Several international standards, recommendations and guidelines, as well as
many papers published in the relevant literature, propose indices to characterize the PQ in
general and, more particularly, the voltage and current quality.

An important classification of PQ indices, also used in this section, is based on the portion
of the electrical system to which the index refers. In particular, we distinguish between site
indices, which refer to a single customer point of common coupling, and system indices,
which refer to a segment of the distribution system or, more generally, to the utility’s entire
electrical system.

While the site index treatment requires the collection of different observations in time, for
system indices observations at different sites, usually a representative set of the system under
study, must also be collected. Weighting factors can be introduced to take into account the
sites not monitored and the difference in importance between different monitored sites; for
example, weighting factors may be based on the number of substations/customers or the rated
power of each site. It is evident that system indices do not give an exhaustive indication of the
PQ referred to each customer, but as evidenced in Section 1.1, they serve as a metric only and
are of particular interest in the new liberalized market framework.
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The values of site and system indices have to be compared with objectives. These
objectives can be defined in bilateral agreements between a distributor and a customer, set
as self-imposed quality objectives by a network operator or set by a regulatory body. Usually,
only objectives for site indices have been introduced in standards and recommendations.

In this section, an overview of the main traditional site and system indices together with
objectives is provided for the following disturbances [7 56]:

e waveform distortions;

e slow voltage variations;

e unbalances;

e voltage fluctuations;

® mains signalling voltages;
e voltage dips (sags);

e transient overvoltages;

e rapid voltage changes.

The same analysis has not been carried out for phase-angle jumps or notches because, to
the best of our knowledge, accepted specific site or system indices to quantify these power
quality disturbances do not presently exist. For voltage swells, some site and system indices
which are used for voltage dips can be used if they are properly modified, as will be
highlighted in the voltage dip section.

However, before recalling the indices and objectives, we consider it useful to briefly
recall some PQ data aggregation techniques that are frequently used. In fact, site and system
indices require the aggregation of several values, obtained by monitoring, for long time
intervals, a bus (site indices) or several busbars (system indices). So, adequate data aggrega-
tion techniques are needed and are useful both in reducing the data to be stored and managed
and in facilitating the interpretation of these data.

With reference to the PQ voltage and current variations, a time aggregation technique
frequently used consists of the combination of several values of a given parameter, each
determined over an identical time interval, to provide a value for a longer time interval. For
example, IEC 61000-4-30 2003 suggests, as a basic time interval for parameter magnitudes
(RMS voltages, harmonics, interharmonics and unbalances), a time equivalent to 10 cycles for a
power system frequency of 50 Hz or 12 cycles for a 60-Hz power system. This time interval is
referred to as the 200 ms value, even though the interval is not exactly 200 ms, because, in the
actual operating conditions, the power system frequency changes around the nominal value.
Successive aggregations of the magnitudes determined using this time interval are performed
using the square root of the arithmetic mean of the squared values calculated at the
basic measurement time intervals. Three categories of time aggregation are frequently
considered:

e very short interval (time): 3 seconds;
e short interval (time): 10 minutes;

¢ Jlong interval (time): 2 hours.
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The very short interval value is obtained by the aggregation of fifteen basic measurement
interval values calculated in the considered 3-second time interval:

1 15
sth: EZQ,{ (11)
i=1

where Q. is the very short interval value (also called the 3-s value) and Q; is the value of the
parameter calculated at the ith basic time interval (200-ms value).

The short interval value is obtained by the aggregation of the two hundred 3-s values
calculated in the considered 10-minute time interval:

1 200 5
= m — sth,j7 ( 1 2)
j=

Qsh

where Qy, is the short interval value (also called the 10-min value) and Q. is the jth very
short interval value in the considered 10-minute time interval.

The long interval value is obtained by the aggregation of the twelve 10-min values
calculated in the considered 2-hour time interval:

1 12
Qlt: ﬁ ZQ?}LW (1'3)
m=1

where Qy is the long interval value (also called the 2-h value) and Qy,, is the mth short
interval value in the considered 2-hour time interval.

The interval values defined above are usually further aggregated to obtain the statistical
characterization for a longer observation time. The results of this further data collection are
the corresponding daily and weekly probability density functions (pdfs). These pdfs are the
basis for calculating the site indices, often reported in standards and recommendations, for
quantifying the level of a specific disturbance. Standards and recommendations, in fact,
usually refer to the 95th or the 99th daily or weekly percentile of PQ indices. A percentile is
the variable value below which a given percentage of occurrences can be expected.

With reference to voltage events, it is important to evidence that these disturbances are
less frequent than variations (e.g., harmonics and unbalances can always be present), so the
observation period has to be longer than the period considered for variations. The observation
period for monitoring voltage dips or swells, for example, is usually assumed to be at least one
year. Also for these types of PQ disturbances, an appropriate grouping of event parameters
permits a reduction in the amount of data that must be reported and managed.

Site and system performance, with respect to a voltage event (mainly in the case of
voltage dips) are often described in the form of an event table: the columns of the table
represent ranges of event duration d; the rows represent ranges of voltage amplitude A,
characterizing the event. In particular, in the table, the numbers of events falling into a
predetermined range of duration and amplitude are reported. The choice of tables for the
magnitude and duration ranges is a point of discussion. Different publications use different
values. Table 1.1 shows the voltage-dip table recommended by a group of experts
(UNIPEDE DISDIP group) that arranged a coordinated series of measurements in nine
countries.
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Table 1.1 Example of voltage event aggregation: UNIPEDE voltage-dip table

Residual Duration(s]
voltage[% ]

<0.02 0.02 0.1 0.1 0.5 051 13 320 2060 60 180

85 90 1.2 6.8 3.6 0 0 0 0 0
70 85 0.17 9.33 2.33 0.17 0 0 0 0
40 70 0 4.83 2.67 0 0 0 0 0
10 40 0 0.5 0.5 0 0 0 0 0
<10 0 0 0 0 0 0 0 0

1.3.1 Waveform distortions
1.3.1.1 Site indices

Waveform distortions (voltage or current) can be characterized by several indices and the
most frequently used are:

e the individual harmonic;
e the total harmonic distortion factor;
e the individual interharmonic;

e the total interharmonic distortion factor.

The individual voltage or current harmonic Ay, is the ratio between the RMS value of
harmonic component of order £, X;,, and the RMS value of the fundamental component, X;, of
the voltage or current waveform:

X

Ap=—.
hX1

(1.4)
The total harmonic distortion factor (THD) is defined as the RMS of the harmonic
content divided by the RMS value of the fundamental component, usually multiplied by 100:

Hinax
\/ i
h=2
THD = -~ 100, (1.5)

1

where H,,,yx is the order of the highest harmonic that is taken into account.

The THD value applied to current can be misleading when the fundamental component is
low. A high THD value for input current cannot be of significant concern if the load is light,
since the magnitude of the harmonic current is low, even though its relative distortion to the
fundamental is high. To avoid such ambiguity, IEEE 519 1992 defined the total demand
distortion factor (TDD). This term is similar to THD except that the distortion is expressed as
a percentage of the rated or maximum load current magnitude rather than as a percentage of
the current fundamental component.
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The individual voltage or current interharmonic is defined as the ratio between the RMS
value of the spectral interharmonic component and the RMS value of the fundamental
component.

A total distortion index equivalent to that for harmonics can be defined for interharmo-
nics. The total interharmonic distortion factor (TIHD) can be applied once again to both
current and voltage and is defined as the RMS of the interharmonic content divided by the
RMS value of the fundamental component, usually multiplied by 100.

The spectral components to be included in the above indices are usually obtained by
performing a Fourier analysis of the current or voltage waveforms and using adequate data
aggregation techniques.

In particular, in IEC 61000-4-7 2002 and IEC 61000-4-30 2003, the procedure for the
measurements of waveform distortion indices refers to the discrete Fourier transform (DFT)
of the current or voltage waveforms effected on the waveform inside a rectangular window
with a length T equal to 10 cycles for 50-Hz systems and 12 cycles for 60-Hz systems of
fundamental [12, 30]. The window width Ty determines the frequency resolution Af = /T
for the spectral analysis (i.e., the frequency separation of the spectral lines).

It is important to highlight that the frequency resolution Af'is called the frequency basis,
while the term ‘fundamental’ is currently used to indicate the power system frequency (50 or
60 Hz).® So the term ‘fundamental frequency’ is usually a synonym for ‘power supply
frequency’ or ‘power system frequency.’

As previously shown, the power system frequency can change around the nominal value,
so the length of the basic window is about 200 ms for both 50- and 60-Hz systems, but it is not
‘exactly’ 200 ms. However, some literature references refer to this basic window as the 200-
ms window and to the resulting spectrum as the 200-ms values with 5 Hz of resolution
frequency.

The spectral components obtained by applying the DFT to the actual signal inside the
window are aggregated in different configurations, called groups or subgroups, depending on
what kind of measurement is to be performed (harmonics, interharmonics or both).

The RMS value of the harmonic group order associated with harmonic order n, G, is
obtained by applying Equation (1.6) for the 50-Hz system and Equation (1.7) for the 60-Hz
system:

_X%w HAF | Xionss)as

n ) n+3

Gon = > +ZX(10n+i)Af T (1.6)
i~ 4

X 5 X?
(121 6)Af (12046)Af

Gen = > Z X(212n+i)Af T (1.7)

i= s

where X(10,41)ar and X(12,44) o are the RMS values of the spectral components at (10n + i)Af
and (12n + i)Af frequencies, respectively.” Figure 1.10 (a) illustrates the harmonic grouping
for the 50-Hz system.

8 Theoretically speaking, when a waveform contains both harmonics and interharmonics, the fundamental frequency
should be the greatest common divisor of all the frequency components contained in the signal.

° It is useful to highlight that to define the harmonic (interharmonic) groups and subgroups, the subscripts of the
harmonic component are used to indicate directly the harmonic frequency.
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Figure 1.10 Illustration of IEC harmonic and interharmonic groupings: (a) harmonic
groups; (b) interharmonic groups; (c) harmonic and interharmonic subgroups (for 50-Hz

supply)
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A similar evaluation is used for interharmonics. A grouping of the spectral components in
the interval between two consecutive harmonic components forms an interharmonic group
that can be evaluated according to Equation (1.8) for the 50-Hz-system and Equation (1.9) for
the 60-Hz system:

9

Cign = JZX%IOnjLi)Af ) (1.8)
i=1
1 ,

Cign = ZX(IZnJri)Af : (1.9)
i=1

In these relationships, the subscript ‘ign’ indicates the interharmonic group of order
n, and the interharmonic group between the harmonic order n and n+1 is designated
Cign~
Figure 1.10 (b) illustrates the interharmonic grouping for the 50-Hz system. This grouping
provides an overall value for the interharmonic components between two discrete harmonics.
The voltage magnitude of the power system may fluctuate, spreading out the energy of
harmonic components to adjacent interharmonic frequencies. The effects of fluctuations that
cause sidebands close to the harmonics can be partially reduced by excluding the lines
immediately adjacent to the harmonic frequencies from the interharmonic groups, thereby
introducing so-called subgroups. The harmonic subgroups permit a reduction in the error in
the harmonic evaluation when spectral leakage is present, while in the presence of real
interharmonics adjacent to harmonic components these, incorrectly, increase the harmonic
distortion level.
The interharmonic components directly adjacent to a harmonic are grouped to form a
harmonic subgroup according to Equation (1.10):

I
2
Gsgn = \/ Z X(10n+i)Af
i= 1
1
2
ngn = Z X(12n+i)Af
i= 1

for the 50-Hz system and the 60-Hz system, respectively.
The remaining interharmonic components form the centred interharmonic subgroup
according to Equations (1.11) and (1.12) for the 50-Hz and 60-Hz systems respectively:

(1.10)

8
Cisgn = JZX%IOn+i)Af7 (1.11)
i=2

10
Cisgn = Z X%lZnH)Af' (1.12)
i=2

Figure 1.10 (c) gives a clear idea of the different lines that are grouped to form harmonic
and interharmonic subgroups.
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From the analysis of the definitions of groups and subgroups (Equations 1.6 to 1.12), it
appears that each harmonic/interharmonic group contains more spectral components than the
corresponding harmonic/interharmonic subgroup. Moreover, it is evident that, due to the
overlapping between harmonic and interharmonic groups, some spectral components are
considered twice. Inaccuracies in the spectral content characterization can also arise, as will
be shown in Chapter 3.

IEC 61000-4-7 2002 defines two new distortion factors deriving from the definition of
groups and subgroups: the group total harmonic distortion (THDG) and the subgroup total
harmonic distortion (THDS).

The THDG is defined as the ratio of the RMS value of the harmonic groups to the RMS
value of the group associated with the fundamental group:

Hpnax ng 2
THDG =,| Y (== ) . (1.13)
n=2 Ggl

The THDS is defined as the ratio of the RMS value of the harmonic subgroups to the RMS
value of the subgroup associated with the fundamental group:

Hynax G 2
THDS = Z<—g> (1.14)

n— ngl

Table 1.2 provides a comparison of site indices adopted for voltage distortions in various
standards and guidelines [11, 12, 16, 18, 20, 27, 38, 45, 46]. From the analysis in Table 1.2, it
becomes clear that the site indices most frequently used are:

1. the 99th daily percentile (or other percentile) of the very short interval (3 s) RMS value
of individual harmonic V},,\n;

2. the 95th weekly percentile (or other percentile) of the short interval (10 min) RMS
value of individual harmonics Vj,g, or of the total harmonic distortion factor THDy;

3. the maximum weekly value of the short-interval RMS value of individual harmonics
V3,sn Or of the total harmonic distortion factor THDy,.

The very short and short harmonic components are obtained by applying the aggregation
time procedure illustrated at the beginning of this section, and then the daily or weekly
probability density function is obtained by collecting the 3-s or 10-min values (depending on
the requirements) over a one-day or one-week period. Moreover, Table 1.2 shows that, in most
cases, the reference standard for performing harmonic measurements is IEC 61000-4-7 2002.

IEC 61000-3-6 2008 defines the planning level for voltage distortion which is the basis
for determining emission limits for a single customer in medium voltage (MV) and high
voltage (HV) networks. In fact, while observation of the emission limits for low-voltage (LV)
customers is demanded by the equipment manufacturer, for customers connected to MV and
HYV networks, the emission limits should be set by the network operator in order to guarantee
observation of the voltage distortion limits.

IEC 61000-4-30 2003 defines the PQ measurement methods for the main PQ distur-
bances and, in particular, refer to IEC 61000-4-7 2002 for waveform distortions; in Annex 6
guidelines for contractual applications are also suggested.



Table 1.2 Harmonic site indices proposed in different standards and guidelines

Standard & Document International National or regional
IEC 61000 IEC 61000 EN 50160 ANSI/IEEE 519 Norwegian EDF Emeraude NRS048 2 Hydro Quebec
36 430 directive contract 2007
Purpose Planning Power quality Voltage Recommended Standard used  Voltage Standard used Voltage
levels measurement characteristics practice for by regulator characteristics by regulator  characteristics
methods emission limits
and system
design
Where it applies International  International =~ Some European  Some countries, Norway France South Africa  Quebec, CA
countries mostly USA
Indices & Very short V), s Vivsh
assessment  time (3s)  99th daily X daily
percentile percentile as
agreed
Short time V), ¢ Vish Vish + THDg, Vish + THDy,  Vysn+THDg, Vi + THDg, Vi g +THDg,
(10 min) 95th weekly X weekly 95th weekly Max Max 95th weekly 95th weekly
percentile percentile as  percentile percentile percentile
agreed
Other Vi, + THD THD
Week average
Period for statistical One week At leastone  One week Undefined One week One week At leastone  One week
assessment minimum week minimum week or more
Measurement method IEC 61000 IEC 61000 4 7 IEC 61000 4 7 No specific In accordance  IEC 61000 Specific IEC 61000
47 measurement with IEC or 47 measurement 4 7
method CENELEC " method
standards

10 CENELEC: European committee for electrotechnical standardization
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It is useful to highlight also that the version of IEEE 519 1992 currently in force does not
consider the probabilistic nature of harmonic indices, but the harmonic recommendation is
undergoing revision and, in the draft document (2005), the following probabilistic harmonic
indices were introduced:

e the 99th percentile of the very short time (3-s) value over one day;

e the 95th percentile of the short time (10-min) value over one week.

Some regional or national standards and guidelines, such as NRS048-2-2007 (Norway),
Emeraude contract (EDF France) and Hydro Quebec voltage characteristic (Canada), recom-
mend indices similar to those considered earlier.

Site indices adopted in some countries or suggested by working groups and not reported in
Table 1.2 are detailed in the following.

In Spain, the 95th percentile of the 10-min value of THD is obtained over each one-week
time period and then an annual index is calculated as the average of the weekly indices [10].

In Argentina, the national authority (ENRE: Ente Nacional Regulador de la Electricidad)
uses the 95th percentile of the 10-min value of THD over one week [50].

The CIGRE JWG C4.07/Cired recommends the following site harmonic indices: the 95th
percentile of the 3-s values over one day, the 99th percentile of the 10-min values over one
week, the 99th percentile of the 3-s values over one week and the 95th percentile of the 10-
min values over one week. The first three indices are used for planning purposes, while the
fourth index is used for voltage characteristics [16].

With reference to emission levels, in IEC 61000-3-6 2008 the following indices are
proposed to compare the actual emission level with the customer’s emission limit:

1. the 95th percentile of the 10-min values of individual harmonics over one week;

2. the greatest 99th percentile of the 3-s values of individual harmonic components over
one day.

Where higher emission levels are allowed for short periods of time, such as during bursts or
start-up conditions, the use of more than one index may be needed to assess the impact.

In the draft document of the revised IEEE 519 (2005), probabilistic limits on harmonic
current are also introduced and indices for assessing emission levels are indicated. As an
example, with reference to a distribution system with rated voltage up to 69 kV, the following
indices are considered: the 99th percentile of the very short time values over one day, the 99th
percentile of the short time values over one week and the 95th percentile of the short time
values of the individual harmonic current components and of the total demand distortion
factor over one week.

Before concluding this section on the waveform distortion site indices, for completeness
we list some other harmonic indices that are frequently applied in the relevant literature for
power system analysis or for the sizing of electrical components in the presence of waveform
distortion. These indices are:

oo
VE

Irms ’

e the telephone influence factor (TIF) =
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(o)
\/,21 2r
e the C-message index = *~"————;

o theIT = (\/hE—JIW%) and VT = (\/hgjlwﬁv,f) products;

S (hly)?

e the K-factor = %,
RMS

Y
Y pln
e the true power factor: pfie.

¢ the peak factor = k,y=

The TIF and C-message are measures of audio circuit interference produced by the
harmonics 7, in electrical power systems. The weighting factors, wy, and ¢y, take into account
the sensitivity of the human ear to noise at different frequencies.

IT and VT products are used as another measure of harmonic interference in audio
circuits.

The K-factor is a weighting of the harmonic load currents according to their effects
on transformer heating. A K-factor of 1.0 indicates a linear load. The higher the K-
factor, the greater the harmonic heating effects. When a nonlinear load is supplied from
a transformer, it is sometimes necessary to de-rate the transformer capacity to avoid
overheating and subsequent insulation failure. The K-factor is used by transformer
manufacturers and their customers to adjust the load rating as a function of the
harmonic currents caused by the load.

The peak factor k,y is defined as the ratio between the peak value of the distorted
waveform, Y, and the rated sinusoidal waveform, Y,,;,, and has been demonstrated to be an
adequate index to quantify the severity of the electrical stress in the presence of harmonics
with respect to that to which the insulation components are subjected in the nominal operating
condition. This index can be split into two contributions: &,y and k,y. The first is related to
the effects of fundamental variations and the second is related to the effects of harmonics
superimposed on the fundamental [55].

The true power factor is the ratio of the active power (P) consumed in watts to the
apparent power (S) drawn in volt-amperes [52]:

Pf e = ? (1.15)

3

1.3.1.2 System indices

In general, the system indices can be obtained directly from the site indices. For example, the
system index can be chosen to be coincident with the value of the site index not exceeded for a
fixed percentage (50, 90, 95 or 99%) of sites, and the choice of the percentage of sites can be a
matter of agreement between the system operator and the regulator. An alternative approach
would be to define a system index equal to the percentage of sites that exceeds the objective in
the reporting period.
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Other system indices reported in the literature are [29]:

e the system total harmonic distortion 95th percentile, STHD9S5;
e the system average total harmonic distortion, SATHD;

e the system average excessive total harmonic distortion ratio index, SAETHDRItypx.

To define these indices we consider a distribution system with N busbars and M monitor-
ing sites. For the sake of simplicity, in the following we address only indices referring to the
entire distribution system.

The STHD9S index is defined as the 95th percentile value of a weighted distribution; this
weighted distribution is obtained by collecting the 95th percentile values of the M individual
index distributions, with each distribution obtained from the measurements recorded at a
monitoring site. The weights can be linked to the connected powers or the number of customers
served from the area represented by the monitoring data. The system index STHDOS allows us to
summarize the measurements both temporally and spatially by handling measurements at M sites
of the system in a defined time period, assumed to be significant for the characterization of the
system service condition. Due to the introduced weights, this system index allows the assignment
of different levels of importance to the various sections of the entire distribution system.

The system average total harmonic distortion, SATHD, is based on the mean value of the
distributions rather than the 95th percentile value. The SATHD index gives average indica-
tions on the system voltage quality.

The system average excessive total harmonic distortion ratio index, SAETHDRItyp=
quantifies the number of measurements that exhibit a THD value exceeding the THD*
threshold. This index is computed by counting, for each monitoring site in the system, the
measurements that exceed the THD* value and normalizing this number to the total number
of the measurements conducted at the site s; finally, the weighted sum of these normalized
numbers is calculated:

M

NtHD"S
Z Ls ( THD's )
s—1 NTot,s
SAETHDRIpyp =~~~ (1.16)

Ly '
where Ntyp+, 1S the number of measurements at monitoring site s that exhibit a THD value
exceeding the specified threshold THD*, Nt , is the total number of measurements conducted
at monitoring site s over the assessed period of time, L; is the connected kVA served by the
system segment at monitoring site s and L is the total connected kVA served by the system.

An alternative method of computing the aforementioned index concerns the statistical
analysis of all the measurements conducted at the M sites of the system.

Analogous system indices have been proposed in the relevant literature for the peak
factor [56].

1.3.1.3 Existing objectives

A comparison of some harmonic voltage objectives is given in Tables 1.3 and 1.4. The
objectives reported in standards and guidelines refer to site indices [11, 16, 18, 20, 27, 33, 38,
45, 46].



Table 1.3 Harmonic voltage objectives proposed in different standards and guidelines

Standard & International National or regional
Document
1IEC 61000 IEC 61000 EN 50160 ANSI/IEEE 519 EDF Norwegian directive ~ NRS048 Hydro Quebec
212 36 Emeraude 2 2007
contract
Purpose Compatibility ~ Planning Voltage Recommended Voltage Standard used Standard Voltage
level levels characteristics ~ practice for characteristics by regulator used by characteristics
emission limits and regulator
system design
Where it applies  International International Some Some countries, France Norway South Quebec,
European mostly USA Africa CA
countries
MV Voltage 1to35kV 1 to35kV 1 to35kV 1 to 69 kV 1 to 50 kV <35kV 1to33kV  0.75to
level 345kV
Order h<50 h <50 h<25 All orders h<25 All orders h <50 h<25
h (e.g.: 6% at (e.g.: 5% at (e.g.: 6% at 3% all orders (e.g.: 6% at (e.g.: 6% at (e.g.:6% at (e.g.: 6% at
h 5)See h 5)See h 5) See h 5) See h 5) See h 5)See h 5)See
Table 1.4 Table 1.4 Table 1.4 Table 1.4 Table 1.4 Table 1.4 Table 1.4
THD 8% 6.5% 8% 5% 8% 8% 8% 8%
(10 min
value)
5% (week
average)

(continued overleaf)



Table 1.3 (Continued)

Standard & International National or regional
Document
IEC 61000 IEC 61000 EN 50160 ANSI/IEEE 519 EDF Norwegian directive  NRS048 Hydro Quebec
212 36 Emeraude 2 2007
contract
HV Voltage Not >35kV Not >69 to > 161 >50kV >35t0245 >245 33to >44 to
EHV level applicable applicable!! 161 kV kV kv kV 440 kV <315kV
Order h <50 All h<25 All h<25 h <50+
orders orders THD
h (e.g.: 2% at 1.5% all 1% all (e.g.: 2% at (e.g:3%at (e.g.: (e.g:3%at (e.g.:2%
h 5) See orders orders h 5) See h 5) See 2% at h 5)See ath 5)See
Table 1.4 Table 1.4 Table 1.4 h 5) Tablel.4 Table 1.4
See
Table
1.4
THD 3% 2.5% 1.5% 3% 3% 2% 4% 3%

' The current draft of EN 50160 (March 2008) also considers HV supply characteristics.



Table 1.4 Voltage harmonic limits proposed in different standards and guidelines

Order MV Harmonic voltages [% of nominal or declared voltage] Order HV & EHV  Harmonic voltages [% of nominal or declared voltage]
h 1IEC IEC EN 50160 NRS048 2 Hydro h IEC EDF Emeraude  Norwegian NRS048 2 Hydro
61000 61000 EDF 2007 Quebec 61000 3 6 contract directive 2007 Quebec
212 36 Norwegian _—
directive 35t0245 > 245
kV kV

2 2 1.8 2 2 2 2 1.4 1.5 1.5 1 1.5

3 5 4 5 5 6 3 2 2 3 2 2.5 2

4 1 1 1 1 1.5 4 0.8 1 1 0.5 1

5 6 5 6 6 6 5 2 2 3 2 3 2

6 0.5 0.5 0.5 0.5 0.75 6 0.4 0.5 0.5 0.5 0.5

7 5 4 5 5 5 7 2 2 2.5 2 2.5 2

8 0.5 0.5 0.5 0.5 0.6 8 04 0.5 0.3 0.3 04

9 1.5 1.2 1.5 1.5 35 9 1 1 1.5 1 1
10 0.5 0.47 0.5 0.5 0.6 10 0.35 0.5 0.3 0.3 0.4
11 35 3 35 35 35 11 1.5 1.5 2.5 1.5 1.7 1.5
12 0.46 0.43 0.5 0.46 0.5 12 0.32 0.5 0.3 0.3 0.3
13 3 2.5 3 3 3 13 1.5 1.5 2 1.5 1.7 1.5
14 0.43 04 0.5 0.43 0.5 14 0.3 0.5 0.3 0.3 0.3
15 0.4 0.3 0.5 0.5 2 15 0.3 0.5 0.5 0.5 0.75
16 0.41 0.38 0.5 0.41 0.5 16 0.28 0.5 0.3 0.3 0.3
17 2 1.7 2 2 2 17 1.2 1 2 1.5 1.2 1
18 0.39 0.36 0.5 0.39 0.5 18 0.27 0.5 0.3 0.3 0.3
19 1.76 1.5 1.5 1.76 1.5 19 1.07 1 1.5 1.5 1.2 1
20 0.38 0.35 0.5 0.38 0.5 20 0.26 0.5 0.3 0.3 0.3
21 0.3 0.2 0.5 0.3 1.5 21 0.2 0.5 0.5 0.5 0.5
22 0.36 0.33 0.5 0.36 0.5 22 0.25 0.5 0.3 0.3 0.3
23 1.41 1.2 1.5 1.41 1.5 23 0.89 0.7 1.5 1 0.8 0.7
24 0.35 0.32 0.5 0.35 0.5 24 0.24 0.5 0.3 0.3 0.3

25 1.27 1.09 1.5 1.27 1.5 0.82 0.7 1 1 0.8 0.7

N
[}
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The tables report the compatibility levels for the medium-voltage power supply system
defined in IEC 61000-2-12 2003. These limits are close to the limits reported in EN 50160
2000, where the supply voltage characteristics for public networks are given.

The same tables report the planning levels for MV, HV and EHV power systems,
according to IEC 61000-3-6 2008. The planning levels are assessed by using the measured
3-s and 10-min values over at least a one-week period. In particular:

1. the 95th weekly percentile of the 10-min values should not exceed the value reported in
Table 1.4.

2. the greatest 99th daily percentile of the 3-s values should not exceed the planning levels
reported in Table 1.4 multiplied by a factor k., = 1.3 + %57 (h—5).

Most national standards or regional guidelines provide indicative values for harmonic
voltages at HV EHV. In most cases, these values correspond to the planning levels for HV
EHV published in IEC 61000-3-6 2008, locally adapted to account for specific system
configurations or circumstances. A standard such as EN 50160 does not exist for defining
voltage characteristics for transmission systems at HV EHV. However, in the current draft of
EN 50160 (March 2008), HV supply characteristics are also considered.

IEEE 519 1992 also recommends harmonic voltage limits at HV EHV for system
design purposes. This recommendation allows the same level of harmonic voltage for
any harmonic order; this may change in the future, because this recommendation is
currently under revision. In particular, in the draft document of IEEE 519 (2005), prob-
abilistic limits on harmonics are introduced: the 99th percentile of the very short time
values over one day should be less than 1.5 times the values given in Table 1.3, and the
95th percentile of the short time values over one week should be less than the values given
in Table 1.3.

Other objectives adopted in some countries or suggested by working groups and standards
not reported in Tables 1.3 and 1.4 are outlined in the following.

Compatibility levels for low-frequency conducted disturbances in public LV systems
are given in IEC 61000-2-2 2002; with some exceptions, these limits are the same as in
EN 50160 2000. The CIGRE WG C4-07 recommends keeping the planning levels as
they are given in IEC 61000-3-6. With reference to the objectives for voltage character-
istics, the CIGRE WG suggests the harmonic limits reported in EN 50160 2000 for MV
systems and indicates the objectives (but only for dominant odd harmonics) for HV EHV
systems.

In Argentina, the national authority ENRE indicates limit levels of THD equal to 3% and
8% for HV and MV/LV power systems, respectively [17].

Australia has several standards addressing the problem of harmonic distortion. In AS
2279.2 1991 the limit on voltage total harmonic distortion in the 415 V supply system is fixed
at 5%; limits on odd and even harmonics are equal to 4% and 2%, respectively.

In China the limit on voltage total harmonic distortion is fixed at 3%; limits on odd and
even harmonics are equal to 2.4% and 1.2%, respectively. These limits are referred to the
mean values for ten minutes [49].

With reference to the limits on the harmonic current injected into the network by polluting
loads, the IEC standards considered here are 61000-3-2 2005, 61000-3-4 1998 and 61000-3-
6 2008 [25, 41, 46] we also consider IEEE 519 1992 [18].
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Emission limits for small LV equipment, classified into four classes, are defined in IEC
61000-3-2 2005. This standard document gives emission limits as absolute values that are
related to the power consumption of the device; this document also contains a detailed
description of the test equipment and the circumstances of the test.

For equipment with a rated current exceeding 16 A per phase, IEC 61000-3-4 1998
applies. In this document, the emission limits are reported as a function of the ratio between
the rated power of the load and the short circuit capacity of the source.

For customers connected to the MV and HV networks, IEC 61000-3-6 2008 indicates the
procedure to calculate the emission limits of disturbing loads as a function of the power of the
customer, the power of the polluting equipment and the system characteristics. The procedure
is based on the actual source impedance, the contribution from different voltage levels and the
share of the emission limit among the different voltage levels. The objective is to limit the
harmonic current injected by all distorting installations to levels that will not result in voltage
distortion levels that exceed the planning level. So, when the planning levels are fixed and the
procedure reported in IEC 61000-3-6 2008 is applied, it is possible to derive the coordinated
emission limits. In particular, the following objectives are proposed:

1. the 95th weekly percentile of the 10-min values of individual harmonics should not
exceed the emission limit;

2. the greatest 99th daily percentile of the 3-s values of individual harmonic components
should not exceed the emission limit multiplied by the factor kv = 1.3 + % (h—5).
With reference to very short time effects of harmonics,'? use of a very short time index
for assessing emission is only needed for loads having a significant impact on the
system, so the use of this index could depend on the ratio between the agreed power of
the connecting customer and the fault level at the point of connection.

IEEE 519 1992 also gives limits for the harmonic current distortion for individual custo-
mers. The difference with respect to the IEC standards is that the limits are given at the point of
common coupling (PCC), they are then referenced to the total emission of disturbing equipment
and not to each individual piece of equipment belonging to the customer.

IEEE 519 1992 gives current limits for different voltage levels, different load sizes and
different harmonic orders. As an example, Table 1.5 reports the current harmonic limits for
voltage levels up to 69 kV. In the table, the current ratio is the ratio between the fault current and
the load current, and the limits are expressed as a percentage of the maximum load current.

In the draft document of IEEE 519 (2005), analogously to the voltages, probabilistic
limits on harmonic current are also introduced. As an example, with reference to a distribution
system with rated voltage up to 69 kV, users should limit their harmonic current at the PCC as
follows: the 99th percentile of the very short time values over one day should be less than 2.0
times the values given in Table 1.5, the 99th percentile of the short time values over one week
should be less than 1.5 times the values given in Table 1.5 and the 95th percentile of the short
time values over one week should be less than the values given in Table 1.5.

12 The long term effects of harmonics relate mainly to thermal effects on cables, transformers, motors, capacitors,
etc; these effects arise from harmonic levels that are sustained for ten minutes or more. The very short term effects
relate mainly to disturbing effects on electronic devices that may be susceptible to harmonic levels sustained for three
seconds or less; transients are not included [46].
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Table 1.5 Current harmonic limits according to IEEE 519 1992 [18]
Current ratio Harmonic order (Odd harmonics )

<11 11 16 17 22 23 34 >34 TDD
<20 4.0 2.0 1.5 0.6 0.3 5.0
20 49.9 7.0 3.5 2.5 1.0 0.5 8.0
50 99.9 10.0 4.5 4.0 1.5 0.7 12.0
100 999 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0
4Even harmonics are limited to 25% of the odd harmonics.

Information related to the electromagnetic disturbance involved in interharmonics is still

being

developed. The first proposal made in standards was to fix a very low value (i.e. 0.2%)

for the 95th percentile of the short time values over one week of the interharmonic voltages at
low frequencies (less than twice the fundamental frequency).

Due to measurement difficulties, alternative solutions are still under discussion [44];
these are:

1.

To limit individual interharmonic component voltage distortion to less than 1%, 3% or
5% (depending on voltage level) from O Hz up to 3 kHz, as has been done for
harmonics.

. To adopt limits correlated with the short-term flicker severity index Py (see Section

1.3.4) equal to 1.0, to be checked by an IEC flickermeter for frequencies at which these
limits are more restrictive than those of point 1. IEC 61000-2-2 2002, in fact, gives
compatibility levels for the case of an interharmonic voltage occurring at a frequency
close to the fundamental frequency (50 Hz or 60 Hz), resulting in amplitude modulation
of the supply voltage. In these conditions, certain loads, especially lighting devices,
exhibit a beat effect, resulting in flicker. The compatibility level for a single inter-
harmonic voltage in the above case, expressed as the ratio of its amplitude to that of the
fundamental, is shown in Figure 1.11 as a function of the beat frequency. The beat
frequency is the difference between the frequencies of the interharmonic and funda-
mental frequencies. The curves in Figure 1.11 are based on a flicker level of Py = 1 for
lamps operated at 120 V and 230 V and it is clearly evident that the flicker is due to
interharmonic amplitude which is less than 1%.

. To develop appropriate limits for equipment and system effects, such as generator

mechanical systems, signalling and communication systems and filters on a case-by-
case basis using specific knowledge of the supply system and connected user loads.

Therefore, different limits are necessary for different ranges of frequency and two kinds of
measurement (interharmonic components and light flicker) are simultaneously needed.

Most of the national or regional standards do not specify compatibility levels or limits for
interharmonic voltage. Sometimes these standards refer to the characteristic values of inter-
harmonic voltages on LV networks corresponding to the compatibility level with respect to

the fli

cker effect reported in IEC 61000-2-2 2002 [28].
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Figure 1.11 Compatibility level for the interharmonic voltage [28]. © 2002 IEC Geneva,
Switzerland. www.iec.ch

1.3.2 Slow voltage variations
1.3.2.1 Site indices

Slow voltage variations are usually quantified by calculation of the RMS value of the supply
voltage. In assessing RMS supply voltage, measurement has to take place over a relatively
long period of time to avoid the instantaneous effect on the measurement caused by individual
load switching (e.g. motor starting, inrush current) and faults.

EN 50160 2000 quantifies slow voltage variations using the 10-min mean RMS value
and considering a week as the minimum measurement period; in particular, the 95th
percentile of the 10-min mean RMS values over one week is considered the site index.
In the current draft of EN 50160 (March 2008), instead of the 95th percentile, the 99th
percentile and the maximum value of all 10-min mean RMS values over one week are
considered.

Several utilities characterize slow voltage variations by using the index of the current EN
50160 2000. In some countries different site indices have been introduced. In Norway, the
variations in voltage RMS values are measured as a mean value over one minute, and the
maximum value in the monitored period is designated the site index. Other countries also use
the 1-minute RMS voltage value, e.g. Hungary.

IEC 61000-4-30 2003 defines the procedure for the RMS voltage measurements
and, as in EN 50160 2000, assigns the 10-min RMS value of the supply voltage (short
interval value) to quantify slow voltage variations and considers a week as the mini-
mum measurement period. Annex 6 of the same standard suggests guidelines for
contractual applications.

The PQ directive of the Hydro-Quebec on MV and LV systems considers both the 95th
percentile and the 99.9th percentile of the 10-min mean RMS voltage variations with respect
to nominal voltage over one week [27].
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The South African Standard NRS048-2 2007 considers the 95th percentile of the 10-min
measurement value over a period of a week and the number of times that consecutive
10-min values have been outside the higher or lower permissible value [45].

In Argentina, the 95th percentile of the 10-min measurement value over a period of a
week is considered the site index [50].

In Australia, many energy companies refer to the 10-min measurement values as the index
to quantify slow voltage variations.

In China, the maximum value of the 10-min mean RMS values is considered the site
index [49].

1.3.2.2 System indices

Starting from the site indices, the following system indices can be introduced:

e the percentage of sites that exceeds the objectives in the reporting period,;
e the average or median value of the site indices;

e the value of the site index not exceeded for a fixed percentage (90, 95 or 99%) of sites;
the percentage of sites can be a matter of agreement between the system operator and
the regulator.

Recently, in Spain, a new system index was proposed. The procedure for calculating the
index is as follows: for each measurement point, the number of 10-min RMS voltage
measurements exceeding the limit is determined and a weighted average of this number is
taken over all measurement points for the considered system. Weighting is based on the
amount of the load connected to the substations that are coincident with the measurement
points.

Other new system indices could be introduced, extending the definitions of system indices
that are known to characterize other aspects of PQ disturbances, as happened with the system
harmonic indices.

1.3.2.3 Existing objectives

The existing objectives refer only to site indices.

EN 50160 2000 considers the following condition to indicate acceptable performance of
the system: during each period of one week, under normal operating conditions, the 95th
percentile of the 10-min mean RMS values of the supply voltage shall be within the ranges
U, £ 10% for the LV system and Uc + 10% for the MV system, where U, is the nominal
voltage of the system and Uc is the declared supply voltage.

For the Norwegian PQ directives, variations in the voltage RMS value, measured as
a mean value over one minute, shall be within an interval of & 10% of the nominal
voltage [38].

In France, for MV customers, the supply contracts contain the voltage variation limit
Uc = 5% of the nominal voltage for 100% of the time, where Uc must be in the range + 5%
around the nominal voltage [20].
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The regulation in Hungary contains three different objectives [48]:

e 100% of the 10-min RMS voltage shall be between 85% and 110% of the nominal
voltage;

® 95% of the 10-min RMS voltage shall be between 92.5% and 107.5% of the nominal
voltage;

® 100% of the 1-min RMS voltage shall be less than 115% of the nominal voltage.

The regulation in Spain fixes the following limit: the 95th percentile of the 10-min mean
RMS value over one week shall be between 93% and 107% of the declared voltage [42].
In the current draft of EN 50160 (March 2008), the following limits apply:

® 100% of all 10-min mean RMS values of the supply voltage shall be below +10 % of
the nominal voltage; and

e atleast 99% of the 10-min mean RMS values of the supply voltage shall be above —10%
of the nominal voltage, with not more than two consecutive 10-min mean RMS values
below the lower limit of —10%.

The PQ directive of the Hydro-Quebec specifies different limits for LV and MV systems.
With reference to LV systems, for every one-week period, under normal operating conditions,
excluding interruptions, 95% of RMS value voltage variations evaluated over ten minutes
must be within the range 11.7% to +5.8% of nominal voltage, and 99.9% of RMS value
variations evaluated over ten minutes must be within the range 15% to +10% of nominal
voltage. With reference to MV systems, 95% of RMS value voltage variations evaluated
over ten minutes must be within the range £+ 6% of nominal voltage, and 99.9% of RMS
value variations evaluated over ten minutes must be within the range £+ 10% of nominal
voltage [27].

In South Africa, the limits of voltage RMS variations are fixed at =10% of the nominal
voltage for LV systems (<500 V) and at £5% of the declared voltage at other voltage levels
(>500 V). Moreover, there is the additional criterion that no more than two consecutive
10-min values can exceed the higher and the lower permissible levels [45].

In Argentina, the limits of voltage RMS variations expressed as a percentage of the
nominal voltage are: + 8% for LV and MV systems with overhead lines; £5% for LV and
MYV systems with cable lines; 5% for HV systems; and £10% for rural systems [50].

In Australia, distribution companies fix different limits for RMS voltage variations.
In particular, Integral Energy fixes the following limits: +14% and 6% of the nominal
voltage for LV systems; £10% for MV systems. EnergyAustralia’s objective, on the
other hand, is to maintain the 10-min RMS value of the phase-to-neutral supply
voltage within the following range: between 253V and 264V (upper limit) and
between 226 V and 216V (lower limit) for systems with nominal phase voltage equal to
240V.

In China, the limits of voltage RMS variations are fixed at 10% of the declared supply
voltage [49].
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1.3.3 Unbalances
1.3.3.1 Site indices

The severity of voltage unbalances is often quantified by means of the (negative sequence)
voltage unbalance factor, which is defined as the ratio between the negative-sequence voltage
component V | and the positive-sequence voltage component V. |, usually expressed as a
percentage:

K; = —100. (1.17)

Equation (1.17) can be substituted by the relationship:

_ [l=vE-68

=\ i 563 ™ (1.18)

Ky

where:

4 4 4
U12fund + U23fund + USIfund

ﬂ =
(Utatuna + U3tuna+ U3 ifuna)

. (1.19)

and Ujsfund, Uzsfuna and Usifng are the fundamental components of the phase-to-phase
voltages.
Sometimes, local distributors quantify voltage unbalances by means of the differences
between the highest and lowest phase-to-neutral or phase-to-phase steady-state voltages.
Table 1.6 provides a summary of unbalance site indices proposed in various standards and
guidelines [11, 12, 16, 20, 27, 38, 45]; the site indices most frequently used are:

1. the 95th percentile of the very short interval value of the negative-sequence voltage
unbalance factor (K,ys,) Over one day;

2. the maximum of the short interval value of the negative-sequence voltage unbalance
factor (K,.¢,) Over one week;

3. the 95th percentile of the short interval value of the negative-sequence voltage unba-
lance factor (K,g,) over one week;

4. the 95th percentile of the long interval value (two hours) of the negative-sequence
voltage unbalance factor (K, ) over one week.

Annex 6 of IEC 61000-4-30 2003 also suggests guidelines for contractual applications.

EN 50160 2000 considers the 95th percentile of the short interval value of the unbalance
factor over one week and it does not specify any limit for 5% of the time. Some national
directives (for example, in Norway) choose to specify limits for 100% of the time [38].

All the standards and guidelines usually consider a week to be the minimum measurement
period. The whole measurement and evaluation procedure for the short and long interval
values of the negative-sequence voltage unbalance factor is defined in detail in IEC 61000-4-
30 2003.



Table 1.6 Voltage unbalance site indices proposed in different standards and reference document

Standard & Document International National or Regional
IEC 61000 CIGRE WG C4.07 2004 EN 50160 Norwegian ~ EDF Emeraude NRS048 Hydro
430 directive contract 2 2007 Quebec
Purpose Power quality Planning Voltage Voltage Standard Voltage Standard used Voltage
measurement  level characteristics characteristics used by characteristics by regulator  characteristics
methods regulator
Where it applies International Some Norway France South Africa  Quebec, CA
European
countries
Indices & Very short Kivsn
assessment time (3 sec) 95th daily
percentile
99th weekly
percentile
Short time Ky Kasn Kasn Kasn K sn Kasn Kasn
(10 min)  95th weekly 99th weekly — 95th weekly — 95th weekly ~— Max (no further 95th weekly
percentile (or  percentile percentile percentile specification)  percentile
as agreed)
Long time  Kgj K
(2 hour)  95th weekly 95th weekly
percentile (or percentile
as agreed)
Period for statistical At least one One week One week One week At least one Atleast one  One week
assessment week or more, minimum week or more  week

as agreed
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Recently, indices have been proposed to measure the unbalance in power systems that
contain nonsinusoidal waveforms. These indices, called the equivalent voltage total har-
monic distortion factor (VTHD,) and the voltage total unbalance distortion factor (VTUD),
are obtained using an unbalance decomposition method developed by the authors in [34].
From the three-phase voltage phasors of fundamental and each harmonic component, the
balanced, the first unbalanced and the second unbalanced components are obtained by
means of three transformational matrices. Using these components, the equivalent RMS
value of the three-phase voltage is calculated and then decomposed into the balanced
fundamental component, the unbalanced fundamental component, the balanced harmonic
component and the unbalanced harmonic component. Using these four components, the
equivalent total harmonic distortion factor and the total unbalance distortion factor of the
voltage are calculated. The voltage total unbalance distortion factor not only takes into
account the fundamental frequency component, but also considers the influence of unba-
lanced harmonics; it can quantify the severity of the unbalance even in the presence of
harmonic distortion. For more details see [34].

1.3.3.2 System indices

Once again, the system index may be the value of the site index not exceeded for a high
percentage (90, 95 or 99%) of sites, or an alternative approach would be to define, as a system
index, the percentage of sites that exceeds the objective in the reporting period.

Other possible unbalance system indices can be obtained by substituting, in the relation-
ships that define the system indices for waveform distortions, the index THD by the index K ;
so, the following system indices can be introduced:

e the system unbalance factor 95th percentile, SK,,95;
e the system average unbalance factor, SAK;

e the system average excessive unbalance factor ratio index, SAEK Rl .

1.3.3.3 Existing objectives

Table 1.7 summarizes the objectives relevant to voltage unbalance among different standards
and reference documents [11, 16, 20, 27, 33, 38, 45]. For MV systems, the objective is usually
a 2% negative-sequence voltage unbalance factor; in some areas the voltage unbalance may
be up to 3% (usually in cases where the networks are predominantly single-phase, i.e. single-
phase traction and single-phase distribution). In HV and EHV systems, objectives vary from
1% to 2%.

CIGRE WG C4.07 2004 suggests that the planning level for the 99% probability weekly
value of K,,s, may exceed the planning level of the 95% probability daily value, reported
in Table 1.7, by a factor (for example, 1.25 to 2.0 times) to be specified by the system
operator.

In Australia (not reported in Table 1.7), the Integral Energy distributor aims to achieve
differences of no greater than 6% on the LV network and 3% on the HV network between the
highest and the lowest phase-to-neutral or phase-to-phase steady-state voltages. The limits
refer to the 10-min measurement values and the percentages refer to the nominal voltage.



Table 1.7 Voltage unbalance objectives proposed in different standards and reference documents

Standard & Document International National or Regional
IEC 61000 CIGRE WG C4.07 2004 EN50160 Norwegian EDF Emeraude NRS048 2 2007  Hydro Quebec
212 directive contract
Purpose Compatibility Planning Voltage Voltage Standard Voltage Standard used by  Voltage
levels level characteristics characteristics used by characteristics  regulator characteristics
regulator
Where it applies International Some Norway France South Africa Quebec, CA
European
countries
MV Very short 2%
time (3 sec)
Short time 2% 2% [upto 3% 2% [upto3% 2% 2% 2% [up to 3% in
(10 min) in some areas] in some areas] some areas]
Other 2% [up to 3% 2% (2 hr)
in some areas]
HV Very short  Not HV =1.5% Not
EHV time (3 sec) applicable EHV=1% applicable'?
Short time HV =15% HV =2% 2% 2% HV =2%
(10 min) EHV =1% EHV =1.5% EHV = 1.5%
[up to 3% in
some areas|
Other HV =1.5% (2 hr)

EHV = 1% (2 hr)

'3 The current draft of EN 50160 (March 2008) also considers HV supply characteristics.
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1.3.4 Voltage fluctuations
1.3.4.1 Site indices

As mentioned in the section describing PQ disturbances, voltage fluctuations can cause light
intensity fluctuations that can be perceived by our brains. This effect, popularly known as
flicker, can cause significant physiological discomfort. More precisely, flicker is the impres-
sion of unsteadiness of visual sensation induced by a light stimulus whose luminance or
spectral distribution properly fluctuates with time.

The UIE/IEC' flickermeter estimates the level of sensation of light flicker, starting from
the voltage fluctuations that cause it. It is based on the model of a 230 V/60 W incandescent
lamp and on a model of the human sensation system. Figure 1.12 shows a simplified block
diagram of the IEC flickermeter.

Emula ion of lamp — eye — brain response

A
— —
v (t) Demodulator - ! S(t) Statistical Pst
ot g o it saing | of SRS |y S0 980) T el fker |
multiplier 9 sensation
Block 1 Block 2 Block 3 Block 4 Block 5

Figure 1.12 Simplified block diagram of the IEC flickermeter

Block 1 performs a normalization of the input supply voltage. The aim of blocks 2, 3 and 4
is to emulate the lamp eye brain response. The input to block 2 of the flickermeter is the
relative voltage variation that can be seen as a modulated wave superimposed on a 50 or 60 Hz
wave. This modulated wave must be extracted from the carrier; it is for this reason that a
demodulating block must be present in the flickermeter. The demodulation function is
performed by a quadratic demodulator that reproduces the fluctuations of the squared RMS
value of the voltage; this is directly related to the electrical power absorbed by the lamp,
which is representative of the flicker. Block 3 is composed of two band-pass filters. The first
filter eliminates the DC and double mains frequency ripple components of the demodulator
output. The second filter is a weighting filter block that simulates the frequency response to
sinusoidal voltage fluctuation of a coiled filament gas-filled lamp (60 W/230 V) combined
with the human visual system. Block 4 emulates the response of the human brain to the
fluctuations. This works by using two functions: a squaring block and a low-pass filter. At the
output of block 4, the flickermeter gives a signal that is proportional to the voltage variation,
weighted by the sensitivity of the lamp eye brain combination at different frequencies: this
is the measure of the instantaneous flicker sensation, S(7). The instantaneous sensation of
flicker is expressed per unit of the perceptibility threshold, which is the level of flicker
considered just perceptible by a significant portion of the people involved in the tests.

!4 UIE: International Union for Electrical Applications.
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From the instantaneous flicker values, the following indices characterizing the intensity
of flicker annoyance are obtained: the short- term flicker severity and the long-term flicker
severity.

The short-term flicker severity (Py,) is measured over a period of ten minutes. This value
is obtained from a statistical analysis of the instantaneous flicker value S(7) by means of the
following relationship:

Py = 1/0.0341Py ; + 0.0525P15 + 0.0657Ps, + 0.28P105 + 0.08Pss , (1.20)

where the quantities Pq, Py, P3, Pjo and Pso are the instantaneous flicker level values
exceeded for 0.1%, 1%, 3%, 10% and 50% of the time during the observation period. The
suffix ‘s’ in the formula indicates smoothed values to be used; these are given by:

P — P30+Pso+Pso P — Pe+Ps+P1o+P13+P17
05 =3 10s = 5 )
Pyy+Ps+P Po7+P+P
Ps — 22+P3+ 4’ P = 07+P1+ LS5 (1.21)
3 3

The term Py ; cannot change abruptly and no smoothing is needed for this quantity.
The long-term flicker severity (Py,) is calculated from a sequence of 12 P values over a
two-hour interval, according to the following relationship:

12
| > P
Py = ":1‘2 . (1.22)

Table 1.8 summarizes the voltage fluctuation site indices reported in various standards
and guidelines [11, 12, 16, 20, 27, 38, 45, 47].

The most common reference for flicker measurement is IEC 61000-4-15 2003, and the
minimum measurement period is one week [32].

Site indices adopted in some countries or suggested by working groups and not reported in
Table 1.8 are outlined in the following.

CIGRE WG C4-07 recommends that the following indices be used: the 95th and 99th
percentiles of P over one week and the 95th percentile of Pj, over one week [16].

The national authority of Argentina uses the 95th percentile of P over a period of one
week [50].

In China the following indices are used: the 95th percentile of the short-term flicker
severity and the maximum value of the long-term flicker severity [49].

It should be noted that experience has indicated that the indices P, and Py are often
correlated; the following relationship has been suggested to show this correlation [16]:

Prosy, =0.84P05%- (1.23)

Therefore, one of the two quantities may be seen as being redundant.

1.3.4.2 System indices

A current limitation for voltage fluctuation system indices is that, in many systems, flicker
measurements are often conducted at only a few sites located near to large fluctuating loads,



Table 1.8 Voltage fluctuation site indices proposed in different standards and reference documents

Standard & Document International National or Regional
IEC 61000 3 7 IEC 61000 4 30 EN 50160 Norwegian EDF Emeraude NRS048 2 Hydro
directive contract 2007 Quebec
Purpose Planning levels Power quality Voltage Standard used ~ Voltage Standard Voltage
measurement methods characteristics by regulator characteristics  used by characteristics
regulator
Where it applies International ~ International Some Norway France South Africa Quebec, CA
European
countries
Indices & Short term Py, Py Py
assessment (10 min)  99th and 95th ~ 99th weekly percentile 95th weekly
weekly (or X percentile as percentile
percentile agreed)
Long term Py Py Py Py Py Py Py
(2h) 95th weekly 95th weekly percentile 95th weekly ~— Max (no further 95th weekly — 95th weekly
percentile (or X percentile as percentile specification) percentile  percentile
agreed)
Other
Period for statistical One week One week minimum One week One week At least one At least one One week
assessment minimum minimum week or more week
Measurement IEC 61000 IEC 61000 4 15 IEC 61000 IEC 61000 4 15 IEC 61000 4 15 IEC 61000 4 15
method 415 415 (formerly IEC

868)
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so the measurements are unlikely to form an unbiased sample from the total population.
Given this, it is obvious that a system index would not usually be recommended for general
application.

1.3.4.3 Existing objectives

The definition of flicker severity somewhat dictates the objectives: under laboratory condi-
tions and for the standard lamp (incandescent 60 W filament), a flicker severity exceeding
unity will feel disturbing to the majority of individuals; a flicker between 0.7 and 1.0 is
noticeable, but not disturbing for most. In Table 1.9 a comparison of voltage fluctuation
objectives between different standards and reference documents is reported [11, 16, 20, 27,
33, 38, 45, 47].

In IEC 61000-3-7 2008, planning levels up to 35 kV are slightly lower than unity
(Ps; = 0.9 and P, = 0.7). The planning levels for HV and EHV systems, based on a transfer
coefficient'’ equal to unity, are 0.8 for the 10-minute value and 0.6 for the 2-hour value.
In particular, the 95th percentile value of P and Pj, should not exceed the planning level;
the 99th percentile of the P value may exceed the planning level by a factor (for example,
1 to 1.5) to be specified by the system operator or owner, depending on the system and load
characteristics.

Other objectives adopted in some countries or suggested by working groups and not
reported in Table 1.9 are outlined below.

CIGRE WG C4-07 recommends the following values of P for planning levels: 0.9 for
MYV and 0.8 for HV EHV systems.

The Australian Standard AS/NZS 61000.3.7, which specifies the limit, is based on
the IEC standard of the same name, IEC 61000-3-7 1996. The compatibility levels are
Py=1 P,;=0.8 planning levels fixed in the Australian standard are the same as those
proposed in IEC 61000-3-7 (Table 1.9) [50].

The national authority of Argentina fixes a limit of 1.0 for the 95th percentile of Py over
one week [49].

In China the following objectives are fixed: the 95th percentile of Py < 1.0 and the
maximum value of Py <0.8.

It is worth mentioning that many researchers report concern that a P threshold of 1.0 is
too strict, since it is based on laboratory studies. In the field, this level is often exceeded
significantly without known problems. The reasons for this include the fact that a daily
assessment does not weight daylight hours less severely, the use of lighting technologies other
than incandescent and the influence of other sources of lighting. The practical assessment of
flicker, and the related indices, is an important area for further research, since the costs of
meeting the P requirement of 1.0 are considered by some to be too significant for some
utilities and/or their customers.

Limits for equipment emissions are given in IEC 61000-3-5 1994; the limits are
expressed in terms of Py and Py, even though these are limits on fluctuations in current
[19]. A reference impedance, reported in the same standard, is used to obtain the voltage
fluctuation from the measured current fluctuation.

15 The transfer coefficient is the ratio between the flicker level at a higher voltage level and the flicker level at the
terminals of the lamps.



Table 1.9 Voltage fluctuation objectives proposed in different standards and reference documents

Standard & International National or Regional
D t
ocumen IEC 61000 IEC 61000 EN 50160 Norwegian ~ EDF Emeraude ~ NRS048 2 Hydro
37 212 directive contract 2007 Quebec
Purpose Planning Compatibility Voltage Standard Voltage Standard used Voltage
levels levels characteristics used by characteristics by regulator characteristics
regulator
Where it applies International International Some Norway France South Africa Quebec, CA
European
countries
MV PR, 099 1047 1.2
P 0799 0.87 1.0 1.0 1.0 1.0 1.0
HV EHV R, 08" Not Not 1.0 Not defined
Py 0.69 applicable applicable'® 0.8 1.0 Not defined 0.6

16 Assuming the transfer coefficient

1 between MV or HV systems and LV systems.
'7 No compatibility levels for flicker are defined at MV, however it refers to IEC 61000 2 2 2002 that can be transferred from LV.
'8 The current draft of EN 50160 (March 2008) also considers HV supply characteristics.



TRADITIONAL POWER QUALITY INDICES 45

1.3.5 Mains signalling voltages
1.3.5.1 Site indices

For this type of PQ disturbance only site indices have been defined. In particular, EN 50160
2000 introduces, as a power quality index to characterize this disturbance, the 99th daily
percentile of the 3-s mean of the signal voltages.

IEC 61000-4-30 2003 specifies that the aggregation algorithm used to calculate the very
short, short and long-term interval values does not apply for this disturbance and defines a
measurement method for signalling frequencies below 3 kHz.'® For mains signalling fre-
quencies above 3 kHz, IEC 61000-3-8 1997 can be consulted.

IEC 61000-4-30 2003 fixes one day as the minimum measurement period and, in
Annex 6, suggests guidelines that can be used for contractual applications.

1.3.5.2 Existing objectives

EN 50160 2000 defines the limits for LV and MV distribution networks. These limits, which
are functions of the signal frequency, are given in terms of percentages of the declared
voltage.

For ripple control systems (signals with a frequency in the range 110 3000 Hz), some
countries have officially recognized the so-called MEISTER curve, which gives the maximum
permissible levels as a function of frequency. Where this curve is not applied, the amplitude
of the signal should not exceed the compatibility levels for individual harmonic voltages for
odd harmonics (non-multiples of 3) reported in IEC 61000-2-2 2002 and IEC 61000-2-12
2003.

1.3.6 Voltage dips (sags)
Voltage dips sags are PQ disturbances classified as events. The indices used to characterize
this type of PQ disturbance can refer to:

e asingle event (event indices);

e asite (site indices);

e agsystem or a part of it (system indices).

1.3.6.1 Event indices

A single voltage dip can be characterized by a pair of data (residual voltage or depth and
duration) or by a single index obtained by properly handling the aforementioned pair of data
(the voltage sag aggressiveness index, voltage tolerance curve-based indices, the voltage dip
energy index or the voltage sag severity index).

' The voltage measurement shall be based on the 10/12 cycle RMS value interharmonic bin or the RMS of the four
nearest 10/12 cycle RMS values interharmonic bin (for example, a 316,67 Hz ripple control signal in a 50 Hz power
system shall be approximated by an RMS of the 310, 315, 320, 325 Hz bin available from the FFT performed on a
10 cycle time interval). The measured values are recorded during a period of time specified by the user (up to 120s)
starting from the measured value of the concerned interharmonic exceeding a pre fixed threshold.
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IEC 61000-4-30 2003 prescribes, for the voltage magnitude to be used in the residual
voltage (see Section 1.2.1) calculation, the use of the RMS voltage measured over one
cycle and refreshed each half cycle. In three-phase systems, the three voltages have to be
considered and the residual voltage is the lowest one-cycle RMS voltage in any of the three
phases.

With reference to the duration (see Section 1.2.1), it can start in one phase and finish in a
different phase; in fact, in the three-phase system, the voltage dip starts when at least one of
the RMS voltages drops below the dip-starting threshold, and it ends when all the three
voltages have recovered above the dip-ending threshold. The value of the dip-starting thresh-
old used to start recording the dips may affect the number of dips captured. The choice of the
dip-ending threshold value affects the duration value. No specific threshold value is uni-
versally fixed, although 90% of the nominal value is typically used. The dip threshold can be a
percentage of either nominal or declared voltage, or it can be a percentage of the sliding
voltage reference. The user declares the reference voltage in use.

The sliding voltage reference is a voltage magnitude averaged over a specified time
interval; it represents the voltage preceding a voltage dip and can be calculated using a first
order filter within a one-minute time constant. The filter is given by:

Use(my= 0.9967 U, 1) + 0.0033U(10/12)cms (1.24)

where Uy, is the present value of the sliding reference voltage, Uy, 1)is the previous value
of the sliding reference voltage and Uj0/12)ms 1 the most recent 10/12 cycle RMS voltage.
When the measurement is started, the initial value of the sliding reference voltage is set to the
declared voltage.

The voltage sag aggressiveness (VSA) quantifies the severity of the sag, considering both
depth and duration; in fact, shallower dips must have longer duration to be as disruptive to
equipment. VSA is defined as the product depth duration of the dip.

Other event indices proposed in the literature can be obtained by using voltage tolerance
curves. Voltage tolerance curves, also known as power acceptability curves, are plots of
equipment at the maximum acceptable voltage deviation versus time duration for acceptable
operation. Various voltage tolerance curves exist, but the most widely publicized are the
CBEMA (Computer Business Equipment Manufacturers’ Association) curve, the ITIC
(Information Technology Industry Council) curve and the SEMI (Semiconductor
Equipment and Materials International Group) curve.

The CBEMA curve is shown in Figure 1.13. The vertical scale shows the bus voltage
amplitude in percentage of the rated value and the horizontal scale shows the duration of a
disturbance event as seen at the load point. The vertical scale in Figure 1.13 is shown using
percentages, although RMS values of the voltage may be used. The horizontal scale is
logarithmic in seconds, but this scale may be shown linearly and/or in ‘cycles.” Short
disturbances correspond to the lower left corner of the CBEMA plane, while near normal
operating conditions are shown close to the horizontal V = 100% line.

The more recent ITIC curve is shown in Figure 1.14. The CBEMA and ITIC curves differ
in the way their regions are presented. CBEMA is a continuous curve whereas ITIC has a
series of vertical and horizontal lines. The ITIC curve has an expanded acceptable region
compared to the CBEMA curve.

In Figures 1.13 and 1.14, the ‘acceptable’ operating range is shown as the region included
between the upper (overvoltage condition) limb and the lower (undervoltage condition) limb.
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It is believed that the CBEMA curve was originally developed through operating experi-
ences using mainframe computers. However, its use has been extended to provide a measure
of PQ for electric drives and solid state loads as well as a host of wide-ranging residential,
commercial and industrial loads [39].

Finally, the SEMI curve is shown in Figure 1.15. Unlike the CBEMA and ITIC curves, the
SEMI curve only defines dip tolerance. This curve is recognized as a superior ride-through
curve compared to the ITIC curve.

1.2
1

; £

08 &

(]

e]

2

06 &

©

s

i (0]

104 &

: S

>
0.2
R HHH S R R HH R I
0.001 0.01 0.1 1 10 100 1000

Duration (s)

Figure 1.15 The SEMI voltage tolerance curve

An example of an event index based on a voltage tolerance curve is the power quality
index (PQI), the calculation of which is based on the CBEMA curve. This was developed to
cover both undervoltage and overvoltage events. In the following, we refer to the calculation
of PQI in the case of a voltage dip. Each voltage dip, characterized by time duration 7 and
residual voltage V, can be represented by a point in the voltage tolerance CBEMA plane. This
point can be compared with the reference point of the CBEMA curve corresponding to the
same duration 7 to determine the ‘level’ of unacceptability of the dip. It is evident that, when
the point representing the dip event is in the area of unacceptability, i.e. the greater the
distance from the CBEMA curve, the higher the probability that customers are experiencing
problems. The power quality index (PQI) is given by:

V — 100

PQI =
VCBEMA(T) — 100

100, (1.25)

where Vegema(7) is the voltage on the CBEMA curve corresponding to duration 7 and V is
the residual voltage of the considered dip expressed as a percentage of the nominal voltage. A
value of PQI higher than 100 indicates an unacceptable event for the CBEMA curve.

The IEEE P1564 draft 6 document introduces two other single-event indices: the voltage
dip energy index, Eys and the voltage sag severity index, S..
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The voltage dip energy is defined as:
T

Eys = ”1 - V(t)z] dr, (1.26)
0

where V(¢) is the RMS voltage per unit versus time. The integration is taken over the duration
of the event, i.e. for all values of the RMS voltage below the threshold.

The voltage sag severity S, is defined from the residual voltage V per unit and the duration
T by comparing these values with a reference curve.

From the residual voltage V and the event duration 7, the voltage sag severity of the event
is calculated by the following equation:

1-V

S =——
¢ 1 - chrve(T) ’

(1.27)
where Vuve(T) is the residual voltage value of the reference curve for the same duration 7. If
the event is on the reference curve, the voltage sag severity is equal to 1, whereas if the event
is above (below) the reference curve, the index is less (greater) than 1. For events with a
residual voltage above the voltage dip threshold, the index is set to zero. In the current draft of
IEEE P1564, the SEMI curve is recommended as a reference.

It is evident that the power quality index, PQI, and the voltage sag severity index, S, give
similar information; the main difference is the voltage tolerance curve considered: PQI refers
to CBEMA and S, refers to the SEMI curve.

1.3.6.2 Site indices

Generally, site indices are calculated from single-event indices and from the frequency of dip
occurrence at the considered site.
The following site indices are the most frequently used in the technical literature [9, 10, 16]:

e the RMS variation frequency index for residual voltage X at the kth site (RFI-X}), which
measures how often the residual voltage in the kth bus is below a threshold X. For example,
at the kth site, to compute RFI-70, we consider voltage dips below 0.70 per unit, or 70% of
the reference voltage. RFI-X|, gives information about the frequency and amplitude of dips;

e the average value of the residual dip voltage amplitude at the kth site (AVDA;) or
different percentiles (typically the 95th and 5th percentiles);

e the number of dips at the kth site (V;). This index corresponds to the RFI-X) index
calculated for X = 90% (RFI-90y) if dip threshold is equal to 90%;

e the mean value of the voltage sag aggressiveness index or different percentiles.
The site indices obtained using the voltage tolerance curves are:

e the SARFI-CBEMA;
e the SARFI-ITIC;

e the SARFI-SEMI;

e the PQIg;e.



50 POWER QUALITY INDICES IN LIBERALIZED MARKETS

The SARFI-CBEMA, SARFI-ITIC and SARFI-SEMI indices measure, at the considered
site, the number of dips outside the curve. They measure the number of events, detected by
points in the amplitude-duration plane, that fall into the ‘not acceptable’ zone of the
corresponding curves.

The PQIs;. index is obtained by summing all the PQI values at the kth considered site:

Np
PQlsics = Y PQIJ, (1.28)
j=1

where Np is the number of dips that arise in the survey period at the considered site.
Further site indices have been derived from the single-event indices Eyg and S, in
particular:

e the sag energy index, SEI;;
e the average sag energy index, ASEI,;
e the severity busbar index, Sy;

e the average severity busbar index, AS;.

The sag energy index, SEI;, sums the voltage-dip energy of all events recorded at the
considered kth site during the observation period (one month or one year).

The average sag energy index, ASEI,, is the mean value of the energy of all voltage dips
that occur at the kth site during the time period considered.

The severity busbar index, S;, sums the voltage sag severity S, of all events recorded at the
considered kth site during the observation period (one month or one year).

The average severity busbar index, ASy, is the mean value of S;.

Other than by site indices, the behaviour of a site is frequently characterized by magni-
tude-duration tables that permit a reduction in the number of indices that need to be reported
and managed. The columns of the table represent ranges of voltage-dip duration; the rows
represent ranges of voltage-dip residual voltage; each element of the table gives the number
of events falling into a predetermined range of duration and amplitude.

The choice of the residual voltage and duration ranges for voltage-dip tables is a point of
discussion. Different publications use different values. The voltage-dip table recommended
by the UNIPEDE DISDIP group was shown earlier in Table 1.1.

A different voltage-dip table is reported in IEC 61000-2-8 2002. This classifies the
voltage dips by residual voltage and duration in accordance with Table 1.10. Dips that involve
more than one phase should be designated a single event if they overlap in time.

IEC 61000-4-11 2004 prescribes a number of duration and residual voltage values
for testing equipment. These values are used to define another possible voltage-dip table
(Table 1.11).

A variation on this idea is reported in NRS 048-2 2007, which defines rectangular regions
in the duration/magnitude plane (Table 1.12) and gives the number of dip incidents falling
into each region. The Y-type (grey) area reflects dips that are expected to occur frequently on
typical HV and MV systems and against which customers should protect their plant. The
X-type areas (X1 and X2) reflect ‘normal’ HV protection clearance times and, hence, a
significant number of events are expected to occur in this area. Customers with sensitive
equipment should attempt to protect against at least the X1 type dips, which are more
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Table 1.10 Presentation of results based on IEC 61000-2-8 2002 [14]

51

Residual voltage Duration [s]

[%]

00201 01025 02505 051 13 320 2060

60 180

80 90
70 80
60 70
50 60
40 50
30 40
20 30
10 20
<10(interruptions)

Table 1.11 Presentation of results based on IEC 61000-4-11 2004 [36]

Residual Duration [s]

Voltage [%]
< 0.02 0.02 0.2 0.20.5 055

>5

70 80
40 70
10 40
<10

Table 1.12 Presentation of results based on NRS 048-2 2007 [45]

Range of residual Duration
voltage U [%]

20 < <150 (ms) [150 < <600 (ms) | 0.6 <t<3(s)

90 > U > 85

85> U >80 Y

Z1
80>U>170

70 > U > 60 X1 S

60 > U > 40 X2 »

40>U>0 T

frequent. The 7-type area reflects close-up faults, which are not expected to happen too
regularly and which a utility should specifically address if they become excessive. S-type dips
are not as common as X- and Y-type events, but they may occur where impedance protection
schemes are used or where voltage recovery is delayed. Z-type dips are very uncommon on
HV systems (particularly Z2-type events), as they generally reflect problematic protection

operation. These may be more common on MV systems.
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1.3.6.3 System indices

System indices are calculated from the site indices of monitored sites. There are two
alternatives:

1. to define system indices considering the value of the site index not exceeded by a pre-
fixed percentage (for example, 95%) of the monitored sites,

2. to obtain system indices as a weighted average of the site indices for the monitored
locations. The following belong to this second category:

* the system average voltage dip amplitude, SAVDA;

¢ the system average RMS variation frequency index for retained voltage ‘X’, SARFI-X.

The system average voltage dip amplitude is given by the following equation:

M
> wi AVDA,
_ 1
SAVDA = ———— , (1.29)
> m
1

where M is the total number of monitored sites (with M < N, N being the number of system
sites), wy is the weighted factor of the kth site and AVDA, is the average value of the residual
dip voltage amplitude at the kth site.

The system average RMS variation frequency index for retained voltage ‘X’ is given by
the following equation:

M
> wiRFI-X;

1
SARFIX = 1 ——— (1.30)

D m

1

where RFI-X; is the RMS variation frequency index for residual voltage X at the kth site.

As usual for all system indices, weighting factors are introduced to take into account the
difference in importance between different sites; the weighting factors are (in most cases)
taken to be equal for all sites [16].

A further way to represent the system performance in terms of voltage dip is to consider an
average voltage-dip table obtained from the voltage-dip tables of the individual sites. Each
element of the table representing the system performance can be obtained by averaging the
values of each element over the different sites. To take into account the different monitoring
periods for different sites, before the averaging operation each element of the voltage-dip table
of the individual site must be divided by the corresponding time observation period of the site.

It is useful to highlight that most of the site and system indices that have been introduced
to quantify the severity of voltage dips can be extended, if they are properly modified, to also
quantify the severity of voltage swells. For example, when considering the indices linked to
specific voltage tolerance curves, these indices have to be calculated using the curve of the
overvoltage condition instead of the curve of the undervoltage condition.
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1.3.6.4 Existing objectives

In spite of the very large number of site and system indices proposed for dip characterization,
at present there are no specific objectives in any international standards for this kind of
disturbance.

In EN 50160 2000, objectives are given, but the objectives are expressed in general and
vague terms; this standard states that ‘under normal operating conditions, the expected
number of voltage dips in a year may be from up to a few tens to up to one thousand.’

More specific objectives are in use in some countries, e.g. South Africa and Chile.
The objectives proposed by South Africa’s Standard NRS 048-2 2007 are given in
Tables 1.13 and 1.14 and refer to 95% and 50% of the monitored sites [45]. The limits are
expressed as a function of the system voltage level and the typology of dips. The dip
classification is accomplished using the pair duration/amplitude data reported in
Table 1.12. Similar objectives are given in the Chilean standard DS 327/97, but with a
different dip classification.

Table 1.13 Characteristic number of voltage dips (95% of sites) according to NRS 048-
2 2007

Network voltage Number of voltage dips per year
range (nominal .
voltage) Dip window category

X1 X2 T S Z1 Z2
6.6 44 kV (rural) 85 210 115 400 450 450
6.6 44kV 20 30 110 30 20 45
44 132 kV 35 35 25 40 40 10
220 765 kV 30 30 20 20 10 5

Table 1.14 Characteristic number of voltage dips (50% of sites) according to NRS
048-2 2007

Network voltage Number of voltage dips per year
range (nominal .
voltage) Dip window category

X1 X2 T S Z1 z2
6.6 44 kV (rural) 13 12 10 13 11 10
6.6 44kV 7 7 7 6 3 4
44 132 kV 13 10 5 7 4 2
220 765 kV 8 9 3 2 1 1

In France, customers connected to MV distribution networks or to the transmission
network can ask for customized engagements on the maximum number of voltage dips
they might suffer per year. At a transmission level of 63 kV and above, the arrangement is
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five voltage dips per year. Only voltage dips deeper than 30% and longer than 600 ms
are counted by the operator. At MV level, this engagement is determined depending on the
local conditions of the site’s alimentation. A customer connected at MV level cannot have an
engagement of less than five voltage dips per year. As for transmission, only voltage dips
deeper than 30% and longer than 600 ms are taken into account by the operator [20].

1.3.7 Transient overvoltages

In a similar manner to voltage dips, the indices used to characterize transient overvoltages can
refer to:

® asingle event (event indices);
e asite (site indices);

e asystem or a part of it (system indices).

1.3.7.1 Event indices

As discussed in Section 1.2, a transient overvoltage can be classified as oscillatory or
impulsive. An oscillatory transient event is described by its voltage peak, predominant
frequency and decay time (duration). An impulsive transient event is described by rise
time, decay time and peak value.

The characterization of transient events is, in most cases, only based on peak value and
duration. The peak value of transient overvoltages is the highest absolute value of the
voltage waveform; the duration is the amount of time during which the voltage is above a
threshold. The choice of the threshold level will affect the value of the duration. The higher
the threshold level, the lower the resulting value for the duration. A suitable choice for
the threshold used to calculate the duration would be the same as that used to detect the
transient.

The impact of an impulsive transient event can also be characterized by its energy content,
defined as E = ﬂv(t)]zdt, where v(7) is the transient voltage as a function of time [53]. Several
instruments are able to record this value. Using the transient energy content E, it is also
possible to define another parameter characterizing the transient event: the equivalent dura-
tion of the transient [35]. This value is calculated by the ratio between the energy content E
and the square of the transient voltage peak: E/(Vpeak)z.

As shown for voltage dips, event indices can also be defined using voltage tolerance
curves. The power quality index (PQI) is an example of this type of index. In the case of a
voltage transient characterized by the coordinates (7, Vpear), the PQI index is given by:

Vieak — 100
VCBEMA(T) — 100

PQI = 100, (1.31)

where Vegema(7) is the voltage on the CBEMA curve corresponding to duration 7' and Ve,
is the peak voltage of the transient. The terms Vcgema(T) and Ve are expressed as
percentages of the nominal voltage. A value of PQI higher than 100 indicates an unacceptable
event for the CBEMA curve.
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1.3.7.2 Site indices

A simple site index can be obtained by measuring how often the disturbance is characterized
by magnitudes (voltage peaks) greater than some percentage X. This index is analogous to the
RFI-X index used for voltage-dip characterization.

Site indices can also be obtained using voltage tolerance curves. Examples of these types
of index are:

e the number of events outside the tolerance curves (CBEMA and ITIC);
e the PQIg;, index.

Each transient can be represented on the voltage tolerance curves (CBEMA or ITIC). The
point representing the transient event is characterized by an abscissa value equal to the
transient duration (or transient equivalent duration) and an ordinate value equal to the
transient voltage peak. The pattern of points shown in Figure 1.16 is a way of presenting
the full record of the transient event. The number of points outside the voltage tolerance curve
can be used to quantify the performance of the considered site in terms of transients.
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Figure 1.16 ITIC overlays of site data

The PQIs;, index is obtained by summing all the PQIs of the considered site. (See
Equation (1.28), in which the term dip is substituted by the term transient.)

Indices to characterize transients have also been proposed by the Canadian Electrical
Association (CEA). The Canadian Power Quality Measurement Protocol introduces different
indices: ITV (impulsive transient index), MFOT (medium-frequency transient index), LFOT
(low-frequency transient index) and VRI (voltage rise index). The reader can refer to [51] for
more details.



56 POWER QUALITY INDICES IN LIBERALIZED MARKETS

1.3.7.3 System indices

Just as with system indices that characterize voltage dips, transient system indices can be
obtained by considering the value of the site index not exceeded by a fixed percentage
(for example, 95%) of the monitored sites, or by a weighted average of the site indices for
the monitored locations.

In [54] the authors have proposed the system average transient magnitude occurrence rate
indexpe,, SATMORIY, to characterize oscillatory transients in a given area of an electrical
system; this system index is defined by the equation:

N;
SATMORIy = 2 : (1.32)
Nr

where:

X is the specified peak magnitude threshold; typical values are 110%, 135%, 170% and
200%;

N; is the number of customers experiencing transient overvoltages having magnitudes
greater than X% due to measurement event i;

N7 is the number of customers served from the section of the system to be assessed.

This index provides both the utility and its customers with a measure of how often transient
overvoltages exceeding the specified peak magnitude may occur.

1.3.7.4 Existing objectives

To our knowledge, suitable transient objectives are not reported in standard documents or
guidelines.

1.3.8 Rapid voltage changes

Few indices are reported in the literature to characterize this type of disturbance. Frequently, a
rapid voltage change is characterized by the following quantities: the ‘steady-state voltage
change’ and the ‘maximum voltage change.” The steady-state voltage change is the difference
between the steady-state value reached after the change and the initial steady-state value; the
maximum voltage change is the difference between the initial steady state and the lowest or
highest voltage level during the event. Both quantities are typically expressed as percentages
of the nominal voltage.

To date, the standards do not provide precise indications for identifying or measuring
rapid voltage changes.

The existing objectives are expressed in terms of the steady-state voltage change. EN
50160 2000 suggests that, under normal operating conditions, a rapid voltage change on the
LV electrical distribution system will generally not exceed 5% U., but a change of up to 10%
U, with a short duration might occur a few times per day. For an MV electrical distribution
system, rapid voltage changes generally do not exceed 4% U, but short-duration changes of
up to 6% U, might occur a few times per day.

Table 1.15 shows the planning levels reported in IEC 61000-3-7 2008 for rapid voltage
changes AV/V,, for infrequent events (expressed as percentages of the nominal value). These
limits depend on the number of voltage changes in a given time period.
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Table 1.15 Indicative planning level for rapid voltage
changes according to IEC 61000-3-7 2008

Number of changes n AVIV, [%]
MV HV/EHV
n < 4 per day 56 35
n < 2 per hour and n > 4 per day 4 3
2 < n <10 per hour 3 2.5

Table 1.16 Limits on rapid voltage changes according to
the Norwegian regulation

Number of changes per day AVIV, [%]

023kV<U,<1kV 1kV<U,

1 10 6.0
Up to 24 5.0 4.0
More than 24 3.0 3.0

The objectives for the number of voltage changes for MV and HV customers given in the
Norwegian regulations are shown in Table 1.16.

The Hydro-Quebec directive on voltage characteristic recommends that, under normal
operating conditions, a rapid voltage change on the MV and LV electrical distribution
systems will generally not exceed 8% of nominal voltage. In some specific environments,
it may reach 10% of nominal voltage.

1.4 Conclusions

In this chapter the classifications, causes and effects of power quality disturbances have been
analyzed. The indices most frequently used in standards, recommendations and guidelines for
power system analysis or sizing electrical components have been shown and the objectives
that should be met have been provided. Both site and system indices have been taken into
account, even though objectives refer only to site indices. However, system indices are of
great interest because they can be used in the new, liberalized market framework as a
benchmark against which index values for different electrical systems, or for various parts
of the same system, can be compared.

The main conclusion of the chapter is that an excessive number of indices have been
applied in the past but, fortunately, nowadays a great deal of effort is exerted at international
level to create uniform indices and procedures.
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2

Assessing responsibilities between
customer and utility

2.1 Introduction

It is well known that the degradation of power quality (PQ) can originate simultaneously at
several unknown points in a power system. Therefore, it is not easy to share the responsibility
for PQ degradation at the point of common coupling (PCC) between the utility company and a
customer installation; this problem has been the subject of several publications in the relevant
literature.

In the most general case, the indices providing such sharing information should be able:

1. to correctly identify the presence of non-ideal loads (disturbing loads) at the PCC; and

2. to properly quantify the contributions of both the customer installation and the utility to
the total PQ level at the PCC.

Obviously the indices should be easy to measure and progressive, i.e. they should increase
with the disturbance level introduced either by the customer or the utility.

Not all publications in the literature, however, have addressed one or both of the require-
ments 1 and 2 above. Some papers, for example, deal only with the problem of locating the PQ
disturbance source, since they consider that when the source is identified, it is possible to
assign responsibility and take suitable measures to mitigate the problem. New indices or
methodologies that should be useful in identifying the so-called ‘prevailing source’ of
disturbance are also proposed; the prevailing source is the side that contributes more to the
PQ disturbance level at the PCC.

In this chapter some of the above-mentioned indices and methodologies will be presented,
because they provide useful background information about the difficult, yet open, field of
research dealing with responsibility assessment.Voltage unbalances and waveform distor-
tions are considered first, followed by analyses of voltage fluctuations, voltage sags and
transients. Voltage unbalances and waveform distortions are addressed together, since some
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publications have proposed indices and methodologies that can be applied to both; in
addition, we deal with the cases of a single metering section and of distributed-measurement
systems.

2.2 Waveform distortions and voltage unbalances: indices
based on a single metering section

Initially, for the sake of simplicity, we consider a single metering section at the PCC where a
customer installation is fed by the utility supply system (Figure 2.1).

Utility Supply
System

PCC

Metering

Sectlon EEEEREEN|

Customer
Installation

Figure 2.1 Simple power system including a single metering section

The terminals are accessible for voltage and current measurements. We assume that
Fourier transform instrumentation is used to obtain voltage and current spectral components;
inaccuracies in the spectral assessment, such as those due to spectral leakage, will be analyzed
in depth in Chapter 3.

The presence of direct voltage and direct current is neglected; in fact, significant direct voltage
and direct current terms of the distorted waveforms are rarely present in AC power systems.

Three-phase three-wire systems are considered to be the base case, since the indices of
concern are defined frequently with reference to these systems; brief notes about four-wire
systems will also be reported.

The indices are classified into three groups:

1. indices based on harmonic impedances [1 17];
2. indices based on powers in non-ideal conditions [18 36]; and

3. indices based on the comparison with an ideal linear load [28, 34, 37 45].
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Some indices can be applied only for waveform distortions while others can be used for
both waveform distortions and voltage unbalances.

2.2.1 Indices based on harmonic impedances

Generally, these indices are based on knowledge of the harmonic impedances of both the
utility supply system and the customer installation seen from the PCC. They try to share the
utility and customer contributions to the presence of waveform distortions.

Most of the approaches proposed in the relevant literature use the Norton model to
represent both the utility and the customer in the frequency domain; a few publications
include analyses based on Thevenin equivalent circuits or mixed (Norton and Thevenin)
representations. In the next section some Norton-based approaches are recalled; subse-
quently, other representations are taken into account.

2.2.1.1 Norton-based approaches

Assuming a three-phase balanced power system, Figure 2.2 (a) shows the equivalent circuit of
the system for the study of the harmonic of order /; the utility supply system and the customer
installation are represented by their Norton equivalent circuits. In Figure 2.2 (a):

e Jun is the equivalent harmonic current source representing the utility (background)
distortion;

e J. is the equivalent harmonic current source representing the customer disturbing
loads;

e Z.n is the equivalent harmonic impedance of the utility system;

e 7. is the equivalent harmonic impedance of the customer installation;

eV, I, are the harmonic voltage and current measured at the PCC, respectively.

All quantities are complex and generally can also be referred to as interharmonic
components.

Neglecting harmonic interactions, the principle of superposition can be applied to quan-
tify the responsibilities of the utility and customer to the current and voltage distortions at the
PCC.

By opening the equivalent harmonic current source Jy; representing the background
distortion in Figure 2.2 (a), we obtain Figure 2.2 (b):

= Zoh o ZwZean -

Ih = —————Ja Vih=———Jan. 2.1
¢ Zuh+Zch & ¢ Zuh+Zch ¢ ( )
From the equivalent circuit in Figure 2.2 (a), the result is:

Vi=Za(Ten — In), (2.2)

and then:

ZenJen = Vi + Zenln. (2.3)
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Utility Supply System Customer Installation
(@)

Zuh Vché Zch <$> ‘]ch ‘]uh (O Zyn Vuh Z.ch

Customer Installation Utility Supply System
(b) (©)

Figure 2.2 Norton equivalent circuits of the system under study

By substituting Equation (2.3) into Equation (2.1), the following relationships are obtained:

T Wt Zad) g Zan(VotZalh) (2.4)
Zuh +Zch Zuh+Zch
which express the harmonic current T, and the harmonic voltage Ve versus the harmonic
voltage/current at the PCC and the equivalent impedances of both the utility supply system and
the customer installation. If Z, =|Z| —00, then Vi — Zyp I, and T, — I, (symbol | X|
means the magnitude of the complex quantity X).

Initially, we define the harmonic voltage V., in Equation (2.4) as the harmonic voltage
emission level and the harmonic current I, in Equation (2.4) as the harmonic current emission
level. In practice, the harmonic voltage emission level is the harmonic voltage that would be
caused by a customer installation at the PCC if the utility supply system was without back-
ground distortion; the harmonic current emission level is the harmonic current that would be
injected by a customer installation at the PCC under the same condition [11]. At the end of this
section we will consider a slightly different definition of the emission levels according to the
recent IEC 61000-3-6 2008 [46].
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The harmonic voltage and current emission levels depend on four complex quantities.
Two of these (V},, Ip,) are directly measured at the PCC; in the next section, some techniques
for calculating the remaining two (Zuh, Zch) will be shown.

By opening the equivalent harmonic current source J., representing the customer dis-
turbing loads in Figure 2.2 (a), we obtain Figure 2.2 (c):

= Zin < - ZenZun

Tin= — T, V= — T 25
! Zuh +Zch ! ! Zuh +Zch ! ( )

From the equivalent circuit in Figure 2.2 (a), the result is:
Vi =Zun (-7uh +1In), (2.6)

and then:
Zuwdun = Vi — Zunln. (2.7)

By substituting Equation (2.7) into Equation (2.5) the following relationships are
obtained:
- Vi — Zunn — Za(Vo = Zuln
o Qo= Zah) g Za(Va=Zah) (8)
Zuh+Zch Zuh+Zch

which express the harmonic current I, and the harmonic voltage V;, versus the harmonic
voltage/current at the PCC and the equivalent impedances of both the utility supply system
and the customer installation.

We define the harmonic voltage V., in Equation (2.8) as the harmonic voltage utility
contribution and the harmonic current I,;, in Equation (2.8) as the harmonic current utility
contribution. In practice, the harmonic voltage utility contribution is the harmonic voltage
that would be caused by the utility at the PCC if the customer did not have disturbing loads;
the harmonic current utility contribution is the harmonic current that would be caused by the
utility at the PCC under the same conditions.

The harmonic voltage and current utility contributions depend on the same four unknown
complex quantities as the harmonic voltage and current emission levels.

Obviously, the measured harmonic voltage V), and the harmonic current I, at the PCC are
given by (Figure 2.3):

In=1Icn —Lin, Vu=Ven+ Vun, (2.9)

with the harmonic voltage and current phasor contributions given by Equations (2.4) and (2.8).

Since there can be some ambiguities in quantifying the responsibilities of the customer
and the utility using the phasors in Equations (2.4) and (2.8), it is useful to refer to scalar
quantities. For example, referring to the customer responsibility, the harmonic voltage
emission level index (HVELI) and the harmonic current emission level index (HCELI) can
be introduced to quantify the customer contribution to the whole voltage and current
distortionp at the PCC; these indices are defined as:

uh (Vh +Z chih)

_ Z Vi + Zenl
HVELI = V| = 5 7 M
uh ch

. (2.10)
Zuh + Zch

. HCELI =T ‘

where symbol |X| means the magnitude of the phasor X.
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@) (b)

Figure 2.3 Phasor decompositions and projections: (a) harmonic voltages; (b) harmonic
currents

Analogous indices could be introduced easily to quantify the contribution of the utility to
the whole current and voltage distortion at the PCC (harmonic voltage utility contribution
index, HVUCI, and harmonic current utility contribution index, HCUCI).

Once the utility and customer contributions are known, we can also detect the dominant
(prevailing) harmonic source, i.e. the side that generates the larger contribution to the voltage
or current harmonic distortions at the PCC. For example, the utility has the prevailing
contribution in terms of harmonic current if HCUCI > HCELLI; the customer has the prevail-
ing contribution if HCUCI < HCELI.

An alternative proposal has been put forward to quantify the utility and the customer
responsibilities using the projection phasors of the harmonic voltage or current onto the
harmonic voltage V}, or current I, at the PCC (Figure 2.3) [13]; in this way, the resulting
amplitude of the harmonic voltage and current at the PCC is decomposed into two contribu-
tions, one due to the customer and the other due to the utility. When the customer and the
utility contributions (VY , VI, and Tf, T, ) have the same arguments, they add with a positive
sign to form the harmonic voltage or current at the PCC. Both sources should be discouraged.
When one contribution has a 7-displacement with reference to the voltage/current at the PCC,
it partially compensates the other contribution and has the (positive) effect of reducing the
resulting harmonic.

Example 2.1 In this example we calculate the harmonic current and voltage utility con-
tributions, the harmonic current and voltage emission levels and the consequent indices . The
results of this example have been obtained by a time domain simulation of the test system
shown in Figure 2.14 (b).

Let us consider the fifth harmonic; the equivalent harmonic impedances of the customer
and of the utility supply system are known in advance and have the following values:

Zys = 0.219 +j10.945 [Q]; Z.s =793.972 + j69.182 [Q].
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The measured harmonic voltage and current harmonics at the PCC are given by:

Vs = 75.122 — j56.754 =94.150 exp (—j0.647) [V],

I.s = — 0.440 — j5.255=5.273 exp (—j1.654) [A].
Applying Equation (2.4), the harmonic voltage and current emission levels are:'

Vs = 58.140 — j5.809 = 58.429 exp (—j0.099) [V],
I.s = —0.424 —j5.320 = 5.337 exp (—j1.650) [A].

Applying Equation (2.8), the harmonic voltage and current utility contributions are:

Vs =16.981 — 50.944 = 53.700 exp (—j1.249) [V],
Tus = 0.016 — j0.065 = 0.067 exp (—j1.336)[A].

Then, the result is:
HVELI =58.429 [V], HCELI =5.337 [A], HVUCI =53.700 [V], HCUCI = 0.067 [A].

It is interesting to note that the harmonic current utility contribution is much less than the
harmonic current emission level due to the great difference between the equivalent harmonic
impedances of the customer disturbing loads and of the utility supply system.

It is also interesting to note that the customer is the prevailing source, both in terms of
harmonic current (HCELI > HCUCI) and in terms of harmonic voltage (HVELI > HVUCI).

The projections of the harmonic voltages and currents result in:

Vs =44.259 exp(—j0.647)[V], V., =49.891exp (—j0.647) [V],

I's =0.064 exp(j1.487)[A], I's=5.337exp(—j1.654) [A],

with similar conclusions.

As previously shown, the relationships defining the indices require knowledge of the
measured voltage and current waveforms at the PCC as well as the harmonic impedances of
both the utility supply system and the customer installation as seen from the PCC.

In the next section some techniques are illustrated for calculating the impedances. Then,
some other methods for the evaluation of the indices are shown which, in some cases, partially
or totally eradicate the need for knowledge of the customer and utility harmonic impedances.
A technique based on reference (or contract) impedances instead of the actual impedances is
also shown in the third section below; this technique tries to avoid assigning responsibility to
either the customer or the utility when the variations are located on the other side of the PCC.

a) Some methods for harmonic impedance evaluation

The calculation of the harmonic impedances has been of great interest and the object of
several publications; several methods have been developed, mainly with reference to the
evaluation of network harmonic impedance (online invasive and noninvasive methods).
Transient-based and steady-state-based methods have been proposed and analyzed critically;
transient methods are based on the injection of a transient disturbance (for example due to a

! 1t should be noted that some slight numerical inaccuracies can arise in all the numerical examples of this chapter due
to cipher truncation.
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capacitor switching) while steady-state methods are based on recording voltage and current
harmonics at one or more different steady-state operating points. In the following, without
any aim to be exhaustive, our interest is concentrated only on some techniques for the
calculation of the harmonic impedances of both the utility supply system and the customer
installation as seen from the PCC, with the aim of outlining the main problems encountered in
the impedance evaluation.

A technique based on the sign of the real part of the ratio AV, /Al

Let’s consider the equivalent circuit in Figure 2.2 (a) and a measuring time interval
during which the system goes from steady-state condition 1 to steady-state condition 2;
applying Equations (2.2) and (2.6), the harmonic voltage Vh(i) i=1, 2 at the PCC can
be calculated as:

Vi(i) = Za() [Ten (i) = Tn ()], V(i) = Zun (i) [Tun (i) + Tn(3)]- (2.11)

Assuming that Z uhs Zen and the phase angle of the fundamental voltage are constant during
the time interval, we are able to analyze the conditions 1 and 2 below:

1. Jun remains constant during the time interval while the equivalent harmonic
current source representing the customer J, (and then /) varies.
Considering the second Equation of (2.11), we have:

In(1) = In(2)
In(2)

2. Jen remains constant during the time interval while the equivalent harmonic current
source representing the utility system Jy, (and then /) varies.
Considering the first Equation of (2.11), the result is:

AVh V()= Va@) . Tn(2) ~Ta(D)

_, ) -n) .
AT, N Th(l) —Th(Z) _ZChjh(l) _Th(z) ch. (2.13)

Due to the physical constitution of impedances Zy, and Z, their real parts must be
positive. Then, if the real part of AVy,/Al, is positive, this ratio will be considered the
utility system impedance Z; if the real part of AV} /Al} is negative, this ratio will be
considered the opposite of the customer impedance Z,. Once the harmonic impedances
are known, the indices of interest can be calculated. If the procedure is repeated for a
long period during harmonic fluctuations, the statistics of the indices can be determined
and, for example, an averaging of the successive results can be conducted.

One drawback of the above method is that, in order to get good precision, it is
mandatory that simultaneous variations in the utility and customer conditions be
avoided; in fact, interference effects arise and these must be minimized to obtain a
good estimate of the impedances. In practice, rather short time intervals between
successive measurements should be needed; in some cases, however, the voltage and
current harmonics at the PCC do not change significantly within a short time interval,
and the change could be less than the measurement error. In such a case, the time
interval should be increased in order to ensure that the measured quantities vary more

AVh V(1) = Vu(2) _x
AT, () -T2 ™M1 -

=Zun. (2.12)
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than the measurement instrumentation error. (This causes obvious contrasts in the
objectives). The problem of the influence of simultaneous harmonic variations will be
apparent in Example 2.2; a solution to this problem will also be analyzed.

In addition, the accuracy of the method can be affected significantly by the validity of the
hypothesis concerning the constant phase angle of the fundamental voltage during the
considered time interval; in fact, the voltage and current waveforms are recorded at different
conditions at different times, with the consequence that in actual systems an angular differ-
ence between the fundamental voltages (the reference frame in each condition) in the two
conditions generally occurs.” As is well known, small variations in the fundamental phase
angle generate high variations in harmonic phase angles (mainly at higher orders), which can
cause unacceptable inaccuracies in the evaluation of impedance.

Special attention should be paid anyway to the evaluation of voltage and current harmo-
nics, with particular reference to their arguments, mainly when the harmonic levels are not
significant.

Example 2.2 In this example the fifth harmonic impedance of the utility system Z,s =
0.219 + j10.945 [Q] (see Example 2.1) is calculated by applying Equation (2.12).

Let’s assume that in a measured time interval during which the system goes from
steady-state condition 1 to steady-state condition 2 (due to a significant change of
customer harmonic injection), the following values of the harmonic voltage and current
at the PCC are measured:

Vs(1)=175.122 — j56.754 [V]; I5(1)= —0.440 — j5.255 [A];
Vs(2) =47.224 — j49.732 [V]; I5(2)= 0.145 — j2.695 [A].
We have:

AVs _ Vs =VsQ) _ 540 1 510952 [0,
Als  Is(1) = L5(2)

The real part of the ratio AVs/Als is positive, and so the ratio is considered the utility
supply system impedance Z 5.

It should be noted that the considered technique gives a result near the true value
but not coincident to it. This is due to the hypothesis that J,5 remains constant during
the time interval when the equivalent harmonic current source representing the custo-
mer J.s (and then Is) varies. Obviously, when the customer condition changes, the
electrical state of the system also changes and the equivalent harmonic current source
representing the background distortion can change in turn.

2 Generally, in each condition the reference frame for the harmonic voltages and currents is their own
fundamental voltage; if the phase angle of the fundamental voltage does not remain constant during two
different conditions, it follows that the angular difference between the fundamental voltages of the two
conditions should be taken into account to assess correctly the reference for all voltage and current harmonics.
Some authors suggest that the Thevenin fundamental voltage be considered the common reference frame and
that this voltage should be assumed to be constant during the considered interval. (The phase shift between
the fundamental voltage at the PCC and the Thevenin fundamental voltage is calculated with proper analytical
expressions).
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In fact, the time-domain simulation of the test system demonstrates the following varia-
tion in the equivalent harmonic current source representing the utility system:

Jus(1) = —4.606 — j1.709[A], Jys(2) = —4.601 — j1.709 [A].

Taking into account the above slight variation in J,s5, we have (see Equation (2.11)):
AVs

Als + AJ s J =

ZuS

which is a result practically coincident with the true value.

A technique based on the hypothesis that |Zyy,|<<|Z . |: the step method

As previously demonstrated, it is desirable to avoid simultaneous variations in the
utility and customer conditions in order to get good precision in the impedance
evaluation. However, it is obvious that, in actual power systems, simultaneous varia-
tions may occur, making it difficult to discriminate between them in the impedance
evaluation. Generally, it is difficult to determine the origin of fluctuations with cer-
tainty, so a method has been proposed that helps to better determine the conditions for
the impedance evaluation [5].

The method relies mainly on the assumption that the magnitude of the customer
impedance is frequently much greater than that of the utility system, in practical cases
at nonresonance frequencies. When |Zuh| << \Zch|, a variation in the customer equiva-
lent harmonic current source Jg, causes a variation in the harmonic current at the PCC
that is much greater than that caused by the same variation in the utility equivalent
harmonic current source Jy, (see Equations (2.1) and (2.5)); obviously, this effect
becomes even greater if the considered customer equivalent harmonic current source
variation is greater than that of the utility. In practice, the greater (lower) the harmonic
current variations at the PCC are, the higher is the probability that the variations are
caused by the customer (utility) and they can be used to calculate Zun(Zen). This is the
principle used to determine the side from which the changes in currents and voltages
mainly originate.

Figure 2.4 helps in understanding this principle. Let’s consider M harmonic current and
voltage variations at the PCC. The horizontal axis gives the sum XAls; i=1,...., M) of the
5th harmonic current variations at the PCC arranged from smaller to larger values, while the
vertical axis gives the corresponding sum XAVs; (i=1,...., M) of the 5th harmonic voltage
variations at the PCC. A point X can be seen in Figure 2.4, and this point shares the
curve in two zones with different slopes. The left zone has a much greater slope than the
right zone.

Considering the harmonic impedance values, we can conclude that the slope on the right
side may be related to the equivalent harmonic impedance of the supply system Z, while the
slope on the left side may be related to the equivalent harmonic impedance of the customer
loads Z.

In particular, from Equation (2.11) and considering harmonic current and voltage varia-
tions, the result is:

AVh=Zn(Aen — ALy), AVy = Zy(ATun + Al). (2.14)
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Figure 2.4 Sum of the 5th harmonic voltage variations versus the sum of harmonic current
variations

By introducing two complex interference coefficients o, and o, in Equation (2.14), we
obtain:

AV, . <A.7Ch
= ZLch

AVy . [ Alw
Al, Al

-1 :Zc oS —1 y —=— = —
) h(Teh ) Zin AT

1) =Zuw(@um + 1).
AT +) h(Gun + 1)

(2.15)

A threshold value of the harmonic current variation amplitude Al ., is derived in relation
to the maximum change at X in Figure 2.4; mean values of the equivalent harmonic
impedances Z,, and Z, can be then obtained as:

under the conditions that:

_ AV (i
ATy (i)| < Alhey and Re{ Vh(_’)}<o (2.16)

and:

1 2 AVL(G) - 1 L .
NS g > ewm() + 1| =2,
M, 2 Ay 2\ gy 20w F h

i=1 i=1
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under the conditions that:

|AI4(i)| > Alhey  and Re{ iTVh h(f;)} > 0. (2.17)

Eventually, in Equations (2.16) and (2.17) the interference coefficients are considered to
be fluctuating randomly, so that their mean values are assumed to be approximately equal to
zero, if M and M, are great enough. A better smoothing can be obtained by performing the
average on a recursive basis.

A technique based on the Correlation
This technique is based on the assumption that the variations AV, (i) and ALy (i) (i=1,2,...)
of the voltage and current harmonics measured at the PCC are components of two stochastic
vectors AVy, and AIL,. The technique can be used to obtain an estimation of the mean value of
the utility and customer harmonic impedances using the cross- and auto-correlation functions
between the stochastic vectors. R

An estimation of the cross-correlation function R axay between two stochastic vectors
AX and AY can be calculated using the following unbiased estimator:

1 N _m

Raxay(m) = o D AX(AY i+ m), (2.18)
i=1

where the symbol * represents the complex conjugate, m represents the delay variable and N
the variations to be taken into account. R R

Equation (2.18) can be used to estimate the auto-correlation functions Raxax and Rayay, if
it is applied using only the vector AX or AY, respectively. In the next part of this section, the
vectors AX and AY in Equation (2.18) are assumed to be the two stochastic vectors AVy,
and ATj,.

Now, let us remember that the harmonic voltage at the PCC, V/, is a function of the three
variables Zy,, Jun, and I, (see Equation (2.6)). Then, the harmonic voltage variation AV, can
be approximated using the following first order term of the Taylor series:

—  OVy - OV, oVy - . - . .
AV 2 P ATy + =2 AZgy + = ATy = ZunATy + (Tn + Tan)AZ b + ZanATun.  (2.19)
I 0Zun 0Jun

Using Equation (2.19) and multiplying for the complex conjugate of the current harmonic
variation AT;(i + m), the result is:

AV, (i)ATy (i + m) = Zuw () ATy () ATy (i + m) + Ty () AZ o (D) AT, (i + m)+
+Tun()AZ o () AT, (i + m) 4 Zun () AT un () AT; (i + m). (2.20)

By substituting Equation (2.20) into Equation (2.18) (with the assumptions that
AX=AV}p and AY" = AI;:) and assuming that the values of Z,, are statistically independent
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of the variations ATy, AJ, and that the values of J;, and Ty, are statistically independent of the
variations AZ,, AT}, we have:

RAV,.AI,, Z [ Z AT, (i)AT, (i + m)

v 2

Z AZw (i))AT; (i + m)

el

(2.21)

Z [— 3 mAJuh( VAT, (i +m)|.

i=1

Using the definitions of the mean value and of the cross- and auto-correlation functions,
Equation (2.21) can be expressed as:

| >

Ryguar, (M) = ElZun|Ryg, o7, (m) + E[a[Ryz, o3, (m)+
EJun|Ryz., a7, (m) + ElZunRyg. a7, (m) (2.22)

where the symbol E[X] represents the mean value of X.

On the basis of the considerations in the previous sections, when the utility harmonic
current source is varying far less than the customer source, a weak correlation can be assumed
between the utility harmonic current and the harmonic current at the PCC, and the variations
AJun and AIl1 can be considered such that RA Aih (m) = 0. If we also assume that the
variations AZuh and AI, are such that RAZ WAL (m ) =~ (), Equation (2.22) becomes:

Vo, () = E[Zun] Ry, o7, (), (2.23)

=

and it is possible to estimate the mean value of the utility harmonic impedance using the
following equation:

|>

AVLATL (m)
I_eAihAi (m)

h

ElZw] = (2.24)

Starting from Equation (2.2) instead of Equation (2.6), similar considerations can be
applied for the estimation of customer harmonic impedance. In fact, when the customer
harmonic current source is not present or is varying far less than the utility source, a weak
correlation between it and the harmonic current at the PCC can be assumed, and the values of
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the variations AJ ¢, and Al}, can be considered such that RAJ AT, (m) =2 0. If we also assume
that the variations AZch and Al are such that R AZ AT, (m) = 0, it is possible to estimate the
mean value of the customer harmonic impedance using the following relationship:

Bl ) = — o) (2.25)

In order to assess the utility and customer impedances using Equations (2.24) and (2.25),
it should be noted that the available measurements of the variations A} (i) and AV}, (i) have to
be separated into the group for which Re AOl - 0 and the group for which

AT ATy (i)
Re{ V"( >>} < 0, respectively.

One advantage of this statistical method is that the variations are measured for long
periods, thus allowing a statistical characterization of harmonic emission level indices.

An iterative technique

The iterative technique consists of assigning a tentative value, for example to the equivalent
harmonic impedance of the utility supply system Z ., and then calculating the equivalent
harmonic current source J, (or vice versa) with the relationship V, = Zuh( uh + 1), for
known voltage and current harmonics at the PCC. To achieve convergence, a very good initial
value is needed. A good initial value for Z,, would be that obtained by applying the method
based on the sign of the real part of the ratio AV}, /Al},.

This technique allows us to follow the values of the equivalent harmonic impedance Z,
(and current J ) versus time.

The same authors that proposed the above iterative technique have also proposed a
nonlinear regression technique [14]. This technique requires a number of measurements
during an interval in which the values of the harmonic impedances Zen, Zun and currents
Jen and Jy, have no significant variations. The technique allows us to find the values of these
quantities that minimize estimation error.

b) Some other methods for the evaluation of indices
Other methods for the evaluation of indices exist; in some cases, these methods either
partially or totally eradicate the need for knowledge of the utility and customer harmonic
impedances.

First let us consider the case of switching at the customer installation (Figure 2.5) and
assume that both Z, and 7, are unchanged after S; is open.

When S, is open (Figure 2.5), the voltage harmonic at the PCC is given by:

Vho = ZunJ un, (2:26)
while when S is closed (Figure 2.2 (a)), the well-known result is:
Vi =Zuw(Tun +In) = Zen(Ten — In). (2.27)

With trivial manipulations of Equations (2.26) and (2.27), the customer equivalent
harmonic current source is given by:
- Zanw+Zan—  Vio

! ZunZen ! Zun ( )
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Utility Supply System Customer Installation

Figure 2.5 Switching at the customer installation

thus, bearing in mind Equation (2.1), the harmonic voltage and current emission levels
become:

Voo LwZan g ZuZe (Z%h oy, @): Voo 27
Zun + Zen Zih+Zen \ ZunZen Zuh Zunh + Zen
s Zn - . Zen Zin+Zn—  Vio . Vi Zen 57
Ich—. - Jch_~ - - < Vh—.i —.7—..7.‘/]10.
Zun + Zen Zah +Zen \ ZumZen Zun Zan  Zun(Zan + Zen)
(2.29)
If |Zun| << |Zepl, it follows that:
— - VW=V
Ven= Vi — Vo, ITep=—r—20 (2.30)
Zyn

Starting from Equation (2.30), the indices of interest can be calculated.The application of
this method requires, once again, measurements under two sets of conditions at different
times with the problems already demonstrated for the frame reference. In the literature it has
been proposed that we determine the phase difference between the harmonic voltages in
Equation (2.30) by using a measurement of the current I, or by directly processing the
difference between the instantaneous values of the voltages measured before and after the
opening of Sy [11].

In its most general formulation, this method requires accurate knowledge of the harmonic
impedances of both the utility supply system and the customer loads. However, the simplified
case, when |Z | << |Z|, does not require any knowledge of impedance for the evaluation
of V¢ and only knowledge of the utility harmonic impedance is required for the
evaluation of 7.

In all cases, the method provides results that correspond only to the switching
test operation, with consequent problems for providing a statistic of harmonic level
indices.
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Example 2.3 In this example the harmonic voltage emission and the harmonic current
emission levels are calculated using Equations (2.29) and (2.30) and by considering once
again the test system of Example 2.1.

Let us assume that in a measured time interval during which the customer installation is
switched from on (S; is closed) to off (S, is open), the following values of the harmonic
voltages at the PCC have been measured:

Vs =75.122 — j56.754[V], Vso=16.940 — 50.858[V].

Applying Equation (2.29) and assuming the values for the harmonic impedances of
Example 2.1, it follows that:

Ves = 57.575 — j6.042[V], I.s= —0.445 —j5.269 [A].
Then:
HVELI = 57.891[V], HCELI=5.288 [A].

Applying Equation (2.30), we get:

Vis = 58.857 — j6.207[V], TI.s= —0.463 — j5.204[A].

Then:
HVELI =57.194[V], HCELI=5.225[A].

It should be noted that Equation (2.30) gives a result close to the true values (see Example
2.1: HVELI = 58..429 [V], HCELI =5.337[A]). On the other hand, in the considered case, the
hypothesis that |Z,5| << |Zs| is clearly verified.

Now we consider amethod thatallows direct calculation of all indices, completely eradicating
the need for knowledge of the utility and customer impedances [11]. This method requires
knowledge of only the phasors (magnitude and argument) relative to the same conditions, so it
also avoids the reference frame uncertainties resulting from measurements at different times.

To explain the method, let us consider the case when a customer shunt impedance Zq, that
can be switched on (S, closed) and off (S, open) is available and is known as exactly as
possible (Figure 2.6).

PCC
In(1) :

e

L4 S

F (D 7Y B A VNGO B I P 7, G) I

S EEEs s s SE S EEEEES s s I mEEES s A mmmEEE

Utility Supply System Customer Installation

Figure 2.6 Switching of a known shunt impedance of the customer
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When S, is open, the harmonic voltage at the PCC is given by (Figure 2.6):

.1

V(1) =Zu, [h(l) Tl V(1) =2 [Ten — Tn(1)]. (2.31)

When S, is closed, and by assuming the harmonic impedance and harmonic source values
are unchanged, we get:

T2 =Zalh@ +Tu). @)= -] @3)
S ch

By eliminating the two harmonic impedances Zlch and Z;, from Equations (2.31) and
(2.32), the following expressions can be obtained for the equivalent harmonic current source
Je and for the equivalent impedance Zigy,:

7. — /h@(1) - Va(DIn(2) = Va(2)V(1)/Zn
¢ Vin(2) — Vi(1)
: 1 . V(2
Ztoth = 1 1 1 = Zsh |:1 - Vh(l)) :| . (233)
— b
Zg VA
Eventually, the harmonic voltage emission level becomes:
— - - .- V(2
Ven = Ziomd ch = Vin(2) + ZanIn(2) — ZanIn(1) n2) (2.34)

V(1)

it is expressed only as a function of the shunt impedance Z, and of the voltage and current
harmonics measured at the previously defined conditions. Then, as previously demonstrated,
no knowledge of the utility and customer harmonic impedances is required.

Once again, the main difficulty of this method is that the harmonic voltage and current at
the PCC are not measured at the same time, i.e. the two conditions are different. However, if
we assume the harmonic voltage phasor V},(1) is the phase-reference, such that:

Zo=Zaexp (), Va(1)=Va(1)exp (0), Tn(1) = I(1) exp (jau),
Vi(2) = Va(2) exp (j60), In(2) =1 (2)exp [j(aa + 60)], (2.35)
we can evaluate the harmonic voltage emission level index, HVELI, as:

ZanIn(1)Vi(2) exp [j(a1 + 9]
Vi (1) .

HVELI = [V | = [Vi(2) + ZanIn(2) exp [j(a2 + ¢)] —

(2.36)

Equation (2.36) allows a more simple calculation of HVELI, because it only requires that
the phasor magnitudes and angular differences (c; and ) relative to phasors of the same
conditions be known.

Moreover, if the current flowing in the shunt impedance Z. is measured too, Equation
(2.36) can be further simplified to obtain a relationship in which the harmonic voltage
emission level does not depend on any impedance values, and knowledge of the shunt
impedance Z, is not necessary.
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Obviously, the application of this method requires the presence of an auxiliary shunt
element to be switched on and off and, once again, this method provides results that correspond
only to the switching test operation, with consequent problems related to statistical analysis.
Moreover, as is well known, the current harmonics depend on the state of the power system and
the harmonics change when the state changes due to a switching operation.

Example 2.4 In this example the harmonic voltage emission level is calculated using
Equatlons (2.34) and (2.36), and considering once again the test system of Example 2.1 with
Zen=7. ch- The shunt impedance Zy, that is added and switched on is a capacitor with C = 0.5 uF.

Let us assume that the following values of the harmonic voltage and current at the PCC were
measured before and after the switching:

Vs(1)=75.122 — j56.754[V]; Is(1)= —0.440 —j5.255 [A];
Vs5(2) =73.888 —j59.293[V]; I5(2) = —0.642 —j5.289 [A].
Applying Equation (2.34) it follows that:
Ves =52.913 —j2.178 [V]
HVELI = |V | = 52.958 [V].

Applying Equation (2.36), and taking into account the new phasor references, the result is
the same:

HVELI =|Vs| =52.958 [V].

Itis interesting to note that the HVELI values are far from the actual values; the true value,
obtained from the analysis of the whole system simulation, is, in fact, given by:

HVELI =58.847 [V].

The difference between the two values is due to the hypothesis that in applying Equations
(2.34) and (2.36), Jus and J.s are considered to remain constant. Obviously, when the
capacitor is switched, the electrical state of the system also changes and, in turn, the
equivalent harmonic currents change.

A further simplified method calculates the harmonic voltage emission level V, and the
corresponding HVELI directly, in the presence of a dominant disturbing load [11]. This method

B A
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[Viol

»

SL max SL

Figure 2.7 Qualitative correlation between harmonic voltage and apparent load power
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assumes that a linear correlation exists between the amplitude of the harmonic voltage at the PCC
|V}| and the apparent power of the load S . HVELI is calculated as (Figure 2.7):

HVELI = [V}, max| — [Vol, (2.37)

which can also be obtained by performing a linear regression.
Simple and double correlation between harmonics at the PCC can also be considered [11].

¢) A method based on reference (or contract) impedances

The main objective of this method is to clearly separate the customer and utility responsibil-
ities, providing attribution of the harmonic variations located on either side to the other side. To
better understand this objective, let us consider the equivalent circuits in Figure 2.2 and assume
that the equivalent harmonic impedance of the supply system varies, e.g. it decreases.
Assuming that Z., and J, are constant (i.e. nothing changes in the customer installation), it
follows that the customer harmonic current contribution at the PCC varies and, specifically, it
increases (see Equation (2.1)) so that the customer appears to be indirectly responsible for a
harmonic variation located on the utility side. Obviously, analogous considerations for the
utility can occur in cases in which there is variation in the customer impedance.

To overcome the above problem and to reach the stated objective, the key idea of the
method relies on using reference (contract) impedances in the Norton equivalent circuit of
Figure 2.2 instead of the actual utility and customer impedances; the impedance changes
(with respect to the reference values) are converted into equivalent current source changes
that can be evaluated on the basis of the voltage and current harmonics measurements at the
PCC. In particular, as will be shown in the following discussion, to be sure of essentially
attributing to the customer only the customer’s own responsibility, the utility impedance
change is converted by changing only the equivalent harmonic current source of the utility
itself. Likewise, to be sure of essentially attributing to the utility only the utility’s own
responsibility, the customer impedance change is converted by changing only the equivalent
harmonic current source of the customer itself.

So, in the circuit of Figure 2.2, let us assume a change in only the utility supply system
impedance. This change (with respect to the reference value) is converted to an equivalent harmonic
current source variation and the new utility harmonic current source (Figure 2.8) is given by:

— Vh
Juh  new = =
Zuh ref

— T, (2.38)

where Z ., ref 1s the chosen utility reference impedance.
The same procedure can be applied when a customer impedance variation occurs; the
result is:

J ch new = =
Zch ref

+ 7h7 (239)

where Zs, rer is the chosen customer reference impedance.

The Norton harmonic equivalent circuit, including the reference impedances, is shown in
Figure 2.9 with the harmonic sources given by Equations (2.38) and (2.39). The analysis of
this circuit clearly demonstrates that both customer and utility are essentially responsible only
for their own harmonic variations, because all the customer variations (in terms of both
harmonic current and impedance) are converted in changes of the customer equivalent
harmonic currents and the same occurs for the utility variations.
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Figure 2.8 Successive steps to convert impedance changes into current
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Figure 2.9 Norton equivalent circuit with reference impedances
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A similar approach can easily be applied to quantify the customer and utility harmonic
contributions to measured voltages.

Once the reference impedances had been chosen and the voltage and current harmonics at
the PCC measured, the authors who first proposed the method calculated the new harmonic
current sources and then applied Equations (2.1) and (2.5) to determine all the indices of
interest [13].

The main disadvantage of this method is that it relies on the requirement to choose
reference impedances. In fact, the choice of the reference impedances directly influ-
ences the consequent attribution of responsibility. The authors who first proposed this
method [13] thought that the verification of compliance to any harmonic standards and
recommendations, including IEEE 519, would be conducted on the basis of certain
reference impedances. Many utilities provide information to customers about a refer-
ence value of the equivalent impedance of the supply system; the same applies to the
impedance of customers, since the harmonic limit compliance check also needs this
impedance. So, if the interconnection contract between the utility and the customer is
based on these reference harmonic impedances, a legally defensible method to bill the
customer should be based on these impedances.

Recently, a resistance calculated directly from the measurements at the PCC has been
proposed in the literature as the customer reference impedance; in addition, for the utility
reference impedance, the sum of the short-circuit network impedance and the impedance of
the last transformer before the PCC has been used [17].

Numerical applications of this method have evidenced its robustness in achieving the
objective of maintaining the same responsibility for the customer in the presence of supply
system changes and for the utility in the presence of customer changes. The method also
seems to handle resonance conditions quite well.

Example 2.5 In this example the harmonic current emission levels due to the utility and due
to the customer are calculated, considering once again the simple test system of Example 2.1.
For the sake of simplicity, the reference impedances of the customer and the utility are
assumed to be equal t0 Z s ror =0.219 4 j10.945 [Q] and Zos of = 793.972 + j69.182 [Q],
respectively.

We assume a variation in the customer impedance with respect to the values of Example
2.1 such that Zs = %

The following values of the harmonic voltage and current at the PCC were measured:

Vs =69.955 — j61.575[V], Is= — 0.852 — j4.956 [A].
The phasors .5 and /5 and the harmonic current emission levels due to the utility and the
customer, calculated by applying Equations (2.4) and (2.8), are:
I.s=—0.809 —j5.219 [A], I, =0.043 —j0.263 [A],
HCELI = |Is| =5.282 [A]; HCUCI = [I,5| =0.267 [A].

Now, applying Equations (2.38) and (2.39), the harmonic current sources are:

Tes new = 5.099 exp (—j1.723) [A]

Tus new = 4.894 exp (—j 2.820) [A]
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Finally, using Equations (2.1) and (2.5) and taking into account the phasors J.5 ey and
Ju5 new, We get:

Is = —0.839 — j5.022 [A],
I,s = 0.013 — j0.065 [A],
HCELI = [I.s| =5.091 [A], HCUCI=|l,s| = 0.067 [A].

A comparison between the above results and the results obtained in Example 2.1 leads to
the following considerations:

e using the present impedances, HCUCI increases (0.267 > 0.067), so that the utility
appears indirectly responsible for the variation located on the customer’s side;

¢ using the reference impedances, HCUCI remains constant, which suggests the practical
invariability of the utility’s responsibility.

2.2.1.2 Thevenin-based and mixed approaches

Other approaches use Thevenin equivalent circuits to represent either the utility supply
system and the customer installation or just one of them; obviously, these representations
are equivalent to the Norton representations.

Figure 2.10 shows other possible representations to those shown in Figure 2.2. In
Figure 2.10 (a) the Thevenin equivalent circuit is used to represent the utility side, while in
Figure 2.10 (b) it is used for both sides.

Bearing in mind the well-known relationships that link Thevenin and Norton circuit
parameters (VY = ZuJen, VY, = ZunJun), We can easily obtain the utility and customer
contributions for the new system representation. For example, by applying the superposition
method to the harmonic current in Figure 2.10 (b), the following expressions for the harmonic
current emission and utility levels I, Iy, can be obtained:

7 VIh Vi + Zenln 7 ‘_/Ih Vi — Z wnln
h= = — = — - s h = = — = — -
 Zw+Zan Zun+Za N Zun + Zen Zwh + Zen

, (2.40)

and the condition [V | < |V | means that |In| < ||, so we can say that the utility side
generates the larger contribution to the harmonic current distortions at the PCC (harmonic
source detection problem). Similar considerations can be effected in the other possible case.

Among other possible techniques, an interpolation method based on the injection of
interharmonic current components [10] and a so-called increment-based approach [7] have
been applied to calculate all the circuit elements and, subsequently, all the quantities and
indices that depend on them (e.g. Ven, Ion, HCELI and HVELI).

With reference to the interpolation method, let J,, and J, represent the two inter-
harmonic components close to the harmonic of order / and injected by an auxiliary active
device at the PCC. Assuming negligible interharmonic components at these interharmonic
orders from the utility and customer sides, the following interharmonic voltage components
can be measured at the PCC (Figure 2.11 (a)), where only the equivalent circuit for inter-
harmonic A+ is shown):

Ve = Zenileohs » Vo =Zen Ian - (2.41)
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Figure 2.10 Thevenin equivalent circuits (a) for the utility supply system; (b) for the utility
supply system and the customer installation

The equivalent harmonic impedance of the customer loads Z, is calculated, using a linear
interpolation, as:

Yoy | Vi

Zch: Zch++Zch _ Ich+ Ien . (242)
2 2

The accuracy of the impedance calculation can be improved by increasing the number of
interharmonics injected around the harmonic of order 4.

Once the equivalent harmonic impedance Z; is known, the equivalent
harmonic current source of the customer can be calculated as Jo, = I + ZV—C:
(Figure 2.10 (a)).

A similar procedure can be applied to calculate the utility parameters Z,;, and VI
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Figure 2.11 Equivalent circuits (a) for interharmonic impedance calculation; (b) for the
increment-based approach application

The main disadvantages of this method are that:

e fairly powerful signal generators and suitable transformers are needed;

e gpectral leakage problems must be avoided (due, for example, to an incorrect choice of
time window length, which can cause the presence of false interharmonics).

The increment-based approach (Figure 2.11 (b)) requires the measurement (before and

after the switching of a disturbing device, such as a capacitor or a harmonic-generating
device) of the harmonic voltages at the PCC Vy; (i =1, 2) and of the harmonic currents I},

and I, (i=1, 2). With trivial calculations, we obtain:
: Vi = Vi : Vi = Vi
=5 Len=7 =

h2 bl T Y (2.43)
1uh2 _Iuhl Ichl _Ich2
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There is also a method that uses the whole Thevenin representation of Figure 2.10 (b) and
this is called the critical impedance method. The method is applied to determine whether the
utility or the customer has more contributions to harmonic distortions at the PCC. This
method is based on the calculation of a critical impedance value thr that, when compared
with the actual total impedance (Z uh + Zch), allows the determination of the main harmonic
source [15].

Before concluding the discussion of harmonic impedance-based methods, we want to
emphasize that, from a theoretical point of view, the impedance calculation as well as the
sharing of responsibilities can also be assessed by simulations of the power system under
study with the help of computer programs.

Also, we want to emphasize that the recent IEC 61000-3-6 2008 [46] introduced a
new definition of harmonic emission levels, which is slightly different from the
definition considered at the beginning of this section. Specifically, with reference to
the harmonic voltages, the emission level was defined as the magnitude of the phasor
equal to the difference between the measured voltage Vy and the voltage V', in Figure
2.10 (a) (in practice, the difference between the post- and pre-connection harmonic
voltages). When this difference causes an increase in the harmonic distortion, it is
requested to be less than the emission limits. The two definitions practically coincide in
the hypothesis |Zu,| << |Zen| (see Equation 2.30).3

2.2.2 Indices based on powers in non-ideal conditions

These indices are based on the evaluation of the powers in the presence of waveform
distortions and/or unbalances.

Starting with the Fryze and Budeanu theories,* the definition of powers in non-ideal
conditions has been discussed widely in the literature, but to date there is no universally
accepted definition for all powers.

Confining our interest to the indices for sharing responsibility, active power-based indices
are the most common in the literature and they look mainly at active power losses as the PQ
detrimental effect. A reactive power-based index has also been proposed for three-phase,
balanced systems, with the goal of overcoming the problems associated with the active
power-based indices. Other indices based on nonactive power (e.g. Fryze’s reactive power)
have been proposed recently.

3 We note that both IEC 61000 3 6 2008 and IEC 61000 3 7 2008 introduce three points of interest. The point of
evaluation (POE) is defined as the point where the emission levels of a customer are to be assessed against the
emission limits. The point of common coupling (PCC) is defined as the point which is electrically closest to the
customer and to which other customers are, or may be, connected. The point of connection (POC) is defined as the
point where the customer is, or can be, connected. For more details, see [46, 47].

# The Fryze theory separates the time domain current waveform in the ‘active’ current (characterized by the
same waveform as the voltage) and the ‘nonactive’ or ‘reactive’ current (the remaining part). The Budeanu
theory assumes that a power system, in the frequency domain, can be subdivided into elementary sinusoidal
circuits, one for each frequency included in the nonsinusoidal voltage and current spectra. Then, each circuit
is characterized by RMS values of voltage and current, active and reactive powers. The Fryze and Budeanu
theories have been discussed extensively in the relevant literature, and several other important approaches
have been proposed and different definitions of powers formulated (e.g. Czarnecki, Emanuel, Sharon, Kusters
and Moore) [22, 48].
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The following indices are considered in this section:

e the supply and loading quality index;
e the utility and customer total harmonic distortion factors;
e the harmonic phase index and the harmonic global index;

e the critical impedance index and the critical admittance index.

The first four are active, power-based indices. The supply and loading quality index was
one of the first indices that appeared in the literature dealing with active power direction; thus,
this index will be analyzed in more detail below to demonstrate some of the problems
associated with the use of active power in the definition of an index. The critical impedance
and the critical admittance indices are reactive, power-based indices.

2.22.1 The supply and loading quality index

This index takes into account the contemporaneous presence of waveform distortions
and unbalances at the PCC. In spite of this, and in order to better demonstrate the
behaviour of this index, the waveform distortions and unbalances are first considered
separately and then they are considered together. Three-phase, three-wire systems are
taken into account.

Initially, let us consider a balanced system in which the voltage and current have
nonsinusoidal waveforms. The supply and loading quality index is defined as:

P, +Z P, P, +3 Z Vil cos(ap — By)
P P+ Py _ h#1 - i1 (2.44)

§Slq:1717 Py Py Py

where P is the (total) active power, P, is the fundamental active power, P, is the hth-order
harmonic active power, Py is the (total) harmonic active power, V), and I, are the RMS values
of voltage and current harmonics and «y, and (3, are their phase angles.

The supply and loading quality index &y is equal to 1 if we consider the case of a linear
load in an ideal supply system (P, =0 Vh, and then Py =0).

If the section x-x feeds a linear load and the utility has background distortion (Figure 2.12
(a)), the harmonic active powers are all positive and delivered to the load (P, > 0 Vh, and
then Py > 0), so the supply and loading quality index &, is greater than 1. Clearly, the index
increases as the harmonic active power delivered to the load increases.

If the section x-x feeds a static converter and the utility is without background distortion
(Figure 2.12 (b)), all the harmonic active powers are negative and reflected backwards in the
supply system (P, < 0 Vh, and then Py <0), so the supply and loading quality index &y, is
less than 1. In this condition, as is well known, the fundamental active power delivered to the
static converter is in part transferred to its DC load while the remaining power is reflected
backwards in the supply system as harmonic active power and is dissipated at the supply
resistance; the fundamental active power delivered to the static converter is higher than its DC
load active power (Figure 2.13, where the static converter is considered free of losses).
Clearly, the index decreases as the harmonic active power that is dissipated at the supply
resistance increases.
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Figure 2.12  Active powers in electrical systems with waveform distortions >
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If the section x-x feeds a static converter and the supply system has background distortion
due to the presence of converters at the same bus or at one or more different buses in the power
system (Figure 2.12 (c¢)), some harmonic active powers P, (for example Pj;) can be negative
(reflected backwards) and some others (for example Pj,) can be positive (delivered to the
static converter), depending on the sign of the cosines in Equation (2.44); obviously, the sign
depends on the phase shift between the harmonic current and voltage. It follows that the
resulting harmonic active power Py can be positive or negative; theoretically, it can also be
equal to zero if the positive and negative components of the power are equal to each other.
Because of its dependence on the value and sign of Py, the supply and loading quality index
&1q can be greater than 1, less than 1 or equal to 1. The same case could occur if the customer
were to include both a static converter and a linear load.

Example 2.6 In this example the harmonic active powers and the supply and loading
quality index values are calculated considering the simple test systems of Figure 2.14,
simulated in the time domain. A 20 kV medium voltage supply system (X,; =2.189 Q,
R,1 =0.219 Q) feeds one (Figure 2.14 (a)) or two (Figure 2.14 (b)) 1.0 MW, 6-pulse AC/DC
line-commutated converters, the firing angles of which are oy = 15° and «, =30°, respec-
tively. Each AC/DC converter is connected to the medium voltage bus with a 1.25 MVA
transformer (V. ¢, = 4.5%) and the system frequency is 50 Hz. Only waveform distortions are
considered, given that the system is balanced.

If the system in Figure 2.14 (a) is considered initially, a time-domain simulation furnishes
the fundamental and the Ath-order harmonic active powers given in Table 2.1,° where the

L i &

Converter 1 Converter 1 Converter 2
Customer Customer
(a) (b)

Figure 2.14 Simple test system (a) with one static converter and one linear load; (b) with
two static converters and one linear load

6 It should be noted that several ciphers have been considered for the indices without rounding in the last one in order
to make it possible to show the behaviour of the indices in the various cases.
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Table 2.1 Active powers and supply and loading quality
indices of the test system in Figure 2.14(a)

Converter 1 Linear load Customer
P, [kW] 887796.419 496408.346 1384204.765
Ps [W] 31.701 12.880 18.821
P, [W] 20.895 11.969 8.926
P [W] 14.486 11.126 3.360
Pi; [W] 12.479 10.260 2.219
P [W] 9.887 8.777 1.110
Py [W] 8.660 7.864 0.796
Py [W] 120.557 84.222 36.335
&g 0.99986 1.00017 0.99997

static converter and the linear load powers are shown separately and where only harmonic
orders h=15,7, 11, 13, 17 and 19 are reported. The harmonic active power Py and the supply
and loading quality index &y, given by Equation (2.44) are also reported, considering the
contributions due to the characteristic harmonic orders up to h =40.

From the analysis of the data in Table 2.1, it clearly appears that, as is predictable
theoretically, the harmonic active powers of the static converter are all negative
(§gq<1) while the linear load powers are all positive (§g4>1). All the harmonic active
powers have very low values compared to the active power at fundamental frequency,
so that the supply and loading quality index values are close to 1. A more critical
situation happens if we consider the customer (both the linear load and the converter
together), due to the compensating effects of the active powers; in this case, g4 is
slightly less than 1.

Finally, it can be verified easily that the sum of the harmonic active powers of converter 1
and the linear load (third column in Table 2.1) coincides with the harmonic active power
dissipated at the supply resistance, since the supply system is without background distortion.
For example, if we consider the 5th harmonic order (/5 =5.352 A R,5 = 0.219 Q), the result is:

5th harmonic active power dissipated at supply resistance = 3RuSI§ =3(0.219) (5.352)2
= 18.819,

which is practically the value of (— Ps) in Table 2.1.

Consider now the simple test system of Figure 2.14 (b), in which the static converter 2
generates a distortion for the first converter. This simulates the utility distortion. Table 2.2
shows the same quantities reported in Table 2.1.

From the analysis of the results reported in Table 2.2, it clearly appears that the
harmonic active powers of both converters are much larger than the powers of con-
verter 1 in Table 2.1. This is due to the fact that the converter harmonic active powers
are directed towards passive impedances of the network (linear load and supply
system), and also transferred from one converter to the other. In practice, converter 1
supplies converter 2 with harmonic active powers or vice versa. For example, converter
1 supplies converter 2 with 746.772 W at the 5th harmonic while converter 2 supplies
converter 1 with 145.758 W at the 19th harmonic.
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Table 2.2 Active powers and supply and loading quality index of the test
system in Figure 2.14 (b)

Converter 1 Linear load Customer Converter 2
P, [W] 883894.497 493615.967 1377510.464 718153.872
Ps [W] 828.590 33.242 795.348 746.772
P [W] 588.199 20.993 567.206 551.551
Py [W] 205.335 3.865 201.470 200.302
Pi3 [W] 43.498 0.246 43.252 43.198
P7 [W] 132.357 5.038 137.395 138.051
Py [W] 145.758 11.015 156.773 157.888
Py [W] 1400.341 170.220 1230.120 1158.072
&g 0.99841 1.00034 0.99910 1.00161

Due to the aforementioned effect, the harmonic active power Py of converter 2 is positive
and its supply and loading quality index  is greater than 1, so that the condition {gy, < 1
cannot be used to distinguish a converter from a linear load. It is interesting to note that the
harmonic active power of converter 1 is still negative (in spite of the positive sign of some
harmonic active powers) and that {g, < 1; however, converter 1 is characterized by a g
value lower than the value in the absence of converter 2 (0.99841 < 0.99986), so it appears to
be a more perturbing load due to the increased value of harmonic active power linked to the
presence of converter 2.

Now, let us consider the case of an unbalanced system in which the voltage and current at
the x-x terminals have sinusoidal waveforms. The supply and loading quality index can be
defined as:

_P+1+P 1

g = P, (2.45)

where P, is the fundamental positive-sequence component active power and P | the
fundamental negative-sequence component active power. The fundamental negative-
sequence power P | in Equation (2.45) can have positive, negative or zero values.

Similar to the case of harmonic active power, if the section x-x feeds a balanced
load in a supply system with background unbalances, the fundamental negative-
sequence power P | is positive and delivered to the load. If the section x-x feeds an
unbalanced load and the supply system is without background unbalances, the funda-
mental negative-sequence power P | is negative and reflected backwards in the supply
system where it is dissipated on its resistance; this is a case similar to the case in
Figure 2.12 (b) when a supply system without background distortion feeds a static
converter. If the section x-x feeds an unbalanced load in a supply system with back-
ground unbalances, the fundamental negative-sequence power P | can theoretically be
positive, negative or zero. Because of its dependence on the value and sign of the
fundamental negative-sequence power P |, the supply and loading quality index &y is
less than, greater than or equal to 1.
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If we consider the most general case of a system with unbalances and distortions, the
following equation holds:

Py +P  +AP

fs]q - P+l ) (246)

where AP includes the remaining active powers delivered to the load or reflected backwards
in the supply system.

Example 2.7 In this example the supply and loading quality index values are calculated
considering the presence of both waveform distortions and unbalances.

Consider the simple test system of Figure 2.14 (a), in which both a converter and a linear
balanced load are present. The supply system has background unbalances, with an unbalance
factor K4 equal to 1.8%. Table 2.3 shows the value of supply and loading quality index £
obtained by applying Equation (2.46)

Table 2.3 Supply and loading quality index values in the
presence of background unbalances

Converter 1 Linear load Customer

&siq 1.00002 1.00051 1.00019

From the analysis of the results in Table 2.3, it appears that the value of the supply and
loading quality index &, for the converter is greater than 1; this is due to the overcompensat-
ing effect between the fundamental negative-sequence power and the harmonic active power
(151.558 W and  120.704 W, respectively). So, once again the condition {gy, < 1 cannot be
used to distinguish the converter presence.

In addition, it should be noted that the value of the index &, for the customer is greater
than 1 due to a significant value of the fundamental negative-sequence power P | =312.695
W while the harmonic active power is Py = —36.375 W.

From the analysis of the supply and loading quality index g, definitions and from the
analysis of the numerical examples, the following considerations arise.

First, the indices based on harmonic impedances considered in Section 2.2.1 are based on
the principle of superposition and the customer and utility contributions are determined
separately, i.e. the contributions are quantified with the values of two different indices for
current and two different indices for voltage. Here, only one index, §Slq, is used and
no superposition is applied; the result is a limit in separating customer and utility
responsibilities.

Theoretically, from the condition £y, = 1, one cannot conclude that the quality is perfect
as far as distortion and unbalance are concerned, because of the possible mutual cancellation
of active powers (either at harmonic frequencies or associated with the presence of unba-
lances). For the same reason, one can fail in locating a source of disturbance; for example, the
condition {g,>1 can occur both in the presence of a linear balanced load fed by a supply
system with background distortions (Example 2.6) and in the presence of a static converter
fed by a supply system with background unbalance (Example 2.7).
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On the other hand, large harmonic and/or negative sequence currents can produce small
associated active powers if they are shifted by about n/2 with respect to the corresponding
voltage components, with the consequence that the values of the index are close to unity;
these cases do not represent the amount of injected disturbance adequately.

It is also worth noting that the values of index £, vary with time, even if the perturbing
load characteristics are unchanged. For example, if we consider the case of an unbalanced
load with fixed electrical parameters fed by a supply system with varying background
unbalances, the negative-sequence active power interchanges between the utility and the
customer vary in turn and the g, values also vary, with the consequence that the unbalanced
load appears to have different perturbing characteristics depending on the utility unbalances.

Actually, the same authors that proposed the index £, emphasized that it can be used to
help locate the dominant (prevailing) source of disturbance [26]. Their intention was that this
index should allow the determination of which side (utility or customer) contributes more to
the presence of the disturbance at the PCC, subject to the constraint that measurements are
taken only at the PCC. They say that, in terms of active powers, when the utility side’s
disturbing effects prevail over the customer side’s disturbing effects, the result is that
&s1q > 1, whereas when the customer’s effects prevail over the utility’s effects, the result is
that g, < 1. This criterion for identifying the prevailing source is different from that used
when the superposition principle is applied (impedance-based indices). In that case, we
decide on the basis of the values assumed by the contributions of the utility and customer to
the whole current and voltage distortion at the PCC.

We note that publications in the relevant literature have shown that the conclusions to be
drawn from applying the two criteria (addressed above) for locating the prevailing source of
the disturbance can be different. For example, if we refer to the simple case of only one
harmonic, it can be demonstrated that, if the condition P, < 0 holds, it may be that:

* &yq < 1, in which case the customer side should be the prevailing source on the basis of
the active power-based criterion;

e [ > I, so that the utility side should be the prevailing source on the basis of the
superposition-based criterion.

In fact, if we neglect the resistances, the harmonic active power flowing between the
utility and the customer depends on the difference between the phase angles of the two
harmonic sources. The direction of this power is related to the phase angles. On the other
hand, on the basis of Equations (2.1) and (2.5), and neglecting the resistances once again, the
result is that the condition required for I, > Iy, to hold is:

XunJun > XenJen; (2.47)

so it does not depend on the phase angle difference between the two harmonic sources. It
follows that, even if the condition (2.47) holds and 1,,;, > I, there can be some values of the
phase angle difference between the two harmonic sources for which the result is P, < 0. For
more details on this subject see [31].

It can also be demonstrated that, even if the condition P, < 0 holds in a static
converter, the harmonic voltage V), (Figure 2.2) at the PCC (and also in other system
busbars) does not necessarily increase, so the presence of a static converter could, in
some cases, improve and does not worsen the harmonic voltage at the PCC. For more
details on this subject see [21].
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2.2.2.2 The utility and customer total harmonic distortion factors

Let us consider initially a balanced system in which the voltage and current at the x-x
terminals have nonsinusoidal waveforms.

Let Na denote the set of harmonic orders /& for which harmonic active power is not
negative (P, > 0) and Ny denote the set of harmonic orders for which harmonic active power
is negative (P;, < 0) [18]. In practice, it is assumed that N includes all harmonic orders for
which the supply system is the source of energy and the customer appears as a passive load;
although the customer may contain harmonic sources for the harmonics of this set, the
customer is assumed to be replaced by a passive element. Meanwhile, Ny includes all
harmonic orders for which the customer is the source of energy and the supply system is
replaced by a passive element. Sets N5 and Ny are separable.

The following expressions for voltage v(f) and current i(f) at the section x-x can be written:

v(t) =vy —|—Z Vit Z v, =2V sin(wt + o) + V2 Z V, sin(hwt + ay,)

heNA heNg heEN
+Vv2 Z Vi, sin(hwt + )
heNg
D=iv+Y it Y in=V20 sin(wi+ B;) + V2 I sin(hwt + 3,)
heNA heNg heNy
+V2 ) Iy sin(hwt + 3,). (2.48)
heNg

In Equation (2.48), V; and [, are the RMS values of the fundamental components of the
voltage and current, and «; and 3, are their phase angles.

The utility total harmonic distortion factors for current and voltage (THDIy, THDVy) and
the customer total harmonic distortion factors for current and voltage (THDI, THDV ) are
the usual total harmonic distortion factors (see Equation 1.5 in Chapter 1) obtained by
considering only the harmonics of set N5 for THDIy and THDVy and only the harmonics
of set Ng for THDI- and THDV . The result is:

\
2
>0
heENA
2

Vi
THDVy = ’@:;2 (2.49)
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If the section x-x feeds a linear load and the utility has background distortion
(Figure 2.12 (a)), the harmonic active powers are all positive and delivered to the
load (P, >0V h) and the utility total harmonic distortion factors coincide with the
usual total harmonic distortion factors, while the customer total harmonic distortion
factors are equal to zero. Clearly, the factors increase as the corresponding voltage or
current harmonics increase.

On the other hand, if the section x-x feeds a static converter and the supply system is
without background distortions (Figure 2.12 (b)), the harmonic active powers are all negative
and delivered to the supply system (P, < 0V h); in this case, the customer total harmonic
distortion factors coincide with the usual total harmonic distortion factors while the utility
total harmonic distortion factors are equal to zero. Once again, the factors increase as the
corresponding voltage and current harmonics increase.

If the section x-x feeds a static converter and the supply system has background distortions
(Figure 2.12 (c)), all the indices given by Equation (2.49) can assume values different
from zero.

Example 2.8 Consider initially the simple test system of Figure 2.14 (a). The time-
domain simulation of the system used for Example 2.6 furnishes the utility total
harmonic distortion factors for current and voltage (THDIy, THDVy) and the customer
total harmonic distortion factors for current and voltage (THDI., THDV), which are
given in Table 2.4. We note that the word ‘customer’ is present in the index name; to
avoid confusion, in the third columns of Tables 2.4 and 2.5 we use ‘converter 1 and
linear load’ instead of the usual ‘customer’.

Table 2.4 Utility total harmonic distortion factors and
customer total harmonic distortion factors for current and
voltage of the test system in Figure 2.14 (a)

Converter 1 Linear load Converter 1 and linear load

THDVy  0.00000 0.01302 0.00000
THDIy 0.00000 0.01195 0.00000
THDV¢ 0.01302 0.00000 0.01302
THDI¢ 0.27486 0.00000 0.17395

Bearing in mind the harmonic active power values reported in Table 2.1 (Example 2.6)
and from the analysis of the data in Table 2.4, it clearly appears that, as is predictable
theoretically, the utility total harmonic distortion factors are equal to zero for the static
converter (P;, < 0V h) while a value different from zero characterizes the linear load (P;, >
0V h); an opposite behaviour characterizes the customer total harmonic distortion factors. If
we consider both the linear load and converter 1 together, they can be considered globally as a
perturbing equivalent load (P, < 0V h), but they are characterized by a lower customer total
harmonic distortion factor for current due to a reduced value for harmonic currents and a
greater value of the fundamental component.
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Table 2.5 Utility total harmonic distortion factors and customer total
harmonic distortion factors for current and voltage of the test system in
Figure 2.14 (b)

Converter 1  Linear load Converter 1 and linear load Converter 2

THDVy 0.01128 0.01856 0.01128 0.01474
THDIy 0.07432 0.01704 0.04915 0.27387
THDV¢ 0.01474 0.00000 0.01474 0.01128
THDI¢ 0.26471 0.00000 0.16523 0.08989

Now, consider the simple test system of Figure 2.14 (b). Table 2.5 shows the same
quantities reported in Table 2.4.

Bearing in mind the harmonic active power values in Table 2.2 (Example 2.6) and from
the analysis of the data in Table 2.5, it clearly appears that both converters are characterized
by utility total harmonic distortion factors and customer total harmonic distortion factors
different from zero. This is due to the fact that in both cases, some harmonic active powers are
positive and some are negative. Once again, a value different from zero characterizes
correctly the utility total harmonic distortion factors of the linear load (P, >0 V h).

Now let us consider the case of an unbalanced nonsinusoidal system. The new utility and
customer total harmonic distortion factors are defined as:

3ul* | + Z dor,
THDIU+ = a,b,c heNa

SAUVZI + Z dov

THDVU+ = g;za:b,c hEN

Utility Total Harmonic Distortion Factors

3icl? | + Z Zlih )

THDI+ = P;za.,b,c heNg
Customer Total Harmonic Distortion Factors
3cV?, + Z Z Vv,
=a,b,c hENg
THDV+ = p=ab,
WV

J (2.50)

where V., (I,) is the fundamental positive sequence of the voltage (current), V | (I )
is the fundamental negative sequence of the voltage (current), and p is the phase code
(p=a, b, ¢); now, the sets Ny and Ny include the harmonic orders for which the three-phase
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harmonic active power is not negative (N,) and for which the three-phase harmonic active
power is negative (Ng). In addition:

e Jy=1 and Ac =0 if the negative-sequence fundamental active power is not negative
(delivered to the load);

e Jy=0 and Ac=1 if the negative-sequence fundamental active power is negative
(delivered back to the supply).

The following considerations arise.

First, we outline once again a difference with the harmonic impedance-based indices,
which, as previously demonstrated, use the superposition principle. The indices based on the
separable sets N and Ny share all harmonics in two separate groups: the first group is linked
to non-negative active powers, for which the utility bears total responsibility, and the second
group is linked to negative active powers, for which the customer bears total responsibility.
Thus, strictly speaking, each harmonic is attributed exclusively either to the utility or to the
customer. In practice, the utility total harmonic distortion factors for current and voltage and
the customer total harmonic distortion factors for current and voltage try to separate customer
and utility contributions, although in a different way from the harmonic impedance-based
indices.

The presence of two separate indices for the utility and the customer, which include
harmonic current and voltages derived separately from active powers with different signs,
avoids the possibility of mutual cancellation (either at harmonic frequencies or associated
with the presence of unbalances). Moreover, they seem to be more robust than £y, in
identifying a source of disturbance, obviously in terms of active power effects. In fact, a
static converter fed by a supply system with background distortion is characterized by
customer total harmonic distortion factors different from zero, so it is identified as a disturb-
ing load, under the condition that at least one of the harmonic active powers P, is negative. In
other words, if, for example, all harmonic active powers are positive except the 13th order and
Py >0, £ is greater than 1 and the load is identified as a nondisturbing load, but the
customer total harmonic distortion factors are different from zero due to the sign of the 13th
order harmonic active power.

In addition, the values of the utility and customer total harmonic distortion factors
vary with time, in a similar manner to the case analyzed for the supply and loading
quality index.

Finally, it should be noted that the measurements of all the harmonic active power-based
indices require the analysis of the signs of the harmonic and fundamental negative-sequence
active powers, which depend on the phase shift between the corresponding voltage and
current components; obviously, particular problems can arise when the phase shift gets
close to 90°. To overcome these potential problems, measurement uncertainty has to be
taken into account and estimated correctly. The overall uncertainty results from the combina-
tion of all the elements of the measurement chain. It is appropriate to make use of a
nondecisional range around zero (uncertainty range) for the active powers, the amplitudes
of which will be related to the accuracy of the instruments employed; the powers in this range
are considered neither positive nor negative and more accurate identification methods should
be applied.

For more details on the subject of this index see [18, 26, 28, 33, 34, 35].
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2.2.2.3 The harmonic phase index and the harmonic global index

Initially, let us consider a balanced three-wire system, in which the voltage and current at the
x-x terminals have nonsinusoidal waveforms.

The harmonic phase index makes use of the sets Ny and Ng that were introduced
previously for the utility and customer harmonic distortion factors. The harmonic phase

index is defined as:’
2
> 0
||IC||2 _ \/hENB - (THch)2

Eupr = - - ’
AT \/If +>y 5 | + (THDI)?

heNa

(2.51)

where Ic and Iy are two vectors, the components of which include the current harmonic
phasors associated with the sets Ng and N,, respectively, and the symbol |||| indicates the
square root of the sum of the squared magnitudes of the vector elements. Vector Iy also
includes the fundamental component.

If the section x-x feeds a linear load and the utility has background distortions (Figure 2.12
(a)), the harmonic active powers are all positive (P, > 0 V&) and the customer total harmonic
distortion factor for the current is equal to zero, as is the harmonic phase index.

If the section x-x feeds a static converter and the supply system is without background
distortions (Figure 2.12 (b)), the harmonic active powers are all negative (P, < 0 Vh). The
utility total harmonic distortion factors for the current are equal to zero and the harmonic
phase index coincides with the square of the usual total harmonic distortion factor and,
clearly, increases with it.

If the section x-x feeds a static converter and the supply system has background distortions
(Figure 2.12 (c)), the harmonic phase index is generally greater than zero. The greater the
index, the greater the responsibility of the customer may be; conversely, the lower the index,
the greater the responsibility of the utility may be.

Example 2.9 Consider the simple test system of Figure 2.14 (a). The time-domain simula-
tion of the system used for Example 2.6 furnishes the harmonic phase index given in
Table 2.6.

Table 2.6 Harmonic phase index of the test system in
Figure 2.14 (a)

Converter 1 Linear load Customer

Expr 0.07555 0.00000 0.03026

From the analysis of the data in Table 2.6 it clearly appears that, as is predictable
theoretically, the harmonic phase index of the linear load is equal to zero while it coincides
with the square of the usual total harmonic distortion factor for converter 1 (see Table 2.4). If

7 This index is sometimes presented in the literature without the squares.
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we consider the customer (both linear load and converter 1 together), it is characterized by a
lower harmonic phase index than converter 1 due to a lower value of the index THDI¢
(0.17395 < 0.27486) and the value THDI; = O for both.

Now consider the simple test system of Figure 2.14 (b). Table 2.7 shows the same
quantities reported in Table 2.6.

Table 2.7 Harmonic phase index of the test system in Figure 2.14 (b)

Converter 1 Linear load Customer Converter 2

Expr 0.06968 0.00000 0.02723 0.00751

From the analysis of the results reported in Table 2.7, it clearly appears that both
converters are characterized by harmonic phase index values different from zero (see Table
2.5). Converter 1 is characterized by an index value greater than converter 2 due to a lower
value of the utility total harmonic distortion factor of current and a greater value of the
customer total harmonic distortion factor of current (see Table 2.5).

Now let us consider the case of an unbalanced system in which voltage and current at the
x-x terminals have nonsinusoidal waveforms.
The harmonic phase index is defined as:
p 2
fel ) + L]

fHPI = 7 2 (252)
Tl

where I | is the fundamental negative-sequence component of the phase currents and Ac is
the parameter introduced in the previous section. The sets Ny and Np are extended to
the phase powers P,, (p=a, b, c; h=1, 2,..., Hyax), so that I and Iy are two vectors
that properly include the fundamental and harmonic phase current phasors I, (p=a, b, c;
h=1,2,...,Hpax)-

In the case of four-wire systems, an imaginary fourth conductor is considered
corresponding to the zero-sequence. On the basis of the sign of a properly calculated
homopolar power for each harmonic, the corresponding homopolar current is included
in the vector I¢ or Iy.

This index makes use of the two separable sets N5 and Ny; however, limits arise in
separating customer and utility responsibilities because all information about their behaviour
is included in only one index. Moreover, it refers only to currents.

In addition, this index once again requires analysis of the sign of the active power.
As previously discussed, the sign may be estimated incorrectly and the corresponding
current component assigned to the wrong set. Clearly, a double-error effect on the
index value arises, because both the numerator and the denominator of its relationship
are affected by errors and these errors combine to amplify the error ratio. If, for
example, the 5th harmonic active power is estimated (Ps is estimated to be < 0 instead
of >0), the corresponding harmonic current is included as an Ic vector component
instead of an Iy vector component, resulting in a double-error effect in the index
calculation.
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It should be noted that the harmonic phase index values are based on harmonic current
values instead of harmonic active powers. So, the amount of the injected disturbance might be
better represented.

In the case of four-wire systems, great attention is required when dealing with homopolar
powers.

The harmonic global index is conceptually very similar to the harmonic phase
index and similar considerations can be effected; the difference is that it uses the Park
transformation. For the sake of brevity, we consider the case of an unbalanced
system.

If the Park transformation is applied to phase voltages and currents, the well-known d-g
Park components are obtained and, subsequently, the voltage and current Park vectors and
their complex Fourier series can be applied:

k = 400 ) k= H4o0
wg(t) +jug(t) =Y Tke™, ig(t) +jiy ()= Y Tke™, (2.53)
k= oo k= o0

where the harmonic components of the Park vector for k>0 are related to the positive
symmetrical components, while for k<0 they are related to the negative symmetrical
components.

The following active powers associated with the voltage and current components in
Equation (2.53) can be calculated as shown:

Py =Re{UkI;} fork>0, Py=Re{Uk} fork <O, (2.54)

and then two vectors Icp and Iyp can be introduced, the components of which are the current
components associated with positive (Iyp) and negative (Icp) active powers in Equation
(2.54), respectively. Finally, the harmonic global index is given by:

|[Tc ||
[Tup*

In the case of four-wire systems, the homopolar components are also included in the
procedure to calculate Equation (2.55).

For more details about these indices see [27].

Indices based on Park vectors, but which use the active powers directly, have also been
proposed [20].

EHGI (255)

2.2.2.4 The critical impedance and admittance indices

The critical impedance index (CI index) has been proposed to determine whether the utility or
customer is mainly responsible for the harmonic current distortions measured at the PCC
(I.p, > or < Iy). Equivalently, the critical admittance index (CA index) has been proposed to
determine whether the utility or customer is mainly responsible for the harmonic voltage
distortions measured at the PCC (V,;, > or < V,;,). These indices are based on the evaluation of
harmonic reactive power.

In order to calculate the CI and CA indices, the utility impedance Z,; and a range of the
customer impedance Z ., are assumed to be approximately known; then, in the following, an
approximate range [Zh min Zh max] of the total impedance (Z v =Zeh + Zup) is assumed to be
known.
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First let us consider the CI index and the Thevenin equivalent circuit for the utility and the
customer installation reported in Figure 2.10 (b). Initially, it is assumed, for the sake of
simplicity, that the impedances are purely reactive impedances Zun = jXun and Zch = jXch,
with Xy, + Xcn > 0). This assumption provides the following result for the utility harmonic
reactive power (Figure 2.10 (b)): - T
FT 74 _ VunVen0s (¥n) — (Vi)
Qun = (Vi) = (Xun + Xcn) '

where )y, is the phase angle difference between customer and utility voltage sources.
From the analysis of Equation (2.56) it appears that:

(2.56)

1. if Qun > 0, the relation Vgh > VEh is verified. Thus, bearing in mind Equation (2.40), we
can conclude that the main contribution to the harmonic current distortion at the PCC is
due to the customer (I, > I.p);

2. if Qun < 0, it is not possible to decide the main contribution to the harmonic distortion
at the PCC, because the utility ‘generates’ reactive power that may not reach the
customer side since the utility and customer reactances ‘absorb’ reactive power.
A further step of investigation is needed.

The key idea for solving the problem in case 2 is to find how far the reactive power can ‘travel’
along the combined utility and customer impedances Z , 2 jX, =] (Xun + Xen), assuming this to
be a ‘line reactance’ that is uniformly distributed between the harmonic voltage sources Vgh and
VL. The authors who proposed this method in [32] defined X{ as the reactance from the utility
voltage source V7, to the lowest voltage point along the ‘line’; then, they assumed that:

o if Xﬁ is located closer to the customer side (Xﬁ > )é—‘) the utility source is expected to
have the larger magnitude (Vgh > VCTh), since the utility source can ‘push’ its reactive
power output beyond the halfway point of the ‘line reactance’; and

e if X} is located closer to the utility side (Xg < %), the customer source is expected to
have the larger magnitude (VI < V).

It can be demonstrated that the reactance Xﬁ is given by the following relationship:

2
0_ (VIh) - VEthThCOS (Yn)

= (2.57)
" (Vgh)2 + (VcTh)2 - 2VEthThCOS (Yn)

Bearing in mind Equation (2.56) and using the Thevenin equivalent circuit of Figure 2.10
(b) with Z¢, + Zyn =jXh, Equation (2.57) can be rewritten as follows:
Quh

X = 7 (2.58)
h

Starting from Equation (2.58), the CI index is defined as follows:

Q ) VEhsin (9;,) ) |Vh—IhZuh|sin (9;,)

Cl= —2x%=pXuh 2.59
h 1;2, Ih Ih ) ( )

where 0, is the phase angle by which V1, leads 7).
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Then, in order to determine whether the utility or customer is mainly responsible for the
harmonic current distortion, and assuming that [X}, nin, Xi max] 1S the known approximate
range of X}, the following procedure is proposed:

1. if CI > 0 (Qun > 0), the customer side is the dominant harmonic current source at the
PCC.

2. If CI < 0 (Qun < 0), the following three cases can result:

(@) if ICIl > X}, max» then X} > %, and the utility side is the dominant harmonic
current source at the PCC,;

(b) if ICIl < X}, min» then X <
current source at the PCC; and

Xh min

, and the customer side is the dominant harmonic

() if X}, min < ICIl < X}, max, it is not possible to conclude which entity is the dominant
harmonic current source at the PCC.

The above procedure can be generalized by taking into account the presence of the non-
negligible resistances of the impedances Z,, and Z,. Then, Equation (2.56) can be extended,
taking into account the total impedance Zk and its angle 3. In fact, using a rotation transfor-
mation matrix based on angle [, the transformed utility harmonic reactive power can be
calculated. Once the transformed utility harmonic reactive power is known, and assuming
that the approximate range of the total impedance Z/ is also known, the CI index value can be
obtained and the above procedure can be applied by substituting the impedances for the
reactances [32].

On the same conceptual ground, the critical admittance (CA) index was proposed to
determine whether the utility or the customer is mainly responsible for the harmonic voltage
distortions at the PCC (V, > or < V). The CA index uses the Norton equivalent circuits
reported in Figure 2.2 (a).

In this case, the key requirement for solving the aforementioned problem 2 is to find how
far the reactive power can ‘travel’ along the combined utility and customer admittance,
assuming that it is distributed between the harmonic current sources J, and J, as a ‘line
susceptance’ Bj. The authors who proposed this method in [32] introduced 32 as the
susceptance from the utility current source Jy; to the lowest harmonic current point along
the ‘line’, and then they assumed that, if 32 > %’1, the utility side is the main contributor to the
harmonic voltage distortion at the PCC, and that, if B?l < %, the customer side is the main
contributor to the harmonic voltage distortion at the PCC.

Analogously to the CI index, the CA index was defined as a function of the harmonic
reactive power and a similar procedure was proposed in order to determine whether the utility
or customer is mainly responsible for the harmonic voltage distortion.

The main problems with the application of the CI and CA indices are the accuracy of the
knowledge of the utility impedance Z,;, and the accuracy of the knowledge of the range of the
impedances Z,; however, in the literature, it has been shown that the method can tolerate
significant impedance errors. We experienced some problems when the utility side source J
(or V) and the customer side source J, (or Vi) had similar values.

Example 2.10 In this example we consider once again the test system of Figure 2.14 (b) and
we calculate the CI index by applying the procedure outlined above. Let us consider the 5th
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harmonic and, initially and for the sake of simplicity, assume that we have good knowledge of
the actual values of the equivalent harmonic impedances of the utility and the customer. We
assume that the impedances are purely reactive impedances:

Zus = j10.945 [Q];  Z.5=j69.182 [Q].
Then, the combined utility and customer impedance value is:
75 = j80.127 [Q)].

Table 2.8 shows that the value of the CI index for the customer (converter 1 and linear
load together) is positive. Then, it can be concluded that the customer is the dominant
harmonic current source contributor at the PCC. (See Example 2.1.)

Table 2.8 Value of the CI index

Customer

CI[Q] 4.480

Now let us assume an approximate value for the utility impedance (Zs = j15.5 [Q]) and a
range of customer impedance values (Z .5 € [j10, j150] [Q]), so that the combined utility
and customer impedance value is included in the following interval:
Z s € [iXsmin, Xsmax] = [j25.5, j165.5] [Q]. Table 2.9 shows the new value of the CI
index for the customer (converter 1 and linear load together). This value is negative and its
absolute value is lower than the minimum reactance value Xs,;,; SO, once again, it can be
concluded that the customer is the dominant harmonic current source contributor at the PCC.

Table 2.9 Value of the CI index

Customer

CI[Q] 4.629

Note that a further single-point proposal based on harmonic powers different from the
active power was published recently in the literature [36]. This proposal has the aim of
identifying the harmonic source by comparing some nonactive powers, i.e. the fundamental
reactive power, Fryze’s reactive power and the quadrature reactive power proposed by
Sharon.

2.2.3 Indices based on comparison with an ideal linear load

These indices were designed to quantify the extent to which a nonideal load deviates from
being an ideal load. The indices considered in this section are:

e current-based indices; and

e the load nonlinearity indicator.
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They differ from each other in the definitions of the ideal load to be considered as
reference and in the electrical quantities to be quantified.

2.2.3.1 Current-based indices

The first current-based approach proposed in the literature was based on the concept of
conforming and nonconforming currents [37 39, 41]; initially, it was applied only for
attributing harmonic responsibility.
The conforming current is the portion of the current i(#) that retains the same level of distortion
as the voltage v(¢) at the PCC. The conforming current can be described mathematically as:
Hinax
() =v2 S L Vysinfhwrt + ap + h(8) — )], (2.60)
="

where V), is the RMS value of the voltage harmonic, ¢, is its phase angle, V; and I, are the
RMS values of the fundamental components of the voltage and current, and «; and [3; are
their phase angles.

From the analysis of Equation (2.60), it clearly appears that i-(f) accounts for all the active
and reactive powers at the fundamental frequency. (The fundamental frequency component
of the conforming current coincides with that of the current i(¢) at the PCC). At harmonic
frequencies, it has spectral component amplitudes in the same proportion as their counterparts
in the voltage.

The nonconforming current is the remaining part of the current at the PCC:

inc (1) =i(t) — ic(1). (2.61)

It is clear that both conforming and nonconforming currents can contain harmonics.

Starting from the aforementioned separation of current, it is stated that the nonconforming
current is attributable to the customer and that the distortion in the conforming current is
attributable to the utility. With such a sharing of responsibility, a pure resistance is assumed to
be the ideal load for the customer; in fact, it draws harmonics in the same proportion as in the
voltage since it has the same impedance at all frequencies. Thus, nonconforming current is
generated by nonlinear loads, time-varying loads and linear loads which have ‘equivalent
impedance’ that depends on the frequency.

Example 2.11 In this example, considering the test system of Figure 2.14 (a), we calculate
conforming and nonconforming currents by applying Equations (2.60) and (2.61). The time-
domain simulation of the system furnishes the conforming and nonconforming harmonic
currents (RMS values) given in Table 2.10 (only harmonic orders h=35, 7, 11, 13 and
fundamental are shown).

From the analysis of the data in Table 2.10 it clearly appears that the nonconforming
current harmonics of the converter are significantly greater than those of the linear load.
However, we should note the presence of nonconforming current harmonics for the linear
load, due to the R-L linear load model adopted in the simulation, and of conforming current
harmonics for the converter due to the presence of voltage harmonics at the PCC (see
Equation (2.60)).

The criterion used for sharing conforming and nonconforming currents (and consequently
attributing responsibilities), and the fact that this sharing involves only current (for all
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Table 2.10 Conforming and nonconforming current harmonics of
the test system in Figure 2.14 (a)

h Converter 1 Converter 1 Linear load Linear load
Conforming  Nonconforming  Conforming  Nonconforming
current [A] current [A] current [A] current [A]

1 27.109 0.000 15.687 0.000
5 0.138 5.499 0.079 0.127
7 0.133 3.795 0.077 0.145

11 0.128 2.215 0.074 0.111

13 0.123 1.734 0.071 0.064

current-based indices), have generated intensive discussion; the influence of the supply
system has also been investigated.

Current sharing discourages customers with linear loads which have ‘nonconforming’
currents. For example, although one may expect only a conforming current when a resistive-
inductive load (linear load) is subjected to background distortions, to the contrary it is
characterized by a nonconforming current because its impedance varies with frequency.
This effect is more critical for linear loads characterized by a significant variation in their
impedance versus frequency.®

Another problem is that the current of a static converter in a supply system without
background distortion has conforming current spectral components, in spite of the fact that
the utility is free of its own distortions, due to voltage drops in the supply system.

In the most general case, it should be noted that the voltage waveform at the PCC
influences the current absorbed by customer loads and, at the same time, it is influenced by
these currents so that, for example, the conforming current harmonics of the customer
(attributed to the utility responsibility) are influenced also by the customer load
characteristics.

A modified conforming criterion based on a virtual current waveform which has the same
harmonic amplitudes of current but the arguments of the voltage was proposed recently. In
this way, the conforming current completely conforms to the voltage at the PCC [44].

The original aforementioned separation current criterion for attributing harmonics was
also proposed for attributing unbalances.

With reference to unbalances, let Vp, Vi, Vz, Ip, T ,,, Iz be the symmetrical components of
the three-phase voltages and currents at the PCC.

The conforming current is the portion of the total current i(¢) at the PCC that retains the
same level of unbalance as the voltage while at the same time accounts for all the positive-
sequence current. It follows that the conforming current has:

e the same positive-sequence /¢, as the total current:

Tep=1, (2.62)

8 In the discussion section of the paper in which this method was proposed [37], a penalty was proposed for capacitive
loads (considered to be loads that amplify distortions) and a credit was proposed for inductive loads (considered to be
loads that attenuate distortions).
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e the negative and zero sequences I ¢y, I ¢, in the same proportion as their counterparts in
the voltage:

Iow _Vn o I W
TCp VP 7 7Cp Vp '

(2.63)

Then, the following relationships define the conforming current in the presence of

unbalances:
- - - [(Vn - [V
Iep=1p, [Cn:Ip(ﬁ>a ICz:IP<V_:)' (2.64)

The nonconforming current is the balance of the current. In terms of symmetrical
components, it is given by the following relationship:

Incpy=0, Incn=1y—1Ich, Inc:= Lz—1Ic.. (2.65)

Starting from the symmetrical components in Equations (2.64) and (2.65), the three-phase
conforming and nonconforming currents can both be obtained easily with the well-known
transformation relationships.

We note that no specific index has been clearly introduced to synthetically quantify
customer and utility responsibilities, but the conforming and nonconforming currents are
considered as a whole and as a starting point for attributing responsibilities.

The second current-based approach (index) tries to evaluate separately the customer
contribution to waveform distortions and unbalances at the PCC [42, 43, 45]. It assumes
that an ideal load is an ‘equivalent linear and balanced load.” This ‘equivalent linear and
balanced load’ is comprised of three identical R-L series circuits with the resistance R and
inductance L values assumed to be constant with frequency; their values are estimated on the
basis of the voltage and current measured at the PCC.

If only waveform distortion evaluation is dealt with, the R-L parameters of the ideal load
are estimated on phase a with the following relationships:

Val Vu] .
R,=— — L,= — 2.66
a Ial COS(|O¢01 ﬂal')v a 27Tfllal Sln(|aa1 ﬁale ( )
where V,; and [,; are the RMS values of voltage and current fundamental components at
phase a, o, and [3,; are the phase angles of the same quantities and f; is the fundamental
frequency. The same method, of course, can be applied to phases b and c.
Once the ideal load parameters are known, an ideal linear current is calculated as:

lar (1) = sin[hwt + (Qan — )] (2.67)

%( \/2 Van

K=1 *“ah

where:

Zan = Zanexp (jou) = Ry + jhwL,.

Then, a nonlinear current for phase a can be calculated as the difference between the
actual and ideal linear currents:

o (1) = ia(t) — iar (). (2.68)
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Finally, the following phase a nonlinear current index is introduced to determine the level of
nonlinearity of a disturbing load:

1,
NLCI, = INL 100, (2.69)

a

where:

Hinax Hinay
InL = \/ Z Inew L= \/ Z I,

h=1 h=1

and where [, ;, is the RMS value of the ith harmonic of the actual current at phase a and I,ny_ 5,
is the same quantity of the nonlinear current.”

In an electrical system with unbalances, values of three different indices such as Equation
(2.69) can be calculated, with the nonlinear currents for phases b and ¢ N (¥), inp()
obtained by applying the same procedure applied for phase a; it is also possible to evaluate
the waveform distortion on a three-phase basis by combining the three different index values
calculated for each phase into a unique index defined as the ratio between the norm of the
vector of the spectral components (RMS) of nonlinear currents i,n (1) (p=a, b, c)
and the norm of the vector of the spectral components (RMS) of the phase currents i,(f)

(p=a,b,c).

Example 2.12 In this example, considering the test system of Figure 2.14 (a), we calculate
the phase a nonlinear current index by applying Equation (2.69). The time-domain simulation
of the system furnishes the NLCI,, values given in Table 2.11.

Table 2.11 Phase a nonlinear current index values of the
test system in Figure 2.14 (a)

Converter 1 Linear load Customer

NLCIL,[%] 26.859 1.148 17.479

From the analysis of the data in Table 2.11 it clearly appears that, as is predictable
theoretically, the phase a nonlinear current index value for converter 1 is much greater than
that for the linear load. If we consider the customer (linear load and converter 1 together), it
can be globally considered as a perturbing equivalent load, but characterized by a lower phase
a nonlinear current index value due to the partial compensating effect of the linear load. The
linear load shows an index value different from zero due to an R-L parallel circuit adopted in
the simulation instead of the R-L series circuit characterizing the ideal load.

It should be noted that the index values are obviously strongly affected by the ideal load
model choice. For example, in the case of a linear load in the presence of background
distortion, the index values are zero (customer not penalized) only if the ideal load model
approaches the actual load model perfectly. If the actual linear load shows a different

° To take into account the effect of the nonlinear current on the voltage waveform, a weighted index defined by the
ratio of I, and the short circuit current (RMS value) was also proposed.
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model behaviour (for example, a resistive-capacitive load), the index values are different
from zero.

Some experiments published in the relevant literature have shown that the index values
have low sensitivity to the network voltage conditions. The choice of linear load model and
the sensitivity of the converter harmonic currents to the supply voltage distortions can
influence the results.

If only unbalance evaluation is dealt with, the three identical R-L series parameters of the
ideal load are estimated on the fundamental voltage and current of the phase characterized by
the minimum current RMS value. Assuming that this is phase a, the following balanced linear
currents are calculated for phases b and c:

V2V
ipL(f) = Z \/Z—hphsm [hwt + (apn — )] P =1b.c; (2.70)
h=1 *a

the supply system is the only cause of their unbalances and distortions.
Then, an unbalanced nonlinear current can be calculated as the difference between the
actual and balanced linear currents:

oL (1) =ip(1) — ipeL(t) p=b.c. (2.71)

The currents given by Equation (2.71) should take into account the extent to which phases
b and c differ from the ideal reference conditions in terms of distortion and unbalances. Then,
if it is assumed that the contribution of waveform distortion on phases b and ¢ can be
eliminated by subtracting the nonlinear currents for phases b and ¢ i,ni.(f) (p=D0, ¢) in
Equation (2.71), the following currents can be obtained, which should take into account
only the unbalances:

ipU(l) :ipUNL(t) — ipNL(t) p = b,c. (272)

Finally, the following unbalance current index is introduced:

2
\/Z.IPU
[0 PR A — (2.73)
2
\/ > I
P

=ab,c

where:

Hinax Hinax

_ E 2 _ E 2
I[’U - IpU.h’ IPNL - IpUNL,h7
h=1 h=1

and 1,y 5 and Iy, are the RMS values of the ith harmonic of currents i,y (f) and ipni.(f).

Some experiments published in the literature have shown that the index value is zero or
nearly zero in the presence of a balanced load and almost constant in the face of supply system
variations. Once again, problems can arise due to the choice of the load model.

2.2.3.2 The load nonlinearity indicator

Initially, let us consider a balanced system in which the voltage and current at the x-x
terminals have nonsinusoidal waveforms.
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The load nonlinearity indicator, LNI, is defined as [40]:

1 [ v(n) — ve(n) .
LNI=,| — _ 2.74
) @74
where N* is the total number of samples in one fundamental cycle, n is the sample code, v is
the measured voltage, V;, is the peak value of v and v, is a reference voltage obtained by
applying the following procedure:

1. Calculate the fundamental components of v and i using Fourier transforms.

2. Calculate the fundamental impedance Z; = Z;exp (je1) =R + jwL of an ideal load
using the fundamental voltage and current components obtained in step 1.

3. Calculate the reference voltage v, using the current i measured at the PCC and the
resistance R and inductance L obtained in step 2; the reference voltage corresponds to the
voltage that the actual current would generate if flowing into the ideal load impedance.

A normalization to the voltage v was also proposed.
Example 2.13 In this example, considering the test system of Figure 2.14 (a), we calculate

the load nonlinearity index applying Equation (2.74). The time-domain simulation of the
system furnishes the load nonlinearity indicator given in Table 2.12.

Table 2.12 Load nonlinearity indicator values of the test
system in Figure 2.14 (a)

Converter 1 Linear load Customer

LNI 0.197 0.003 0.126

From the analysis of the data in Table 2.12 it clearly appears that, as predictable
theoretically, the load nonlinearity indicator value for the converter is much greater than
that for the linear load. If we consider the customer (linear load and converter 1 together), it
can be globally considered a perturbing equivalent load, but characterized by a lower load
nonlinearity indicator value due to the partial compensating effect of the linear load.

The load nonlinearity indicator is calculated for different loading conditions and the
average is used to represent the load.

In an electrical system with unbalances, three different index values for the three phases
can be calculated with the three indicators obtained by applying the procedure outlined
previously then the load nonlinearity on a three-phase basis can be computed by applying
the following relationship:

> LLNI,

LNL, =2 (2.75)

2 b

p=abc
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where I, is the average RMS value of the phase current.

It should be noted that this index refers to voltage rather than current at the PCC; low
values should be assumed in the case of linear loads and high values should be assumed in the
case of static converters, with the above-mentioned problems linked to the ideal load model
chosen. Once again, no index has been proposed to quantify the utility responsibility
explicitly.

2.3 Waveform distortions and voltage unbalances: indices
based on distributed measurement systems

These indices are based on simultaneous multi-point measurements. Two indices are ana-
lyzed below:

1. the global index [49, 50];

2. the cost of deleterious effects index [51, 52].

2.3.1 The global index

This index takes into account both waveform distortions and unbalances.

Let us consider N lines (with loads) connected to the same bus and fed by a utility
supply system (Figure 2.15); the supply system can be either with or without back-
ground distortion and/or unbalance. The lines and supply system terminals are acces-
sible for measurements, i.e. several metering sections MS; are placed on every line and
on the utility’s supply MS,.

ZIZ
n wn
N =

MSy
utility  — . :

<
n

IZI
n
z

PCC

Figure 2.15 Multiple lines connected to the same bus: the case of several metering sections

The supply and loading quality index £y, and the harmonic global index &y introduced
in Section 2.2.2 present some limits in terms of meeting all the requirements needed to be an
exhaustive index for sharing responsibilities between the utility and the customer. The basic
idea of the new global index is to use a proper combination of indices (with the addition of an
extra index) and to perform the measurements on all lines connected to the PCC (both those
feeding the loads and the supply line); the aim of this idea is to compensate for the different
causes that can result in failure of the indices.
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The global index is defined for each line j leaving the PCC as follows:

L 1 k Siqu ko S t ks i (2.76)
S ko j+ks 7 fslq,j ? fHGI,U N W{JE 7 -

where subscript U refers to the utility supply line andj=1,...,N.
The index n" is given by:

GTHD,-
o 2 2.77
"~ GTHD,: ' (2.77)
with:
IZ U2
GTHD;+ :\/2—2 —1, GTHDy- :\/ 2 -1,
I U
241 >+1

where Iy, Us are the collective RMS values of the current and voltage, respectively, and
Is . 1,Us 1 are the collective RMS values of the fundamental, positive-sequence components
of the current and voltage, respectively.'® The index given in Equation (2.77) reflects the
tendency of a load to amplify the voltage into the current distortion because of the presence of
nonlinearity or resonance in the load itself.

The idea of conducting measurements on both the supply side and the lines feeding the
loads derives from some theoretical and experimental evidence that allowed the authors who
proposed the index to say that one may expect the ratios in Equation (2.76) to increase if the
disturbance derives from the customer and decrease if the disturbance derives from the
utility [49].

With reference to the quantities k;j, k»; and k3; in Equation (2.76), their values are
determined on the basis of the following considerations.

From a general point of view, the simplest way to assign k; ;, k»; and k3 ; values is to
consider the global index v; as a simple average of the three ratios in Equation (2.76)
(ki j=ky;=ks;=1). However, experience in the application of Equation (2.76) in several
cases has demonstrated that the three terms can have values that are significantly different
from each other, resulting in their influencing the global index value nonuniformly; as will be
shown, this is due mainly to the different influences of the operating conditions on the value
of each term.

First, it has been noted that the first term in Equation (2.76) should not assume
values significantly far from 1; in this case, wide variations are unlikely and there is no
need to apply any particular criterion in choosing the value of k; ;. Contrastingly, the
second term in Equation (2.76) is very sensitive to load operating conditions (due to the
presence of the fundamental current component in the expression &ygp); thus, high
variations can be expected. This means that, under some conditions, the contribution of
this term is significantly higher than the contributions of other terms, while under other
conditions, the opposite may be true. This consideration created the incentive to tune

Y na p conductor system, the collective RMS value of the vector X (X,...... ,XP)T of the RMS values of the

P
conductor quantities (currents or voltages) is given by Xx \/ 2 1 X/.2 [53].
j y
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the k,; value to the condition to be tested, i.e. the index mean value and the fraction of
rated load absorbed.

With regard to the third ratio in Equation (2.76), it is worth noting that it is also sensitive to
the load operating conditions, but it seems less sensitive than the second ratio. The k3 ; value is
tuned only to the fraction of rated load absorbed.

Finally, the expressions most usually adopted for the &, ;, k> ; and k3 ; quantities of line
Jj are:

ki j=1
’ " N IZ/IZ.
kay j=ky ks ;= T
T oy B/l (2.78)
ji=1 SHGI,U
k37j:k2,j

where the subscript n refers to the rated value.
The authors who proposed the index forecast that:

e when the supply system voltages are sinusoidal and balanced and the loads connected
to the lines are linear, balanced, time-invariant and operating at their full rated power,
the global index v; should be equal to 1, for all j values;

e when the load connected to the jth line is a disturbing load, then the global index
v; should be greater than 1; if more lines have v; greater than 1, the line with the
greatest values of v; should be the most disturbing load. On the other hand, when
the global index v; is less than or equal to 1, the load connected to the jth line
should be disturbed.

Example 2.14 In this example, considering the test system of Figure 2.14 (b), we calculate
the global index values by applying Equation (2.76). Table 2.13 shows the values of the
global index.

Table 2.13 Global index values of the test system in
Figure 2.14 (b)

Converter 1  Linear load Customer Converter 2

vj 1.86969 0.39614 1.06643 1.07521

From the analysis of the results presented in Table 2.13, it clearly appears that both
converters are characterized by 1; values greater than 1 while the linear load is
characterized by a value less than 1, thus clearly identifying the converters’ presence.
The customer (linear load and converter 1 together) can be globally considered a
perturbing equivalent load.

Several tests of the global index published in the relevant literature [33, 49, 50, 54, 55]
have shown its effectiveness in identifying the source of disturbance even though some
critical situations can occur.
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2.3.2 The cost of deleterious effects index

An approach that uses instrumentation to take synchronous and simultaneous measurements
of harmonics at several buses is based on the so-called ‘toll road” model.

In this approach an index &, quantifies the customer responsibility with reference to the
harmonic pollution. It is a function of the stress the customer’s load causes on
network components; in particular, the cost of the deleterious effect is considered the
reference index.

Let us consider a generic component C in a power system; let 7ch be the total harmonic
current flowing in the component. If the component of impedance Z ! ah is connected between
nodes p and ¢, the harmonic current phasor Icp = 1,4, that flows from p to g is given by:

7 7 Vo —=Van  (Zoin—Zgw)Tin + (Zoon — Zgon) o + ... + (Zpsn — Zapan) I
Ch = Ipgh = o = o
Zth quh
=« Clhjlh +a C2h72h +...... +a CMhTMlu (2.79)

where Z,-jh is the (i-j) term of the bus impedance matrix linking the harmonic bus currents to
the harmonic phase voltages. The term il i, in Equation (2.79) represents the contribution
of the ith static converter to the total harmonic current /¢,

The basic idea of this approach is that the nonlinear loads present in the power system are
shared by two groups: a P-group, including the nonlinear loads that cause an increasing value
of Icp, and an N-group, causing a decreasing value. As shown in Figure 2.16, the positive
group is the set of phasors that are in the same half plane as I ¢, and the negative group is in the
other half plane.

Icin

lenn -

Figure 2.16 Qualitative graphical representation of P-group and N-group phasors

The RMS value of the total current Ic, flowing in the component C is given by
(Figure 2.16):

Ich =1pn — Inn = Z I[)lh Z[nlh = Z ICzhCOS Czh eCh +ZICzhCOS Gclh eCh)

i=1 i=1 i=1 i=1

(2.80)
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where:
Ta‘h =1 éihEXP (jeé?—ih)
7Cih =Icpexp (9¢n)
TCh :ICheXp (jOCh).

Remembering Equation (2.79) and Figure 2.16, Equation (2.80) produces this result:

7t 4t T
Iem =acinly
- R 2.81
Lo = el (2:81)
where I}, is the harmonic current phasor injected by the ith nonlinear load with i € P and I;,, is
the harmonic current phasor injected by the ith nonlinear load with i e N.

In the ‘toll road’ model, it is assumed that the cost of the deleterious effects (stress) caused
by the harmonic current /¢, in component C is a function of the square of the harmonic RMS
value; more precisely, the cost of the deleterious effects due to harmonic currents is expressed
as a function F of the sum of the squared weighted harmonics:

Eeae =F ( Z Wiléh> ’ (282)

h#1

where w;, is a weighting factor that is dependent on both the harmonic order and the
component’s characteristics. However, as is well known, this is not a general rule, but
Equation (2.82) can be considered to provide reasonable approximations for several problems
associated with harmonics [52].

Then, for only the harmonic of order 4, Equation (2.80) is squared to obtain:

P 2
1(22h = (le,h —Zlmh> lZICthOS eCzh — GCh +Z[C ihCOS 9Ch eCh)‘|

i=1 = i=1

N 2
= E :aCIhIzhCOS( Cih eCh E Qcin zhCOS Cih 9Ch) :
i -

=1

(2.83)

The analysis of Equation (2.83) shows that the ith nonlinear load contributes to the overall
detrimental effect due to the harmonic of order 4 with distinct types of contributions, i.e.
individual contributions and joint contributions. The individual contributions are
[a‘&hlmcos (Qah — HCh)] (for a P-group nonlinear load) and [aclhl 1hCOS (9Clh GCh)]z (for
an N-group nonlinear load); this kind of contribution can be allocated easily to the corre-
sponding nonlinear load. The several other joint contributions in Equation (2.83) involve two
different nonlinear loads (a couple of P-group loads or a couple of N-group loads or, finally,
one P-group load and one N-group load); it is apparent that the allocation of these joint
contributions between the associated nonlinear loads is less immediate. The author who
proposed the ‘toll road” model has analyzed different options (the joint term is divided evenly
between the loads, proportionally with the harmonic current contribution and proportionally
with the harmonic current squared) and has concluded that the current-squared criterion
yields the most equitable division of the joint contribution [52]. So, for example, the joint
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contribution 2,1, (j # 1) in the first part of Equation (2.83) can be shared between loads i
and j of the P group in the following manner:

15 2
2Upindpjn 5L for load i, 2Ll

2
1 pih p/h

2 for load j. (2.84)
pih pjh

Using this sharing criterion, trivial manipulations of Equation (2.83) produce:

I8, = Anlpy + Bulyy,, (2.85)
with:
Ipnl
Ap=By=1-2 """ (2.86)
Iy, + 1y,
and:
P 2 P P 2,
2 i
i=1 i=1 i= j=1,j#i "pih pjh
. 5 N 2 (2.87)
112\/h = (Zlnih> <Z‘]mh> Z ( n Tt 21, Z e 1h[ nJh)
i=1 i=1 Jj=1,j#i nih njh

Eventually, the contribution of the ith nonlinear load of the positive (negative) group to
the overall detrimental effect due to harmonic of order £ is given by Ay, plh(BhJﬁih).

This procedure has been applied numerically in the relevant literature to share the cost of the
additional losses caused by harmonics in the transformer feeding an electrical distribution system
[55]. It has also been applied to share the cost of mitigation equipment installed by the utility (in
particular a passive filter) among the users that cause the harmonic pollution [51]. In this case itis
assumed that the rating of the passive filter depends on the filter harmonic currents squared and
that the filter cost is divided according to the current contribution of each individual nonlinear
load; this contribution is obtained following the procedure described previously.

The application of the ‘toll road” method requires knowledge of the harmonic impedance
matrix terms; such knowledge can be either a priori or obtained by measurements for some
elements. Moreover, it requires the measurement or estimation of harmonic current phasors at
different points in the electrical system under study. A harmonic state estimation can be
performed in order to estimate the harmonic quantities needed for the application of the
method; a multi-point measurement system that is synchronized with a unique common
trigger signal (e.g. a GPS signal) should be employed. If synchronized measurements are
not available or are considered significantly too expensive, single-point independent mea-
surements can be substituted; the author who proposed the ‘toll road” method showed that in
these cases it is possible to divide the cost of harmonic pollution among the nonlinear loads in
a fair manner, using single-point measurements based on the following indices [51]:

1/2 1/2
1. the harmonic apparent power : Sy =3Vylgy =3 (h§l Vf) <h§1 12) ;
2. the harmonic active power Py;
3. the total harmonic current squared / 2 - and

4. the nonfundamental apparent power Sy = 3\/ (VIIH)2 + (Vul 1)2 + (VHIH)2 squared.
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Numerical applications have shown that the most adequate index seems to be the non-
fundamental apparent power squared index [51].

In the literature, an extension of the °‘toll road’ method to unbalanced power
systems has also been proposed [54, 55]. In addition, other approaches based on a
sharing criterion such as the one reported in Figure 2.16 have been published [56, 57],
for example to share responsibilities among customers for the harmonic voltages at a
given point of a network.

2.4 Voltage fluctuations

Except for a few cases, the index taken into account in the literature to assess responsibility
for voltage fluctuations is the classical short-term flicker severity index Py (see Section 1.3.4
in Chapter 1); more precisely, a percentile value obtained from the cumulative probability
function (for example, the 99th percentile) is used.

The main problem considered is the calculation of how much an individual fluctuating
customer contributes to the overall flicker level and how much the utility itself contributes to
it, assuming that the flicker emission level from a fluctuating load is the flicker level which
would be produced in the power system if no other fluctuating loads were present. The flicker
emission level for the fluctuating load at the ith bus is synthetically quantified using the short-
term flicker severity index which we will denote Pg;. The problem of identifying and locating
the flicker source has also been analyzed in depth.

Several approaches have been proposed in the literature either for sharing responsibilities
or for identifying and locating the flicker source [47, 58 72]; they, refer mainly to arc
furnaces as the flicker source. In the next sections, the following will be presented:

e an approach based on the correlation between flicker and load power;
e an approach based on Gaussian probability functions;

e summation law-based approaches;

e voltage-based approaches;

e voltage and current-based approaches;

e power-based approaches;

e asimplified approach.

2.4.1 An approach based on the correlation between flicker level
and load power

Let us consider some arc furnaces working in the vicinity. Both the flicker level and the power
of each load are simultaneously measured.

The method is based on determining the time intervals when each arc furnace is working
alone; these situations can be obtained by analyzing the continuous measurements on each arc
furnace. This might be a reliable method to assess flicker level, but it requires time-consum-
ing measurements in order to assess the flicker levels for each arc furnace. In the literature, an
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experience was reported in which several weeks were necessary to obtain a reliable assess-
ment of the flicker emission level for a given arc furnace [58].

A long measurement interval can also increase the risk of network topology changes
with consequent short-circuit level variations at the PCC. If the short-circuit power
levels corresponding to each flicker value were known (and reliable), the results could
be processed and related to the same reference short-circuit power levels (see
Section 2.4.4).

2.4.2 An approach based on Gaussian probability functions

The method is based on the assumption that the short-term flicker severity indices at the PCC
with and without the considered fluctuating load (P ; and Py, », respectively) are Gaussian
independent random variables [65]. It is also assumed that:

Py = Pgi1—Pgip. (2.88)

From all the assumptions, the result is that Pg; is also a Gaussian random variable whose
mean y; and standard deviation o; are given by:

W=l —

2.89
O','Z\/O’%-i-O'% , ( )

where p;, 11, and o, 0, are the means and standard deviations of the Py, ; and Py, Gaussian
probability density functions (pdfs), respectively.

This approach is not without its problems either. The first problem is linked to the
approximations that can be derived from the assumption made in Equation (2.88), as will
be shown in Section 2.4.3. In addition, the hypothesis of Gaussian pdfs may not be valid,
mainly when dominating fluctuating loads are present.

Another problem is that we are interested in percentiles derived from Py, probability
functions. If the actual distribution does not fit a Gaussian distribution perfectly, the emission
level assessments obtained with this method may be very different from the actual values due
to the unavoidable inaccuracies that can exist in the 95th and 99th percentile regions of the
distribution functions.

In addition, we have to consider the influence of changes in the operating condi-
tions of the utility system with and without the considered fluctuating load, and that
this method can require a significant number of Py measurements in order to obtain
reliable results.

2.4.3 Summation law-based approaches

IEC 61000-3-7 2008 [47] introduces the following relationship to obtain the short-term
flicker severity index values caused by several fluctuating loads:

Py = "\1/ > P, (2.90)
J

where Pg; is the contribution of the jth fluctuating load. The same relationship is suggested
for Py, (see Section 1.3.4 in Chapter 1).
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The coefficient m in Equation (2.90) can assume the following values:

e m=1, when there is a very high occurrence of coincident voltage changes;

e m=2, when coincident fluctuations are probable, for example coincident melts on arc
furnaces;

e m =73, when the risk of coincident voltage changes occurring is small (the majority of
studies combining uncorrelated disturbances fall into this category);

e m=4, when simultaneous fluctuations are very unlikely.

It should be noted that experimental results on arc furnaces published in the literature have
shown that the summation law that best fits measurement results also depends on the
percentile chosen for limiting purposes. In particular, the cubic law generally gives conser-
vative predictions. As an example, in the case of two arc furnaces, it has been shown that for
percentiles > the 95th percentile, there is practically no summation and the flicker level is
caused almost entirely by the most disturbing fluctuating load.

The summation law given in Equation (2.90) has also been suggested to evaluate the
short-term flicker severity index values of a fluctuating load in a utility with an existing
background disturbance level due to the presence of other disturbing loads [60, 65]. It has
been assumed that m =3, so that the P; value is calculated as follows:

3
Py = \/Pgti,l - PSzi,Z’ (2'91)

with Pg;; and Pg;, being the flicker levels at the PCC with and without the considered
fluctuating load.

Once again, a problem in the application of the summation law given in Equation (2.91) is
due to the above-mentioned fact that the measurements at the PCC with and without the
considered fluctuating load are not performed simultaneously, so the results are influenced by
changes in the operating conditions of the network and/or other fluctuating loads. Moreover,
attention should be paid to the use of the coefficient m =3 for all disturbing loads.

2.4.4 Voltage-based approaches

These methods require the measurement of the voltage waveforms in two different busbars.

The original method was based on the consideration that the flicker is linked to voltage fluctua-
tions, so that it is possible to apply the superposition principle to the voltage fluctuation sources.

The circuit configuration shown in Figure 2.17 is considered the reference, where the
impedance between busbars i and j is assumed to be known; typically, it is assumed to
represent the impedance (practically, the reactance) of the HV/MV transformer supplying the
customer installation, typically an arc furnace.

The method consists of evaluating the flicker related to the difference in voltage fluctua-
tions in the two busbars i and j, because this is considered to be an ‘image’ of the flicker
emission level related to the known chosen reference impedance.'!

"' In practice, the flicker level so obtained has to be considered the level due to the voltage changes caused by the
customer loads on the reference impedance.
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Figure 2.17 Circuit configuration for voltage-based approaches

The flicker emission level so obtained, Py . is related to a chosen reference
impedance (e.g., the reactance of the HV/MV transformer) and then to a reference
short-circuit power; so Pg s has to be transposed to the actual or contractual short-
circuit power at the PCC in order to obtain the necessary final value of the flicker
emission level.

The following relation can be used to obtain the flicker emission level at the PCC, if
resistances are neglected:

Pst(HV) = &Pst.refa (292)

X,‘j '
where X, is the short-circuit reactance of the HV supply system and Xj; is the HV/MV
transformer reactance [66].

Actually, experimental results have shown that in some cases the reactance that
should be used in Equation (2.92) is lower (and the corresponding short-circuit power
greater), due to the voltage dependence of the loads in the supply system. To overcome
this problem, a proposal was made to substitute the reactance X, in Equation (2.92)
with an empirical ‘virtual network reactance’ X < X,, so that Equation (2.92)
becomes:

*

Pst(HV) - ﬁpstﬁref- (293)
Xij

The ratio X} /X;; in Equation (2.93) can be obtained by plotting the measured Py (HV)
values against the Py ¢ values obtained with the proposed method; a plot such as that shown
in Figure 2.18 is obtained, in which the straight line approximates the lowest levels of the HV
flicker level, which most probably correspond to situations involving no other fluctuating
loads at the PCC other than the one under study; the slope of this line should indicate the
desired ratio [66].

It should be noted that additional measurements on actual plants are needed to verify that
Equation (2.93) is conclusive. Difficult cases, tested experimentally, generated problems in
identifying the best ratio to take into account; for example, in some cases a greater reactance
was determined experimentally (i.e. a lower short-circuit power). In addition, active power
variations, mainly when the reactive ones are well compensated with proper devices, can
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Figure 2.18 Qualitative values of the flicker level Py (HV) versus the P s values

influence the flicker emission level, with the consequence that the above method, which
concentrates on fluctuations across the reactance of the transformer, must be improved.

Once Equation (2.93) has been obtained, a further step may be necessary in order to relate
the flicker level to the contractual short-circuit power, i.e. the value that is used as the
contractual reference in the flicker emission assessment. One suggestion for effecting the
transposition has been to multiply Equation (2.93) by the ratio between the short-circuit
powers corresponding to the actual operating conditions and the contractual condition.

Another approach (the voltage-drop approach), based on a known reference impedance
and the simultaneous measurement of the voltage waveforms v,(f) and v(¢) at busbars 7 and j,
respectively, allows the calculation of the flicker emission level Pg; on the basis of the
following procedure [67]:

1. the voltage waveforms v,(f) and v;(f) are reported in per-unit values using the RMS
value over ten minutes as the reference value;

2. the voltage fluctuations Av;(#) = v{(t) — v(t) on the reference impedance (once again,
usually the impedance of the transformer feeding the customer, which is almost purely
reactive) are calculated in the time domain;

3. the voltage fluctuations Av;(f) are subtracted from an ideal sinusoidal voltage source
with amplitude equal to 1 p.u. and with the same argument as the measured voltage at
bus j;

4. the resulting waveform in step 3 is assumed to be the input voltage for the flickermeter
to calculate the P value.

The calculated Pg; value is the emission level of the customer related to the chosen
impedance (in practice, an inductance). Then, the transposition procedure is applied to obtain
the final flicker emission level with reference to the contractual short-circuit level.
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The procedure involves some approximations. The most significant ones are in neglecting
the phase shift between the source and the PCC voltage (in fact, in step 3 the source sinusoidal
voltage has the argument of the voltage at bus j) and in assuming as reference impedance the
transformer impedance, which is almost purely reactive; this second assumption results in only
reactive power variations being visible even though active variations exist and cause voltage
fluctuations on the supply system resistance, thus influencing the emission level at the PCC.

2.4.5 Voltage and current-based approaches

Several methods have been proposed based on the simultaneous measurement of both voltage
and current waveforms. Generally, they do not require a known impedance.

The first method requires the measurement of the voltage waveforms v;(7) at the PCC and
of the load current i,(¢) at bus i. This method calculates the flicker emission voltage at the PCC
ve(?), i.e. the voltage waveform at the PCC if the only fluctuating load in the power system is
the fluctuating load at bus i. Once known, this voltage can be used as the input to a flickmeter
to obtain Pg; values.

To obtain the voltage v.(7) the following procedure is suggested [67]:

1. The measured load current i;(f) at bus i and voltage vi(?) at the PCC are used to obtain a
reference voltage source v*(¢) that takes into account the measured voltage at bus j and
the voltage drop caused on the supply system resistance R, and inductance L, due to the
current at bus i:

di; (¢
V(1) =v;(t) + Ruii(1) +Lu%. (2.94)

2. The following sinusoidal voltage source, free of disturbances and having the same

argument as the fundamental of the voltage v*(¢) in step 1, is calculated:

vie(t) = %Ufsin(wt + ). (2.95)

The voltage in Equation (2.95) is an ideal voltage source, with U; the nominal or
reference voltage.

3. Finally, the voltage v.(¢) is obtained using the following equation (Figure 2.19):
di,‘([)
dr -

ve(t) =VI(1) = Rais(t) — Ly (2.96)

ii (t)

D

var(t) ve(®)

Figure 2.19 Circuit configuration for the voltage and current-based approach
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It should be noted that, thanks to Equations (2.94) and (2.96), better consideration of the
actual phase shift between voltage and load current is made (both reactive and active load
power demands are taken into account); in fact, the sinusoidal voltage source has the
argument of the fundamental of the voltage v*(7) instead of the argument of the voltage at
bus j.

This approach is suggested when active power fluctuations are not negligible (compared
to the reactive ones) and/or when the supply system resistance is not negligible.'?

Example 2.15 This example is taken from [67] and has the aim of comparing the flicker
emission levels obtained by applying the voltage-drop (VD) approach presented in Section
2.4.4 and the first voltage and current (VI) approach presented above in this section. The
considered disturbing load is a 140 MV A DC arc furnace compensated with a 60 MVar Static
Var System.

Table 2.14 shows the 99th percentile of Py as calculated by both methods. The VI method
shows a greater value of the index.

Table 2.14 Py g9 values for the VD and VI
approaches

VD Approach VI Approach

Pyioo 0.86 1.16

It should be noted that the difference in the index values is due to the fact that, in the VD
method, the reference impedance is almost purely a reactance, so the presence of active power
variations is hidden; in fact, if only the reactance is used in the VI approach, similar results
can be obtained for both methods.

A second approach that requires the measurement of the voltage waveform v;(7) at the
PCC and of the load current i;() at bus i has the aim of assessing both the flicker level P, and
the background flicker coming from the utility [64]. This approach assumes that the customer
is responsible for fluctuations correlated with its current, with the utility impedance being
the correlation coefficient. The ‘background’ voltage is calculated as the difference between
the actual measured voltage at the PCC (including fluctuations due to the utility and due
to the customer) and the voltage variations that the customer load causes on the supply
system impedance.

Examples have shown that the proposed technique is useful for separating the
flicker caused by the customer and the flicker present in the background; attention
must be paid to situations in which, even though the customer is responsible for
virtually all the flicker measured at a site, occasional background events occur
which, if not identified properly, could significantly influence the flicker attributed to
the customer.

'2 In the literature it is evidenced that neglecting the resistance R can cause significant errors when the active current
variations are important and/or when the network impedance angle is < 85°. In fact, if we remember the well known
voltage drop relationship AV RI cos¢ + XI sing (¢ is the current argument) and we neglect the resistance R, we
have an underestimation or an overestimation of the voltage drop.
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A further voltage-current approach (the V-I slope method) was proposed recently in the
literature, with the only aim being to detect the flicker source [70]. In fact, as previously
mentioned, one can only take suitable measures to mitigate the problem of sharing the
responsibility when the flicker source is well identified.

Let us consider the simple situations depicted in Figures 2.20 (a) and (b). In Figure 2.20
(a) a source of flicker is supposed to be upstream from the measurement section x-x while in
Figure 2.20 (b) the source is downstream from the measurement section.

X-X measurement X-X measurement
section section

Supply System Supply System

Load i Load
Impedance Impedance

Fluctuating load Fluctuating load

(a) (b)

Figure 2.20 The V-I slope method (a) upstream flicker source; (b) downstream flicker
source

In the case of Figure 2.20 (a), the current measured at the x-x section decreases as the
measured voltage decreases, since the voltage supplies the load impedance. Contrastingly, in
the case of Figure 2.20 (b) when the measured current increases, the voltage decreases.

The above-mentioned considerations can be expressed graphically (Figure 2.21),
where only the case of a flicker source upstream from section x-x is shown for the sake
of simplicity.

Once the voltage and current have been measured and the data have been plotted as in
Figure 2.21, a positive slope is indicative of a flicker source that is upstream from the

Vrms

»
»

Irms

Figure 2.21 Qualitative RMS voltage versus RMS current in the case of an upstream source
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measurement section while a negative slope is indicative of a flicker source that is down-
stream from the measurement section.

Simulation and experimental results have shown the ability to detect the source location in
cases of both cyclic and random flicker. Further experimental verification should be con-
ducted to consider the simultaneous presence of flicker sources upstream and downstream
from the measurement section.

Additional methods based on voltage and current measurements have been proposed for
attributing responsibilities. For example, a method was proposed in which the low-frequency
fluctuations were decomposed into voltage and current phasors, and the fluctuations where
the voltage and current phasors were in phase were attributed to the utility whereas the
fluctuations where the voltage and current phasors were out of phase were attributed to
customers. Another approach solves the problem of flicker level sharing among several lines
connected to the same bus by transforming the measured load currents into voltage drops [63].

2.4.6 Power-based approaches

Two approaches will be presented within this section. The first is based on the interharmonic
power direction [68] while the second introduces a new index, the flicker power [69, 71, 72].
Both approaches give information about the identification of the flicker source.

The interharmonic power direction method starts from the well-known consideration that
a correlation between flicker and interharmonics exists. In fact, as is well known, if inter-
harmonics exist, the waveform RMS can fluctuate and this can cause flicker. On the other
hand, if a waveform causes flicker it can produce interharmonics. The method requires
knowledge of voltage and current waveforms, but it does not require any knowledge of
impedance.

The proposed algorithm for locating flicker source, in some cases, can be more robust in
identifying the disturbance source than the techniques based on the harmonic active powers
shown in Section 2.2.2 (for the harmonic source identification), since generally the inter-
harmonic frequencies change as the operation of the disturbing load changes (see the
interharmonics generated by variable frequency drives), so that it is uncommon for two or
more interharmonic-producing loads to generate the interharmonics at the same frequencies
(and, as such, be characterized by the same interharmonic power) and at the same time. This
consideration does not apply to the flicker produced by arc furnaces.

The method is based on the following steps:

1. Apply the Fourier algorithm to the current and voltage waveforms at the PCC and store
the interharmonic components that have the maximum magnitude."?

2. Calculate the active power of the stored interharmonic(s).

3. Identify the flicker source on the basis of the interharmonic power sign; a negative
interharmonic power indicates an interharmonic (flicker) source since it is assumed that
a customer producing interharmonic power can be identified as an interharmonic
source and, consequently, as a flicker source.

'3 Interharmonics can appear in pairs; in such cases, store the two dominant ones.
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The method has been tested, with encouraging results, using simulations on a motor with
fluctuating load and using field tests on a variable frequency drive. However, the approach, as
previously described, is not effective in detecting some flicker sources and might require
more tests (particularly in systems with several sources of flicker), mainly to ascertain the
measurement problems that may occur in the presence of low-amplitude interharmonics.

Example 2.16 In this example the flicker source was identified using the interharmonic
power direction. The injection of interharmonics is due to a 4 MW fluctuating R load (FL1)
connected to a 20 kV, medium voltage busbar that also feeds a constant R-L load (P =5 MW,
cos(¢) =0.9). A time window length of 1s was used. The main interharmonics are at the
frequencies fi,; = 40 Hz and f;,, = 60 Hz.

Table 2.15 shows the values of the powers of the interharmonics, the signs of which help
to correctly locate the flicker source.

Table 2.15 Interharmonic active powers

FL1 R L Load
Pini [W] 101.606 15.332
Pino [W] 120.257 34.169

Example 2.17 In this example the simulated circuit is the same as in Example 2.16 but an
additional interharmonics source due to a 3 MW fluctuating R load (FL2) has been added at
the MV busbar. The main current interharmonics in the waveforms at the line feeding FL1
and at the line feeding the static load are at the frequencies f;;,; = 40 Hz and f;;,, = 60 Hz while
the main current interharmonics in the waveforms at the line feeding FL2 are at the
frequencies f;,; = 42 Hz and f;,, = 58 Hz.

Table 2.16 shows the values of the powers of the interharmonics, the signs of which help
once again to correctly locate the flicker sources.

Table 2.16 Interharmonic active powers

FL1 R L Load FL2
Py [W] 110.152 15.174 68.502
P [W] 140.106 33.79 84.341

The second approach is based on the introduction of a new quantity: the flicker power
index. This approach starts from the considerations that (i) the fluctuations in voltage and
current at the PCC can be considered as amplitude modulation of the fundamental frequency
component and (ii) the low-frequency fluctuations (i.e. the envelopes) of the voltage and
current have opposite signs in the presence of a downstream source while, in the presence of
an upstream source, the fluctuations have the same sign (Figures 2.20 (a) and (b)). The
voltage and current fluctuations can be used properly to calculate the flicker power, the sign
of which gives information about the location of the flicker source. (A negative sign indicates
a downstream source while a positive sign an upstream source).
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Figure 2.22 Flow diagram for the flicker power calculation

To better explain the steps of the approach, let us refer to the flow diagram in Figure 2.22.

First, the sampled input signals are demodulated (square demodulation), creating a
new spectrum in which the low-frequency signal can be recovered and separated from
the fundamental (e.g. 50 Hz) carrier. Two filters are then used, the first being the
flicker sensitivity filter, the transfer function of which is defined in IEC 61000-4-15
[73]; the second filter is used to further attenuate the waveform components outside the
flicker frequency window. The obtained filtered voltage m,(f) and current m;(¢), which
indicate how an ‘average human’ responds to flicker, are multiplied to obtain the
instantaneous flicker power:

pr(t) =my (1) mi(1), (2.97)
then, the mean value of pg(?) is calculated to obtain the desired flicker power:
T
Pr= % JpF(t)dt, (2.98)

0

where T is the integration window, chosen to be 1s or 2.

The power sign in Equation (2.98) furnishes an indication of the direction of flicker
power. A positive sign indicates a direction from the utility to the customer, and a negative
sign indicates a direction from the customer to the utility. If the power is correctly evaluated,
it can help to identify the dominant source.

Recently, an advanced version of the method was proposed, with the aim of
improving the calculation of flicker power by introducing an envelope demodulation
instead of using square demodulation; additional discussions were included concerning
the summation criteria of flicker power in a power system bus and concerning the
working region for estimating the flicker power. In particular, envelope demodulation is
used to overcome a drawback of the square demodulator which introduces additional
low-frequency components within the flicker frequency range that are not negligible in
the current signal, making the flicker power superposition unreliable. Thanks to the
improved demodulation process, the magnitude of flicker power can be calculated
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correctly so, if we consider a bus with more outgoing lines feeding flicker sources, a
line with lower flicker power magnitude contributes less to the resulting actual flicker
level at the considered bus.

The proposed method has been tested with simulations and in field tests. The authors who
proposed this approach acknowledged that it can give false detections, for example when
measuring a constant-power load. In this case, the decrease in the voltage due to an upstream
flicker source will result in an increase in the value of the load current, thereby causing a
misinterpretation. In addition, the authors showed that, if the fluctuating load characteristics
differ, there will be a flicker power cancellation effect. In any case, we think that the link
between the flicker power and the flicker emission level introduced in the previous sections
should be researched and clarified.

2.4.7 A simplified approach

This method is based on the assumption that an indication of the emission level of a
fluctuating load connected to the secondary side of a transformer can be given by the value
of the short-term flicker severity Py index calculated directly at this side [67]. The assumption
is that the contribution of background flicker at the primary side to the overall flicker level at
the secondary side bus can be neglected, especially when the 99th percentile of Py is taken
into account.

Once the secondary side (SS) flicker emission level is obtained, it must be transposed at
the primary side (PS) of the transformer where the emission limits are usually specified. This
can be accomplished with the following relationship:

Py (PS) =

S
=2 Py (SS), (2.99)
Ssc,B
where Ssca and Sscp are the short-circuit power at the secondary and primary sides,
respectively. The relationship (2.99) was also applied directly to the 99th percentile
calculation.

2.5 Voltage sags

For voltage sags the research interest has concentrated on the source side identification more
than on the proposal of new indices for sharing responsibility, since the probability is very low
(near zero) that a disturbance occurs on both sides simultaneously; in practice, in the case of
voltage sags, the responsibility assessment coincides with the side localization of the dis-
turbance source.

Some contributions have been published with the aim of proposing methods that can be
used to find the source in all electrical systems (including one-source systems) and using the
data obtained at one measurement section. Criteria based on the following will be presented
[74 80I:

e disturbance power and energy approach;

e slope of the system trajectory approach;
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e resistance sign approach;
e real current component approach;

e distance relay approach.

Usually, these methods locate the sag upstream or downstream from the monitored bus
using the pre-event power flow direction. Upstream (downstream) is the region against
(following) the power flow.

2.5.1 Disturbance power and energy approach

The disturbance power DiP(¢) is the difference between the instantaneous power delivered to
the load during the fault pg(f) and during normal steady-state conditions p,(¢) [74]:

DiP(t) =pr(t) — pa(1). (2.100)

The disturbance energy, DiE, is the integral of Equation (2.100) over the disturbance
event duration. DiE indicates the change in the energy flow.

This method assumes that less power (and energy) is delivered to the load during the fault
(faults act as energy sinks), so that information about changes in DiP(¢) and DiE can help in
making a decision about the origin of the sag. This method was also proposed for capacitor
switching origin detection. (When a capacitor is switched on, energy is supplied in order to
charge the capacitor).

The results obtained by applying DiP(f) and DiE do not always agree; obviously, this
reduces the robustness of the method and introduces a degree of uncertainty in the source
identification. Moreover, attention must be paid when the disturbance energy at the end of an
event does not have a large enough value to detect the origin with some certainty. Then, the
following ‘heuristic’ rules are suggested to locate the disturbance source once the disturbance
power and energy have been calculated:

1. The final value of DIE is greater than or equal to 80% of the peak excursion of DiE
during the event. If the final value of DiE is positive (negative) the disturbance source is
located downstream (upstream). In this case, if the polarity of the initial peak of DiP
agrees with the polarity of the final value of DiE, we can conclude that a high degree of
confidence can be associated with the selected origin. A lesser degree of confidence
arises when the polarities do not match.

2. The final value of DiE is less than 80% of the peak excursion of DiE during the event.
The energy test is inconclusive and, in this case, the disturbance direction is determined
on the basis of the polarity of the initial peak of DiP.

2.5.2 Slope of the system trajectory approach

Let us consider a two-source system, the equivalent circuit of which is shown in
Figure 2.23.

In Figure 2.23, as an example, a downstream fault switching on the resistance Ry is
simulated. V,, and I are the measured voltage and current while VI, Zu are the equivalent
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Active power-flow

Figure 2.23 Equivalent circuit for sag source detection

parameters for the system upstream from the measurement section (with respect to the
direction of the fundamental active power); the meaning of other symbols is trivial.
Assuming the parameters on the left (healthy) side of the x-x section are unchanged before
and after the switching, we can write:

V=V, - ZEV, — (R, +jX)I. (2.101)

Multiplying by the complex conjugate of the current in Equation (2.101), extracting the
real part and dividing for the RMS value of current I, gives us:

Vcos (02) = —RyI + VYcos(0;), (2.102)
where 6, (6;) is the phase difference between Vi (V) and 7.

As cos(02)>0, we have V,.cos () = |V .cos(6a)]. If cos(6;) does not change greatly
during the disturbance, one can imagine that the line fitting a set of points (|Vy.cos(62)], I)
measured during the voltage sag has negative slope. On the other hand, if the fault is
upstream, a relationship similar to Equation (2.102) can be derived, but one can imagine
that the line fitting the points (| V,,cos (6,)|, I) has positive slope. The above-mentioned slopes
can be used in the detection of the voltage sag location.

Moreover, it has been demonstrated that the same conclusions usually arise if we leave
out the assumption that cos () does not change much. (During the disturbance, the current
argument may change significantly [75].)

This method also introduces an auxiliary rule: if a reversal in the active power direction is
detected during the sag, the certain conclusion is that the voltage sag is upstream; this is an
auxiliary rule to be considered together with the slope check to give more reliable sag-source
detection.

However, as the authors state, the method is empirical and it is difficult to assess its
application range.

2.5.3 Resistance sign approach

Let us refer once again to Figure 2.23, in which the right side represents the customer
installation (Z * + Z ** =Zc) while the left side represents the utility supply system.
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Before and after a fault at the customer side, we obtain:
N _T . o — — _T . — —
V=V, = Zdpie;, Vo +AVN =V, — Zu(IpﬂC + AlL), (2.103)

where Tpfﬁc is the value of the current 7 before the fault at the customer side.
With trivial manipulation of Equation (2.103), we get:

: AV;
= ——. 2.104
L= (2.104)
Before and after a fault at the utility side, one obtains:
Ve —Zelpiu=Ve, Vet AVy—Zc(lypu + AL) =V, (2.105)
where Iy is the value of the current I before the fault at the utility side.
With trivial manipulation of Equation (2.105), we get:
. AV,
Ze=—=-. 2.106
=T (2.106)
Since the real parts of the impedances are always positive, and assuming:
. AV
Ze=—, (2.107)
Al

we can deduce that:

e ifReal (Z.) < 0, the impedance (multiplied by — 1) is the utility impedance and the fault
is on the customer side;

e ifReal (Z.) >0, the impedance is the customer impedance and the fault is on the utility
side.

However, the authors who proposed this method reported that some false detection can
occur if the during-event cycle is selected too close to or too far from the pre-event cycle [79];
this is because the estimated impedance would vary during the event. A least-squares method
is proposed to obtain greater robustness. This method requires knowledge of the voltage and
current during N cycles.'* The fundamental frequency positive-sequence voltage and current
are used.

The relationships linking voltages and currents, expressed in real and imaginary compo-

nents, are:
ViV =Vt 3V = (R4 X0 (1 + 1) 2108
VR 4 3VE = VER VI 4+ (Re + jXo) (IR +iT), ’

with trivial meaning of symbols.

4 Most PQ instruments provide three cycles or more pre disturbance and post disturbance data. As a result, N is
typically greater than 3.
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Extending Equation (2.108) to the N cycles measured during the voltage sag event, the

results are:

(VD]

LV (V) ]

IR(1)

LI'(N)
[ 1%(1)

LI'(N)

I¥(N)

1]

(2.109)

Rc
Xe
VTA,I
c

By solving Equation (2.109) using a pseudo-inverse, greater robustness can be obtained.
The following procedure is then suggested to detect the sag source:

1. Measure the fundamental frequency positive-sequence voltage and current at the PCC

for N cycles.
2. Solve:

IR (1)

I'(1)

(2.110)
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3. If the resistance signs in both parts of Equation (2.110) are coherent, a positive
(negative) sign indicates the source to be on the utility (customer) side. No conclusion
can be drawn if the signs are opposite.

The authors who proposed this method discussed at length the influence on the reliability
of the identification process of those loads with quite different responses to linear loads [79].
For such cases the method was improved by taking into account the transient characteristics
of the loads. The active power change AP with respect to its pre-fault disturbance value is
monitored, so that the voltage and current to be used in Equation (2.110) are selected
properly: if AP has only one sign then the cycles are selected on the basis of the whole sag
duration; if AP changes sign, we select the cycles until the AP change happens.

The method has been tested with simulation results, field waveforms and experimental
results. A simplification of the method, which leaves the reactances in Equation (2.110) from
the unknowns has also been proposed; the resulting formulation is similar to that obtained in
the method based on the slopes of lines, shown previously.

2.5.4 Real current component approach

This method investigates the phase angle difference 8, between the voltage and current at the
measuring section when the sag begins. If the real current component Icos(6,)> 0 at the
beginning of the sag, then the fault is assumed to be located downstream; if Icos (6,) < 0, then
the fault is assumed to be located upstream [77]. The method has been applied for symme-
trical and asymmetrical faults and for one-source and two-source systems.

2.5.5 Distance relay approach

In this method the detection of the voltage sag source is accomplished by using the observed
impedance and its angle before and after the sag [78]. These quantities are estimated using
voltage and current phasors at the measuring section.

The key idea of this method is the consideration that, for an upstream fault, the current
direction is reversed and the resultant observed impedance changes in both amplitude and
angle. The following rule is then applied to locate the source: if the amplitude of the
impedance during the sag is less than the pre-sag amplitude and simultaneously the impe-
dance sag angle is positive, then the sag source is downstream (in front of the measurement
section), otherwise the sag is located upstream. This method has been applied for various
systems.

It should be noted that the methods presented in Sections 2.5.1 to 2.5.5 have been
compared in a paper using a simulated network including radial and meshed systems (see
Example 2.18) [80].

Example 2.18 This example is adapted from information given in [80] and the authors
thank the IEEE for granting permission to use this material. The example has the aim of
comparing the results obtained from the application of all the methods presented for voltage
sag detection. The monitored section is at the boundary between a 220 kV transmission
system and a radial 138 kV subtransmission system. Six fault points (FP1 to FP6) have been
considered, i.e. one at the subtransmission system to simulate a downstream event and five at
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the transmission level to simulate upstream events. Both three-phase and single-phase short
circuits have been simulated. The loads are represented as constant impedances.

Tables 2.17 and 2.18 show the results obtained for symmetrical and asymmetrical faults,
respectively.

Generally, the methods perform better in the case of three-phase faults; less
accurate behaviour appears in the case of single-phase short circuits. In [80], the
methods have been compared using different measurement sections, confirming that,
in general, their performance is accurate for symmetrical faults (87% of successful
detections) while less accurate behaviour was observed in the case of asymmetrical
faults (65% of successful detections, with the method of distance relay showing the
best performance); on the other hand, asymmetrical faults are more difficult to locate
because each phase can exhibit different behaviour. In any case, a more in-depth
analysis and more comparisons of field results are needed to be conclusive on the
best-performing method.

Table 2.17 Fault location for three-phase short circuits. DS: downstream; US: upstream;
NC: not conclusive; DPE: disturbance power and energy; SST: slope of system trajectory;
RCC: real current component; RS: resistance sign; DR: distance relay

Fault point Sag origin DPE SST RCC RS DR
FP1 US US US US US US
FP2 UsS US US US UsS US
FP3 DS DS DS DS NC DS
FP4 US US US US US US
FP5 UsS US US US UsS US
FP6 US US US US NC US

Table 2.18 Fault location for single-phase short circuits. DS: downstream; US: upstream;
NC: not conclusive; DPE: disturbance power and energy; SST: slope of system trajectory;
RCC: real current component; RS: resistance sign; DR: distance relay.

Fault point Sag origin DPE SST RCC RS DR
FP1 us DS NC NC us us
FP2 DS DS NC DS NC DS
FP3 Us Us Us uUs NC us
FP4 [N Us us us us us
FP5 us DS us NC NC Us
FP6 Us DS Us NC Us DS

In addition, it should be noted that a method that locates the sag source according to the
causes of the event (e.g. faults, induction motor starting or transformer saturation) has been
proposed [76]. However, this method requires that some threshold values be set to be
conclusive on the source detection; these threshold values must be carefully tuned but this
tuning process is not clearly understood.
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A method that requires estimates of the voltage sag amplitude and the phase-angle jump
has also been proposed; for a typical industrial installation, it assumes that the sags generated
at the utility and at the customer sides are characterized by different phase-angle jumps versus
sag amplitudes.

2.6 Voltage transients

The voltage transients associated with a capacitor switching are considered in this
section. Various publications have dealt with the problem of identifying the position
of the switched capacitor in an electrical power system (mainly in a distribution
system), and interesting techniques in both time and frequency domains have been
proposed [81 85]. For example, techniques that identify the capacitor position on a
radial distribution system using a transient frequency and equivalent impedance seen by
the customer have been published. Procedures based on a voltage-disturbance index and
branch current phase-angle variation have recently been discussed. Autonomous expert
systems have also been applied.

In this section we analyze more specifically only one contribution which deals explicitly
with the problem of discriminating whether a transient is located upstream or downstream
from the monitoring section x-x at the PCC between the utility and the customer installation
[86]. This method expands the concept of disturbance power and energy introduced in Section
2.5.1, focusing on capacitor-switching transients.

A set of four rules for the disturbance location is proposed, and the rules are compared on
the basis of various disturbances recorded in an actual distribution system. The rules are
briefly described below.

e Rulel

This rule is based on the consideration that when the capacitor is switched on it can act like a
sink for energy during the disturbance (similar to the case of a fault): the energy flow is visible
as a change in the disturbance energy. The following change in the disturbance energy can be
calculated:

ADIE = DiEy — DiE (2.111)

where DiEg (DiEy) is the value of the disturbance energy DiE at the end (beginning) of the
disturbance.
The rule to be applied is:

if ADIE is positive, the disturbance is downstream (in front of) the metering section;

if ADIE is negative, the disturbance is upstream (behind) the metering section.

e Rule 2

This rule is based on the analysis of the following index:
DiE ‘

— 2.112
ADIE ( )

-
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with:
DiE =DiE.;, — DiE),
where DiE.;, is the minimum value of DiE during the disturbance.

The rule to be applied requires the introduction of an empirical threshold level TR
so that:

if Ix < TRy, the disturbance is downstream from the metering section;

if I > TRy, the disturbance is upstream from the metering section.

A threshold value of 0.25 is adopted for numerical purposes.

e Rule3

This rule is based on the sign of the initial peak of the disturbance power DiP and it states:

if the sign is positive, the disturbance is downstream from the metering section;

if the sign is negative, the disturbance is upstream from the metering section.

e Rule4

This rule is based on the empirical observation of the disturbance power DiP characteristics
during the transient. The rule to be applied is:

if the sign of the maximum peak of DiP is positive, the disturbance is downstream from
the metering section;

if the sign of the maximum peak of DiP is negative, the disturbance is upstream from
the metering section.

A majority-voting scheme which employs the results of the four above-mentioned rules
has also been considered. In practice, the decision about the location is made on the basis of a
majority of the four rules; in the case of a 50:50 split (two rules indicating one location and the
other two indicating the other), the test is not conclusive. With this technique, good decisions
were made on 87% of recorded data.

2.7 Conclusions

In this chapter the problem of assessing responsibility for PQ disturbances between a utility
and customers has been analyzed. Indices and methodologies for waveform distortions,
voltage unbalances, voltage fluctuations, voltage sags and transients have been shown and
some numerical examples provided in order to evidence the difficulties that one can meet in
their application.

The main conclusion of the chapter is that the problem of assessing responsibility is a
difficult, yet open, field of research. Further efforts are required to obtain solutions that are
accepted all over the world. These efforts will be most welcome, because the correct
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assessment of responsibility is a mandatory step toward the regulation of interactions between
utilities and both sensitive customers, requiring specific voltage quality characteristics, and
disturbing loads, requiring control of emission levels.
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3

Advanced methods and
nonstationary waveforms

3.1 Introduction

As was pointed out in Chapter 1, PQ disturbances can be present in every waveform cycle or
they can appear as isolated and independent events; they can be characterized by small
deviations from normal or desired waveforms or by larger deviations.

The waveforms can be stationary (when they are statistically time invariant, e.g. their
mean and variance do not change with time) or nonstationary (when they are statistically
varying with time). Even though strictly stationary waveforms rarely exist in real power
systems, this hypothesis is frequently accepted when the variations in the waveforms are
small enough that the changes that occur can be considered statistically the same at any
instant in time."

In all cases, difficulties can arise in waveform analysis and, subsequently, in the calcula-
tion of traditional PQ indices, since the employed techniques are based on hypotheses that are
not always verified for actual power systems; consequently, non-negligible inaccuracies can
occur and, in some cases, new indices have to be introduced. It is enough to consider, as
examples, the spectral leakage problems that arise in the calculation of indices for waveform
distortions when deviations of fundamental frequency exist, or the difficulties linked to
spectral components that are continuously varying in amplitude and/or frequency with
time. In addition, well-known problems arise in the analysis of strictly nonstationary wave-
forms; in fact, all the necessary information cannot be deduced easily from just the analyses of
their spectral components, since their location in time must also be known.

! The terms stationary and nonstationary are commonly used in signal processing and will be used extensively in this
chapter. We note that some authors use terms such as normal operation, steady state operation and stationary signals
with similar, but not identical, meaning to characterize PQ variations. Analogously, since the statistical time variant
characteristics of nonstationary disturbance signals are often caused by an underlying change in the power system
state, the term nonstationary and non steady state are often interchanged for such signals [1].
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The aforementioned difficulties have to be considered both in the case of calculating
traditional indices (e.g., the IEC groupings) and when new indices are introduced (e.g., to
characterize nonstationary signals). DFT-based advanced methods and high-performance
signal-analysis techniques have been proposed to overcome the problems; this chapter
deals with some of these methods and their application to the calculation and proposal of
PQ indices. First, some issues concerning the sampling and windowing of power system
waveforms are considered; the problem of spectral leakage in the assessment of waveform
distortion indices is discussed and some DFT-based advanced methods that have been
proposed to solve this problem (e.g., Hanning windowing and result interpolation) are
illustrated. Then, high-performance signal-analysis techniques are shown, which make it
possible to calculate PQ indices based on the knowledge of what spectral components are
present in the signal and where they are located in time (time frequency representations). The
short-time Fourier transform, wavelet transform, parametric high-resolution methods (such
as Prony’s method, ESPRIT and root-MUSIC methods) and time frequency distributions are
illustrated.

For each of the aforementioned methods, a brief summary of the theoretical background is
presented, followed by the presentation of PQ indices based on their use. We demonstrate
that, in some cases, these methods are used only to calculate traditional indices (e.g., total
harmonic distortion or IEC groupings) in a different way; in other cases, they are the basis for
introducing new PQ indices.

A further section of this chapter addresses new indices that have been proposed for
harmonic bursts, which are short-duration waveform distortions that last for a very short
period of time compared to the duration of the observation interval; these indices require a
stochastic approach.

3.2 Discrete time waveforms and windowing

As is well-known, the Fourier transform (FT) of a signal x(¢) with ¢ € (—o0, +00) is defined
by Equation (3.1) below [2 4]:

FT(f) = Jx(t)e ity f € (—00,+00). (3.1)

In the discrete time domain, the Fourier transform of a discrete sampled waveform x(n)? is

defined as follows:
o0

FT(f)= Y x(n)e 2" f € (—o0,+0). (3.2)

n = o0

In practical applications, time domain waveforms are finite sequences of samples. If a
finite sequence of L samples of the waveform x(n) (L-point sequence x(n) n =0, 1,...,L—1)
is considered, its L-point DFT is given by:

2 The samples x(nT;) obtained by sampling the continuous waveform x(¢) using a constant sampling time (7 1/f;)
are indicated more simply as x(n); f; is the sampling frequency. The sampling frequency should be greater than twice
the maximum frequency of the signal due to the Shannon sampling theorem.
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L]
DFT(k)= Y x(n)e 2" k=0, 1,...,L—1. (3.3)
n=0

In Equation (3.3), the L-point DFT(kK/LT) is indicated more simply as DFT(k); this
simplification is also used for the other quantities in this section.

From the analysis of Equations (3.2) and (3.3), it can be observed that the DFT of an
L-point sequence x(n) is equal to the Fourier transform of the discrete signal x(n) at discrete
frequencies f = # (DFT(k) = FT(f)|f:%) with k = 0, 1,...,L—1; hence, the DFT of
an L-point sequence x(n) corresponds to a uniform sampling of the FT of the discrete signal
x(n) with samples at distance Af = ﬁ = ﬁ (frequency resolution), where T, is the L-point
sequence time duration (7, = LTy).

Usually, the DFT is calculated by using the fast Fourier transform (FFT), a class of
algorithms that is very efficient for the computation of all DFT values. The class of FFT
algorithms is applied to L-sequences with L values that are integer powers of 2; this choice
leads to particularly efficient algorithms that have simple structures.

In general, the L-point finite sequence of samples of the waveform to be analyzed is
obtained by multiplying the sampled waveform by a finite-length window function that is
zero outside the window (windowing process) [5]. The rectangular window is the most
frequently used for this purpose.

However, as is true for all windows, the use of a rectangular window can cause some
problems. And one should always be aware that:

e The spectrum is composed of components at integer multiples of the reciprocal of the
time window length (frequency resolution). This is analogous to looking at the true
spectrum through a sort of ‘picket fence’, i.e. we observe the exact behaviour only at
discrete points (picket-fence effect). The properties of the original signal are scrambled
with the properties of the window function, so that a proper interpretation of the results
has to be determined.

e The time window length 7, should be an exact integer multiple of the Fourier funda-
mental period (synchronization condition) to avoid spectral leakage problems; the
Fourier fundamental period is the reciprocal of the Fourier fundamental frequency,
i.e. the greatest common divisor of all the spectral components’ frequencies contained
in the signal. In practical cases, it may be that 7\, reaches an enormous value due to a
very small value of the Fourier fundamental frequency; in such cases, during such a
long period of time, the amplitudes, frequencies and arguments of the signal compo-
nents (harmonics and interharmonics) can vary.

To better analyze the problem deriving from an incorrect synchronization condition, let us
consider a sampled and windowed single spectral component given by:

sw(n) = x(n)w(n) = Asin(2nf,nTs + p) w(n) for n=0,1,...... ,L—1, (3.4)

where A, f,, and ¢ are the amplitude, frequency and argument of the considered single spectral
component signal, respectively. In Equation (3.4) w(n) (for n=0,1, ...... ,L—1)1is a
rectangular time window of L samples and amplitude equal to 1 obtained with the sampling
frequency f;.
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Neglecting the negative frequencies, it can be shown that the spectrum of Equation (3.4) is
given by:’
Sw(k) = 4 exp(ﬂp)W(i _fa> _4 exp(jo)W(kAf —f.)  k=0,1,...,L/2—1,
2 LT 2
(3.5)

where W is the spectrum of the rectangular window (the sinc function, the absolute value of
which is shown in Figure 3.1%).

()
Twh--—--

Figure 3.1 Absolute value of the spectrum of an RW of amplitude 1 in the interval [—7/2,
T,/2]

Then, the amplitude spectrum of the signal given in Equation (3.4) calculated by the DFT
for L points and neglecting negative frequencies is given by:

A
[Swl)l = SIWRAr £l k=0,1,...,L/2—1. (3.6)

Equation (3.6) shows that the amplitude spectrum of the signal in Equation (3.4) is linked
to L/2 samples of the absolute value of the continuous sinc function centred at f = f; the
samples are located at a distance that corresponds to the frequency resolution
Af =1/(LTy) = 1/T,. Two different cases are analyzed in order to better understand
where these samples are located and whether the original single spectral component signal
is correctly represented in the frequency domain:

3 As is well known, multiplication in the time domain corresponds to a convolution in the frequency domain, so that
the spectrum of the waveform in Equation (3.4) can be calculated as the convolution of the spectrum of the signal x(r)
with the spectrum of the rectangular time window w(n) (the sinc function).

4 The FT of a continuous rectangular window of length T\, is a sinc function that assumes zero amplitudes at
frequency multiples of 1/T, except for the frequency of the central lobe.
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1. the frequency of the signal component is an integer multiple of the frequency
resolution, i.e. f, = rAf, where r is a positive integer;

2. the frequency of the signal component is not an integer multiple of the frequency
resolution, i.e. f, = rAf + 6, where ¢ is a positive real number with 6 < Af.

If case 1 is verified, Equation (3.6) becomes:

1Sw (k)| = |W(kAff rAf )| ‘W{ r)H k=0,1,...,L/)2—1 (3.7
W
and the samples of the amplitude spectrum are located at frequencies that are integer multi-
ples of the frequency resolution (1/7%,), specifically:

e if k # r the samples are located at frequencies corresponding to the frequencies of the
zeros of the absolute value of the sinc function (see Figure 3.1);

e only when k = r is the sample located at a frequency corresponding to the centre of the
main lobe of the sinc function, whose absolute value is different from zero (see Figure 3.1.)

In case 1, neglecting negative frequencies, the amplitude spectrum (divided by Ty /2)
correctly reproduces the original single spectral component signal in the frequency domain, as
shown in Figure 3.2 (a). (The spectrum is composed of only one component at a frequency of f;.)
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Figure 3.2 Examples of (a) synchronized spectrum; (b) nonsynchronized spectrum of the
signal given by Equation (3.4)

If case 2 is verified, then Equation (3.6) becomes:

W

1Sy (k)| = |W(kAf—Af—6 ‘W[ r)—(SH k=0,1,...,L/2—1 (3.8)

and, due to the presence of the § quantity, the samples of the amplitude spectrum are located at
frequencies that are not integer multiples of the frequency resolution (1/7,), and, for each
value of k, the samples are located at frequencies that correspond to the absolute values of the
sinc function that are different from zero (see Figure 3.1).
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In case 2, neglecting negative frequencies, the amplitude spectrum does not correctly
reproduce the original single spectral component signal in the frequency domain, as is shown
in Figure 3.2 (b). (The spectrum is composed of components different from zero and none at
frequency f,.)

From the aforementioned considerations, it can be concluded that, in order to obtain a
spectrum that correctly reproduces a single spectral component, the condition f, = rAf, with
r being a positive integer, must be verified. In the time domain this condition implies that:

1 r
A fa

Equation (3.9) means that ‘the time window duration Ty must be exactly an integer
multiple of the spectral component period T;,” (synchronization condition). In fact, in this case
only one of the L/2 spectral components is centred at frequency f, and corresponds to the
amplitude of the original single spectral component signal (divided by T,,/2) while the other
components are equal to zero and each is shifted from f, by steps equal to (1/7,), where the
zeros of the absolute value of the sinc function are located (Figure 3.2 (a)).

Contrastingly, if the synchronization condition is not verified (Figure 3.2 (b)), the
amplitude spectrum includes many components that are different from zero and the result
is an inaccurate evaluation of the signal being studied. (Spectral leakage phenomenon.)

Since DFT is a linear transformation, the spectrum of a waveform composed of several
components is equal to the sum of the spectrum of each individual component, so that the
aforementioned considerations on the spectral leakage phenomenon can be extended to more
general waveforms. In more detail, in the presence of several components, the lack of the
synchronization condition can cause ‘interference’ among tones due to the spectral leakages
caused by each component. This is why the rule to be followed is that the time window length
T, must be exactly an integer multiple of the Fourier fundamental period to avoid spectral
leakage problems.

Obviously, a priori knowledge of the signal characteristics is required to satisfy the
synchronization condition. This is generally impossible in real measurements, especially in
the presence of interharmonics; only an approximation of the synchronization condition can
be obtained using suitable tools such as a phase locked loop (PLL).

In more detail, spectral leakage problems originate in power systems primarily because of
two problems [6]:

Ty rT,. (3.9)

1. errors in synchronizing fundamental and harmonics due to deviations in the funda-
mental frequency; and

2. the presence of nonsynchronized interharmonics.

It has been shown in the literature [6, 7] that problem 1 causes the most remarkable errors,
while the desynchronization of interharmonics may give minor effects. Obviously, other
desynchronization issues are related to the instrumentation adopted. For instance, the
frequency resolution of the sampling clock is finite and, therefore, it may be difficult, from
a practical perspective, to synchronize the clock with the fundamental frequency value, even
when it is stable.

Several advanced approaches have been proposed to improve the accuracy of estimating
the spectra of power system waveforms for distortion assessment and, in particular, for IEC
groupings calculation; some DFT-based advanced methods [7 11], such as Hanning
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windowing and result interpolation, will be briefly discussed below while others will be
discussed in Section 3.5.

3.2.1 Hanning windowing

Spectral leakage depends on the characteristics of the time window used, and an appropriate
choice of time window can reduce the problem. Different windows have been applied. In
particular, the Hanning window (HW) has been proposed as an alternative to the rectangular
window (RW) [11]. The HW has been considered attractive because it is characterized in the
frequency domain by an amplitude spectrum with side lobes that are very low and that quickly
decay (Figure 3.3), thereby limiting interference conditions. The HW amplitude spectrum has
a main lobe exactly double that of the RW. The RW has the narrowest main lobe and, as a
result, the best resolution among tones that are close in frequency; this characteristic of the
HW main lobe guarantees acceptable resolution.

w )|
Twh-----

f [Hz]

Figure 3.3 Absolute value of the spectrum of the HW

It should be noted that the use of the HW instead of the RW requires minor changes in
the IEC procedure for grouping evaluation; in practice, it can be shown that one simply
multiplies the IEC group values by a factor of (2/3)". It should also be noted that, in some
cases (for example in the case of fluctuating harmonics or in the case of interharmonic
components present in the proximity of harmonic groups), the performance of the RW
may make it more appropriate for a measurement instrument in the IEC standard
framework.

3.2.2 Result interpolation

Result interpolation enables the estimation of the amplitudes, frequencies and phase angles of
signal components with a high degree of accuracy, starting from the results of a DFT
performed at a given frequency resolution (e.g. 5 Hz).
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The interpolation of a given tone is based on the assumption that the spectral leakage
effects caused by the negative frequency replica and the other harmonic and interharmonic
tones are negligible. These conditions occur with a good approximation if a proper window is
used; the HW has been proposed because of its spectral characteristics and the simplicity of
the interpolation formulas. In particular, in the presence of desynchronization, the actual
amplitude, phase angle and frequency are calculated, starting from the two DFT components
nearest to the actual frequency [10].

Let us consider once again the single spectral component present in Equation (3.4). Using
the Hanning window, the following approximated expressions for the interpolated tone of
amplitude A, frequency f; and phase angle ¢ can be used:

- 2
i =rjsaon 200
sin(md)
- M

fa:LTs +6

& g — Mnd + /S,(M) (3.10)
where:

22—«

1+«

5:

|Sw (M)
Sy[M + sign(6)]

with sign 252 = sign[|Sy (M + 1)| — S (M — 1)]].

In Equation (3.10) M is the order of the DFT component nearest to f, Ty, Sy(M) is the
corresponding DFT spectral component and ¢ is the estimation of the desynchronization error
(in Hz).

3.2.3 Synchronized processing

As previously shown, the correct synchronization of the time window used reduces inter-
ference. If we initially refer to the time window width suggested by IEC standards for
grouping calculation, the following sampling frequency f; should be used to obtain L samples:

L
10Ty,

s (3.11)

where T, is the actual system fundamental period.
In practice, Ty, is only known through an estimate T,, and the number L of samples

should be a power of 2 to make use of the FFT algorithm. Then, the sampling frequency is:
27!

10Ty,

Js (3.12)
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A direct approach for obtaining an approximation of synchronization is to use the
analogical phase locked loop.

Alternatively, other synchronized processing techniques can be used [10]; one possible
approach consists of the following three steps:

1. the system fundamental period is estimated;
2. anonsynchronized frequency f.* is chosen to obtain the first sequence of L* samples;

3. aresampling algorithm is applied to obtain the required 2" samples.

The system fundamental period is estimated by direct or indirect methods. Direct methods
are based on algorithms which, at a fixed sampling frequency, search the samples that come
closest to satisfying the synchronization condition. Indirect methods are based on an estima-
tion of the system fundamental frequency.

Step 2 consists of obtaining, for the chosen sampling frequency f *, the number of samples
L*, which is given by:

=£"10T},. (3.13)

The resampling algorithm consists of interleaving N'—1 zeros between each pair of
original samples and then applying a low-pass filter to prevent aliasing problems;’ the
sampled signal so obtained is down-sampled to obtain only N samples. In so doing, the final
output signal is sampled with a frequency equivalent to (N'/N) £ Clearly, to obtain 2"
samples with this equivalent sampling frequency, the following condition has to be
imposed:

N* 2n

The accuracy of the above synchronization approach depends both on the
estimation of the system fundamental period 77, and on the resolution of the resampling
stage.

3.2.4 Desynchronized processing

An example of desynchronized processing is based on harmonic filtering before the inter-
harmonic analysis. In practice, a double-stage process is performed [7].

In the first stage, the actual frequencies, amplitudes and frequencies of harmonics
(including the fundamental) are estimated using an interpolation algorithm (see Section
3.2.2). The estimations of the amplitudes Ay, frequencies fh, and phases ¢4, of all harmonic
components give an estimation of the following harmonic contribution:

Su(n) =" Ansin(2nfunT, + @) with n=0,1,...... JL—1. (3.15)
h

5 The term aliasing refers to the phenomenon that causes the distortion occurring when a continuous time signal has
frequencies larger than half of the sampling frequency [3].
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This contribution can be filtered from the original signal, for instance in the time domain,
obtaining an estimation of the interharmonic contribution:

5L (n) = sw(n) — $%(n) with n=0,1,...... ,L—1, (3.16)

where sy (n) is the signal.
In the second stage, the interharmonics are evaluated, minimizing spectral leakage
problems due to the harmonic presence. The surviving harmonic leakage is given by:

el (n) = st(n) — s (n) with n=0,1,...... ,L—1. (3.17)

This is generally different from zero. The lower the value of £!l, the smaller are the
leakage effects.

The use of a proper window for the interharmonic analysis can reduce residual harmonic
leakage problems; the choice of the window must be made by considering additional aspects
such as interharmonic tone interaction and IEC grouping problems.

The accuracy of the above desynchronization method is related to the filtering accuracy,
which depends on the interpolation algorithms, the number of samples analyzed and inter-
ference, such as that produced by interharmonic tones close to the harmonics, which must be
estimated and filtered.

With regard to the computational burden, it is important to note that, to achieve accuracy
equal to or greater than that of synchronized methods, an exact starting synchronization is not
needed, due to the presence of the interpolation step. Therefore, it is possible to choose a
sampling frequency that is independent of the actual supply frequency and to acquire a
number of samples using the power of 2.

The technique generally implies a doubled number of FFTs. It is worth noting that by
using the same window for both the first and second stages, harmonic components can be
filtered directly in the frequency domain due to the DFT linearity.

Example 3.1 In this example the amplitudes and frequencies of some spectral compo-
nents are calculated, with the DFT characterized by a rectangular window T,, = 200 ms
(DFT-RW), the interpolation technique (I-HW) applied to the components obtained by a
DFT on 200 ms using the Hanning window and the desynchronized procedure (DP). These
calculated spectral components are then used for the evaluation of some IEC
interharmonic subgroups.

All the data used in the experimental case study were entered with the maximum
allowable precision. For the sake of simplicity, the exact number of zeros after the last
significant cipher is not reported.

Three test waveforms are considered; they constitute a tone of amplitude 1 p.u. at the
fundamental frequency of 50 Hz with an interharmonic tone of amplitude 0.001 p.u. at
frequencies of 73 Hz, 75 Hz and 78 Hz, respectively. As an example, Table 3.1 reports the
results in terms of magnitude error for the interharmonic subgroup Cis,; obtained by using
DFT-RW, I-HW and DP (see Section 1.3.1 in Chapter 1).

From the analysis of Table 3.1 the following considerations can be made:

e the errors in the DFT-RW reach the larger values at 73 Hz and 78 Hz; the error is null in
the experiment characterized by an interharmonic frequency of 75 Hz, where the
interharmonic is synchronized with T,;
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e the errors in the DP assume the larger values at 73 Hz and 78 Hz with values smaller
than the errors furnished by the DFT-RW (and, once again, the error is null in the
experiment characterized by an interharmonic frequency of 75 Hz);

e the results obtained by using I-HW give the smallest errors except for the experiment
characterized by an interharmonic frequency of 75 Hz.

Table 3.1 Interharmonic subgroup C
using DFT-RW, I-HW and DP

ise1 magnitude error (in %) obtained by

Interharmonic subgroup Cis; magnitude error [%]

Experiments 73 [Hz] 75 [Hz] 78 [Hz]
DFT RW 2.912 0.000 2.795

I HW 1.016 x 1074 1.148 x 1073 0.875 x 1074
DP 2.885%x 1073 0.000 3.594 x 1073

3.3 Short-time Fourier transform

In this section, first the theoretical background of the short-time Fourier transform is briefly
described and then some indices based on its application are illustrated [1, 3, 12 20].

3.3.1 Theoretical background

The short-time Fourier transform (STFT) is a simple extension of the FT of a general signal
x(t), where the FT is evaluated repeatedly for a windowed version of the time domain signal,
as shown in Figure 3.4, where the window, as an example, is rectangular. In this way, the

T T T T T w(t)
‘ T 1

0.5

0 0.2 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
t[s]

Figure 3.4 STFT: rectangular sliding window w(f) and time-varying signal x(¢)
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signal is broken into small segments; each segment is then analyzed using FT to ascertain
variations in the spectrum with time. In practice, each FT gives a frequency domain ‘slice’
associated with the time value (usually) at the centre of the window. With such an approach,
the waveform can be represented in a three-dimensional plot (frequency and magnitude of the
transform versus time) so it is possible to know what spectral components are present in the
signal and where they are located in time (time frequency representation). So, STFT can be
used for nonstationary waveform assessment.
In the continuous time domain, STFT is defined by:
+o00

STFT(f,1) = J x(O)w(t —t)e 2¥ds, (3.18)

where w is the sliding time window of length T, and 7 is the time to which the spectrum refers
(for example, as previously mentioned, the central time of the sliding time window).
In the discrete time domain, Equation (3.18) becomes:
L1
STDFT(k,m) = Zx(n)w(n—m)e prin k=0,1,...,L—1, (3.19)
n=0
where x(n) and w(n) are the sampled versions of the signal and of the sliding time window,
respectively, L is the number of samples and m is related to the discrete time to which the
spectrum refers.

The sliding time window length Ty, = LT fixes the resolution of the DFT spectral
components in the frequency domain according to the frequency resolution Af = 1/T.
Moreover, since the product of the time resolution and the frequency resolution is constrained
by the uncertainty principle, for a narrow window, a detailed time resolution and a coarse
frequency resolution are obtained, and vice versa; problems can then arise for short-duration/
high-frequency waveforms and for long-duration/low-frequency waveforms, due to the fixed
duration of the time window. Analyses with variable window lengths may be required.

The shape of the sliding time window can influence the spectral component values. The
choice of the window (e.g. rectangular, Gaussian, Hanning) is therefore an important issue,
and this topic has been discussed extensively in the literature when power quality distur-
bances are dealt with [6, 10, 11, 16]. In practice, the rectangular window is used frequently
when the issue of power quality indices is considered.

Finally, it should be noted that, with particular reference to the time-varying harmonic
estimation, in [21] a sliding window DFT method has been presented, while in [22] a method
based on the theory of multi-rate filter banks is shown; both methods are applied for time-
varying harmonic decomposition and allow the extraction of each harmonic component
present in the signal in the time domain.

3.3.2 STFT-based indices

First, we note that, in practice, the IEC harmonic and interharmonic groupings are calculated
using the STDFT with a sliding rectangular window 10 or 12 fundamental periods long
(50 Hz and 60 Hz, respectively), without overlapping between successive windows.
Moreover, other indices, such as single harmonic amplitudes, total harmonic distortion
(THD), K-factor and communication interference factors, can also be considered, but one
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must remember to take into account the peculiar characteristics of the STDFT [15, 16,
18, 19].

For example, the short-term harmonic distortion (STHD) index has been proposed and
applied. If the frequency resolution is Af, the STHD is defined as follows:®

Ny

> STDFT(j, m)
j# a +1

Af

Jo
STDFT( +— +1
<Af M

STHD(m) =

(3.20)

where:

Nyis the number of spectral components of a positive STDFT spectrum

STDFT(j,m) is the amplitude of the jth component of the STDFT spectrum with reference
tom

fo s the power system frequency

Afis the frequency resolution.

Two different STHDs have been proposed to separately account for harmonic and
interharmonic contributions in arc furnace waveforms [20].

Similar extensions for other waveform distortion indices, such as the K-factor and the
crest factor, have been considered.

Example 3.2 In this example we use the STDFT and analyze the voltage waveform at the
MYV busbar of a typical DC arc furnace. In DC arc furnaces, the presence of the AC/DC static
converter and the random motion of the DC electric arc are responsible for time-varying
waveform distortions. The scheme of the simulated DC arc furnace is shown in Figure 3.5,
and it consists of a DC arc fed by two thyristor rectifiers connected to an MV AC busbar
through a transformer with secondary A and Y windings. The MV busbar is connected to the
HV busbar with an HV/MV transformer, the windings of which are Y-A connected. The data
of the system are reported in [20].

Figures 3.6 (a) and (b) show the STHD values of the arc furnace supply voltage waveform
obtained using a sliding window width 7y, = 0.2 s without overlap and with overlap of 0.1 s,
respectively.

DC
ARC

Figure 3.5 DC arc furnace plant

6 It should be noted that the first spectral component of the DFT corresponds to the mean value of the signal.
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Figure 3.6 STHD of the arc furnace supply voltage waveform obtained (a) using a sliding
window with Ty, = 0.2 s without overlap; (b) with overlap of 0.1 s

From the analysis of Figure 3.6, the time-varying nature of the distorted waveform is
clearly evident; moreover, similar values of STHD with and without overlap were deter-
mined, even though, in the presence of overlap, much more information is available, due to
the greater number of STHDs performed.

Figure 3.7 shows the STHD values of the same waveform in Figure 3.6, except that they
are based on the use of a sliding time window length of 0.5 s without overlap. Figure 3.7

shows a smoothing effect

STHD,
(%] 8

due to the choice of a longer time window.

T T T T T
77777777 e ——_———_,————
0 1 2 3 4 5 6
t[s]

Figure 3.7 STHD of the arc furnace supply voltage waveform obtained using a sliding
window with Ty, = 0.5 s without overlap
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3.4 Wavelet transform

In this section, first the theoretical background of the wavelet transform is briefly presented
and then some indices based on its application are illustrated [1, 13, 14, 16, 17, 19, 23 28].

3.4.1 Theoretical background

Recently, the wavelet transform (WT) has been proposed more and more for processing
power quality disturbances. It, like the STFT, is a form of time frequency technique since it
allows the simultaneous analysis of waveforms in both time and frequency domains. The
main advantage of WT over the STFT is the possibility of conducting multi-resolution time
frequency analyses, which, as will be shown later, allows different resolutions of an analyzed
spectrum to be obtained at different frequencies.

Unlike Fourier analysis, WT deals with wavelets (‘small waves’) that are functions with
limited energy and zero mean; they have the same role as the sine and cosine functions in
Fourier analysis.

In the WT, first the choice of a specific wavelet is made. This is called the mother wavelet.
The wavelet 1(f) can be dilated (stretched) and translated (shifted in time) by adjusting the two
parameters that characterize it, i.e. a = the scale parameter and b = the translation parameter:

Vo (1) = 1¢<t b), (3.21)
Va a

withaeR" and b e R. A value of a > 1 corresponds to a more stretched basis function, while a
value of a < 1 corresponds to a compressed basis function; Figure 3.8 shows an example of
the wavelet for two different values of parameter a. It can be noted from the figure that the
functions for values of a > 1 vary slowly, so they can better take into account the lower
frequencies of the signal, while the functions for values of @ < 1 vary more rapidly, so they
can better take into account the higher frequencies. The parameter b in Equation (3.21)
introduces a time translation of the wavelet by which the wavelet can be moved to various
locations of the waveform: the ‘small wave’ moves along the time axis. The term 1/+/a is a
weight used for reasons of energy conservation.

As seen earlier, wavelet functions defined in Equation (3.21) can be used to obtain
information at lower and higher frequencies of a signal using a < 1 or a > 1. In order to

O Ok

1 1

0.5 0.5

€Y (b)
Figure 3.8 Wavelet examples (a) a > 1; (b)a < 1
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obtain information at low frequencies of the signal, it is possible to introduce the so-
called scaling function ¢(t), which can be considered an aggregation of the wavelets
characterized by scale parameters a > 1. Like the wavelet function, it can be scaled and
translated.

The continuous wavelet transform (CWT) of a given signal x(¢) with respect to the mother
wavelet 1, ,(t), (if 1, ,(t) is a complex signal) is the following dot product:

+ oo
1 t—>b
CWT(ab) = o) = | a0 v (57 o 3:2)
oo
where * means the complex conjugate.

For an assigned pair of parameters a and b, the coefficient obtained by Equation (3.22)
represents how well the signal x(¢) and the scaled and translated mother wavelet match. By
varying the values of a and b, we can obtain the wavelet representation of the waveform x(7) in
time (thanks to the b coefficient) and frequency (thanks to the a coefficient) domains with
respect to the chosen mother wavelet.

The CWT is a redundant transform; in fact, it considers continuous translations and
dilations of the same function, which makes the transform heavily implementable. A non-
redundant version of the wavelet transform, which refers to a discrete number of expansions
(a values) and translations (b values), is the discrete wavelet transform (DWT), which is often
used instead of CWT in the field of power quality disturbance assessment.

In order to obtain discrete scale and time parameters of the wavelet function defined in
Equation (3.21), we can choose discrete scaling and translation parameters such as a = a{j and
b = kajby where k and j are integers and ag > 1, by > 0 are fixed. The result is:

_ kbod!
by alt) = — ¢<’ "ﬁ’“). (3.23)

J a,
Va A

A similar expression holds for the scaling function (7), as is the case for all the following
relations.

The wavelet transform of a continuous signal x(#) using discrete scale and time parameters
of wavelets leads to the following wavelet coefficients:

+ oo B j
CWT(j, k) = (x, 1y 1) = \/1 , J x(t)¢*(”;i")‘“)>d;. (3.24)
al L 0

The reconstruction of the signal can be made by using the inverse wavelet transform:

Z Z L(0). (3.25)

j= o0k= o0

Now let us consider a finite sequence of L samples of the sampled waveform x(n); the
L-point DWT of the L-point sequence x(n) n =0,1, ..., L—1 (once again using discrete scale
and time parameters) is defined by:

DWT(j, k) = \/ LZ (%) (3.26)

ay
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The right choice of a, and b, depends on the wavelet; the most frequently used is the
dyadic expansion, characterized by the scale parameter values a =2/, j=1,2... (ay = 2),
and by = 1.

The DWT is characterized by nonuniform time and frequency spreads across the frequency
plane. In practice, both spreads vary with the scale parameter a, but in an opposite manner: the
time spread is proportional to a, while the frequency spread is proportional to 1/a. In particular,
the scaling used in Equation (3.26) gives the DWT a logarithmic frequency coverage in contrast
to the uniform frequency coverage of STDFT, as illustrated in Figure 3.9, where a comparison
between DWT and STDFT is presented.

[Hz] [Hz]

AfzfleI IAf:fS/aL

«—> . > «—> - >
time [s] time [s]
At=L/fg At=al/fg

(a) (b)

Figure 3.9 Comparison of time frequency resolution between (a) STDFT and (b) DWT
witha =2/

As discussed in Section 3.3, the time and frequency resolutions Az and Af in STDFT
are constant (fixed square boxes in Figure 3.9 (a)). The resolution of DWT varies across
the plane, and at low frequency, the time resolution is coarse while the frequency resolution
is fine (dilated version of the mother wavelet, high value of scale parameter a); in the
high frequency range, the time resolution is fine and the frequency resolution is coarse
(contracted version of the mother wavelet, low value of scale parameter a). As stated earlier,
the analysis of waveforms with different resolutions is called multi-resolution analysis.

In practice, the DWT can be implemented using a multi-stage filter, which is made up of a
cascade of high-pass and low-pass filters with down-sampling, as shown in Figure 3.10. The
high-pass and low-pass filters are linked to the chosen wavelet and scaling functions. As shown
in Figure 3.10, the output of the high-pass filters D; (j = 1, 2, . .. ) gives a detailed version of the
high-frequency components of the decomposition, while the low-pass filters produce approx-
imations A; (j = 1, 2,...) of the low-frequency components of the decomposition.

Eventually, in multi-resolution analysis, the DWT decomposes a waveform into a discrete
number of frequency bands at successive decomposition levels. At Level 1, the waveform’s
bandwidth is split into two parts made up of high and low frequencies; only the low-frequency
component is further split into low- and high-frequency parts. The process is then repeated
several times. In practice, this behaviour can be implemented through successive steps of
high-pass and low-pass filtering, with filters constructed from the wavelet function
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Figure 3.10 Fast DWT decomposition

characterized respectively by approximate A; and detailed D; coefficients of the original
signal. This will lead to an array of wavelet coefficients with j frequency bands and &
coefficients that will represent the original signal.

The coefficients D; and A; in Figure 3.10 can be computed using the following

relationships:
L —k
Z ( ) (3.27)
\/ = a)

jg ( f)’ (328

where k denotes the translation in time and scale j denotes the jth frequency bands, from high
to low frequencies.

It is interesting to note that at high frequencies, the frequency bandwidths are wide, which
leads to poor frequency resolution. In addition, if information about specific spectral compo-
nents is needed, the DWT can fail in this objective; in fact, it furnishes only information about
a frequency band, the location of which depends on the choices selected.

The most delicate steps in WT PQ applications are the choice of the mother wavelet and
the choice of the number of expansion levels [28]. With reference to the choice of the
mother wavelet, only knowledge of the phenomena to be analyzed and experience can help
to make the best choice and often several trials are necessary to obtain the best choice. This
is the reason why a wide number of mother wavelets has been applied in the field of power
quality applications; the most frequently used have been the Daubechies family. Just as
when making the choice of an appropriate mother wavelet, knowledge of the phenomena to
be analyzed and experience are necessary in order to make the best choice of the number of
decomposition levels.

3.4.2 Wavelet-based indices

As with the case of STDFT, efforts have been devoted to extending the usual indices, such as
total harmonic distortion (THD), the K-factor, and communication interference factors, to
take into account the peculiar characteristics of the WT. In practice, the indices are calculated
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by considering different frequency bands instead of different spectral components; in the case
of the total harmonic distortion, it has been proposed that each decomposition frequency level
should have different weights, such that the higher the level (characterized by lower
frequency), the larger the weight [19].

An adapted version of the WT, called the wavelet packet transform (WPT) has been
proposed for the estimation of harmonic groups [27]. The WPT has the advantage of
guaranteeing the existence of similar bandwidths across the entire frequency plane, thereby
allowing the necessary 5 Hz resolution required by the grouping calculation. In comparison to
the decomposition shown in Figure 3.10, the high frequencies are also decomposed further at
each subsequent level. The Vaidyanathan 24 and the Daubechies 20 have been proposed as
wavelet functions, and the filter bank with five levels of decomposition is applied; the output
of the filter bank is divided into 32 uniform bands of 25-Hz width. To make the decomposi-
tion compatible with the harmonic group definition, the outputs are grouped into 15 bands
with each harmonic frequency component in the centre and with a uniform 50-Hz interval.

It should be noted that both WT and STDFT (such as the high-resolution methods
analyzed in the next section) have been used widely to detect and analyze other power quality
disturbances, such as voltage sags and transients. This is a very interesting topic, but it is not
discussed here for the sake of the conciseness of this book. More detail on this topic can be
found in [1].

3.5 Parametric methods

In the field of signal processing, there are two main approaches to spectral analysis. In the first
approach, the studied signal is the input of a filter, the output of which is linked to the spectral
content of the same signal; this is the ‘classical approach,” and it is the basis of the methods
analyzed in the previous sections. The second approach, called the ‘parametric approach,’ is
based on the postulation of a model for the studied signal; this approach reduces the spectral
estimation problem to only the estimation of the parameters in the assumed model.

The parametric approach is the basis of the parametric methods; these methods can
guarantee a more accurate spectral estimation than the classical methods when the studied
signals satisfy the model assumed. For example, as discussed in Section 3.2, the crucial
drawback of DFT-based methods is that the length of the window constrains the frequency
resolution; furthermore, to ensure the accuracy of the DFT, the sampling interval of analysis
should be an exact integer multiple of the waveform’s fundamental period. Some parametric
methods can be applied in order to overcome these drawbacks and obtain a more accurate
signal spectrum; some of these methods are analyzed in this section [1, 2, 4, 13, 29 50].

We wish to point out that the parametric methods analyzed assume that the signal model is
made up of a certain number of exponential functions; this assumption leads to so-called
‘discrete spectra,” which are spectra that contain a fixed number of spectral lines (the spectral
components of the signal model), while the classical methods are characterized by a spectrum
composed of a theoretically infinite number of spectral lines.

The parametric spectrum estimation methods considered in this section are Prony’s
method, the estimation of signal parameters by rotational invariance technique (ESPRIT)
and the multiple signal classification (MUSIC) method.

Prony’s method approximates the sampled data with a linear combination of exponen-
tials; it is closely related to the least squares linear prediction algorithms used for estimating
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the auto regressive (AR) and auto regressive moving average (ARMA) parameters.’ In
practice, it allows the estimation of the model parameters via the minimization of the error
between the signal samples and the approximation obtained using the assumed model.

In signal processing theory, the signals characterized by some properties can be consid-
ered elements of a linear space; in particular, power signals enjoy all of the properties required
for a linear space. The ESPRIT and MUSIC methods are based on the concept of the signals’
linear space. The model of the signal in this case is the sum of the exponentials in the
background noise. The model parameters are estimated using the concepts of ‘signal sub-
space’ and ‘noise subspace.” (These methods are called ‘subspace methods.”) In particular,
the ESPRIT and MUSIC methods use different properties of the signal and noise subspaces
for estimating the model’s parameters.

Parametric methods have been applied to characterize both stationary and nonstationary
waveforms. In the first case, an entire data sequence is used for the estimation of the
waveform parameters. In the second case, instead of using all available data samples from
the recorded data sequence, we can properly divide the data into blocks that can be either
overlapped or nonoverlapped, depending on the application. As a result, we obtain a repre-
sentation of each of the block parameters (for example, spectral component amplitudes and
frequencies) versus time (time frequency representation).

In the next sections, a brief discussion of the theoretical background of some of the
parametric methods is presented, and the possibility of calculating waveform distortion
indices with them is outlined. It should be noted that the parametric methods (in particular,
Prony’s method) have also been applied for calculating indices for voltage sags and transi-
ents; this topic will be analyzed in Section 3.6.2.

3.5.1 Theoretical background
In this section Prony’s, ESPRIT and MUSIC methods are briefly described.

3.5.1.1 Prony’s method

Prony’s method allows us to obtain a spectral estimation of the signal using the assumption
that the signal model is a linear combination of a finite number M of exponential functions.
The parameters of the model are the amplitudes, the frequencies and the initial phases of the
exponentials. These parameters are estimated by solving linear systems of equations that
allow the minimization of the error between the signal samples and the approximation
obtained using the assumed model.

In order to explain Prony’s idea for the estimation of the model parameters, let us consider
the L-point sequence x(n) n = 0,1, ...,L—1 of the investigated waveform; Prony’s method
approximates each sample using the following linear combination of M exponential
functions:

M
B(n) = 3 Agef n=0,1,...,L—1 (3.29)
k=1

7 AR and ARMA are classes of signals that can be used to obtain parametric models of the signal to analyze; the least
squares method is one of the methods used to obtain an estimation of the model parameters.
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where Ay, oy, wy and ¢, are the amplitude, the damping factor, the angular velocity and the
initial phase of the kth exponential, respectively, and k is the exponential code. It is important
to note that, in Equation (3.29), since the signal to approximate is real, the number of
exponentials M is even, and the couples of exponentials have to be complex conjugated.
Equation (3.29) can be rewritten introducing the variables:

go=el )l = Ared (3.30)

considering only M relationships from Equation (3.29) and substituting % (n) with the actual
samples, we have:

x(0) 2 2 > h

x(1) z] z z! hy
=| 7 : . T (3.31)

x(M —1) M1 o 2] Ly

Prony’s idea is based on a method that separately calculates the variables z; and /. To do
this, first the following polynomial which has z; as roots is introduced:

Mya()M P+ +aM - 1)z 4 a(M) = 0; (3.32)

obviously, to calculate z; by solving Equation (3.32), the coefficients a(m), m = 1,...,M
must be known.

It is possible to calculate the values of the coefficients a(m), m = 1, ..., M by solving the

following system of linear equations obtained by means of simple manipulation of Equations
(3.31) and (3.32). Assuming L > 2M, the result is:
M
z:a(m)x(n—m):o7 n=MM+1,....L—1. (3.33)
m=0
Once the variables z; have been calculated by solving successively Equations (3.33) and
(3.32), the hy values can be obtained by solving the system of linear equations (3.31).
Once the values of z; and £y are known, the parameters of exponential components for

k=1,2,...,M can be calculated using the following relationships:
fe=wi/2n=1g '[Im(z)/Re(z)]/(2nTy), oy = In|z /T,
Ac=Ih|, ¢ =1g "[Im(h)/Re(hy)].

As previously mentioned, Prony’s method, as is the case with all the parametric methods,
can be applied to an entire data sequence or to several data blocks (obtained, in practice, using
a sliding window on all available samples) that can be either overlapped or nonoverlapped to
obtain a representation of model parameters (typically, spectral component amplitudes and
frequencies) versus time. The data blocks can be of fixed or variable size, depending on the
forecast characteristics of the waveform.

We will now describe a method that has been proposed in the literature [47] to properly
select contiguous time windows inside the overall waveform to be analyzed. This proposal
(adaptive windows) seems to be particularly useful for detecting harmonics and interharmo-
nics with amplitudes and frequencies that vary with time; in fact, the widths of these windows
(and then the numbers of samples for each contiguous block of samples) are variable,
ensuring the best fit of the waveform time variations.
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Once again, let us consider the signal x(n) and the L; samples of the generic jth time
window, obtained using the sampling frequency f;. For each sample, the following estimation
error can be introduced:

e, = |x(n) — x(n)|, n=0,1,...,.L;—1 (3.34)

where X (n) is given by Equation (3.29).
Applying Equation (3.29) for all L; samples of the jth time window, the following mean
square relative error can be defined:
1 3(n) —x(n)
Ej2 curr — Z Z |X( ) X( )| . (335)
Tn=0

The mean square relative error given in Equation (3.35) gives a measure of the fidelity of
the considered model. By defining a threshold €2, (an acceptable mean square relative error),
it is possible to choose a length for the time window (and then a subset of the data segment
length), ensuring a satisfactory approximation (¢} ., < €,)-

It should be noted that, for the model parameter calculation in each time window, the
number of components M has to be selected, since this number is an input parameter for the
model given by Equation (3.29). Choosing the number of components is a well-known
problem in the field of signal processing. As a general rule, it is assumed that, if we select
a model with too low an order (low number of components), we obtain a highly smoothed
spectrum; on the other hand, if the order selected is too high, we run the risk of introducing
spurious low-level peaks in the spectrum.

Several criteria have been proposed to solve this problem, such as the final prediction
error (FPE), the Akaike information criterion (AIC), the minimum description length (MDL)
criterion, the autoregressive transfer criterion (CAT) and a criterion based on the eigen-
decomposition of the sample autocorrelation matrix [3, 4,29 31, 33, 34]. The MDL criterion
seems an appropriate method to evaluate the optimal number of components in the case of
power system waveform distortions. This method is based on the selection of the M value
corresponding to the minimum of the MDL function, which is defined as follows:

MDL (M) = Lin (&3,) + MIn(L), (3.36)

where L is the number of time-window samples and 573, is the estimated variance of the square
prediction error. For more details on this topic see [48].

3.5.1.2 ESPRIT method

As mentioned earlier, the ESPRIT method is one of the so-called ‘subspace methods;’ these
methods use the linear algebraic concept of subspace and assume, for the signal, a model
that includes the sum of complex conjugated exponentials in the background noise.
The background noise represents the additive observation noise, the statistical characteriza-
tion of which, in terms of the covariance function, is assumed to be known. The parameters of
the model are the damping factors, the amplitudes and the frequencies of the exponentials.

These parameters are estimated using the properties of linear algebraic subspaces. In
particular, assuming that the vector of the signal samples belongs to a subspace and using this
vector to obtain an estimation of the autocorrelation matrix, it is possible to define two
subspaces, i.e. the signal subspace and the noise subspace. The original ESPRIT method was
based on the naturally existing shift invariance between discrete time series, which leads to
rotational invariance between the corresponding signal subspaces.
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In order to explain the ESPRIT method, let us consider the assumed signal model defined
by the following relationship:

M
x(n) = Z hke,((ak“wk)n + r(n), n=0,1,...,L—1, (3.37)
k=1

where f; was introduced in the previous section on Prony’s method and r(n) represents
additive noise.

Starting from the model in Equation (3.37) and considering a block of L; < L samples, the
result is:

x(n) = VO"H +r(n), (3.38)
where:
x(n)=[x(n) x(n+1) ...  x(n+L —1)]T
1 1 ... 1
oM + jwi e +jwa . em + jwm
V =
el 7LJAWI.) (L 1) el +jw2.) (L 1) ) elom +ij;) (L, 1)
H=[h hy ... v ]t (3.39)
elortiwr) 0 . 0
0 eloatien) . 0
Q pr—
6 O . e("‘M ;rJ'WM)
r(n)=[r(n) r(r+1) ... rin+L —1)]".

The matrix @ contains all information about the damping factors and frequencies of the
M components.

In order to obtain an estimation ® of matrix ®, let us consider an estimation R of the
autocorrelation matrix R of the signal,® obtained by using the samples of the signal given in
Equation (3.38). The eigenvectors of the autocorrelation matrix can be separated into two
sets, with one set corresponding to the M largest eigenvalues S = [s; s, ... sy | and the other
set corresponding to the remaining eigenvalues E=[e; e...e;, ]; these eigenvectors
define two subspaces (the signal and noise subspaces). It can be noted that, using two matrices
I"; and I'; which select the first L;—1 rows and the last L;—1 rows of S.° respectively, the
following matrices can be introduced:

S =TS

3.40
S, =T5S. ( )

8 The autocorrelation matrix is a square matrix whose elements are obtained by using the autocorrelation function,
estimated using the unbiased estimator defined in Equation (2.18) in Chapter 2.

Iy and T, are constructed by applying T} [I,-1 O] andT, [0 I, _4],respectively where Iis the identity
matrix.



164 POWER QUALITY INDICES IN LIBERALIZED MARKETS

Rotational invariance theory shows that the calculation of the rotation matrix @ is
equivalent to the calculation of the matrix ¥ that satisfies the following equation:'®

S, =S¥ (3.41)

One of the most common methods used to estimate the matrix ¥ is the total least—squalr\es
approach (TLS-ESPRIT); this method uses an estimation of the matrices S 1angl S, (S1.S0)
obtained by applying Equations (3.40) to find an estimation of the matrix W(¥) using the
following relationship:

v=8,8) 88, (3.42)

Frequencies and damping factors can be calculated by means of simple relationships from
the knowledge of the eigenvalues of matrix ¥. Once frequencies and damping factors are
obtained, the amplitudes of the M components can be found by sol\ll\ing a linear system of
M equations obtained by using the estimated autocorrelation matrix R.

As in the case of Prony’s method, the ESPRIT method can be applied to an entire data
sequence or to several data blocks, with or without overlapping. Moreover, the adaptive
technique considered by Prony’s method can also be applied in the ESPRIT method.
However, since the ESPRIT method does not provide any phase estimation of the spectral
components, the contiguous time windows are obtained by minimizing the error between the
actual waveform energy content evaluated in the time domain and the estimated waveform
energy content obtained by using the spectral components in the frequency domain. For more
details on this topic see [49].

3.5.1.3 MUSIC method

As mentioned earlier, the MUSIC method is also a subspace method and, for the signal, it
assumes the same model as the ESPRIT method; the parameters of the model are, once again,
the amplitudes, the damping factors and the frequencies of the exponentials.

In order to explain the MUSIC methoc/l\, let us remind the reader of the matrices of the
eigenvectors of the autocorrelation matrix R; as for the ESPRIT method, they can be divided
into signal and noise eigenvectors.

The MUSIC method uses only the noise subspace for the estimation of frequencies of
complex conjugated exponentials, while the ESPRIT method uses only the signal subspace.
In particular, the eigenvectors E=[e; e, ... ey, ] are used to form the following
polynomial in the Z domain:

P(z)= ! (3.43)
L 1
5 pon (=)
where:
L, 1
E(x)= Y elr)z (3.44)
r=0

and ¢;(r) is the rth component of the ith eigenvector of the noise subspace.

10 We note that their eigenvalues are the same.
' 1t should be noted that only an estimation of the autocorrelation matrix, and then of the matrices Sy and S,, is available.



ADVANCED METHODS AND NONSTATIONARY WAVEFORMS 165

In Equation (3.43), P(Z) is a polynomial that has M double roots lying on the unit circle; it
can be shown that these roots correspond to the frequencies of the signal components. This
technique for finding frequencies is therefore called the root-MUSIC method.

Once frequencies are obtained, the amplitudes of the M components can be found by
solving a linear system of M equations obtained by using the estimated autocorrelation
matrix, as was done for the ESPRIT method.

As with the ESPRIT method, the root-MUSIC method does not provide any phase
estimation of the spectral components. In the case of the adaptive technique, the contiguous
time windows can be obtained by minimizing the error between the actual waveform energy
content evaluated in the time domain and the estimated waveform energy content obtained
using the spectral components in the frequency domain. For more details on this topic see [49].

3.5.2 Parametric method-based indices

All the previous advanced methods (Prony’s and the others) permit the evaluation of the
spectral components of distorted waveforms for only one block of data or for overlapped/
nonoverlapped successive blocks. They can be used to calculate indices for both stationary
and nonstationary waveforms. In particular, we stress once again their ability to obtain the
spectral component parameters versus time, with particular reference to frequency variations
in the spectral components that are not always easy to calculate.

The application of parametric methods does not require particular modifications in the
calculation of the waveform distortion indices except for IEC groupings [51, 52], where some
minor changes have to be made.

Specifically, in [46, 49] it was proposed that IEC groupings be calculated by applying
parametric methods to contiguous nonoverlapped time windows selected on the basis of the
proper criterion illustrated in Section 3.5.1 and based on an acceptable mean square relative
error. The contiguous time windows (referred to as ‘ultra-short contiguous time windows’)
are selected inside 10 or 12 cycles of the fundamental period in 50 and 60 Hz systems.

Once the spectral components of distorted waveforms inside the ultra-short contiguous
time windows have been calculated, the need to define corresponding ultra-short time
harmonic and interharmonic subgroups arises. These can be defined as the subgroups
calculated for an ultra-short time window. With reference to the jth ultra-short time window,
the squared RMS values of the nth ultra-short time subgroups are given by:

My,
Gﬁssgn (J) = Z CI% (J)
k=1
(3.45)

Miisg

Cﬁsisgn (J) = Z CI% (])7
k=1

where Cy is the amplitude (RMS value) of the spectral components, My, is the number of
spectral components inside the frequency interval [nfy 7.5, nfs +7.5] Hz, and Mg, is the
number of spectral components inside the frequency interval [nfy+ 7.5, (n+ 1)fo—7.5] Hz
(with fy being the power system frequency). With reference to the IEC intervals, the need to
enlarge the frequency ranges for both harmonic and interharmonic grouping evaluations is
derived from the absence of the DFT fixed frequency resolution in the advanced parametric
method applications.
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Once the ultra-short time harmonic and interharmonic subgroups for all windows inside an
interval of 10 or 12 fundamental periods have been determined, the harmonic and interharmonic
subgroup amplitudes can be calculated by averaging the amplitudes of all the above-mentioned
ultra-short harmonic and interharmonic subgroups. This results in the following relationships:

Ly,
Z LjGissgn (])
G ="
. (3.46)
Z chﬁsisgn (])
Cizsgn = = LW ?

where Ly, is the number of samples inside 10 or 12 fundamental periods, and L; is the number
of samples in the jth ultra-short contiguous time window.

Finally, the results can be averaged over 15 intervals of ten fundamental periods in order
to obtain the results with reference to the very short time measurements.

Example 3.3 In this example the IEC groupings are calculated by applying the IEC, adaptive
root-MUSIC, adaptive ESPRIT and adaptive Prony’s methods, referred to as IEC-N, ARM,
AEM and APM, respectively. The window width is Ty, = 200 ms for IEC-N. The acceptable
error for all the adaptive methods is g, = 1.0 x 10 6,

The considered signal constitutes a tone of amplitude 1 p.u. at a fundamental frequency
of 50 Hz and an interharmonic tone of amplitude 0.01 p.u. at frequencies of 58 Hz, 60 Hz and
63 Hz. The true value of the interharmonic subgroup Cig; is equal to 0.7071 x 10 2 in all
three experiments.

As an example, Table 3.2 reports the magnitude error (in %) of interharmonic subgroup
Cise1 obtained by using IEC-N and the adaptive methods in the three experiments. The errors
in IEC-N are greater than 5% under the worst conditions, i.e. when the interharmonic tone is
closest to the first harmonic subgroup frequency interval. The error is null in the experiments
characterized by interharmonic frequencies of 60 Hz, where the interharmonic is synchro-
nized with Ty,. In general, all of the adaptive methods furnish a better approximation of the
interharmonic subgroup Ciy, than those obtained by IEC-N.

It should be noted that all adaptive methods furnish a spectrum with only two components
for all the experiments, showing the absence of the spectral leakage phenomenon. The errors
in APM and AEM do not reach 2.0 x 10 ° %, and APM generally gives the best

Table 3.2 Interharmonic subgroup Cjs,; magnitude error (in %) obtained by
using IEC-N and adaptive methods

Interharmonic subgroup Cis,; magnitude errors [%]

Experiments 58 Hz 60 Hz 63 Hz

IEC N 5.3897 0.0000 3.3244

APM 4.5666 x 1077 27552 x 1077 5.1622 x 10°°
ARM 0.7481 0.0456 0.5095

AEM 14276 x 1073 14377 x 107> 14332 x 1073
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performance. In addition, the results for AEM and APM are not influenced by the frequency
position of the interharmonic tone. Only ARM suffers from the proximity of the interharmo-
nic tone to the first harmonic subgroup (Cig); it gives varying errors in the interharmonic
tone amplitude estimation, causing varying errors in the subgroup Cis; evaluation.
Nonetheless, the ARM error is lower than 0.8%.

Example 3.4 In this example the same voltage waveform considered in Example 3.2 is
analyzed with the IEC method (DFT characterized by RW and Ty = 200 ms without overlap),
a five-level wavelet packet decomposition (with a Daubechies 20 mother wavelet), the
adaptive Prony’s method, the adaptive ESPRIT method and the adaptive root-MUSIC
method. The acceptable error for all the adaptive methods is g, = 1.0 x 10 °. Figures
3.11 (a) and (b) show the 11th and 13th IEC harmonic subgroups (Gse1; and Gs,;3) of voltage
versus time calculated by using the IEC method. In Figure 3.12 the 11th and 13th IEC

sg13

v

Figure 3.11 (a) The 11th and (b) the 13th IEC harmonic subgroups of voltage versus time
calculated by applying the IEC method
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Figure 3.12 (a) The 11th and (b) the 13th IEC harmonic subgroups of voltage versus time
calculated by applying five-level wavelet packet decomposition with Daubechies 20 mother
wavelet
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harmonic subgroups are obtained by applying five-level wavelet packet decomposition.
Finally, Figures 3.13 to 3.15 show the same harmonic subgroups calculated by applying the
adaptive Prony’s method (Figure 3.13), the adaptive ESPRIT method (Figure 3.14) and the
adaptive root-MUSIC method (Figure 3.15), respectively.
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Figure 3.13 (a) The 11th and (b) the 13th IEC harmonic subgroups of voltage versus time
calculated by applying the adaptive Prony’s method
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Figure 3.14 (a) The 11th and (b) the 13th IEC harmonic subgroups of voltage versus time
calculated by applying the adaptive ESPRIT method

From the analysis of the figures, the following considerations arise:
¢ All methods furnish harmonic subgroups G and Gz which are significantly
variable versus time but with different dynamics.

e The IEC method provides harmonic subgroup values that are generally lower than those
obtained with all other methods. This is probably due to spectral leakage problems
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encountered with this method. In particular, part of the energy content of the V;; and Vi3
harmonics is shifted outside the frequency range of the harmonic subgroups G, and Gy 3.

e The adaptive parametric methods furnish higher subgroup values due to the absence of
spectral leakage problems in these methods.

e The adaptive ESPRIT and adaptive root-MUSIC methods show similar behaviour; this
can be explained by taking into account the fact that they are based on similar
techniques for spectral component calculation.

e The wavelet transform seems not to suffer from spectral leakage problems.
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Figure 3.15 (a) The 11th and (b) the 13th IEC harmonic subgroups of voltage versus time
calculated by applying the adaptive root-MUSIC method

Finally, it should be noted that the adaptive methods usually require a greater computa-
tional burden with respect to the DFT algorithm and the considered wavelet packet transform.

3.5.3 Some comparisons between DFT-based methods and
parametric methods

Parametric methods have the following advantages:

e the window width is free and only linked to the waveform characteristics;

e the adaptive version ensures the best fit of waveform by a proper choice of the time
window and the number of spectral components;

e the window width does not constrain the frequency resolution.

These methods can significantly reduce the inaccuracies caused by spectral leakage; some
DFT-based advanced methods can also significantly reduce these inaccuracies without
significantly increasing the computational burden, even though these methods, in particularly
stressing situations, may give non-negligible errors. Parametric methods, however, require
computational effort greater than that required by DFT-based methods.
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A comprehensive comparison among the computational effort required by the parametric
methods is not easy, since, for example, Prony’s, the ESPRIT and the root-MUSIC methods
use different models to approximate the waveforms so they can be characterized by a different
number of contiguous time windows in the time observation period and each window can be
characterized by a different number of spectral components to approximate the waveform.

With particular reference to the ESPRIT and the root-MUSIC methods, it can be observed
that both methods are based on the same signal model, although the root-MUSIC method uses
the noise subspace while the ESPRIT method uses the signal subspace. The impact on the
results obtained by using the noise subspace or the signal subspace is not immediately
obvious; however, the ESPRIT method is generally considered more reliable for spectral
analysis [1].

It should be noted that, besides WT, STDFT and the high-resolution methods analyzed in
the above section, other techniques have also been used for harmonic distortion assessment,
e.g. the Kalman filtering technique. Details on this topic can be found in [1].

3.6 Time—frequency distributions

Other advanced methods for analyzing nonstationary signals (not only waveform distortions)
use time frequency distributions (TFDs); the basic objective of TFDs is to provide simulta-
neous time and frequency information about the energy content of the signal [12, 50, 53, 54].
In particular, TFDs can furnish information on the energy content of each signal spectral
component and where this content is located in time.

In order to better understand the time frequency representation of TFDs, let us consider a
test signal that includes a spectral component of amplitude 1 p.u. at a fundamental frequency
of 50 Hz, with superimposed harmonics, interharmonics and a transient disturbance.
In particular, the harmonics are 5th and 7th order harmonics of amplitude 0.03 p.u. and
0.01 p.u., respectively, and the interharmonic has an amplitude of 0.002 p.u. at a frequency of
57.3 Hz; finally, a transient disturbance, which includes a sinusoidal tone at a frequency of
874.5 Hz, an initial amplitude 0.3 p.u. and a damping factor of —150, is added at r = 0.176s.
In Figure 3.16, the considered test signal in the time domain (Figure 3.16 (a)) and its TFD

v(t) 15 f
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tfs] tfs]

(@) (b)
Figure 3.16 (a) Test signal in the time domain; (b) its TFD (see Plate 2)
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(Figure 3.16 (b)) are shown. Figure 3.16 (b) shows the presence of the stationary spectral
components at the fundamental frequency and at the Sth and 7th harmonic orders with
decreasing energy content (from black to grey colours, respectively) and also shows a
transient disturbance at a high frequency localized in a short time interval ([0.15 0.20] s).

In the next sections, first the theoretical background of time frequency distributions is
briefly recalled and then some indices based on their application are illustrated.

3.6.1 Theoretical background

All TFDs can be obtained from ‘Cohen’s class’, which is a generalized formulation for the
time frequency frame.
Cohen’s class of the waveform x(¢) is defined as:

1 4
TED.(1,w; ) = 1 ”Jz (u - %)Z(u + %)@(9, t)e O M) qydrdo, (3.47)
where the triple integration is on the interval (—oo,+00), ¢(6,7) is a two-dimensional
function called the kernel of the time frequency distribution and z(#) is the complex analytic
signal of the waveform x(f) given by:

+ oo

2 )
X(w)edt, (3.48)

(1) o
where X(w) is the Fourier transform of x(r). The kernel is a function that differs for each
member of Cohen’s class and it can be properly selected to improve the time frequency
resolution of the time frequency analysis.

Different types of TFDs can be obtained by selecting different kernel functions; they are
characterized by special properties and have been proposed for the improvement of the time
frequency resolution. Some examples are: the spectrogram, the Wigner Ville distribution,
the Choi Williams distribution and the reduced interference distribution (RID);
Figure 3.16 (b) shows an example of a Wigner Ville TFD. In [54], the authors have utilized
a TFD analysis based on the RID to provide a unified definition of new power quality indices
used for the characterization of nonstationary waveforms in power systems.

3.6.2 Time—frequency distribution-based indices

Let us consider a generic voltage waveform v(¢) that can be characterized by the presence of
disturbances. The waveform can be decomposed into two parts: a fundamental component
that is the sinusoidal component at power system frequency vg(f) and a disturbance waveform
vp(?) given by:

vp (1) = v(t) — vg(r). (3.49)

Applying the kernel of the reduced interference distribution (RID) to Equation (3.47) and

considering the waveforms v(f), vp(¢) and vg(7) in Equation (3.49), the following power
quality indices have been introduced in [54]:

e the instantaneous distortion energy index IDE(?);

e the normalized instantaneous distortion energy index NIDE(?);
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e the instantaneous frequency index IF(7);

e the instantaneous K-factor index IK(z).

IDE(?) is defined as follows:

+00 1/2

J TFD,, (1, w; ¢)dw

IDE(1) =

+00
J TFD,, (¢, w; ¢)dw
o0

(3.50)

The index given by Equation (3.50) can be interpreted as an extension of the well-known
THD:; it gives a measure of the energy content of all the spectral components included in vp (¢)
with respect to the energy of the fundamental component. In order to illustrate the information
furnished by the IDE index, let us consider once again the test signal shown in Figure 3.16 (a);
the time variation of the IDE index calculated for this signal is shown in Figure 3.17. From the
analysis of Figure 3.17, it is possible to observe that the IDE values are always positive due to
the presence of harmonic/interharmonic distortion and the energy content of the transient
disturbance; in particular, significant values of the IDE index are observed when a transient

disturbance occurs.
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Figure 3.17 IDE index versus time
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NIDE(?) is based on the same concept as IDE(?), but the energy of disturbance is referred
to the energy of all the spectral components present in the voltage waveform v(¢), so that it is

always lower than 1. NIDE(7) is defined as follows:

+00
J TFD,, (t,w; ¢)dw
NIDE(7) = —

+00

o)

+00
J TFD,, (1, w; ¢)dw + J TEFD,, (f, w; ¢)dw
o0

(3.51)
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The instantaneous frequency is the normalized first moment (mean value) of TFD, in the
frequency domain. It is defined by:

+00

J WTEFD, (1, w; ¢)dw
IF(f) = —=_ . (3.52)
2n J TFD, (t, w; ¢)dw
o0

Observing the above definition, it is possible to note that, in the numerator, the energy
density of each spectral component is weighted by its proper frequency; on the other hand, the
denominator is the energy of signal v(f) multiplied by 27n. In the presence of only the
fundamental component, IF(?) is equal to the power system fundamental frequency while it
assumes increasing values in the presence of disturbances characterized by increasing
frequency spectral content. In practice, IF(7) provides a measure of the deviation of the
frequency from the power system frequency f, due to the presence of spectral content at
other frequencies.

In order to illustrate the information furnished by the IF index, let us consider once
again the test signal shown in Figure 3.16 (a); the time variation of the IF index for
this signal is shown in Figure 3.18, which shows that the IF index values are generally
slightly greater than 50 Hz due to the presence of harmonic/interharmonic distortion; in
addition, note that the IF index values increase significantly when a transient disturbance
occurs due to the presence of the high-frequency spectral content. It should be noted that
the peak value of the index during the transient is about 62 Hz, which is a significantly
smaller value than the frequency of the actual high-frequency transient spectral component,
which is 874.5 Hz; this is in accordance with the definition in Equation (3.52) and is due
to the fact that, in Equation (3.52), the frequency 874.5 Hz is weighted with the (small)
value of the energy content associated with the high-frequency transient spectral
component.

70

IF(t)

[HZ]
65 1

60 - i

551 i

45t 1
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40

Figure 3.18 IF index versus time
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The last index, IK(?), is the extension of the K-factor to nonstationary signals; in
particular, it characterizes the disturbances by weighting the spectral component energy
density by the square of the normalized frequency. IK(7) is defined as follows:

+00

J <i)2TFDV(t, w; p)dw

wo

IK(f) = —= , (3.53)

+00
J TFD, (1, w; ¢)dw

[o¢]

where wy = 27f).
Once again, let us consider the test signal shown in Figure 3.16 (a), and the time variations

of index IK (Figure 3.19). Figure 3.19 shows that IK index values are generally slightly
greater than 1 due to the presence of harmonic/interharmonic distortion; also, note that the IK
index values increase significantly when a transient disturbance occurs due to the presence of

the high-frequency spectral content.

6
IK(t)
[p-u] !

O 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Figure 3.19 IK index versus time

Accurate evaluations of all TFD-based PQ indices are connected strictly to the accurate
decomposition of the waveform v(r) into fundamental and disturbance waveforms. This
decomposition can be made by estimating the fundamental component Vg(¢) by means of

the following relation:
Dr(r) = Vo cos(2mfyt + 6p), (3.54)
where, in [54]:
® fois assumed fixed and equal to the power system frequency (for example 50 Hz);

eV, is the amplitude of the fundamental component estimated using TFD, (¢, wp; ), that
is the TFD of the voltage waveform calculated at the fundamental frequencys;
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e 0 is the initial phase of the fundamental component and is obtained by applying the
following curve-fitting algorithm:

0o = arg ymin|v(r) — Vycos (2nfot + 0)[. (3.55)

It should be noted that, in the case of voltage sag (or swell) disturbances, the fundamental
ve(?) is assumed to be the ‘pre-event’ voltage (the voltage waveform in the operating
condition before the voltage sag or swell) so that the disturbance vp(7) is also characterized
by the presence of an unavoidable spectral component at power system frequency.

In practical applications, the continuous signal v(#) is sampled, resulting in a discrete sequence
v(n); moreover, only finite discrete sequences of samples can be analyzed. The finite discrete
sequence is obtained by applying a sliding time window to the sampled waveform. Then, to
calculate the aforementioned TFD-based PQ indices, a discrete version of their relationships
should be applied. Using these discrete formulations, TFD-based PQ indices will be functions of
time ‘t,,” which, for example, can be the initial time of the sliding time window used for the analysis.

With particular reference to discrete disturbances, it has been proposed in [54] that the so-
called ‘principal average’ can be calculated to provide a single number that quantifies the
disturbance in a more compact way. The principal average can be defined for each of the PQ
indices defined in Equations (3.50) to (3.53). It is the mean value of the index over a time
interval equal to a fundamental period (1/fy); this time interval is chosen by taking into
account that its central time fy,y is the time at which the index assumes its local maximum
value. Letting TFDPQ(?) be one of the PQ indices defined in Equations (3.50) to (3.53), the
principal average (PA) is defined as:

tMax+1/(2fU)
PA = J TFDPQ(¢)dt, (3.56)
tvax 1/(2fo)
where fy,x 18 the aforementioned central time.
Recently, the use of the adaptive Prony’s method (APM) outlined earlier has also been

considered to redefine and calculate indices from Equations (3.50) to (3.53) [50]. The
advantages of APM are that:

e the estimation of the fundamental component does not require any assumption on the
fundamental frequency;

e the extraction of the actual fundamental component does not require the application of
a separate fitting algorithm;

e it can be applied only to the whole waveform from which all the quantities needed for
the calculation of the PQ indices are provided;

e it also provides the initial phases of each spectral component.

If we remind ourselves of Prony’s model given in Section 3.5.1.1, the fundamental and
disturbance waveforms can be expressed as:

V(t,) = ‘;F(tn> +17D(tn) _ Vkoe/'@koe(ako +jwig) ta 1
M
Y eelelma 3.57
k=1(k#ko) (3.57)



176 POWER QUALITY INDICES IN LIBERALIZED MARKETS

where k is the index corresponding to the fundamental component.

In order to define the APM-based PQ indices, discrete versions of the indices are
considered. Finally, the indices from Equations (3.50) to (3.53) can be redefined in the
discrete time domain as follows:

e The short time disturbance energy index STDE(z,,)

M L 1/2
YooY edtreleutind 1|2
= n=1
STDE(r,,) = { &7 (3.58)
Z ’Vkoeiwko (g +jwry ) in 1 ‘2
n=1
e The normalized short time disturbance energy index NSTDE(z,,)
M L ' ' ) 1/2
Z Z |Vkel¢ke(0k +jwi ) ta 1 ‘
= n=1
NSTDE(r,,) = { “— 12l (3.59)
S v
k=1n=1
e The short time frequency deviation index STFD(z¢,,)
M L
Z Wk Z ’Vke/‘@ke(akﬂwk)t“ 1|2
k=1, =1
STFD(t,,) = T (3.60)
3 [aetelon 1|2
K=1n=1

e The short time K-factor index STK(z,,)

i (ﬂ)z i ’Vkejﬁjke(‘yk+jwk)lr: 1 |2
K=1\ %

STK (t,,) = n= . (3.61)

M L
Z Z’de‘qﬁke(akﬂw)m 1‘2
k=1n=1

In addition, it is still possible to define the APM-based principal average.

Example 3.5 In this example we consider simulated transients due to the switching
of two capacitors and apply the APM to calculate the indices given by Equations (3.58)
to (3.61). The scheme for this simple system is shown in Figure 3.20; the system
parameters are reported in [50] except for the 5 MW load which is characterized by
cosp = 0.85.
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Figure 3.21 Voltage waveform versus time during the two capacitor switchings

Figure 3.21 shows the voltage at the capacitor terminals (in p.u. of peak phase voltage).
The first transient (at # = 0.083 s) was caused by capacitor switching of the static load; the
second transient (at = 0.133 s) was caused by the switching of the motor capacitor.

Figure 3.22 shows the STDE (Figure 3.22 (a)) and NSTDE (Figure 3.22 (b)) indices. From
the analysis of these figures, it appears that the STDE and NSTDE indices have similar time
variations. In the presence of a disturbance, the value of the NSTDE index is smaller than the
value of the STDE index. This is consistent with the definitions of the indices; in fact, the
denominator of Equation (3.59) is greater than the denominator of Equation (3.58). Also,
analyses of the STDE and NSTDE indices show that the second transient is characterized by a
greater energy. Finally, the STDE and NSTDE indices have local maximum values that
correspond to the initial times of the transient disturbances, i.e. 0.083s and 0.133s,
respectively.

The STFD index values are shown in Figure 3.23 (a). It clearly appears that the frequency
deviations have high values in the presence of the transient due to the high-frequency spectral
content. From the analysis of Figure 3.23 (a), it also appears that the second transient
disturbance causes a frequency deviation greater than the first transient because it has greater
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Figure 3.23 (a) STFD and (b) STK indices versus time

high-frequency spectral content. Figure 3.23 (a) shows that STFD has local maximum values
that correspond to the initial times of the transient disturbances, i.e. at 0.083 s and at 0.133 s,
respectively.

The same considerations made for STFD can also be made for the STK index (see Figure
3.23 (b)). It should be noted that STK has even smaller values than STFD. This is consistent with
the definitions of the two indices; in fact, in the numerator of STFD (Equation (3.60)) the energy
density of the spectral content is weighted by its proper frequency, while in the numerator of
STK (Equation (3.61)) the energy density of the spectral content is weighted by its proper
squared normalized frequency. All the indices allow us to capture the initial time of transients.

To characterize the disturbances in a more synthetic way, Table 3.3 reports the peak
values, the peak times (#yux) and the principal average (PA) of the indices, which were
calculated with reference to the two local maximum values. As mentioned before, the central
time fyv.x in Equation (3.56) is equal to the time at which the indices reach their local
maximum values. From the analysis of Table 3.3, it is confirmed that PANSTDE and
PASTDE have greater values for the second transient (due to its greater energy) and
PASTFD and PASTK have greater values for the second transient (due to its greater high-
frequency spectral content).
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Table 3.3 Principal average (PA) of APM-based PQ indices calculated with
reference to the first (a) and second (b) maximum value

(a)

IMax peak PA
STDE [p.u.] 0.083 0.147 0.010
NSTDE [p.u.] 0.083 0.145 0.010
STFD [Hz] 0.083 77.928 50.440
STK [p.u.] 0.083 16.854 1.184

(b)

IMax peak PA
STDE [p.u.] 0.133 0.357 0.013
NSTDE [p.u.] 0.133 0.336 0.013
STFD [Hz] 0.133 285.745 50.493
STK [p.u.] 0.133 256.597 1.190

3.7 Transient waveform distortions (bursts)

Harmonic bursts are transient waveform distortions lasting a short time in comparison to the
observation interval. They can be caused by nonlinear loads, subject to random and sudden
shock loads (e.g. starting of drives) or by sudden variations in harmonic impedances;
they can cause defective operation of control equipment resulting, for example, from the
displacement of zero crossing points of the voltage waveform, and spurious tripping of
control circuits.

A deterministic description of bursts is inadequate for taking into account the character-
istics of these disturbances, while a description in terms of a stochastic process is more useful
for providing a methodological means of identifying adequate indices [55].

3.7.1 Theoretical background

Let us consider, as an example of a waveform distortion index, the harmonic distortion factor
(THD) and assume that, in the presence of bursts, the phenomenon can be described as a
stochastic process W(f) composed of a ‘base’ random process Wy (f) that varies randomly
around its mean value and a succession of bursts of random amplitude and duration; if a
barrier value b is assigned (Figure 3.24), the THD process W(z) is given by:
Ny (1)
W(t)=Wo(t) + Yk it — Ty) (3.62)
k=1

where:

e N,(¢) is the number of up-crossings of barrier b in (0,7);

e (, are the ‘burst over base process’ amplitudes given by [Z;, — W(1)], with Z, being the
burst amplitude;
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e JI, represents the opportune ‘pulse-shaped’ functions, which are of random shape and
duration, have a maximum amplitude of 1 and vanish outside (T}, T + Uy), where Uy is
the random burst duration.

&8 — T T T T T T 1

e

i I S
0 20 40 60 80 100 120 140 160 180
time [minutes]

Figure 3.24 THD burst example

Equation (3.62) can be rewritten as:
No(t)
W(t) = Wo(r) + Z Vilt, sk, Tx) (3.63)
k=1
and, hence, the stochastic process W(¢) can be defined in terms of the discrete process N (¢)
and the time random functions Vi (t, sk, Tx) = <x I (t — Ty).
It is practically impossible to derive an analytical expression for the W(#) probability
distribution. However, if the above functions are independent, as ¢ diverges, for the central
limit theorem, W(r) approaches a Gaussian process.

3.7.2 Burst indices

The characterization of the whole process given in Equation (3.63) is frequently unnecessary,
and only amplitudes Z; and duration U of the bursts need be described (in the following,
these variables are generically indicated as H); their probabilistic description can be obtained
with probability density functions (pdfs) derived on the basis of available measurements or
simulations.

A time-dependent index defined by the following stochastic process is introduced in [55]
with regard to the ‘cumulative’ duration (amplitude) of bursts:

By(t) = Z Hy, (3.64)

where H, is, as previously defined, the kth burst duration (amplitude).
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If only the mean values of the processes By are of interest, these statistical measures can
be easily obtained under the hypothesis that the succession of the random variables Z; or Uy is,
in a broad sense, stationary. In this case, we have:

E[Bu (1)) = kyEN ()], (3.65)

where p; is the mean value of any single variable H,.

In the most general case, the entire probability distributions of these two processes can be
derived once the probabilistic characteristics of the discrete process Ny(¢) other than of the
random variables Z, and U, are known.

On the assumptions that the mean duration of each burst U is much smaller than the mean
time between the successive crossings 7, and that the barrier level is high enough, the N,(¢)
process, here defined as the ‘burst counting process’, can be described, by virtue of theoretical
results of the extreme values from the stochastic process, by the well-known Poisson prob-
ability law p(k,?), given by:

i (0p 1)F
plk,t) = P[Ny(t) =k]=¢ %’T k=0,1,......... ,+o0. (3.66)
In Equation (3.66), ¢, is the mean number of up-crossings in the unit time. The mean and
variance of the process N,(f) are numerically equal and are given by:

EINy(1)] = Var[Ny(1)] = oyt. (3.67)

Equations (3.66) and (3.67) strictly hold under the assumption that the process W(?) is
stationary, but an extension to the nonstationary case has also been derived in the literature.
Moreover, in the most general case, the discrete process N,(7) can be described efficiently on
the basis of numerical measurements of actual plants or simulations.

Other than the cumulative duration (amplitude) of bursts, other new indices for bursts
have been proposed to characterize risk (the burst risk index) and safety (the burst safety
index) conditions with respect to the disturbance effects on the system.

3.7.2.1 Burst risk index

Let us consider the following stochastic process D(t,d), defined as the number of times that
a characteristic parameter of the bursts exceeds a given level d > b:

D(t,d)= Y I, (3.68)

where [ is a Bernoulli random variable (I, = 1 if H;, > d at time T}, of the kth burst, otherwise
I, =0).
The burst risk index (BRI) is defined as the mean number of burst amplitudes or durations
over (0, 7) exceeding d; it is given by:
BRI(r,d) = E[D(t,d)]. (3.69)
This index is intrinsically dynamic, allowing an efficient prediction of the performances over
time. Under the hypothesis that the random variables H, are statistically independent and

identically distributed with the common, time-independent, cumulative distribution function
F(h)y=Fy(h)=PH <h),Vk=1,2,...... n,...,itcan also be analytically calculated as:

BRI(¢, d) = E[N,(t)] P(H >d) = E[N,(?)] [l = F(d)] (t > 0). (3.70)
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It has been shown that, under the Poisson hypothesis, Equation (3.70) can be
simplified [55].

It should be noted that this index can be particularly useful for establishing a component’s
immunity to this kind of disturbance. In fact, for the assigned process, the more sensitive a
given electrical component is to the burst effect (which implies low values of the level d), the
higher is its BRI value.

3.7.2.2 Burst safety index

The most natural way to identify an index with suitably robust conditions for dealing with an
assigned disturbance is to introduce the following stochastic process:

{Y(t):max(H],...,HNb(t)) N;,(t).zo (3.71)
Y(t)=0 otherwise.
Once a safety level s is assigned, the following burst safety index (BSI) can be defined:
BSI(r) = P[Y(¢) < s]. (3.72)
Naturally, for every assigned value n,, of N,(¢), the following relationship holds:
[max(Hy,...,Hy) <s] if [(Hy <s)N...N"(Hwp <5s)], (3.73)

so that BSI(?) is simply the probability that the level s is never exceeded over (0, 7).

By means of trivial calculations, a compact expression can be obtained using the Poisson
hypothesis. In other cases, the Y(#) pdf can be readily evaluated using numerical techniques or
a Monte Carlo simulation, as shown in [55].

Example 3.6 Figures 3.25 and 3.26 show the burst indices given by Equations (3.69) and
(3.72) as functions of the levels d and s (in %) respectively, for different time horizons (r = 1,
2 and 4 days). The indices refer to burst amplitude.

BRI(t, d)

Figure 3.25 Amplitude burst risk index BRI(z, d) versus the level d for different time
horizons
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BSI(t, s)

Figure 3.26 Amplitude burst safety index BSI(z, s) versus the level s for different time
horizons

Figure 3.25 and Figure 3.26 refer to a test THD process and have been calculated
assuming that the base random process Wy(f) has a constant mean value equal to 5% and a
barrier value b = 8%. Moreover, it is assumed that the ‘burst excess’ amplitudes over the
barrier, i.e. the values of the random variable Y; = (Z;, b), with b being the barrier value,
have a lognormal distribution. The following scale and shape parameters have been assumed
a = 0.1520 and ¢ = 0.2462 (corresponding to a burst excess amplitude mean value equal to
1.2 and a standard deviation equal to 0.25); a burst mean frequency ¢, over the barrier b equal
to 0.333 hour ' (corresponding to the occurrence of eight bursts, on average, per day) has
been assumed.

It has been shown and stated in the relevant literature that the above indices are not
dependent on the particular burst probability law [55]. For instance, it has been shown that
similar results are obtained both for the lognormal distribution utilized in the example for
burst-excess amplitude values and for a gamma distribution fitted to the same burst amplitude
values, with equal mean and standard deviation.

3.8 Conclusions

In this chapter, some problems concerning the calculation of PQ indices have been analyzed,
with particular reference to the spectral leakage problems in the waveform distortion assess-
ment and to the analysis and characterization of nonstationary waveforms. Advanced meth-
ods as well as new indices have been shown, and numerical examples provided in order to
outline the advantages that each offers.

The main conclusion of the chapter is that, even though research on these topics is
ongoing and several significant contributions will soon be published, the new methods and
indices considered in this chapter seem to be powerful tools for overcoming problems that
have been encountered as well as those that may be anticipated.
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4

Quantifying the quality of
the overall supply voltage

4.1 Introduction

The traditional power quality (PQ) indices, e.g. voltage and current total harmonic distortion,
the unbalance factor, etc., analyze PQ disturbances separately. Global indices quantify the
overall loss of PQ as a whole; as such, they can be of particular interest. In fact, in some cases,
the instantaneous values of voltage, including all disturbances contemporaneously, can be the
main cause of failure or malfunction of electrical components, such as static converters or
insulated components. Moreover, global PQ indices can significantly reduce the amount of
stored data required to cover the various types of disturbance. Finally, they allow the
comparison of utilities for benchmarking purposes and easily quantify any loss of PQ,
which is needed for PQ regulation, as will be shown in Chapter 6.

Although many papers in the relevant literature have analyzed the problem of the
characterization of individual types of PQ disturbance, only a few such papers have dealt
with global power quality indices (GPQIs).

GPQIs, finalized to quantify the overall supply voltage quality, can be classified into three
subcategories:

e GPQIs based on the evaluation of the difference between an ideal voltage waveform
and the actual voltage waveform;

e GPQIs based on opportune treatments of various traditional PQ indices in order to
ascertain one or at most two figures for quantifying the overall quality of the supply
voltage at the monitored site;

e GPQIs based on the economic impact produced by the PQ disturbances on the

equipment of the customer.

This chapter presents and critically analyzes the theoretical aspects of some GPQIs that
have been developed to quantify the quality of the supply voltage.

Power Quality Indices in Liberalized Markets ~ Pierluigi Caramia, Guido Carpinelli and Paola Verde
© 2009 John Wiley & Sons, Ltd
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4.2 Global indices based on a comparison between ideal

and actual voltages
These indices quantify directly the difference between the actual waveform of the power
supply voltage and the ideal waveform of the power supply voltage, where the ideal

supply voltage is a proper voltage characterized by the absence of PQ disturbances
(Figure 4.1).

Actual voltage

index

Waveform
treatment >

\ 4

v

m Global PQ

Ideal voltage

Figure 4.1 Procedure for evaluating a global power quality index based on the comparison
of ideal and actual voltage waveforms

In the forthcoming sections, the following three GPQIs that have been proposed in the
literature are described [1 4]:

e the normalized RMS error;

e the normalized three-phase global index;

e the voltage quality deviation factor.

4.2.1 The normalized RMS error

In Figure 4.2, the following two voltage waveforms are plotted:

e v,(?) is the actual voltage waveform characterized by the presence of PQ disturbances;
® y;(¢)is asinusoidal voltage waveform characterized by proper fixed values of amplitude

and frequency (ideal supply voltage).

The root-mean-squared value of the difference between the actual and ideal voltage
waveforms is defined as the RMS error (RMSE) [2]:

RMSE = % J[va(t) —vi(1)]%dr, 4.1

T
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Figure 4.2 The actual v, (dashed line) and ideal v; (solid line) voltage waveforms

where T is the time period of the power frequency. Considering the sampled voltage wave-
forms, Equation (4.1) can be written as:

N
> a(nTy) = vi(nT))’

RMSE = \| ~=! v . (4.2)

In Equation (4.2), v,(nT;) and v;(nT) are the nth samples of the actual voltage and ideal
voltage, respectively, N is the number of samples in a period of power frequency 7 and T is
the sampling time.

The RMS error depends on the voltage level being considered; thus, to allow a meaningful
comparison of PQ performance among different voltage levels, a normalized version of the
RMS error (NRMSE) is considered:

N
Zva (nTy) — vi(nTy)]?

n=1

NRMSE = N . (4.3)
Vi

In Equation (4.3), V; is the magnitude of the actual fundamental voltage.

The NRMSE is a useful index for characterizing the whole PQ, since it considers all (both
continuous and discrete) PQ disturbances, e.g. harmonics and interharmonics, voltage sags
and swells and transients. If the value of NRMSE is low, the authors who proposed this
index [2] suggest that no further analyses are required; otherwise, the PQ problem needs
further identification to determine the nature of the power quality issue.

A crucial issue for the NRMSE index calculation is that the ideal voltage v;(f) must be
known. This voltage is assumed to be an ideal sine wave at power frequency, the amplitude
and argument of which are, respectively, equal to the estimated magnitude and argument of
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the fundamental voltage. In the case of a single event (for example, a voltage sag), the ideal
voltage is assumed to be the ‘pre-event’ fundamental voltage, i.e. it is the fundamental voltage
waveform in the operating condition before the PQ event. In both cases, the amplitude and
argument of the ideal voltage can be derived by using a curve-fitting algorithm (CFA) based
on the least squares estimation technique or by using the zero-crossing algorithm that requires
interpolation between consecutive sample points straddling the zero crossing. Both CFA and
zero-crossing techniques give good estimates of the fundamental magnitude and argument of
the voltage in the presence of small background distortions. If the background distortions are
not negligible, the zero-crossing method gives unacceptable results and the CFA method is
the preferred method. Alternatively, the amplitude of the ideal sine wave can be assumed to
be equal to the nominal value of the voltage. It should be noted that, if the amplitude of the
ideal voltage coincides with the magnitude of the estimated fundamental voltage of the
monitored actual voltage, the NRMSE cannot detect the presence of slow voltage variations;
this disturbance can be detected if the value of the amplitude of ideal voltage is equal to the
nominal amplitude.

4.2.2 The normalized three-phase global index

Unlike the NRMSE index previously introduced, the normalized three-phase global index
permits the quantification of the PQ level at a three-phase busbar, considering contempor-
aneously all three-phase voltage waveforms.

Letting v, (?), vau(?), and v, (¢) be the actual single-phase voltage waveforms monitored
at the busbar of a three-phase power system, the normalized three-phase global index is
defined starting from the instantaneous quality value X(#), defined as:

X(t) = % Z [va,,,(t) — \/2an sin(wm,mt +op— a,,)r’ (4.4)

=ab,c

where p is the phase code, v, (?) is the pth actual phase voltage, Vyr and wyom are the
nominal phase voltage amplitude and angular frequency, respectively, ¢ is the initial
argument of the first-phase voltage, «,, is equal to 0, 47/3 and 2n/3 for p = a, b and c,
respectively. The X(7) quantity is, at each instant, the root of the mean on the three phases
of the squared difference between the actual single-phase voltages and the ideal single-
phase voltages. In this case, the ideal single-phase voltages constitute three sinusoidal
waveforms, with magnitudes and frequencies equal to the nominal values, displaced from
each other by 120 degrees.

The normalized three-phase global index NGl;¢, is defined as the normalized root mean
square value of X(7):

ﬂ

p=ab,c

T T

1 1 (1 . 2

_ JXZ(t) dr T J 3 Z [v.d_p(t) — V2V sm(wm,mt + ¢ — ap)} dr
0

0
NGl3p = —
an an

(4.5)
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The normalization at the nominal phase voltage V¢ is used once again to allow a mean-
ingful comparison of PQ performance at different voltage levels.
Considering the sampled voltage waveforms, Equation (4.5) can be written as:

¥ > een)

NGl " :;
nf

(4.6)

LA ’
372 S [rannT) V2 Var sin(ehom 1 Tut 0~ )]

n=1 " p=abc

)
an

where v, , (nT;) is the nth sample of the pth actual phase voltage.

For each busbar of the monitored system, the NGI5¢ index furnishes an average indication
of how close the actual three-phase voltage waveforms are to the three-phase waveforms of
the ideal voltage. The NGI3¢ also considers all PQ disturbances. Once again, if the value
assumed by NGlI;q is low, no further analysis is required; otherwise, the PQ problem needs
further assessment to determine the nature of the PQ issue.

4.2.3 The voltage quality deviation factor

The voltage quality deviation factor (VQDF) is a global PQ index that is able to quantify the
deviation level of the actual voltage waveform from the ideal voltage waveform for a fixed
time interval, using the energy function associated with the voltage waveform.

The voltage quality deviation factor is defined as the ratio between the voltage energy
deviation and the ideal waveform’s energy levels in the interval [¢, r+T7]:

J [va(r) = vi(r)|dt
VQDF(t,t +T) = —* . (4.7)

The ideal voltage v;(¢) is a sinusoidal voltage waveform, the magnitude of which is equal to
the nominal value and the frequency of which is coincident with the fundamental frequency of
the actual voltage, unlike what happens in the evaluation of the NRMSE index, where the ideal
voltage is a sine wave at power frequency with amplitude equal to the estimated magnitude of
the fundamental voltage. The angular frequency and argument of v;(¢) can be obtained, with
good precision, by using a phase-lock loop circuit. This index seems to give results similar to
those produced by the instantaneous distortion energy (IDE) index for quantifying nonsta-
tionary waveforms, described in Chapter 3. The difference between these indices is the ideal
voltage waveform considered; while the VQDF uses the nominal voltage as the ideal wave-
form, the IDE estimates the voltage component at the power frequency.
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In the case of the three-phase power system, the expression for the VQDF becomes:

t+T

J S |20 — 20
p p=ab.c '
VQDE(1,t +T) = — , (4.8)
> vip(n)de
p=ab,.c '

where p is the phase code, v,,(?) is the pth actual phase voltage and vip(?) is the pth ideal phase
voltage.

The index VQDF produces non-negative values; in particular, when VQDF equals zero,
no deviations exist between the actual and ideal voltages and, therefore, the voltage quality is
assumed to be ideal. A high VQDF value indicates a poor quality of supply voltage.

The VQDF index was also proposed to achieve a quantitative economic analysis of the
effects on customers when the voltage quality is not acceptable. The authors who introduced
the VQDF index [3] have proposed a formula for the energy cost paid by customers, which is
a function of the extent of degradation of the power quality. In particular, the energy cost paid
by the customer in the presence of PQ degradation is reduced, with respect to that paid in ideal
conditions, as a function of the value assumed by the VQDF index. Considering that some
deviation from the ideal voltage is permitted (due to the presence of disturbances within the
fixed limits), the energy cost paid by the customer is the same as the cost in ideal conditions
when the value of the VQDF index is less than a fixed threshold value. However, when the PQ
deviation exceeds the fixed threshold value, the payment for energy by the customer is
reduced by a factor that is proportional to the value of VQDF.

Example 4.1 In this example the performance of the GPQIs based on the evaluation of the
differences between the ideal voltage waveform and the actual voltage waveform is compared
using different test waveforms that represent three-phase power supply voltages character-
ized by the presence of one or more disturbances. Table 4.1 shows the test waveforms
considered.

Table 4.2 shows the maximum values of NRMSE, NGl3q and VQDF indices during the
analyzed time interval of one second. These indices, in fact, are calculated for each period of
power frequency and, in the observed time period, their maximum values are assumed to
characterize the PQ level.

Based on the analysis of the numerical results reported in Table 4.2, it is apparent that:

e All the considered indices classify test waveform 5 as the ‘worst case’ in terms of PQ);
this waveform is characterized by the greatest number of disturbances.

e As was foreseeable, NRMSE = NGlI3q, and reduces to THD if only harmonics are
present (waveform 1: THD = 10.5%).

e In the presence of only one disturbance (waveforms 1, 2 and 3), NRMSE, NGl;4
and VQDF classify case 3 as the most critical due to the presence of a significant
voltage sag.
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Table 4.1 List of test signals

Code Test signals

1 Three phase voltages with 3rd, 5th, 7th, 9th, 11th and 13th harmonics with values equal to the
limits of EN 50160 [5].

2 Three phase unbalanced voltages with an unbalance factor equal to 3.0%.

3 Three phase voltages with voltage sags on one phase characterized by a residual voltage
equal to 0.5 p.u. and duration equal to 200 ms.

4 Three phase voltages characterized by:

e an unbalance factor equal to 3.0%

e the presence of 3rd, 5th, 7th, 9th, 11th and 13th harmonics with values equal to the limits of
EN 50160 [5].

5 Three phase voltages characterized by:
e an unbalance factor equal to 3.0%

e the presence of 3rd, 5th, 7th, 9th, 11th and 13th harmonics with values equal to the limits of
EN 50160 [5].

e the presence of a sag on one phase characterized by a residual voltage equal to 0.5 p.u. and
duration equal to 200 ms

Table 4.2 Individual indicator and global index values

Test code Global indices

NRMSE NGlzq VQDF
1 0.105 0.105 0.136
2 0.000 0.045 0.065
3 0.500 0.289 0.250
4 0.113 0.114 0.164
5 0.511 0.310 0.359

Example 4.2 In this example the GPQIs are calculated using a three-phase voltage
waveform characterized by the contemporaneous presence of harmonics, unbalances and
a voltage sag. The time duration of the recorded signal is about five seconds; Figure 4.3
shows a zoom of the three-phase voltage waveforms corresponding to the sag presence.
The voltage waveform was obtained in the laboratory by means of a three-phase power
voltage supply.

Figures 4.4 (a), (b) and (c) show the NRMSE, NGlI3q and VQDF indices versus
time; in particular, the value of the NRMSE index (Figure 4.4 (a)) has been calculated
for each phase.

From the analysis of the results shown in the figures, it is evident that the indices clearly
identify the presence of the sag. The values of these indices present a discontinuity that
corresponds to the sag.
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Figure 4.3 Zoom of the three-phase voltage waveforms corresponding to the sag presence
(see Plate 3)
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Figure 4.4 Time variations in (a) NRMSE; (b) NGl;q; (c) VQDF calculated for the signal
reported in Figure 4.3

4.3 Global indices based on the treatment of traditional
indices

GPQIs based on the treatment of traditional indices are able to quantify the quality of the
supply voltage waveform at the busbar of an electrical power system, starting from the
characterization of the single disturbance levels quantified through traditional power quality
indices (Chapter 1).

The procedure for evaluating these indices is synthetically illustrated in Figure 4.5.

In this section, the following GPQIs will be described [4, 6, 7]:

e the global indicator;

e the unified power quality index.
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Figure 4.5 Procedure for evaluating a global power quality index based on the treatment of
single disturbance indices

4.3.1 The global indicator

The global indicator I was designed to assist the French power transmission system operator
with regard to the quality of the supply. This global index is defined as the maximum value
among individual indicators relative to the slow voltage variations, harmonic distortions,
voltage unbalances, voltage sags and voltage swells:

]G = I'IlElX(IT7 IH, IUNB) Ic) (49)

In Equation (4.9), It, Iy, Iung and I are the slow voltage variation indicator, the voltage
harmonic indicator, the unbalance voltage indicator and the voltage sags and swell indicator,
respectively. These indicators are measured by equipment installed at the power system
busbar and configured in a cyclical manner (for example, one recording every ten minutes),
for a fixed period of time (for example one week).

The slow voltage variation indicator requires the preventive definition of the variation
ratio around the contractual value, tay; this ratio is defined as:

(Va - VC)

Tay = 1005,

(4.10)

where V, is the actual RMS supply voltage and V(- is the contractual voltage, assumed to be
equal to the nominal voltage or the declared supply voltage.
The slow voltage variation indicator I is then defined as:

IT = max(ITSUP, IT[nf)7 (41 1)
where:
T

ITSup — 100 AVMax

TAVLimsup
(4.12)

Friop = 100220 ;

TAVLimint

Tavmax and Taymin in Equation (4.12) are the maximum and minimum values of Ty in the
survey period of a week; Tav,,s, and tav,,, are the fixed contractual limits, which are
values that should never be exceeded.

The voltage harmonic indicator Iy is defined as:

IH: max (ITHDv,F27F37F4...), (413)
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where:
THDy.x
I =100 —
THDV THD,..,
(4.14)
V ax
F, = 100 :Max

ViLim | —2.3.... 25

In this relationship, THDy,x is the maximum value of total harmonic distortion at the
monitored site during the survey period, THDy ;,, is the contractual limit of total harmonic
distortion, Vj,max 1S the maximum value of the hth individual voltage harmonic at the
monitored site during the survey period and V), ;, is the contractual limit of the hth
individual voltage harmonic.

The voltage harmonic and slow voltage variation indicators are evaluated over the three
phases and the maximum value is considered to quantify the slow voltage variations and the
distortions at the monitored bus.

The indicator Iyng relative to the voltage unbalances is based on the maximum measured
value of the unbalance factor K,na.x at the monitored site during the survey period; in
particular, it is defined as:

Tons = 100 M (4.15)
d,Lim
where K1 im 1S the contractual limit of the unbalance factor.

The evaluation of the voltage sags and swells indicator /- is obtained by consider-
ing the voltage tolerance curves. Various voltage tolerance curves exist, but the most
widely publicized are the CBEMA, ITIC and SEMI curves, as described in Section
1.3.6 in Chapter 1.

The voltage sags and swells indicator I refers to the ITIC curve. In particular, if N; is the
number of events in the survey period inside the ITIC curve and N, is the number of events
outside the curve, the indicator /- can be calculated as follows:

Ic =0 in the absence of swells and/or sags, (4.16)

.
> pQ?

Io=Al= N, =0 4.17
C Nl 1 2 ) ( )

.
Z IPQ?

Ic =y =L — if N, £0. (4.18)
N,
where:
Ve — Vi
IPQ = 100 Ve = Veven| (4.19)

Ve — Vimie|
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In this relationship, Vigyen is the minimum (maximum) RMS voltage during the sags
(swells), V¢ is the contractual voltage and Viic is the lower (upper) boundary voltage of the
ITIC curve associated with the duration of the sag (swell).1

Starting from the knowledge of the individual indicators, the global indicator I is
obtained from Equation (4.9).

A value of Ig equal to 100 indicates that at least one contractual limit has been reached.
A value under 100 indicates that all measured data are under the contractual limits; a value
over 100 indicates that one or more contractual limits have been exceeded.

To have a comprehensive idea of the supply quality level for a given area of the power
system, a global system PQ index was also defined. This global PQ system index, called the
global efficiency index, is evaluated through the following relationship:

N,
Io.ger = 10012 (4.20)
Nt()l

where Ny, < 100 represents the number of measuring devices for which the global indicator /g
is lower than 100, and N,y is the total number of devices installed in the considered area.
A value of I ggr equal to 100 indicates that, in the monitored area, the contractual limits are
respected; a value of I gy less than 100 indicates that, in one or more sites of the monitored
area, the contractual limits have been exceeded.

4.3.2 The unified power quality index

The unified power quality index (UPQI) was initially defined only for continuous dis-
turbances; this global index is obtained, as will be shown below, by properly handling the
indices traditionally used to characterize single continuous disturbances. In particular,
starting from the evaluation of the indices used to quantify single disturbances (e.g. the
individual harmonic voltage, the total harmonic distortion factor, the unbalance factor and
short- and long-term flicker indices), the value of the UPQI is obtained by performing a
multi-step procedure.

The first step requires measuring the various indices as introduced in the PQ standards or
recommendations. To summarize the index levels over a survey period, some statistical
measures are considered; in particular, the 95th or 99th percentile values are calculated,
usually over a week, during which time the values of the indices are stored every ten minutes.

In particular, the following quantities are considered:

e for harmonics, the 95th percentile value of the voltage total harmonic distortion (THD)
and the 95th percentile value of each single harmonic voltage (V},) up to the 40th order;
e for voltage unbalances, the 95th percentile value of the unbalance factor, K;

e for voltage fluctuation, the 99th percentile value of the short-term flicker severity (Py,)
and the 99th percentile value of the long-term flicker severity (Py,) indices (the max-
imum value over the three phases);

! The definition of IPQ is very similar to the PQI index introduced in Section 1.3.6 in Chapter 1. In particular, IPQ is
referred to the ITIC curve, while PQI is referred to the CBEMA curve.
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e for slow voltage variations, the 95th percentile value of the absolute difference between
the actual RMS voltage and the permissible voltage value (the maximum value over the
three phases).

For a surveying period of several weeks, the worst-case value, which is the maximum of
the weekly 95th or 99th percentile values, can be considered.

During sag or swell events, the values assumed by the continuous disturbance indices are
ignored. It is also recommended that the voltage total harmonic distortion and the unbalance
factor be calculated relative to the nominal voltage rather than the actual voltage; otherwise,
periods characterized by low voltage will lead to apparently high values for harmonic
distortion and unbalances.

In the second step, all index values calculated in the first step are expressed in a
per-unit base, where the limit (base) value is represented by the maximum permissible
value, /;jim:

I;

I, = , 4.21
’ I jim (421)

where [; is the index value calculated in the first step for the ith considered disturbance
type. This step is called normalization. The limit value I;,;;,, may be equal to the value
imposed by the standards or recommendations. In this way, a value of the normalized
indices equal to 1 means that the statistical measure calculated in the first step coincides
with the limit (limit of acceptability); values greater than 1 represent situations in which
supply quality does not satisfy the standards or recommendations, whereas values
lower than 1 represent situations in which supply quality does satisfy the standards or
recommendations.

In practice, the normalization step is also applied in the global indicator evaluation
outlined in Section 4.3.1; in the last case, however, the limit values are assumed to be equal
to the contractual values.

When a disturbance is characterized by more than one index (for example, in the
case of harmonics, the 95th percentile of THD and the 95th percentile of V), with
h = Hpin =+ Hpax)s a further step is required, i.e. all the normalized values of the indices
that refer to the same type of disturbance are compared to each other and, as in the case
of the global indicator evaluation, only the maximum value is considered in character-
izing the disturbance. This step is called consolidation by the authors who proposed the
UPQI index [7].

These consolidated indices have the simple property that their maximum acceptable value
is unity.

After applying the normalization and consolidation steps, the various indices are
properly combined to give a single number. This can be accomplished in several intuitive
ways, involving the average or the maximum of the consolidated indices. The average of
the consolidated indices implicitly assumes that the effect of PQ is the sum of the
individual disturbance types; in particular, excessive disturbances of one type can be
mitigated by reducing other types of disturbance. The use of the maximum of the
consolidated indices, as used by the global indicator, assumes that the effect of PQ on
the customer is only linked to the maximum disturbance, independent of the magnitude of
other disturbances.
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In the case of the unified power quality index, an alternative way to combine the indices is
adopted, involving the introduction of the concept of exceedance. Exceedance measures how
much a disturbance index, after the normalization and consolidation steps, is over the limit.
For the ith consolidated index, the exceedance value is equal to:

AL =1, —1. (4.22)

After the calculation of the exceedance of each disturbance, the following procedure is
applied to quantify the unified power quality index values:

1. If all consolidated indices are less than 1, the unified power quality index is equal to the
maximum value of them.

2. If one or more of the consolidated disturbance indices exceeds 1, the unified power
quality index is equal to 1 plus the sum of the exceedances. So, the value of the
unified power quality index in the presence of N, disturbances exceeding the limit is
given by:

Nc
UPQIc =1+ " Al; (4.23)
i=1

in Equation (4.23), suffix C means that the index refers to continuous disturbances.

One of the convenient properties of the UPQI( that follows from its definition is that a
value of 1 represents the limit of acceptability.

The concept of exceedance can be extended to include each type of continuous distur-
bance that can be represented by indices (for example, interharmonics), if normalization and
consolidation are first applied. Each type of continuous disturbance can then be incorporated
easily into the calculation of UPQI.

The varying impacts of the disturbances on individual customers can be taken into
account by imposing weight factors k;, related to their respective exceedances:

Nc
UPQIc, = 1+> kAl (4.24)

i=1

The coefficient k; in Equation (4.24) can range from 0.0 to 1.0 (default value) and it could be
negotiated between a utility and a customer to reflect their concerns.

An idea of the PQ level in a given area of an electrical system can be obtained using a
system UPQI¢- index, defined as the weighted average of the UPQIc indices from all
monitored sites in the considered area:

M
Z w;UPQI;

UPQI¢ gy = - (4.25)

where w; is the weighting factor of site j, UPQI¢; is the index UPQIc at the jth busbar
and M is the total number of monitored sites. Weightings may be applied according to
the number of customers or the maximum demand of customers, supplied by the
monitored sites.
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Example 4.3 In this example a comparison between the performances of indices /g and
UPQI¢ is effected, considering the test waveforms of Table 4.1, in which only the
continuous disturbances are present (waveforms 1, 2 and 4). In Table 4.3, for different test
signals, the values of the traditional PQ indices characterizing the single disturbances are
summarized. The traditional indices considered are:

e the voltage total harmonic distortion THD;

e the single voltage harmonics V;

e the unbalance factor K ; and

e the voltage variation tay.

Table 4.3 Traditional power quality index values

Test signals THD [%] h ViV, [%] K, [%] Tyl [%]
code

1 10.5 (3,5,7,9, 11, 13) (5,6,5,1.5,35,3) 0 0.6

2 0 3.0 7.5

4 11.3 (3,5,7,9,11,13) (5,6,5,1.5,35,3) 3.0 6.9

The normalization step considers the limits proposed by EN 50160 2000; these limits are
reported in Table 4.4. Finally, Table 4.5 shows the values assumed by the individual
indicators and by the global indices in all considered cases.

Table 4.4 Disturbance limits by EN 50160 [5]

THD ViV, VsV, VoIV, VolV, ViV, VislV,, K, Tav

8% 5% 6% 5% 1.5% 3.5% 3% 2% +10%

Table 4.5 Individual indicator and global index values

Test code Individual Indicators Global Indices
Iy Tums It Ic I UPQIc
1 131 0 6 0 131 1.31
0 150 75 0 150 1.50
4 141 150 69 0 150 1.91

Based on the analysis of the numerical results reported in Table 4.5, it is apparent that:

e The I and UPQIc indices furnish analogous results in the presence of only one
disturbance (waveforms 1 and 2).
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e [f the voltage waveform is characterized by the presence of more disturbances exceed-
ing the acceptable limits, the UPQI index assumes more severe and adequate values;
the I index instead classifies test signal 4 (with two disturbances exceeding the limit)
as equal to test signal 2 (only one disturbance exceeding the limit). In both cases
(waveforms 2 and 4), in fact, the more severe disturbances, which are the only factors
influencing the /g index, are the voltage unbalances which are characterized by a K,
factor value equal to 3.0%.

The same authors who proposed the UPQI index for continuous disturbances have also
proposed indices and limits for discrete disturbances [8] that can be useful for introducing a
unified power quality index for these types of disturbance.

First, to quantify discrete disturbances, they proposed an index which is practically
similar to the power quality indicator (PQI) outlined in Section 1.3.6. This index, called the
discrete severity indicator (DSI), is extended to all discrete disturbances (sag, swell and
oscillatory and impulsive transients) and, as for the PQI, is based on voltage tolerance curves.
Unlike the PQI, which refers only to the CBEMA curve, the DSI considers the ITIC curve for
transients and the CBEMA curve for sags and swells.

As mentioned in Chapter 1, the voltage tolerance curves were originally developed
through operating experience using mainframe computers; however, their use has been
extended to provide a measure of PQ for electric drives and solid-state loads, as well as a
host of wide-ranging residential, commercial and industrial loads. In particular, equipment
sensitivity curves for different types of loads have similar shapes to the CBEMA/ITIC
curves, but they are characterized by less restrictive values of the coupled voltage
amplitude time duration. In other words, computers are considered the most sensitive
equipment, so CBEMA and ITIC curves have been assumed to represent the maximum
limit of voltage quality acceptability and as a reference of the discrete disturbance
severity.

Each discrete disturbance, characterized by time duration 7* and amplitude V* (corre-
sponding to the RMS value in the case of sags or swells and to the peak value in the case of
transients), can be represented by a point in the voltage tolerance plane. This point is
compared with the reference point of the CBEMA/ITIC curve with the same duration 7% to
determine if the disturbances are acceptable or not. It is evident that, when the point
representing the considered event is in the area of unacceptable voltage, the distance between
the point and the CBEMA/ITIC curve is greater, the disturbance is more severe and, conse-
quently, more customers will experience problems.

For any point (T, V*) representing sags, swells or oscillatory transients, the DSI is
defined as:

V-1

Veema e (T%) — 1]

DSI(T*, V*) = (4.26)

where Vcegemaaric(T*) is the CBEMA/ITIC voltage boundary corresponding to
duration T*. Both V* and Vceggmantic(T#) in Equation (4.26) are expressed in p.u. of
the nominal value.

The evaluation of the DSI is carried out using analytical expressions of CBEMA/ITIC
voltages; these expressions, obtained by a curve-fitting procedure, give the CBEMA/ITIC
voltage boundary in p.u. In particular, the CBEMA fitting curves were chosen for sags and
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swells, while the fitted ITIC curve was used to characterize oscillatory transients (OTs); their
expressions are [8]:

0.0035\ (=)
VeBeMA - sag (T) = 0.86 — ( >

0.000295 ) () 427)

VepeMa -sweil (T) = 1.06 + ( T

1

0.00076 ) (rim)

Vimic-or(T) = 1.2 ( T

For each discrete disturbance (sag, swell, oscillatory transient) characterized by ampli-
tude V* and time 7%, the CBEMA/ITIC voltage is calculated by Equation (4.27) with t = T*
and the corresponding DSI index is obtained by applying Equation (4.26).

The DSI index is also defined for impulsive transients (ITs). However, for this type of
discrete disturbance, the DSI definition is quite different and is based on the energy
content associated with the disturbance E = f[v(t)}zdt, where v(¢) is the transient voltage
as a function of time; so, the relationship that defines the DSI for ITs is different from
Equation (4.26) [9].

Itis evident from Chapter 1 that, PQ monitors typically report the peak value Ve, and the
energy content E of the transient overvoltage. From these quantities, the equivalent duration
of the transient can be defined as the time interval 7 such that E = Vgeak T. In this way, each
impulsive transient is characterized by the couple (Vpeak, T), which detects a representative
point on the voltage tolerance plane.

The discrete severity indicator for an impulsive transient is based on the assumption
that impulsive transients that have the same energy content cause an identical customer
complaint rate and are characterized by the analogous V%eakT contour on the voltage-
duration plane. The relation VgeakT = 0.004 (where Ve, is given in p.u. of the nominal
voltage and T is time in seconds) corresponds to the ITIC curve that is assumed as the
baseline where the equipment will begin to fail. So, the discrete severity indicator, DSI, for
an impulsive transient is defined as:

Vpeak2 T

DSI(Vpeak, T) = 0.004 "

(4.28)

From Equation (4.28), if the point representing the impulsive transient is on the ITIC
curve, its coordinates (Vpeak, T) match the relationship VgeukT = 0.004, and the corre-
sponding DSI is equal to 1. An impulsive transient characterized by DSI < 1 is represented
by a point falling into the voltage-acceptable zone of the ITIC voltage-duration plane
(where the energy content is less than that corresponding to the ITIC curve); an impulsive
transient characterized by DSI > 1 is represented by a point falling into the voltage-
unacceptable zone (where the energy content is greater than that corresponding to the ITIC
curve). In Figure 4.6, together with the fitted ITIC curve, the curves corresponding to
transient energy content equal to 0.5, 2, 3 and 4 times the energy content of the ITIC curve
are shown.
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Figure 4.6 Comparison of the ITIC curve and the curves corresponding to transient energy
content equal to 0.5, 2, 3 and 4 times the energy content of the ITIC curve

Generally, the DSI index values for each type of discrete disturbance give an indication of
the severity levels of the disturbance. DSI values higher than unity indicate unacceptable
disturbances. The greater the extent to which the DSI index exceeds unity, the greater the
severity of the disturbance and, consequently, the number of customers experiencing pro-
blems increases.

The DSI indices reach the maximum value in correspondence to the highest severity of
disturbances. The authors who proposed the indices calculated that [8]:

for sags DSI = 6.9 in correspondence to V* = 0 p.u. and T* = 3s;

for swells DSI = 12.9 in correspondence to V* = 1.8 p.u. and T* = 3s;
for oscillatory transients DSI = 3.6 in correspondence to V¥ = 2 p.u. and 7* = 0.01s;
for impulsive transients  DSI = 6.2 in correspondence to V* =5 p.u. and 7% = 0.001s.

Practically, it is assumed that, in correspondence to these highest values of DSI, 100% of
customers experience problems, while for DSI values less than the maximum value, a linear
relationship exists between the DSI and the customer complaint rate.

An important difference between the power quality indicator (PQI) and the discrete
severity indicator (DSI) is the presence of a transition region that modifies the calculation
of the DSI index when the point representing the discrete disturbance is close to the thresholds
identifying the areas of the different disturbances in the voltage tolerance plane. The presence
of the transition region is motivated by the uncertainties in detecting the disturbances that lie
on the border of the set threshold of the PQ monitor. Different PQ monitors may classify
events that lie on the border of the set threshold differently, even though their set threshold
limits are the same.

This uncertainty can be rectified by introducing a transition region for each disturbance
and by modifying the DSI index by a correction factor if the event falls into this region. For
more details see [8].

Because the DSI is an event index, once again it is necessary to obtain an index that can
characterize the events during the observation period at the monitored site. The site index for
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each discrete disturbance type is calculated as the sum of all discrete severity indicators over
the specified survey period (i.e. generally one or more years):

Npp

DSlsiie, pp = Y _ DS, (4.29)

j=1

where DD indicates the type of discrete disturbance (sag, swell, OT, IT) and Npp is the
number of events of the same type that arise in the survey period.

A quantification of discrete disturbance levels in a given area of an electrical system can
be obtained using a system DSI index, defined as the weighted average of the DSI site indices
from all monitored sites in the considered area:

M
> wp(DSIsiee, o),
p=1
M
D"
p=1

where w), is the weighting factor of site p, (DSlgj. pp), is the site index DSI at the pth
monitored site referred to DD discrete disturbance and M is the total number of monitored
sites. Weightings can be applied according to the number of customers or the maximum
demand of the customers supplied by the monitored sites.

The authors who proposed DSI site indices have also proposed limits for these indices
[8]. The limits were obtained by applying a step procedure and using the statistical
information of large-scale PQ surveys. The combined information of all these surveys
gives a good comparison between different countries and regions that may be helpful in
developing global limits.

The procedure used to detect the DSI site limits is illustrated in detail here with reference
to voltage sags and is then extended to all discrete disturbances.

The limit for the DSI site index for voltage sags was defined using large-scale survey data
derived from a measurement campaign including nine European countries. These data are
reported in Table 4.6 and they distinguish between cases of underground networks (U/G) and
cases of mixed networks (Mixed).

DSlsys, pp = ; (4.30)

Table 4.6 Number of voltage sags that is not exceeded by 95% of the monitored sites for
underground networks (U/G) and mixed networks (Mixed)

Range of residual Duration [s]
voltage [%]

0.01 0.1 0.1 0.3 031 13

U/G Mixed U/G Mixed U/G Mixed U/G Mixed

70 90 23 61 19 68 3 12 1 6
40 70 5 8 19 38 1 4 0 1
0 40 1 2 8 20 1 4 0 2
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The values reported in Table 4.6 are based on the 95% sag statistic of all surveyed sites in the
nine countries. For each pre-fixed ‘time duration range/residual voltage range’, the number
reported in Table 4.6 is the number of voltage sags (whose time durations and residual voltages
are within the pre-fixed ranges) that is not exceeded by 95% of the monitored sites.

The above procedure, proposed to define the voltage sag limit, is characterized by the
following steps:

1. The voltage-duration plane is segmented into a window format based on the available
data, as shown in Figure 4.7, in which the windows are called A1, A2, ..., C3, C4.

2. An average disturbance index DSI,,,; using a fixed number of equally distributed
disturbance events is calculated for each ith disturbance window (in the figure, an
arbitrary number of nine is used).

3. The average disturbance index of each window DSI,,, ; is multiplied by the respective
disturbance count N, ; from the available data reported in Table 4.6 to obtain the sag
limit for each window WSL;:

WSL; = Nev,iDSIavg,i- (431)
4. By summing the sag limit of each window, DSIy,, is calculated:

DSIym=  »_ WSL, (4.32)
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Figure 4.7 Segmented sag distribution chart [8]. Herath, H.M.S.C., Gosbell, V.J. and
Perera, S. ‘Power Quality (PQ) Survey Reporting: Discrete Disturbance Limits’, IEEE
Transactions on Power Delivery, 20(2), 851 858 © 2005 IEEE

These steps are synthesized in Table 4.7 for U/G and mixed networks. Voltage sag limits
of each window are based on the 95% sag statistic of all surveyed sites in the nine countries.
The authors who proposed this procedure assume that the site limit value of the voltage sag
index lies between the maximum window sag limit and DSlg,,; in particular, a number
greater than the geometric mean value between those values is suggested.
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Table 4.7 Procedure to calculate the DSIy,,, index for U/G and mixed networks [8]

Voltage sag DSLyg.i U/G networks Mixed networks
window
Ney.i Window sag Ney.i Window sag
limit (WSL,) limit (WSL,)
Al 0.683 23 15.709 61 41.663
A2 1.150 19 21.850 68 78.200
A3 1.341 3 4.023 12 16.092
A4 1.392 1 1.392 6 8.352
Bl 1.533 5 7.665 8 12.264
B2 2.188 19 41.572 38 83.144
B3 2.950 1 2.950 4 11.800
B4 3.048 0 0.000 1 3.048
Cl 2.688 1 2.688 6 16.128
C2 4.500 8 36.000 17 76.500
C3 5.150 1 5.150 1 5.150
C4 5.394 0 0.000 3 16.182
DSI,,, = 138.999 DS, = 368.523

For U/G networks, the geometric mean value between DSIg,,, (138.999) and the max-
imum window sag limit (41.572) is equal to 76.01. While for mixed networks, the geometric
mean value between DSy, (368.523) and the maximum window sag limit (83.144) is equal
to 175.04. The site limit values of voltage sag for U/G and mixed networks are assumed equal
to values greater than the calculated geometric mean values (76.01 and 175.04); to be exact,
values of 100 and 200 are considered, respectively.

Analogous procedures can be applied for the other discrete disturbances in order to obtain
the limit values. In particular, the available data used for these discrete disturbances are based
on the Electric Power Research Institute’s (EPRI’s) DPQ project data [10].

The voltage-duration plane, including voltage swells, is segmented into a window format,
as shown in Table 4.8; the windows are called P1, P2, ..., Q3, Q4. The data from EPRI’s DPQ
project with reference to voltage swells falling into the aforementioned P1, P2,...,Q4
windows are reported in Table 4.9 (in the column ‘EPRI’s swell count’). This table resumes
the procedure for the calculation of the DSI,,, index.

Table 4.8 Voltage swell windows based on EPRI’s DPQ project data [8]

Range of Duration [s]
voltage [%]

0.01 0.1 0.1 0.3 031 13
110 120% P1 P2 P3 P4
120 180% Ql Q2 Q3 Q4

The geometric mean value between DSI,,, (366.7) and the maximum window swell limit
(160.7) is equal to 242.75; the limit site values of voltage swell are assumed to be 250.
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Table 4.9 Procedure for calculating the DSIy,,, index for voltage swells [8]

Voltage swell DSI g, EPRI’s swell count Window swell limit
window

P1 1.41 114 160.7

P2 2.00 58 116.0

P3 2.25 20 45.0

P4 2.40 12 28.8

Ql 4.76 2 9.5

Q2 6.67 1 6.7

Q3 7.46 0 0.0

Q4 7.86 0 0.0

DSL,m = 366.7

The voltage-duration plane, including voltage oscillatory transients, is segmented
into four windows (called S, T, U and V), as shown in Table 4.10. The data from
EPRI’s DPQ project with reference to voltage oscillatory transients (OTs) are reported
in the third column of Table 4.11, which illustrates the procedure for calculating the
DSI, index.

Table 4.10 Voltage oscillatory transient windows
based on EPRI’s DPQ project data [8]

Range of voltage [%] Duration [s]
0.001 0.01

120 140% S

140 160% T

160 180% U

180 200% \"

Table 4.11 Procedure for calculating the DSIg,,,, index for oscillatory
transients [8]

Voltage OT DSL,yg,i EPRI’s OT count OT window limit
window

S 0.70 53.01 37.107

T 1.16 15.39 17.852

u 1.60 2.109 3.374

v 2.05 1.151 2.360

DSIgym = 60.693
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The geometric mean value between DSy, (60.693) and the maximum OT window limit
(37.107) is equal to 47.46; the limit site value of oscillatory transients is assumed to be 50.

Finally, the voltage-duration plane including voltage impulsive transients (ITs) is seg-
mented into a window format, as illustrated in Table 4.12; the windows are called Z, Y and X.
The data from EPRI’s DPQ project with reference to ITs are reported in the third column of
Table 4.13, which illustrates the procedure for calculating the DSI,,,, index.

Table 4.12 Voltage impulsive transient windows
based on EPRI’s DPQ project data [8]

Range of voltage [%] Duration [s]

0.0001 0.001's

400 500% Z
300 400% Y
200 300% X

Table 4.13 Procedure for calculating the DSIy,,, index for impulsive
transients [8]

Voltage IT window DSl,yg.i EPRI’s IT count IT window limit
Z 2.380 2.850 6.783
Y 1.450 12.350 17.908
X 0.750 139.650 104.738

DSIgym = 129.428

The geometric mean value between DSl (129.428) and the maximum IT window limit
(104.738) is equal to 116.43; the limit site value of oscillatory transients is assumed to be 120.

It is important to highlight that EPRI’s DPQ project data were collected from a repre-
sentative set of sites within continental US and Canada, and may not be as accurate as the sag
limits based on the survey data from nine European countries. Therefore, a future revision of
the limit based on EPRI’s DPQ project data including the available data from many countries
is recommended.

The procedure for detecting the limits for DSI site indices can also be used to define limits
for DSI system indices. The DSy, indices give the average severity level of the different
discrete disturbances in the countries that participated in the monitoring campaign. So,
considering these countries as representative of the severity of the discrete disturbances,
the values assumed by DSI,,, indices appear adequate choices as limit system values. Just as
was done for the limit of the site DSI, the limit value of the system DSI can also be a value
slightly higher than that assumed by the DSI,,,, indices.

Table 4.14 presents the limit values of the site and system DSI indices obtained by
applying the illustrated procedure for each type of discrete disturbance. It is useful to high-
light that, in the future these limits will be updated by using the data that have resulted from
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Table 4.14 Site and system DSI limit values

Type of discrete disturbance Site DSI limit value System DSI limit value

Sag 100 for U/G network 140 for U/G network
200 for mixed network 370 for mixed network

Swell 250 370

Oscillatory transient 50 65

Impulsive transient 120 130

the more recent campaigns of PQ measurements. In fact, at the current time, many countries
are conducting PQ surveys to define the PQ levels relative to their electrical networks, and the
results of these monitoring efforts will be very useful in redefining the site and system DSI
limits.

Moreover, each country will then be able to use the results of its PQ campaign of
measurement to define specific limit values to consider, instead of using the values reported
in Table 4.14, which might be too restrictive or inapplicable in some cases.

It is useful to show that the step procedure used to define the limit values could also be
applied for the calculation of system DSI indices when only the number of events falling into
pre-fixed intervals of time duration/voltage amplitude are known. In fact, often the data
quantifying the severity of discrete disturbances relative to campaigns of measurement in
various countries are collected in this way.

Now, having a maximum admissible limit for each index’s discrete disturbance, it is
possible to effect the normalization step for discrete disturbances and, consequently, to
calculate the corresponding exceedances. In this way, a unified power quality index, similar
to that proposed for continuous disturbances (Equation (4.23)), can also be defined for
discrete disturbances:

UPQIp =1+Y AD,, (4.33)
k

where ADy is the ratio between the value of the (site or system) index related to the kth
discrete disturbance and the corresponding limit reported in Table 4.14 or similar.

The unified power quality indices can be used in formulating voltage quality regulations;
an example of this utilization will be given in Chapter 6.

4.4 Global indices based on the economic impact on the
customer

Recently, the service quality index has been proposed by M. F. McGranaghan [11]; this index
can be used to characterize system performance in terms of both voltage quality and
continuity.

The service quality index uses the concept of economic impact on customers for different
types of disturbance and combines them into a global power quality index. The objective of
the service quality index is to represent the impact of the power quality on customer
operations.
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The key idea of the proposal is that the best measure of the impact of different dis-
turbances is the economic impact experienced by the customer. If the economic impact for
different types of customers can be estimated, these impacts can be used as a way to assign
weighting factors to the different disturbance categories.

In the opinion of the author who proposed this index, once the cost of interruptions has
been defined, the costs of less severe voltage quality variations and events such as voltage
sags can also be estimated. The costs associated with these events can generally be expressed
as some portion of the costs associated with an interruption. The weightings based on cost
impact may be different from utility to utility and may even be different for different portions
of the system. It would also be useful to express these costs as a probability distribution to
include the variability of the costs for different customers and conditions.

Once the cost functions have been defined, the service quality index (SQI) associated with
one customer or a group of customers can be calculated as:

N

SQI =Py > PQ; cu;, (4.34)
i=1

where P,y represents the active power demands of the considered customer or group of

customers, PQ; is the traditional power quality index characterizing the ith disturbance

(e.g. SAIFI, SAIDI, SARFI70 or K,) at the power supply point, cu; is the unitary cost

associated with the ith power quality disturbance and N is the total number of considered

disturbances.

The economic impact experienced by the customer has to be considered in the SQI
calculation only when the index characterizing the power quality disturbance has a value
greater than the allowed minimum value.

In the numerical application of [11] the unitary costs are reported. These costs, which the
author declared to be costs just for the purpose of illustrating the concept, are related only to
interruptions in voltage and to sag events with a minimum voltage below 70%. In particular,
the unitary costs are functions of the type of customer (industrial, commercial or residential),
so the SQI index has first to be calculated separately for each type of customer and then
referred to the considered power supply point by summing the SQI calculated for each type of
customer.

4.5 Comparisons of global indices

A comparison of the indices introduced in Sections 4.2 to 4.4 leads to the following
considerations.

GPQIs based on a comparison between ideal and actual voltage waveforms are not
appropriate for verifying whether the supply voltage at the monitored bus is acceptable or
not. In fact, these indices can be used to quantify how close the supply voltage quality at the
monitored bus is to the best level of quality (supply voltage characterized by the absence of
any disturbances),” but they are not adequate for measuring how close the supply quality is to

2 In the case of the NRMSE index, we consider the ideal voltage to be equal to the nominal one.
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an acceptable level of supply quality (supply voltage characterized by the presence of
disturbances whose levels are lower that the standard limits).

The NRMS error and the normalized three-phase global index require the calculation of
the RMS value, resulting in problems that can derive from the calculation of this mathema-
tical feature. Moreover, the specification of the calculation procedure when using RMS is
critical, mainly in the presence of short-term events.

The normalized three-phase global index and the VQDF assume, as ideal voltage, the
nominal voltage value. This choice provides advantages in terms of computational effort with
respect to the NRMS error, which requires the use of a curve-fitting algorithm to detect the
fundamental component of the actual voltage chosen as the ideal waveform.

The NRMS error refers to only one phase of the three-phase power system, while the
normalized three-phase global index averages the three phases. The latter index, then,
furnishes averaged measures in the presence of disturbances characterized by different
values of the three phases (e.g. a voltage sag in two phases of the power system); mean-
while, the NRMS error indicates only disturbances that occur in the monitored phase.
However, clearly the NRMS error evaluation can be easily extended to all three phases of
the power system.

In the absence of unbalances and when the fundamental voltage magnitude is coincident
with the nominal value, the NRMS error and the normalized three-phase global index are
characterized by the same values. Moreover, if only harmonics are present, Equations (4.3)
and (4.6) degenerate into the well-known THD.

The NRMS error, the normalized three-phase global index and the VQDF index are
calculated in each cycle of the fundamental frequency, so that a time variation in these indices
can be furnished at the monitored busbar. The time values of these indices can then be
grouped in order to obtain statistical measures; in particular, the 95th or 99th percentile values
with reference to a fixed study period can be calculated.

Finally, the indices based on a comparison between ideal and actual voltage waveforms
appear particularly adequate for detecting the presence of an event (sag, swell or transient); in
fact, in these cases, the value assumed by the global indices generally presents a clear
discontinuity.

The UPQI¢ and I indices, the calculations of which are based on the combination of
single index disturbances, permit the verification of whether the supply voltage at the
monitored bus is acceptable or not. In fact, the normalization step in their calculation
procedures introduces a limit value that represents the limit of PQ acceptability. When the
UPQIc is lower than 1, all disturbances are under their standard limits (limits of accept-
ability). A value equal to 1 indicates that at least one contractual limit is reached; a value
greater than 1 indicates at least one contractual limit has been exceeded. Analogous con-
siderations can be effected for the global indicator value, bearing in mind that, in this case, the
limit value is equal to 100.

The global indicator /g differs from the UPQI due to the important fact that /i is obtained
using the maximum value of all the calculated consolidated indices, while UPQI involves
exceedances. In addition, another difference between UPQI and I refers to the evaluation of
the single disturbance indicators: in the survey period and for each indicator, I considers the
maximum measured value while UPQI refers to the 95th or 99th percentile values. In steady-
state conditions, I and UPQI¢ indicate the same degradation of supply quality in the
presence of only one disturbance exceeding the acceptable limit; in fact, if the voltage
waveform is characterized by the presence of more disturbances exceeding the acceptable
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limits, the UPQI index classifies the supply voltage at the monitored bus in a more severe
and adequate way.

The UPQI was initially proposed with reference to continuous disturbances only (har-
monics, unbalances, and so on), while /g includes voltage sags and swells as well. However,
as illustrated in Section 4.3.2, it is possible to define an equivalent UPQI, for discrete
disturbances.

The definition of the cost functions for different customer categories and different
disturbances is fundamental to the application of the service quality index. The economic
damage to the customers that results from PQ disturbances introduces a uniform metric to
quantify the PQ level independently, based on the type of disturbance, and, consequently,
permits an easy definition of a global power quality index based on these economic aspects.
Nevertheless, the definition of an adequate cost function is, actually, the biggest obstacle to its
practicable application.

4.6 Conclusions

Global power quality indices are important in characterizing the quality of voltage wave-
forms; in particular, these indices provide overall indications regarding different aspects of
power quality disturbances.

In this chapter, the main global power quality indices proposed in the literature have been
analyzed; in particular, the theoretical aspects have been presented and critically analyzed.
Simple numerical examples have also been presented in order to compare their performance.

The main conclusion of this chapter is that global power quality indices can be very useful
in characterizing the voltage quality at the power system busbars as a whole. In particular,
even though they do not seem to be the best solution for regulating the interaction at the PCC
between the utility and the customer installations, they can be of particular interest either in
assisting the power system operators with regard to the whole quality of supply or for
inclusion in a system regulator scheme finalized to guarantee acceptable average voltage
quality levels for all power system customers, as will be shown in Chapter 6. In fact,
employing global power quality indices for system regulation may introduce significant
simplifications to the regulation mechanism.
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5

Distribution systems with
dispersed generation

5.1 Introduction

The need for energy savings and environmental impact reduction, together with technolo-
gical evolution and increased customer demand for highly reliable electricity, are all
pushing for the proliferation of generation units connected to distribution systems that are
close to the customers. Generator ratings range from a few kilowatts to megawatts. Other
important drivers leading to this proliferation are strictly linked to the liberalized electricity
markets.

Such generators, with their comparatively small size, short lead times and different
technologies, allow players in the electricity market (utilities, independent producers and
customers) to respond in a flexible way to changing market conditions. Moreover, these
generators make it possible to sell ancillary services such as reactive power and backup
services.

This type of power generation is referred to as embedded or distributed generation.
Sometimes it is also called dispersed or decentralized generation. In this chapter the term
dispersed generation (DG) will be used.

There is no generally accepted definition of DG in the literature. Some countries
define DG on the basis of the voltage level at which it is interconnected, whereas others
start from the principle that DG directly supplies loads. Other countries define DG by
some of its basic characteristics, e.g. using renewable sources, cogeneration and being
nondispatched.

Some definitions of DG that appear in the literature are:

1. The International Council on Large Electricity Systems (CIGRE) considers DG to be a
generation unit that is not centrally planned, not centrally dispatched and smaller than
100 MW [1].

Power Quality Indices in Liberalized Markets ~ Pierluigi Caramia, Guido Carpinelli and Paola Verde
© 2009 John Wiley & Sons, Ltd
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2. The IEEE standard 1547 2003 defines DG, considered a subset of distributed
resources, like electricity generation facilities connected to an electrical power system
(EPS)' area through a point of common coupling [2].

3. The International Energy Agency (IEA) defines DG as a generating plant that provides
on-site service to a customer or provides support to a distribution network that is
connected to the grid at distribution-level voltages [3].

Finally, in [4], a broader definition was given, in which DG was defined as ‘an electric
power source connected directly to the distribution network or on the customer site of the
meter.” The distinction between distribution and transmission networks is based on the legal
definition that is part of the regulation of the electricity market.

No matter which definition is applied, DG has impacts on power system planning and
operation, and these aspects of DG must be taken into consideration.

The growing presence of DG leads to a number of advantages. For example, since DG is
often located close to the loads, both losses and voltage drops can be reduced; in addition, DG
can allow the utility to postpone investments for distribution networks. Finally, the reduced
size of DG units results in low financial risk.

On the other hand, DG can introduce a number of unusual effects, such as bidirectional
power flows and an increase in fault current levels.

In addition, an increase in DG penetration can also have a significant impact on the power
quality levels of the distribution networks [5 11]. In fact, DG may introduce several PQ
disturbances, such as:

e transients, due to large current variations;
e voltage fluctuations, due to cyclic variations in generators’ output power;

¢ long-duration voltage variations, due to variations in the generators’ active and reactive
power;

e unbalances, due to single-phase generators;

e voltage dips, the characteristics of which can be modified due to the increasing values
of short-circuit currents.

In particular, voltage fluctuations can be caused by wind turbines and photovoltaic gen-
erators due to the fluctuations in wind speed and solar radiation. The connection and dis-
connection of induction generators have also been documented as potential causes of flicker.

With reference to unbalances, even though the majority of dispersed generators are three-
phase, domestic combined heat and power and photovoltaic systems are becoming more and
more common, meaning that the unbalance problem could become non-negligible in low-
voltage distribution systems.

The use of DG can also cause waveform distortions, depending on whether the generators
are connected directly or with a power electronic interface.

" EPS areas are facilities that deliver electrical power to a load (this can include generation units) that serves local
EPSs. Each local EPS is contained entirely within a single premises or group of premises. The point where a local EPS
is connected to the area EPS is denoted the point of common coupling.
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Generators that are directly connected to the distribution system can influence the
background waveform distortions. In fact, synchronous or induction generators modify the
harmonic impedances and contribute to the modification of the voltage harmonic profiles at
all the distribution system’s busbars. In addition, the contemporaneous presence of shunt
capacitors, installed to improve induction generators’ power factors, can generate resonance
conditions.

For generators that are connected with a power electronic interface, the power electronic
interface can inject harmonic currents that lead to network voltage distortions, especially if
line-commutated converters are used. The poor harmonic behaviour of line-commutated
converters can be overcome by the use of switching converters with the PWM (pulse width
modulation) control technique.

Finally, it should be noted that DG can also improve the PQ levels of the distribution
system [6, 7, 9 12]. In fact, DG can increase the short-circuit power level. In addition,
switching converters with the PWM control technique, when used as the power electronic
interface, can operate at any desired power factor and, in the most general case, can be used as
active filters, thereby providing an overall improvement in the power quality levels.
Synchronous generators can also be used for reactive power control in distribution systems;
obviously, interaction problems can arise with the existing system regulation devices, so
adequate action must be taken to ensure coordination.

The assessment of PQ levels is a significant topic in the field of study related to modern
distribution networks, because DG is becoming more extensively used in such networks.

There are two types of assessment of the response of power systems in terms of PQ levels
for the presence of DGs, i.e. assessment prior to the installation of DG and assessment after
the installation of DG.

Prior to the installation of DG, the analysis can support the distribution network
manager’s decision regarding size and location of DG units inside an area [13 15].
Some delicate matters, such as resonance conditions due to the presence of harmonic
filters or capacitance stacks, if preliminarily ascertained, can indicate solutions for guar-
anteeing the safety and reliability of the system. Depending on the DG property (utility or
independent producer), preliminary knowledge of ancillary services for PQ improvements
can suggest management strategies for the distribution system and reduce the investment
pay-back time.

After the installation of DG, the main goal of the assessment of PQ levels is to verify the
effectiveness of existing limits on disturbances. Then, when PQ levels reach unacceptable
values, the DG manager can correct them by taking appropriate action on the DG units or on
the network, if possible.

These two analytical approaches require completely different tools and quantities for PQ
assessment because the scope of their use varies widely. This chapter refers to PQ assessment
prior to the installation of DG. In such a scenario, the use of indices, which are compact and
practical, has been demonstrated to be the best way to assess PQ levels.

Several PQ indices have been proposed in the literature for distribution systems without
DG, e.g. the traditional indices shown in Chapter 1. These indices can refer to the point of
common coupling for a single customer (single site indices), to a segment of the distribution
system or, more generally, to the utility’s entire distribution system (system indices).
Obviously, the same indices can be applied to a distribution system that includes DG.

In the recent literature, however, it has been shown that new indices which more properly
account for the impact of DG can be very useful [16 18].
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In this chapter, two types of index for the evaluation of PQ performance of distribution
systems with DG are analyzed; the first type, PQ variation indices, can account for
variations in PQ levels due to the presence of DG. The second type, the impact system
index, can be useful for evaluating variations in the network performance in terms of PQ
level for unit power of installed DG. These indices, calculated both for each site and for
the system, offer the proper metrics for evaluating the modification of disturbances in the
presence of DG.

5.2 Power quality variation indices

Let us consider a generic PQ index X, and let us assume that Xpg is the value of index X in the
presence of DG whereas Xno pg is the value of index X in the absence of DG.

Using these assumptions, we can define the percentage variation X V of the index X due
to the introduction of DG with respect to the value without DG as:

_ Xno pc — Xpo

XV 100. (5.1)

XNo DG

The index given in Equation (5.1) allows us to quantify the improvement or deterioration
in PQ level due to the installation of new generation units.

Starting from Equation (5.1), several variation indices can be introduced. In the next
sections, some site and system indices are shown, considering, as examples, waveform
distortions and voltage dip disturbances. From a theoretical point of view, it is obvious that
the concept of index variations can be extended to all PQ indices, including, for example,
voltage fluctuation and voltage unbalance indices.

5.2.1 Site indices
The PQ site variation indices proposed in the literature [19] for waveform distor-
tions are:

e the individual voltage harmonic 95th percentile variation;

e the total harmonic distortion 95th percentile variation;

e the average total harmonic distortion variation.

In particular, the voltage harmonic 95th percentile variation of order % at bus j in the
presence of dispersed generation (V;,95 V)) is defined as:

Vi95xn0 pa,j — Vi95pa, 100

V95 V= (52)

Vi95n0 Dpe, |

where V;,95p, is the voltage harmonic 95th percentile of order 4 at bus j in the presence of
DG and V;,95n0_pa,j is the voltage harmonic 95th percentile of order / at bus j in the absence
of DG (for the definitions of waveform distortion traditional indices, see Section 1.3.1 in
Chapter 1).
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The total harmonic distortion 95th percentile variation at bus j in the presence of dispersed
generation (THD95 V)) is defined as:

THD95x0 b6,; ~ THD9Spa ;|0

THD95 V; =
/ THD95x0 pG

(5.3)

where THD95g; is the total harmonic distortion 95th percentile at bus j in the presence of
DG and THD95n0 pg, is the total harmonic distortion 95th percentile at bus j in the absence
of DG.

Similar expressions can be introduced to define the average total harmonic distortion
variation at bus j, ATHD V,.

The PQ site variation indices for voltage dips are:

e the voltage dip amplitude 95th percentile variation;
e the average voltage dip amplitude variation;
e the RMS frequency index for residual voltage X variation.

The voltage dip amplitude 95th percentile variation at bus j in the presence of DG
(VDAO9S5 V)) is defined as:

VDA95v0 DG,j — VDA95DGM/' 100

VDA9S V; =
J VDA95N0 DG, j

(5.4)

where VDA95 ; is the voltage dip amplitude 95th percentile at bus j in the presence of DG
and VDA95y0_pg, is the voltage dip amplitude 95th percentile at bus j in the absence of DG
(for the definitions of voltage dip traditional indices, see Section 1.3.6 in Chapter 1).
In particular, the voltage dip amplitude at busbar j is the amplitude of the remaining voltage
less than 90% of the nominal value and the 95th percentile is evaluated with respect to its
probability function.

Similar expressions can be introduced to define the average voltage dip amplitude
variation at bus j, AVDA V;, and the RMS frequency index for residual voltage X variation
at bus j, RFIX V.

Itis interesting to note that all the above site indices are expressed in terms of probabilistic
figures. This specific characteristic makes them particularly adequate for the analysis of PQ
in the presence of DG. In fact, DG can introduce additional unavoidable uncertainties (due to
the random nature of some renewable energy sources) to the classical uncertainties that often
affect the input data in a real distribution system for changes of linear load demands, network
configurations and operating modes of nonlinear loads.

The probabilistic figures that are the basis of the proposed PQ variation indices are usually
the results of analytical or Monte Carlo simulation procedures used for the assessment of PQ
levels in networks with DG. These methods require the statistical characterization of the
random input variables introduced by the DG (e.g. wind speed and solar radiation). Usually,
probability density functions (pdfs) are a good way to describe the behaviour of primary
energy sources. In particular, for wind speed, a Rayleigh pdf has been frequently assumed for
long-period planning; multivariate Rayleigh pdfs can describe the statistical behaviour of the
wind speed at different locations in adjacent areas. Solar radiation varies randomly during the
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day and over the seasons. The pdf for solar radiation can be statistically derived from
measured data, and many pdfs have been proposed, e.g. log-normal, beta and Weibull.
In this case, the problem of correlation among adjacent areas does not generally arise. In
fact, we can assume, without lack of generality, that the solar radiation pdf does not change
significantly for different areas that are close to each other.

Example 5.1 In this example the PQ site variation indices have been computed to deter-
mine the influence of the installation of DG on the test system shown in Figure 5.1.

The system is characterized by the presence of nine nonlinear loads in busbars 4, 5, 6, 8,
11, 14, 15, 16 and 17. The data of the main components (transformer, lines and capacitor
banks) are reported in detail in [10, 20]. Table 5.1 reports the data of loads; in particular, the
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Figure 5.1 Test system [20]

Table 5.1 Linear and nonlinear load powers

Bus code Linear loads Nonlinear loads Weight factors
mean (P) [MW] mean (Q)[MVAr] P [IMW] [p.u.]
3 0.2 0.12 0.01
4 0.4 0.25 0.1 0.04
5 0.5 0.31 1.1 0.12
6 2.0 1.51 1.0 0.23
7 0.8 0.5 0.06
8 0.2 0.12 0.1 0.02
9 1.0 0.62 0.07
10 0.5 0.31 0.04
11 0.5 0.31 0.6 0.08
12 0.3 0.19 0.02
13 0.2 0.12 0.01
14 0.4 0.25 0.5 0.07
15 0.5 0.31 0.1 0.04
16 1.0 0.62 1.0 0.15

17 0.2 0.12 0.1 0.02
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active and reactive powers of the linear loads are considered to be Gaussian-distributed
random variables with the mean values reported in Table 5.1, and the standard deviations
are equal to 10% of the mean values. The nonlinear loads, the nominal powers of which are
also reported in Table 5.1, constitute six pulse thyristor converters with the delay angles
uniformly distributed between 20° and 40°.

Table 5.1 also reports the weighted factors used to determine the weighted distributions in
Example 5.2, where the system indices are calculated with reference to the same distribution
system.

The presence of a wind generation unit has been considered, and the wind speed has been
characterized by a Rayleigh probability density function; in all considered cases, the scale
factor has been assumed equal to 8.46 m/s.

The impacts of DG on waveform distortion and voltage dip levels were assessed by
evaluating the variation indices in the presence of the wind asynchronous generators that were
connected to the supply system. Typical connection rules were imposed with reference to
reactive power; in particular, asynchronous generators were compensated by adequate capa-
citor banks.

The analysis of the disturbance levels in the network was conducted by varying the bus of
a 3.3-MW asynchronous generator (busbars 9, 12 and 17).

Figure 5.2 shows the total harmonic distortion 95th percentile variation at each busbar for
the three different DG allocations. The greatest improvements are generally obtained when
the generator is located farther from the HV/MV substation. In particular, the highest
improvements are obtained when the generator is located at busbar 17.
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Figure 5.2 Total harmonic distortion 95th percentile variation at each busbar for the three
different DG allocations

The voltage dip variation indices were calculated for the same configurations of DG
considered above for waveform distortion. The method of fault position [21] was implemen-
ted, and symmetrical faults at all busbars were considered. In particular, a probabilistic
analysis was performed, since the pre-fault voltage is a random variable, due to the random-
ness linked to loads and DG production.
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In addition, in order to assess the contribution of the DG, the performance of the network
was only examined during the first cycles after the occurrence of the faults, and the
asynchronous generator was modelled as an impedance as suggested in [22].

In Figure 5.3, the average voltage dip amplitude variation (AVDA V)) at each busbar is
shown, whereas Figure 5.4 shows the values of the 95th percentile of the voltage dip
amplitude (VDA95 V)).

busbar
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

AVDA_V,
[%0]

ODGat#9 MDGat#12 [ODGat# 17

Figure 5.3 Average voltage dip amplitude variation at each busbar for the three different
DG allocations

busbar
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

ODGat#9 MDGat#12 ODGat#17

Figure 5.4 Voltage dip amplitude 95th percentile variation at each busbar for the three
different DG allocations
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From the results, it appears that, with reference to voltage dip disturbances, the presence
of the 3.3 MW unit provides an overall improvement in network performance. In fact, the
values of the variation indices reported in Figures 5.3 and 5.4 are negative, indicating that the
average voltage was greater during faults, in accordance with the definition of index variation
(Equation (5.1)).

The improvement was practically restricted to the feeder starting from busbar 2 and
containing the asynchronous generator.

5.2.2 System indices
The PQ system variation indices proposed in the literature [16 18] for waveform
distortions are:

e the system total harmonic distortion 95th percentile variation;

e the system average total harmonic distortion variation;

e the system average excessive total harmonic distortion ratio index variation.

In particular, the system total harmonic distortion 95th percentile variation in the presence
of DG (STHD95 V) is defined as:

STHD95x0 G — STHD95pg
STHD95 V = 100 55
STHD95N0 DG ’ ( )

where STHD95 is the system total harmonic distortion 95th percentile in the presence of
DG and STHD95n0 _pg is the system total harmonic distortion 95th percentile in the absence
of DG (for the definitions of waveform distortion traditional system indices see Section 1.3.1
in Chapter 1).

The STHDO5p and STHD95yo pg indices are defined as the 95th percentile values of a
weighted distribution; this weighted distribution is obtained by computing, for each site s, the
relative frequencies of the computed THD and weighting them with the ratio Ly/Ly, where L
is the connected kV A served from the system segment where monitoring site s is, and Lt is the
total connected kVA served from the system. Starting from the weighted relative frequencies
at each site s, we can evaluate the system weighted relative frequencies and then the 95th
percentile.

The system average total harmonic distortion variation in the presence of DG (SATHD V)
is defined as:

SATHDxo pG — SATHDpg
SATHD V = 100 5.6
SATHDxo pG : (56)

where SATHDpg is the system average total harmonic distortion in the presence of DG and
SATHDyo pg is the system average total harmonic distortion in the absence of DG. The
system average total harmonic distortion is based on the mean value of the above-mentioned
weighted distributions rather than the 95th percentile value.

Since the system average total harmonic distortion is based on the mean value rather than
on the 95th percentile value, it gives average indications about the system’s voltage quality
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and, thanks to the introduced weights, allows the assignment of different levels of importance
to the various sections of the entire distribution system.

The system average excessive total harmonic distortion ratio index variation in the
presence of DG (SAETHDRItyp+ V) is defined as:

SAETHDRItxp N0 pG — SAETHDRItHD: pG
SAETHDRItHp* NO DG

SAETHDRImyp: V = - 100, (5.7)

where SAETHDRItyp+ pg is the system average excessive total harmonic distortion ratio
index in the presence of DG, SAETHDRIyp+«, no_pg 1S the system average excessive total
harmonic distortion ratio index in the absence of DG and THD* is the threshold value of the
total harmonic distortion.

The system average excessive total harmonic distortion ratio index is related to the
number of steady-state measurements that exhibit a value exceeding the fixed threshold. It
is computed, for each monitoring site of the system, by counting the index values that exceed
the threshold value THD* and normalizing this number to the total number of the index values
obtained at site s. The system index is then obtained by averaging the values obtained for each
monitoring site.

With reference to voltage dips, the following system indices have been introduced [18]:

e the system average voltage dip amplitude variation;
e the system average RMS frequency index for residual voltage X variation.

In particular, the system average voltage dip amplitude variation in the presence of DG
(SAVDA V) is defined as:

SAVDA — SAVDA
SAVDA V= NO Do S 100, (5.8)
SAVDANO DG

where SAVDANo pg is the system average voltage dip amplitude in the absence of DG and
SAVDApg is the system average voltage dip amplitude in the presence of DG (for the
definitions of voltage dip traditional system indices see Section 1.3.6 in Chapter 1).

The system average voltage dip amplitude index is computed as a weighted average of the
site indices AVDA,. To determine the weighting factors, system and load information is
needed but, often, a unity weighting factor is used for sites.

The system average RMS frequency index for residual voltage X variation in the presence
of DG (SARFIX V) is given by:

SARFIX — SARFIX
SARFIX V= NO bg S 100, (5.9)
SARFIXxo pG

where SARFIX o pg is the system average RMS frequency index for residual voltage X in
the absence of DG and SARFIXg is the system average RMS frequency index for residual
voltage X in the presence of DG.

The SARFIX indices are defined as weighted averages of the corresponding site indices
RFIX;.
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Example 5.2 In this example, with reference to the test system in Example 5.1, the system

variation indices were calculated to analyze the system performance in the presence of DG.
The results are reported in Tables 5.2 and 5.3 for harmonics and voltage dips, respectively.

Table 5.2 Harmonic variation indices in the presence of DG at different busbars

Indices DG at #9 DG at #12 DG at #17
SATHD V [%] 6.98 10.86 15.97
STHD95 V [%] 1.40 4.58 14.68
SAETHDRI;q, V [%] 0.27 100 0.66

Table 5.3 Dip voltage variation indices in the presence of DG at different busbars

Indices DG at #9 DG at #12 DG at #17
SARFI10 V [%] 4.74 0.00 9.34
SARFI20 V [%] 0.00 6.39 8.72
SARFI30 V [%] 3.71 6.84 7.49
SARFI40 V [%] 2.07 9.45 12.41
SARFI50 V [%] 0.58 8.33 6.73
SARFI60 V [%] 1.69 4.03 3.71
SARFI70 V [%] 2.74 5.11 3.28
SARFI80 V [%] 3.59 1.90 0
SARFI90 V [%] 0 0 0
SAVDA V [%] 4.22 6.29 7.97

The system indices indicate the improvement in network performance with respect to
voltage dips. When the DG unit is located at busbar 17, with reference to SARFIX V, the
results are positive for X = 10 to X = 70, whereas the results are zero for X = 80 and X = 90.
The higher value for X = 40 shows that the presence of DG significantly affects the voltage
dips characterized by this residual voltage.

5.3 Impact system indices

In the presence of DG units, it can be useful to evaluate the variation in the network’s
performance in terms of PQ level for installed unit power. This indication can be obtained
by dividing the variations in the generic PQ system index by the total installed DG power Ppg:
X — X
ISIy = 2N DG = 2DbG (5.10)
Ppg

The impact system index ISIy given by Equation (5.10) can be useful, for example, in
understanding, at the planning stage, where the DG unit can be installed to provide the
maximum reduction in disturbances; moreover, the same index can be used to compare the

PQ impact due to different sizes, structures and/or connections of DG plants.
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It should be noted that complete knowledge of the impacts of DG requires associating the
proposed indices with the values of the traditional indices calculated in the presence of DG.

Without losing its generality, the impact system index ISIy can be defined based on the
power quality indices both for waveform distortions and for voltage dips (or for other PQ
disturbances).

We note that this kind of index gives a synthetic metric of the performance of the network
with respect to PQ disturbances in the presence of DG. For instance, when solving a multi-
objective optimization problem for the planning of DG, the availability of this index is very
useful, since it may be thought of as the objective that accounts for the sensitivity of power
quality indices to the installed DG power.

Example 5.3 In this example the impact system indices ISIy have been calculated con-
sidering both waveform distortions and voltage dips. In addition, since the usefulness of the
normalized power quality variation indices is relevant when comparing the effect of different
installed powers of DG, several configurations of DG have been analyzed (1.65 MW, 3.3 MW
and 4.95 MW), always located at busbar 17.

Figure 5.5 shows the obtained results regarding the ISIgaryp and ISIgathpos indices,
respectively. From the results, it clearly appears that, if we look contemporaneously at both
indices, the solution with 3.3 MW of DG power installed is preferable, since it is associated
with the maximum values of benefit.

Figure 5.6 shows the results obtained relative to ISIgaypa; from the analysis of Figure 5.6, a
slight variation in the index with respect to the function of the installed DG power can be seen.
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Figure 5.5 The indices (a) ISIsatup and (b) ISIsatupos for three different installed DG
powers at busbar 17
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Figure 5.6 ISIgavpa for three different installed DG powers at busbar 17
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Therefore, if we consider the impact of DG connected at busbar 17 on both harmonic
distortion and voltage dip, the preferred solution is the installation of 3.3 MW of DG
power.

5.4 Conclusions

In this chapter two types of index for the evaluation of PQ performance of distribution
systems in the presence of DG have been illustrated.

PQ variation indices can account for variations in PQ levels due to the presence of DG.
The impact system indices can be useful in evaluating the variation in the network perfor-
mance in terms of PQ level for unit power of installed DG.

The main conclusion of this chapter is that these indices are adequate to assess the
response of power systems in terms of PQ levels prior to DG installation; they represent a
useful tool to support the decision of the distribution network manager regarding size and
location of DG units inside an area when used together with the traditional indices calculated
in the presence of DG.
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6

Economic aspects of power quality
disturbances

6.1 Introduction

In the liberalized and privatized electrical power markets, several independent operators
(producers, customers, utilities) tend to act independently and follow their own technical and
economic objectives, which might be different and in conflict with each other. This can be to
the detriment of the electrical service to customers, especially in the absence of competition,
which is the case for most distribution systems operating in natural monopolies. In these
cases, regulation schemes, which serve as a proxy for market competition, should be
promulgated to ensure adequate levels of electrical service.

With particular reference to power quality disturbances, regulations based on economic
schemes have become increasingly important due to the current capability of quantifying the
economic consequences associated with disturbances in power systems.

In this chapter, Section 6.2 addresses the economic impact of PQ disturbances, focusing
on the indices that are more effective in making the associated cost estimates. After this
section, some economic mechanisms publicized or proposed in the literature are shown. As
operational tools, the economic mechanisms use financial penalties, incentives or both.

6.2 Economic impact of power quality disturbances

The direct economic value of electric power comes from its conversion into other forms of
energy, e.g. thermal energy and mechanical energy. A PQ disturbance cannot have economic
relevance by itself, but the detrimental effects that it causes on the processes where this
transformation takes place can have very significant economic consequences. In other words,
the true economic value of PQ is linked to the effects that PQ disturbances have on equipment
and other loads on the system. In the industrial sector, for example, the economic value of
disturbances is actually increasing due to the extensive detrimental effects they can cause in

Power Quality Indices in Liberalized Markets ~ Pierluigi Caramia, Guido Carpinelli and Paola Verde
© 2009 John Wiley & Sons, Ltd
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modern, automated plants in which sensitive equipment and devices are integral components
of highly complex processes. For such processes, a PQ disturbance can cause downtime that
can be directly correlated with lost production and, therefore, lost revenue and profits.
Additional costs that may be incurred include the costs associated with purchasing, operating
and maintaining equipment for reducing the effects of disturbances, such as, for example,
filters for harmonics and custom power devices for voltage dips. The economic evaluation of
these devices mainly depends on their sizing and rating [1 4].

Additional economic losses associated with PQ disturbances are evident in the conse-
quences beyond the short-term effects. For example, the increased power loss due to
harmonics lowers the energy efficiency of the entire electrical system and, consequently,
indirectly causes increases in environmental emissions. These secondary, long-term effects
fall into the category of externalities, which are more difficult to quantify economically. Such
effects are not considered in this section.

The methods available in the specialized literature for the economic evaluation of PQ
disturbances refer mainly to voltage dips and harmonics. In the following, both deterministic
and probabilistic methods are briefly addressed.

Deterministic methods are adequate when all the items of the analysis, e.g. the operating
conditions of the system, are definitively known. This is the case, for example, with ex-post
analyses performed on existing systems.

Probabilistic methods are used instead of deterministic methods when some of the
problem variables are affected by uncertainty. This can happen for systems that are being
installed or for existing systems for which some expansions are planned. Also, for existing
systems, a degree of uncertainty is introduced in the cost estimates when technicians must
estimate the costs of the future operation, because both cash flow and operating conditions of
the system can vary over time. In addition, in the case of voltage dips, all pieces of equipment,
even of the same type and brand, can have different sensitivities which, in turn, cause
uncertain responses from the equipment and processes in terms of interruptions of service
(trips). Furthermore, the actual systems experience the time-varying nature of harmonics, due
to continual changes in system configurations, in linear load demands and in operating modes
of nonlinear loads [5, 6]. To describe these uncertain conditions, it is useful to introduce
random variables and to apply probabilistic techniques of analysis.

6.2.1 Cost of voltage dips in deterministic scenarios
The evaluation of the cost of voltage dips at a particular site in the network involves
three steps:

1. Estimation of the voltage dip performance of the supply system.

2. Evaluation of the effects of voltage dips on components and equipment.

3. Economic analysis.

The performance of the supply system in terms of voltage dips can be assessed using two
methods: the critical distance (CD) method and the fault position (FP) method [7]. Both

methods are based on the simulation of the system in short-circuit conditions for the assigned
position of fault.
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The CD method allows the computation of the voltage dips in a considered node when a
short circuit occurs across the system. The FP method allows derivation of the voltage dips in
all the nodes of a system when short circuits occur in every node.

The CD method mainly applies to radial systems, such as distribution networks, but it has
provided results close to the actual data even for transmission systems. This method assesses a
node that serves a critical load and determines voltage dips that occur due to faults across
the system.

The FP method mainly applies to meshed systems, such as transmission systems; it
obtains the voltage dips in all the nodes of the system due to faults in every bus.

Both methods are well known and popular, but only the FP method can offer a global
vision of the electrical power system’s response to faults, even for radial networks. In fact, an
important result of the FP method is the during-fault voltage (DFV) matrix, which is a
bidimensional vector of voltages; each element (i, j) represents the RMS value of voltage at
node i when a short circuit occurs at node j. To immediately capture the information about the
presence and amplitude of the voltage dips, the DFV matrix can be visualized with a colour
scheme. A colour with a grade proportional to the value of the during-fault voltage is assigned
to every element of the DFV matrix.

Figure 6.1 gives an example of such a colour scheme for a distribution system in which
three phase faults were simulated. The distribution network represents a portion of a real
20-kV distribution system supplying a mixture of industrial, commercial and residential
loads. The system consists of two feeders: one feeder that is 17 km long and consists of
60% overhead lines and 40% underground cables and another feeder that is 12 km long
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Figure 6.1 Graphical representation of the during-fault matrix in a distribution system
(see Plate 4)
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with 70% overhead lines and 30% underground cables. Both feeders contain both med-
ium-voltage (MV) and low-voltage (LV) nodes at the secondary windings of the MV-LV
transformers.

Figure 6.1 shows two zones (one between columns 2 and 18 and the other between
columns 26 and 39) with a variation of colour covering the full scale from blue to red. These
zones correspond to the MV nodes of the two feeders. The zones in which nearly all the
columns are red correspond to the LV nodes. This means that faults occurring at the MV
nodes affect the voltage of the other nodes with different severities, whereas faults at the low-
voltage nodes do not cause voltage dips at other nodes.

The graphical depiction of the DFV matrix shows that the FP method can give a global
view of the electrical power system’s performance. In particular, the FP method provides
information about:

e the propagation of voltage dips around the network;
e the amplitude of voltage dips for all nodes;
e the amplitude of voltage dips caused by individual nodes;

e the nodes at which the faults are more critical because of the voltage dips they cause at
other nodes; and

e the nodes at which loads could experience the largest number of voltage dips.

The evaluation of the effects of a voltage dip on components and equipment requires
knowledge of their sensitivity to voltage dips. The sensitivity of industrial equipment is
normally expressed in terms of the magnitude and duration of the voltage dip. Different
equipment has different tolerances to voltage dips. A voltage tolerance curve can be obtained
either from the equipment manufacturer or from available technical documents. The
Computer Business Equipment Manufacturers’ Association (CBEMA), the Information
Technology Industry Council (ITIC) and the Semiconductor Equipment and Materials
International (SEMI) provide commonly used curves for characterizing the sensitivity of
equipment to voltage dips. These curves were reported in Chapter 1.

The economic analysis of the overall effects of voltage dips requires basic knowledge of
the cost of the effect of a single voltage dip. For example, for an industrial process, the costs
associated with trips due to dips in the voltage supply should at least include the cost of
shutting down the process, cleaning the system, restarting the process, lost production and
the eventual repair or replacement of damaged equipment. These costs are real and someone
must pay them. The utility’s customers must decide whether they will take the risk and pay
for the possible consequences or whether it would be preferable to pay the distribution
company for providing higher power quality, i.e. mitigating the dips in one way or another.
If the customer chooses to pay for higher power quality and the utility is unable to mitigate
the dips as promised, the utility should compensate the customer for the inconvenience,
costs and damage associated with voltage dips.

IEEE 1346 1998 furnishes guidelines for assessing financial losses due to voltage dips at
customers’ facilities, and the considered costs are related to the process disruption. With
reference to industrial processes, these costs comprise downtime-related costs (lost produc-
tion, idle labour, equipment damage and recovery costs), product-quality-related costs (scrap
and rework costs) and other indirect costs (customer dissatisfaction, employee and customer
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safety, fines and penalties). Finally, the total financial losses of the facility are obtained by
multiplying the total cost of process disruption by the number of disruptive dips per year. This
information is obtained, at the initial stage of the evaluation, from the voltage dip perfor-
mance of the utility at the point of common coupling with the industrial facility, and it is
acquired either from utility data, measurements, monitoring or prediction. Using these data,
the supply dip performance contours are drawn, in which each contour represents the number
of voltage dips per year. Next, equipment sensitivities (voltage tolerance curves) are overlaid
on the supply dip performance contours to form dip coordination charts (Figure 6.2). The
sensitivity of the process is defined by the most sensitive component, with the knee point
located at the upper-most, left-hand portion of the chart.
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Figure 6.2 Supply sag contours and equipment sensitivity [8]. IEEE Standard 1346:
“Recommended Practice for Evaluating Electric Power System Compatibility With
Electronic Process Equipment” © 1998 IEEE

To facilitate the financial assessment, IEEE 1346 1998 also provides a ‘standard cost of
disruption evaluation form’ which lists the separated costs to account for.

Other methods in the literature refer to the costs of voltage dips at utility levels that should
reflect the value of PQ perceived by the utility’s customers [9]. Traditionally, the utility’s
customers have tended to overvalue the inconvenience due to dips and interruptions, but they
are not willing to pay for the measures that utilities must take to prevent them. The realistic
price attributable to a single dip is somewhere between these two extreme views. The relevant
value should be derived from the actual direct and indirect economic consequences of a dip.
This, again, falls into the category of estimating the consequence of trips due to a voltage dip.
In the category of industrial customers, the evaluation is available as previously described
but, for other customer groups, the price of a sudden short interruption is commonly used.
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6.2.2 Cost of harmonics in deterministic scenarios

The quantification of the economic effects of harmonics in an electrical system requires the
computation of all the consequences that the harmonics of current and of voltage have on all
the equipment and components [10 14]. The effects of voltage and current distortions on
equipment and components fall into three main classes:

1. additional losses;
2. premature aging;

3. misoperation.

The term ‘additional’ means that these losses are superimposed on the fundamental
losses; the term ‘premature’ refers to the possibility of accelerating the aging rate of equip-
ment due to increased stress levels compared to nominal service conditions. The term
‘misoperation’ refers to a decrease in the equipment’s performance compared to its perfor-
mance at nominal conditions.

The methods first proposed for quantifying the harmonics in a system dealt with the
deterministic evaluation of the costs to the electric utility to contend with the harmonics [1].
The costs included the value of total active power losses as well as the capital invested in the
design, construction, operation and maintenance of filtering systems. The additional costs
associated with the premature aging of the equipment were not included in the early methods.
Since then, several successive studies have proposed the use of probabilistic methods to
extend the costs due to harmonics to account for the premature aging of equipment [15 17].
Unfortunately, few contributions can be found regarding the economics of misoperation,
which is currently approached as if it were a reliability cost [18].

6.2.2.1 Additional losses
To compute the economic value of the additional power losses arising for an operating period,
the following information should be available:
e knowledge of system operating conditions during the study period, e.g. network
configurations and typical duration of system states;

e knowledge of type, operating conditions and absorbed power levels of linear and
nonlinear loads;

e assignment of the variation rate of the electric energy unit cost and the discount rate.

Let us initially refer to the case of a single electrical component continuously subject to
H,ax harmonics of voltage or current G™, . .., G in the time interval AT. The loss costs
(Dwy) pp are:

(DWi)ar = KuPi(GM, ... ,.G") AT, (6.1)

where K, is the unit cost of electrical energy and Py (Gh‘ , ..., GH '“a*)represents the losses due
to the harmonics G"', .....,GHm on the kth component. The loss cost (Dwy), of the
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component in a generic year n is the sum of the loss costs of all time intervals present in the
considered year. Finally, the loss cost (Dw), in the year n for the whole system, in which m
components operate, can be computed as the sum of the costs associated with each
component:

U)“Q = (LMNA

n
k=1

(6.2)

n

To evaluate the loss costs of the system components with reference to more years, usually
the expected life of the electrical system, it is necessary to take into account both the variation
in the unit cost of electrical energy in the coming years and the present-worth value of the
costs in every year of the system’s life. The following relationships have been assumed for the
variation in the electrical energy unit cost:

(Kw), =(Kw), (1 + B : (6.3)
and for the present worth value of the loss costs:
(Dw),,

Tty U (6.4)

U)“Qn@w::(
where (3 is the variation rate of the electrical energy unit cost and « is the discount rate.
Finally, the present-worth value of the total loss costs of harmonics, referred to the whole
electrical system period of Ny years, is:

Dw=S" (D), p =3 — DM (6.5)

n=1 n=1

Equations (6.1) to (6.5) show that computing the economic values of losses due to
harmonics requires knowledge of several quantities, among them the harmonics
GM,...,G"m= which refer to currents and/or voltages for each of the components. It is
worth noting that, for most real cases, the main contributions to the economic value of losses
due to harmonics come from the current harmonics flowing into series components of the
system, such as cables or overhead lines. However, dielectric losses linked to voltage
harmonics can play a non-negligible role, for example, in medium-voltage cables.

6.2.2.2 Premature aging
To compute the economic value of replacing damaged components due to their premature
aging, the following data must be known:
e system operating conditions in the study period, e.g. structure and duration of network
configurations;
e types, operating conditions and absorbed power levels of linear and nonlinear loads;

e life models of equipment and components to estimate the failure times of their
electrical insulation;

e purchase prices of the components, together with their variation and discount rates.
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Premature aging caused by harmonics involves incremental investment costs during the
observation period. Referring initially to a single component, let the aging costs (Dak)pvbe
defined as:

(Dak>pV:(Ck,ns)pv - (Ck,s) (66)

In Equation (6.6), (Cins)py and (Cy.s)py are the present-worth values of the investment
costs for buying the kth component during the system life in nonsinusoidal and sinusoidal
operating conditions, respectively.

The values of (Cips)py and (Cp,s)py can be evaluated when the useful lives of the
component Ly, and L, are known. In fact, once they are known, both the number of times
the component has to be bought and the years in which the purchases will have to be made are
fully estimable.

According to the cumulative damage theory [19 22], the useful lives L, and L4 can be
estimated by summing the fractional losses of life, which come in succession until reaching
unity.

With reference to the fractional losses of life, it is important to highlight that electrical
power system components are subjected to different service stresses (e.g. electrical, thermal
and mechanical), which can lead to the degradation of electrical insulation. The degradation
of solid-type insulation is an irreversible process that eventually involves failure and, thus,
breakdown or outage of the component.

However, electrical and thermal stresses (i.e. voltage and temperature) are, in general, the
most significant stresses for insulation in MV/LV power system components. In addition, the
interaction between electrical and thermal stresses can lead to a further increase in the electro-
thermal aging rate with respect to the effect of these stresses applied separately, a phenom-
enon called stress synergism. The aging rate can be accelerated by a rise in stress level with
respect to the nominal service conditions. This may be due just to voltage and current
harmonics that may lead to increases in electrical and thermal stresses on the insulation,
thus shortening the insulation’s time-to-failure, i.e. the useful life of the component.

In the presence of harmonics, the life models of equipment and components can take into
account either thermal stress only or electrical stresses as well, leading to a more complex life
model (electro-thermal life model).

First, let us assume that the useful life of an insulated device is only linked to the thermal
degradation of the insulation materials. The thermal degradation can be represented by the
well-known Arrhenius reaction rate equation, in which the absolute temperature of the
materials is constant.! From the Arrhenius relationship, it has been demonstrated that the
thermal loss of life of the kth component (ALk)Tcin a time period T, characterized by ¢
different operating conditions, each at a given temperature and of a given duration, can be
expressed as the summation of ¢ fractional losses of life:

pv’

L

=3 ) 67

! The Arrhenius equation gives the dependence of the rate constant of chemical reactions on the temperature and
activation energy, i.e. K~ Ag exp( f—g), where Ky is the reaction rate, Ay is a constant, E, is the activation energy
(that is the amount of energy required to ensure that a reaction happens), 6 is the absolute temperature and k is
Boltzmann’s constant [22].
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where t;,, is the duration of the operating condition of the kth component at constant
temperature 0;;, and A(6; ) is the useful life of the kth component at temperature 0;,
obtained from the Arrhenius model. The temperature of each of the insulated components
0; . can be determined by considering the heat balance relationships, in which the losses at the
fundamental frequency and at the harmonics are the forcing terms.

When both thermal and electrical stresses have to be accounted for, the procedure is not
modified, but the life model to be used in Equation (6.7) changes in the electro-thermal life
model. In such a condition, the relative loss of life of the component in the time period 7, can
again be expressed as a summation of fractional losses of life:

q

(ALk)Tc:Z[A(Et’lkljgl’k)} ’ (68)

i=1 !

where A(E; ,0; x) is the useful life that the kth component would experience if constant
values of electrical and thermal stresses E;, and 0; , were continuously applied. In the
literature [17, 23, 24], electro-thermal models of the most common equipment and compo-
nents of MV and LV systems can be found, i.e. the electro-thermal life models that explicitly
account for voltage and current harmonics; an example will be shown in Section 6.2.4.

The present-worth value of the additional aging costs arising in the whole system for m
components subjected to aging is computed as the sum of the cost of each component:

Da :i (Day. ) pv, (6.9)
=1

where the value of (Day),, is calculated using Equation (6.6), starting from the knowledge of
the useful lives of the various components, obtained by applying relationships such as
Equations (6.7) or (6.8).

6.2.2.3 Misoperation

The economic evaluation of misoperation is the most complex subject and, arguably, the least
explored component of cost. This lack of contributions does not permit one to distinguish in a
clear manner between deterministic and probabilistic methods; however, in the following we
offer some considerations that would permit one to apply deterministic methods to compute
the cost of misoperation.

The complexity of cost computation is strongly linked to the absence of exact knowledge
of the cause effect linkage between harmonics and the degradation of performance of
equipment because of the difficulty in making a concrete determination of harmonics as the
only cause of the disturbance. Assigning to harmonics the responsibility for causing several
degradations in the equipment performance throughout the life of the equipment is difficult to
accomplish conclusively. In the literature, however, some categories are reported for which
the performance degradation due to harmonics can be more easily discriminated, i.e. electro-
nic equipment operating with voltage zero crossing, meters and lighting devices.

Generally, the economic impact of misoperation involves financial analysis of all the
effects that misoperation has on the process/activity that the equipment was a part of.
Typically, the costs associated with misoperation can be estimated for existing systems
that have well-known duty cycles. Unexpected tripping of protective devices, for example,
can stop the entire industrial process. The cost of such an event includes several items, such
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as the cost of downtime, the cost of restoring/repairing and the cost of replacing the
equipment, where applicable. Some interesting values can be found in the literature; for
example, in Spain, extensive investigations on existing systems have been conducted
among a wide range of commercial and industrial sectors [25]. The findings of the research
confirm that estimating the costs of misoperation requires extensive information on the
following:

e equipment malfunctioning in the presence of harmonics;
e the process or activity in which the equipment is used;

e the economic values of all the items contributing to lower productivity.

Considering the problem of evaluating misoperation costs from these perspectives, it is
evident that several analogies arise with the problem of evaluating the economic effects of
micro-interruptions or voltage dips. At least, for all the cases in which lower productivity is
due to partial or complete stoppage of the process, the methods and the components of the
financial analysis are the same.

6.2.3 Cost of voltage dips in probabilistic scenarios

The methods of assessing the economic consequences of voltage dips in probabilistic
scenarios can account for various uncertainties related to equipment and process sensitivity.
Two methods that were recently published in the literature are described below. The first
method, called Prob-A-Sag [26], proposed:

e to represent sensitivity using both discrete states (‘on’ or ‘off’) and probabilistic
values;

e to assign different cost values for voltage sag events of different characteristics;
e to account for interconnections between equipment in a probabilistic manner; and

e to include the effect of mitigation devices.

All the parameters for estimating the cost of voltage dips in a process were represented by
two-dimensional arrays. For each array, the rows and columns represent sag magnitudes and
sag durations, respectively. An example of an array is shown in Table 6.1.

The letter on the left side of the table describes the type of information given by the array.
For instance, letter ‘D’ in the array shown in Table 6.1 refers to the device sensitivity, in
particular, the sensitivity of a contactor. The value in the cell (i,j) is the tripping probability of
the contactor when a voltage dip occurs with a magnitude and duration that correspond to the
ith row and jth column. Other types of arrays with the same format were defined to furnish the
other information useful for estimating the cost of voltage dips (Table 6.2).

The arrays D, S, R and E give, respectively, devices’ dip sensitivity, annual dip frequency,
restored annual dip frequency and event cost. These arrays represent the input data for
computing the expected cost due to voltage dips.

The first step consists of calculating the process dip sensitivity array P. To obtain this
array, we have to identify the critical items of process equipment and their mutual connection.
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Table 6.1 Example of the array D [26]

Remaining voltage [%] < 100 0.00 0.00 0.00 0.00 0.00
<90 0.00 0.00 0.00 0.00 0.00
< 80 0.01 0.01 0.01 0.01 0.01
<70 0.11 0.11 0.11 0.11 0.11
< 60 0.40 0.40 0.40 0.40 0.40
<50 0.77 0.77 0.77 0.77 0.77
< 40 0.96 0.96 0.96 0.96 0.96
<30 1.00 1.00 1.00 1.00 1.00
<20 1.00 1.00 1.00 1.00 1.00
<10 1.00 1.00 1.00 1.00 1.00

D 0 50 50 150 150 300 300 500 500 1000

Sag duration [ms]

Table 6.2 Summary of array types [26]

Array Definition Cell information

type

D Device sensitivity Tripping probability of device

S Dip frequency Annual number of dips per phase

R Restored dip frequency Annual number of dips per phase with mitigation

device

E Event cost Cost of process interruption caused by the dip

P Process dip sensitivity Tripping probability of process

1 Frequency of dip oriented plant Annual number of plant interruptions caused by
interruptions voltage dips

In the general case, series and parallel connections can represent the scheme of more
equipment in the process, so that the array P cells are calculated by [26]:

Pi,j)=1— {lq—[ [1 —ﬁDk,l(iaj)

k=1 =1

} Vi=l...m,j=1...n, (6.10)

where ¢ is the number of serial connected component groups, r; represents the parallel
components of the kth group, D,(i,j) is the probability of tripping in the /th piece of
equipment in the kth serially-connected equipment group in cell (i,j) of array D and m and
n are the number of rows and columns in the array, respectively.

Once the arrays P cells are known, the array I, which contains the frequency of dip-
produced plant interruptions, can then be calculated using Equation (6.11) for processes
without mitigation devices and Equation (6.12) for processes with mitigation devices:

1(i,j) = P(i,j)S(i.j) Vi=l...m,j=1...n (6.11)
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1(i,j) = P(i,j)R(i,)) Vi=1...m,j=1...n, (6.12)

where [(i,j), P(i,j), S(i,j) and R(i,j) are the cells (i;j) of the arrays I, P, S and R,
respectively.
Finally, the financial losses due to voltage dips can be calculated by:

m n

C=3" 3l )EG))) (6.13)
i=1 j—1

The second method, proposed in [27, 28], takes into account the uncertainties associated
with voltage sag calculation, the interconnection of equipment within an industrial process,
the customer type and the location of the process in the network in a similar way to the
preceding method. The equipment sensitivity is treated differently, as explained below.

First, the sensitive equipment is classified into various categories based on device type; in
particular, four main equipment types are ascertained: personal computers (PCs), program-
mable logic controller (PLC), adjustable speed drives (ASDs) and AC contactors.

It can then be shown that each device, even of the same type and the same brand, responds
to voltage dips in a different way, so the various sensitivities of equipment of the same type
are represented in a plane (duration, amplitude of voltage) by a family of sensitivity curves
inside a region of uncertainty. This approach is better than using one single curve and it allows
the introduction of an area of uncertainty into the general voltage tolerance curve defined for
each type of equipment. Figure 6.3 shows an example of the rectangular-type general voltage
tolerance curve with shaded regions that represent the areas of uncertainty.

voltage A
[%0]

Vmax

Vmin

»
»

Trmin Tiax duration [ms]

Figure 6.3 Region of uncertainty in rectangular voltage tolerance curve [27]

In the regions of uncertainty, namely A, B and C in Figure 6.3, T'is the duration threshold,
varying between T,;, and Ti,.x, and V is the voltage magnitude threshold, varying between
Vmin and V... Probability distribution functions for 7 and V are given by pAT) py(V); they
can model the uncertainty related to regions A and B, respectively. In region C, assuming the
variables T and V are uncorrelated, the joint probability distribution function is given by:

pTV(Ta V) = PT(T) pV(V)’ Tmin <T S Tmaxavmin<v S vmax (614)
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Next, to determine the equipment’s response (the failure probability of equipment) to
voltage dips, the equipment voltage tolerance curves are compared with the dip performance
charts. The latter are prepared using the results from the voltage dip analysis performed by the
fault position method; they are then characterized by the probability of occurrence using the
historical fault performance of the electrical system.

The comparison between the equipment voltage tolerance curve and dip performance
charts is illustrated in Figure 6.4. In the region of uncertainty, different probability density
functions can be used to represent different sensitivity levels of equipment. We can see an
example of such a comparison by considering the dip represented by point (2) in Figure 6.4.
This point corresponds to the pair of values (7%, V*); therefore, the failure probability of the
equipment for this dip is given by:

pTV(T*v V*) :pT(T*) pV(V*)§ Tmin <T S T*7 v S Vv S Vmax' (615)

After the computation of the failure probabilities of the equipment for all the dips
included in the dip performance charts, the probability of process trip, ptripr.y, is calculated

voltage A
(%]
100fF-========="=--------------—-———- - - No trip: p=0
A
Vmax
\VAd ©) ?:0<p<1
°
Vmin -
/\
Trip:p=1

Tmin T°  Tmax duration [ms]

Figure 6.4 Expected behaviour of sensitive equipment experiencing voltage sags with
different characteristics [27]

as in the Prob-A-Sag method previously described, accounting for the serial and/or parallel
connections among the sensitive equipment. We can use Equation (6.10), properly substitut-
ing the symbols, as follows:

Tk

q
Ptripr,v(T7 V) =1- {H ll _HPT,Vk_l(T7 V)] }; Tmin <T< Tmaxa Vmin <V< Vmax-
k=1

1=1

(6.16)
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where ¢ is the number of serial connected component groups, r; represents the parallel
components of the kth group, pr, v ; is the probability of tripping of the I/th piece of equipment
in the kth serially-connected equipment group for all the dips characterized by (7,V) values
that respect the condition in Equation (6.16).

Finally, the expected total number of process trips, TN, is determined by:

TNy =Y Y _ptripy (T, V) N(T,V), (6.17)
T \%4

where ptripy\(T,V) is the trip probability of the process defined for voltage dips with
magnitude V and duration 7 and N(7,V) is the number of such voltage dips expected at the
specified site over a specified period of time.

The final economic assessment of financial losses due to voltage dips requires knowledge
of the cost per process trip, which is linked to, for example, the type of industrial/commercial
process and the type of customer.

6.2.4 Cost of harmonics in probabilistic scenarios

When faced with uncertainties that often unavoidably affect the input data in real systems
for changes in linear load demands, in network configurations and in operating modes of
nonlinear loads, the economic models must be translated to a probabilistic basis. This
implies the introduction of random variables and the application of probabilistic techniques
of analysis.

6.2.4.1 Additional losses

The first step in the probabilistic approach is to recognize that the output economic figures to
be computed are random variables. In most cases, their probability density functions (pdfs)
completely describe their statistical features. However, for the sake of estimating the eco-
nomic value of losses due to harmonics, it has been considered adequate to refer to the
expected value. When estimating expected values for a period of time, once again, the
present-worth values must be considered.

The expected present-worth value of losses due to harmonics E(Dw), with reference to the
entire life of the electrical system (N years), is:

Nr Ny E(Dw n - =1
E(DW):;E(DW)n,pW:; (1—(|—Oz)n) = 3 k(1+a)11 1

with trivial meaning of the symbols (see Equations (6.2) and (6.5)).

It is clear from Equation (6.18) that it is necessary to compute the expected values
E(Dwg), (k = 1,...,m) of harmonic loss costs that occur in each year n for all the system
components.
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Considering each single electrical component subject to H,,,x harmonics of voltage or
current GM, .., GHmx characterized in the jth time interval of the year n AT; , by the joint pdf
f GhT{ G » the expected value of the harmonic loss cost E(Dwy ) ar; , can be computed as:

J.n

o0 o0 o¢]
g ATj~” max
E(DWi) ar, = KWAT,,”JO JO ..L P(GM, o GM™) fol” G AG™.. G (6.19)

For the most common components of industrial energy systems, the harmonic
losses Pi(G™, ... ,G") in Equation (6.19) can be obtained by summing separately
the losses due to each harmonic, so the integral in Equation (6.19) can be significantly
simplified.

The expected values E(Dwy),, (k = 1,. .., m) of harmonic loss costs incurred in each year n
can be obtained by summing the contributions obtained by Equation (6.19) of all time
intervals of the year n in which the pdfs are defined. For more details on this subject see
[15, 17].

In spite of the apparent complexity of the procedure, it is necessary to show that
the methods practically require the estimation of losses due to harmonics for each
component of the system, making sure that the operating conditions are ascertained
first.

The computation of losses in Equation (6.19) does not present particular difficulties, and
several studies in the literature have addressed this subject for the most common components
and equipment, such as transformers, cable lines and capacitors. The main difficulties arise in
deriving the pdfs of voltage and current harmonics. These values can be obtained both
from measurements and from simulations, using probabilistic methods of harmonic analysis
[6, 29, 30].

6.2.4.2 Premature aging

The expected economic present-worth value of premature aging E(Da) is evaluated by
summing the expected present-worth value of the aging costs of each of the m components
of the system:

E(Da)=Y_ E(Day )y, (6.20)
k=1

where the value of E(Dak)pv is calculated by the relationship:

E(Dak)pv :E(Ck,m)pv—E(CkJ)pv, (621)

where E(C, ), and E(Cy ), are the expected present-worth values of the costs of buying
the kth component during the system life in sinusoidal and nonsinusoidal operating condi-
tions, respectively.

The expected values of cost to be met for buying each component in the sinusoidal and
nonsinusoidal conditions are linked to the expected values of the component life in these
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conditions, respectively. To estimate these figures, again, the cumulative damage theory can
be applied, as in the case of the deterministic methods. In such a case, we have to refer to the
expected value of the relative loss of life E(ALy) ar;, in the time interval AT}, which can be

jn
calculated as:
00 o0 fAT;»x ¢
E(AL) e =AT: | ... alBEe L dx; . 6.22
( k)ATj.n J’"J JA(xl"k,xz’k,..,xg’k) ]‘1_‘[ o ( )

%

where f ,?ITW «..x 1 18 the joint pdf of the g random variables in the time interval AT, on which
the kth component’s life depends. The successive estimation of the useful hfe can be
conducted, as previously mentioned, by summing the expected values of the relative losses
of life until reaching unity.

The main criticism of this method is the complexity of cAonputing the dimensional integral in
Equation (6.22) and, overall, by assigning the joint pdf f'x, }%, ,.x, . Indeed, some simplifica-
tions introduced by life models of actual insulated components provide significant assistance.
First of all, in most cases, it is adequate to consider electro-thermal stress models. In addition, it
has been demonstrated that they can be reduced to even simpler models, such as [17, 23]:

A=AyKp "rexp (—Bcb), (6.23)

where A} is the life expectancy at nominal sinusoidal voltage and reference temperature, cf =
1/6y— 1/6is the so-called conventional thermal stress (f is the absolute temperature and 6 is a
reference temperature) and n, and B are model parameters. In particular, n,, is the coefficient
related to the effect of the peak of the distorted voltage waveform Kp on the life expectancy.
The larger this coefficient is, the stronger the influence of peak voltage is.

Using Equation (6.23), Equation (6.22) becomes:

*

fK j.ne

E(AL =AT* 2Pk dKpdf 6.24

( k) Jn JJ A(ka,9k> p 9 ( )
DyDg,

where f 2;’:& is the joint pdf of the peak factor and temperature affecting the kth component,
defined in the time interval ATj’jn, Dy, and Dy are the variation domains of Kp; and 0,
respectively and A(Kpy, 0;) represents the equipment life model expressed by Equation
(6.23).

Equation (6.24) can still present some difficulties in deriving the joint pdf of the random
variables Kp; and 6, which are generally not directly available. Even in the case where the
statistical characterization of the variables is known, the computation of Equation (6.24) is
not immediate, mainly due to the fact that Kp, cannot be expressed in closed form as a
function of voltage harmonics and fundamental components (infinite combinations of har-
monic vectors can provide a given value of Kp,). Then, the application of Equation (6.24) in
actual cases requires the use of Monte Carlo simulation procedures.

Some simplifications can be pursued only in particular cases. As an example, if the goal is
to highlight only the influence of voltage and current harmonics on component life, other
variables, including the voltage and current at fundamental frequency, the ambient
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temperature and the elements of the system admittance matrices at fundamental and harmonic
frequencies, can be assumed to be deterministic quantities. Under this assumption, the voltage
harmonics are directly linked to the current harmonics injected by nonlinear loads via the
elements of the system harmonic admittance matrices. In such a case, the expected values of
the relative loss of life of the system components are functions only of the pdfs of the
magnitude and phase of the current harmonics injected by nonlinear loads, thus reducing
the number of random variables to be accounted for.

Further simplifications can be achieved by computing the reduction in life expectancy for
the worst-case condition, i.e. the reduction that would occur when the peak voltage became
the arithmetic sum of the voltage harmonic peaks. Applying this simplification, there is no
need to know the pdfs of the phase of harmonic currents injected by the nonlinear loads; also,
in the presence of only one group of nonlinear loads as the main cause of harmonic events, the
useful life can be evaluated with a closed-form relationship, using a simplified procedure.

For more details on this subject see [17].

6.2.4.3 Misoperation

As mentioned earlier, really few contributions in the literature refer to the estimation of the
misoperation cost [14, 18, 31]. The method proposed in [18] is very interesting since it
provides a unified index to account for the overall equivalent cost of the reliability and power
quality attributes of the system that also includes misoperation due to harmonics.

The conversion of misoperation due to harmonics into costs is based on the fact that
harmonics characterized by a THD which exceeds 20% are considered interruptions. With
this choice, the sector customer damage function, proposed in [32] for interruptions, can also
be used for harmonics. The model is particularly suitable for distributors who, in the planning
stage, can use the economic metrics to choose the best solution among future alternatives.

6.3 Some economic mechanisms for improving power
quality levels

In this section, some economic mechanisms for PQ regulation that have been proposed in
the literature are shown. Some of the mechanisms are actively being used and others
have only been proposed and have yet to be used. The countries in which these mechan-
isms are in use or have been proposed, together with the authors of the proposals, are
identified.

6.3.1 USA: a mechanism based on the harmonic-adjusted
power factor

The first significant attempt to introduce an economic mechanism to encourage power
companies to improve voltage quality was proposed in [33]. The proposal was based on the
use of the harmonic-adjusted power factor.

This approach was based on the similarity between the need to apply economic disin-
centives for poor power factors and for generating harmonic currents. In both cases, the
customer requires additional distribution capacity in a way that is not reflected in the billing
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structure. Consequently, the authors investigated how the economic incentives that had been
adopted to improve the power factor could be extended to provide economic incentives to
improve harmonic behaviour. Their intention was that the proposed incentives should not
require any changes to utility billing practices and that they should be implementable using
electronic revenue meters with relatively simple software.

The harmonic-adjusted power factor, hPF, is defined as:

P
hPF = —— (6.25)
Viln
where P is the active power, including both fundamental and harmonic powers, and V}; and I}
are the frequency-weighted RMS voltage and current, respectively.
The values of Vj; and I}; can be determined using the following relationships:

50
Vi= | Y _Gvr (6.26)
h=1

50
I= \/ > Ky, (6.27)
h=1

where C;, and K, are weighting factors and V), and I, are the measured RMS voltage and
current harmonics of order A, respectively.

Regarding voltage weighting factors, the weights can be set to 1 or, alternatively, they can
be assigned values less than 1 or even zero, which would imply that voltage delivered at
harmonic frequencies is worth less than voltage delivered at the power frequency.

Regarding current weighting factors, the following four expressions were proposed: K, =
h, K, = K33, K,=+vh and K), = [l + x(hz—l)], where x is a constant value between 0.01
and 0.10. This list of possible weightings is by no means exhaustive; other possible weight-
ings for harmonic current may be used. The last weighting factor is the current weighting
factor suggested in [34], in which the calculation of the rating of transformers subjected to
harmonic current is described.

In addition, it should be noted that, in the absence of harmonic pollution, the harmonic-
adjusted power factor coincides with the displacement power factor” (dPF) while, in the
presence of nondistorted voltages and currents, hPF is almost always lower than dPF.
Consequently, hPF may be used to discourage harmonic pollution by requiring the payment
of power factor penalties.

6.3.2 USA: a proposal based on the service quality index

In Chapter 4, the service quality index (SQI) proposed in [35] was illustrated as an example of
a global power quality indicator. In the SQI calculation, the economic impact experienced by
the customer is considered, and knowledge of the unitary cost function associated with each
power quality disturbance is specifically required. The unitary costs associated with

2 The displacement power factor is defined as the cosine of the angle between the power frequency component of the
current and the power frequency component of the voltage.
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disturbances may be different from one utility to another, and they may even be different for
different portions of the same system.

This index, proposed by the authors to characterize system performance and as a useful
tool for prioritizing investments for system improvements, is also considered useful in
quantifying the economic penalties paid by the electrical distribution company to the custo-
mer as a result of poor voltage quality; the economic penalty may be chosen, for example, to
be proportional to the value assumed by the SQI index.

As shown in Chapter 4, the definition of the unitary cost function associated with each
type of disturbance appears to be the biggest obstacle to the practical utilization of the SQI
index as the market mechanism for quality.

6.3.3 Argentina: a mechanism based on the equivalence between
voltage quality and continuity

Regulation regarding voltage quality disturbances was proposed in [36] to control the level of
disturbance in the networks and the injection of customer disturbances. Initially, only
harmonics and flicker (voltage fluctuation) were considered.

Control of harmonic distortion and flicker is based on measured disturbance levels at the
PCC. In particular, utilities perform the measurements every month at pre-fixed points in the
distribution network. The measurements are conducted by registering devices that comply
with requirements specified by IEC standards. Two different devices register levels of flicker
and harmonics at ten-minute intervals and measure the energy supplied during the intervals.
One week is the minimum time interval for a measurement period; in this case, 1008 samples
result. Utilities are responsible for supplying electricity with an adequate level of quality,
which is characterized by the presence of disturbance levels below regulated reference levels
at least 95% of the time. When voltage quality disturbances exceed the regulated reference
value for more than 5% of the time for the weekly measurement taken at ten-minute intervals,
the utility will be subjected to economic penalties to compensate the customers affected by
the poor quality of the voltage supply. This economic penalty is proportional to the extent to
which the voltage deviates from the reference level and the energy supplied under poor
voltage quality conditions.

For cases involving exceeding the flicker reference level, the penalty cost function,
PCFFI, is:

PCFp =)  Cix DPF{E; +)_ Cix Ex (6.28)
ke ke,

where Ej is the energy supplied during the interval k and DPF, is the ‘flicker distortion’
subject to penalty, given by:

Py — P
DPF = max|0, — —t£_—st| (6.29)
PG

2, is the set of intervals characterized by values of DPF, < 1 and 2, is the set of intervals
characterized by values of DPF; > 1.
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In Equation (6.29), Py is the short-term flicker severity at the kth interval measure-
ment and Py is the reference value of the short-term flicker severity at the considered
supply point. In Argentina, the flicker reference values for all voltage levels are set to 1, and

then Pj=1.
DPF, is calculated for each interval of each weekly measurement period (k = 1,
2,...,1008) and DPF, has a value other than zero only in the case where the reference

level is exceeded.

From Equation (6.28), each k-interval registered with energy supplied during a bad
voltage-quality condition will yield a unitary penalty equal to Ciy DPF% [US$/kWh] in the
case where 0 < DPF;, < 1 and equal to Cyy [US$/kWh] in the case where DPF; > 1. The
unitary penalty is quadratic with DPF,, hence, the penalty levels are higher as violations of the
reference level become more significant. This is the case until DPF; = 1, after which the
penalty is fixed at Ciy [US$/kWh]. Above this level, the voltage quality is considered not
acceptable and, in practice, the utility is penalized as if the customer had not been supplied; in
fact, Cpy is the same penalty that has been proposed when interruptions occur.

For cases in which the harmonic voltage reference level is exceeded, the penalty cost
function PCF,, is:

PCF,=)»  Ciy DPHIE, + ) Cix Ex, (6.30)
ke keQy

where DPH is the harmonic voltage distortion subject to penalty, given by:

THD; — THD* 1 X [ Viik — Vi
DPH; = max|( " | += max | 0, ——— |, (6.31
= max[o. el DY ; (631)

Q5 is the set of all intervals characterized by values of DPH; < 1, and €, is the set of all
intervals characterized by values of DPH; > 1.

The THD, value is the total harmonic distortion registered at the kth interval measurement
and THD" is the reference value for total harmonic distortion. The V,.xvalue is the short ten-
minute value of the Ath individual harmonic voltage measured in interval k and V;, is the
reference value for the Ath individual harmonic voltage. The reference values for THD were
reported in Chapter 1; the reference values for individual harmonic voltages are different for
LV, MV and HV networks.

DPH;, is calculated for each interval k (k = 1, 2,...,1008) of each weekly measurement
period, and DPH;, is zero except in the case of a violation of reference values.

From Equation (6.30), each interval registered with energy supplied in poor voltage
quality condition will yield a unitary penalty equal to Cry DPH,> [US$/kWh] in the case
where 0 < DPH; < 1 and equal to Cyy [US$/kWh] in the case where DPH; > 1. The con-
siderations used for the unitary penalty relating to flicker can be repeated for the unitary
penalty relating to harmonic distortion.

In [37], it was proposed that slow voltage variations should also be considered in the
regulation regarding voltage quality disturbances. In particular, a penalty function for slow
voltage variations, similar to that used for flicker and harmonics, was introduced. In cases
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where the acceptable limit levels are exceeded for a time greater than 3% of the survey period,
the utility has to pay on the basis of the following penalty cost function:

PCFV:§:(hVE&, (6.32)
keQs

where Ej is the energy supplied during the interval k and 25 is the set of all intervals
characterized by |AV| > AVjjn,.

In this relationship, the summation refers to all measurement intervals characterized by
voltage levels exceeding the tolerance band AVy;y,:

|V7Vn|

n

AV|= 2100 > AV, (6.33)

where V and V,, are the supply voltage and nominal voltage, respectively. AV}, = 5% for HV
and 8% for MV and LV networks.

The term Cyy represents the unitary energy cost. This cost increases as |AV| increases; for
example, Table 6.3 shows the Cxy values used for the calculation of penalties in the case of
LV customers.

Table 6.3 Low voltage unitary energy cost [37]

Band of voltage Unitary energy cost Cy,
[%] [US$/kWh]
8<|AV| <9 0.050
9<|AV| < 10 0.140
10<|AV| < 11 0.230
I1<|AV| < 12 0.320
12<|AV| < 13 0.410
13<|AV| < 14 0.500
14<|AV| < 15 0.800
I5<|AV| < 16 1.100
16<|AV| < 17 1.400
17<|AV| < 18 1.700
18 < |AV| 2.000

The economic penalties given by Equations (6.28), (6.30) and (6.32) are maintained until
the utility shows, by means of new measurements, that exceedances of the reference level
have been eliminated. The penalty determined for the measurement week remains in place
every week until the problem is solved.

To guarantee the reference levels at the busbars of the network, the distribution
companies control customers’ voltage disturbance emissions into the networks.
Emission limits are fixed, both for flicker and harmonic distortions, for different
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types of users.” A particular emission limit represents the maximum disturbance level
that the customer is allowed to inject into the network at the PCC. There must be a
99% probability that the emission limit will not be exceeded. If a violation of the
emission limit is suspected, the distribution companies should verify the actual emis-
sion by performing a set of measurements. The required minimum measurement period
is one week for checking the emission limit. The distribution company can take the
following actions:

e if the reference levels have not been exceeded, the distribution company may offer an
agreement to the customer to increase the assigned emission limit;

e if the reference levels have been exceeded, the customer must adopt measures to reduce
the emissions;

e if the customer still does not reduce the emissions below the permissible limit in a set
time period (for instance, six months), the customer is penalized economically accord-
ing to the amplitude of the violation of the limits. The formulas for the economic
penalties are similar to those applied to the utilities when poor-quality supply voltage is
furnished. After the set period, if the customer still has not solved the emission
problem, the utility may ask the regulatory authority for permission to disconnect
the customer.

6.3.4 Colombia: a mechanism based on the customer’s perception of
the impact of each disturbance

In [38], a methodology was proposed for evaluating costs due to power quality
disturbances.*

The penalty PCFJ’: that the utility should pay to customer j in the presence of the ith
disturbance exceeding the reference value is:

PCF.=Ry w; E; (6.34)

where Ry is the reference value assumed equal to the cost associated with the interruptions, w;
is the weight of the voltage quality disturbance and E; is the energy delivered to customer j
during the bad-voltage-quality condition.

The weights w; reflect the impact that the customer perceives as a result of each
disturbance and, on the basis of a survey developed using distribution systems, the values
reported in Table 6.4 have been suggested.

3 The different types of users supplied by the Argentinean electrical distribution system are users with tariff T 1 (P <
10 kW); users with tariff T 2 (10 kW < P <50 kW); and users with tariff T 3 (P > 50 kW). Users with tariffs T 1 and
T 2 can only be connected to LV networks, while users with tariff T 3 can be connected to LV, MV and HV networks.
“ It should be noted that the aim of the proposed procedure was not directly to define an economic mechanism for the
regulation of voltage quality; rather, it was to estimate optimal power quality levels in Colombia. The optimal quality
level is the level that minimizes the social cost of the PQ, defined as the sum of the costs supported by the electricity
company in infrastructure investments, maintenance and operation of the network to improve the PQ and the costs
that customers incur in the presence of a lack of PQ due to, for example, lost production.
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Table 6.4 Values for disturbance weights [38]

Disturbance Weight w;
Interruption 1.0
Unbalance 0.1
Flicker 0.4
THD 0.3
Individual voltage harmonics 0.2

Assuming the cost of interruption as reference, the term Ry wjrepresents the unitary
penalty [money/kWh] with reference to the ith voltage quality disturbance (e.g. unbalance or
flicker).

If z is the number of customers for whom the ith disturbance exceeds the reference figure,
the value for reimbursing the customers for the ith disturbance will be the aggregate of all
customers:

< Z
PCFj, =Y PCF.=Ryw; Y E;. (6.35)
j=1 =1

Under conditions of uniform demand, if 7 is the total number of customers supplied by the
monitored points, the result is:

iEj =UI,; nZEj, (6.36)
j=1 J=1

where Ul is the fraction of customers characterized by the ith voltage disturbance exceeding
the limit.

Using Equation (6.36), the total economic penalty which the utility must pay in
the case of violation of the limit set for the ith voltage quality disturbance can be
expressed by:

n
PCF,, =Ul; Ry w; Y E;. (6.37)
j=1
Compared to the economic penalty proposed in Argentina, the penalty function proposed
in Colombia is not linked to the entity of the limit violation, but it is evident that, when the
percentage of customers out of limits is related directly to the limit imposed, the economic
penalty paid by the utility increases with the limit restriction.

6.3.5 Iran: a proposal based on a penalty function depending on the
type of customer
In Iran, distribution utilities are responsible for supplying electricity with an adequate level of

quality that is characterized by the presence of disturbance levels below regulated reference
levels at least 95% of the time. When the reference value of each voltage quality disturbance
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is exceeded in more than 5% of the ten-minute intervals of a weekly measurement period, the
utilities are subjected to economic penalties to compensate the customers affected by bad-
quality voltage supply [39]. The penalty cost function proposed in Iran for industrial and
commercial customers is given by:

PCF =K, ESC + K, IDC + K3 LPV + K, EWC + Ks HWC + K¢ HD. (6.38)
where:

ESC = cost of extra shift;

IDC = cost of instrument damage;
LPV = lost production value;
EWC = extra work cost;

HWC = halt work cost;

HD = humanity damages;

K; = weighting factors.

The economic penalty depends on the type of customer, which is taken into account using
weighting factors. Table 6.5 shows the weighting factors for different types of customers
(group degree), while Table 6.6 reports the classification of customers as a function of
industrial processes. With reference to the type of customers, the different costs in
Equation (6.38) may be present (K; = 1) or absent (K; = 0).

Table 6.5 Weighting factors for various load groups [39]

Group degree K, K> K5 K, Ks Ke
A Oorl 1 1 Oorl 1 1
B 0 1 0 1 1 0
C 0 1 1 1 1 0
D 1 1 1 1 1 0

To guarantee the reference limit, the distribution companies control the disturbance
emissions of customers into the networks. Emission limits are fixed both for flicker and
waveform distortions at different voltage levels on the networks. There must be a 99%
probability that the emission limit will not be exceeded. If a violation of the emission
limit is suspected, the utility should verify the actual emission by performing a set of
measurements. The minimum time period required to check the emission limit is one
week.

When the level of the disturbance injected by the user installation is higher than the fixed
limit, solutions analogous to those used in Argentina may be applied.
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Table 6.6 Industries affected by power quality issues [39]

Industry segment Industrial process Group degree
Continuous process 1. Paper, fibre and textile factories D
2. Plastic extruding or moulding plants
Precision machining 1. Automotive parts manufacturing D
2. Large pump forging factories
High technology products and 1. Semiconductor manufacturing B
research 2. Large particle physics research centres
Information technology 1. Data processing centres
2. Banks C
3. Telecommunication
4. Broadcasting
Safety and security related 1. Hazardous processes
2. Chemical processing A
3. Hospital and health care facilities
4. Military installations

6.3.6 Italy: a mechanism based on the unified power quality index

A new approach to regulating voltage quality that is similar to that used in other countries for
continuity regulation has been proposed by some Italian researchers [40], but it has not yet
been adopted by the regulator. The proposed approach provides two levels of regulation
(Figure 6.5):

1. The system level is finalized to guarantee acceptable average voltage quality levels for
all customers.

2. The local regulation level takes into account the interactions between utilities and
customers at the PCC.

At the system level, power quality levels are not guaranteed for each user. Instead, an
adequate level of average quality for all supplied users is guaranteed. Local regulation should
focus both on sensitive loads that require specific voltage quality characteristics and on
disturbing loads that require control of emission levels.

In the context of the overall regulation scheme shown in Figure 6.5, the authors concen-
trated only on regulation at the system level; moreover, only continuous disturbances (e.g.
waveform distortions, unbalances and voltage fluctuations) were considered in depth. The
regulation structures proposed used global indices, such as the unified power quality index
described in Chapter 4, to characterize the voltage quality, since they might be more
convenient for system regulation, especially in simplifying regulatory schemes.

The proposed system voltage quality regulatory mechanism is similar to those employed
in several countries for the regulation of continuity. The national territory is divided into
different areas and the global index chosen to characterize voltage quality is measured
separately for a pre-set number of districts for each area.
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Figure 6.5 Overall regulation scheme

The regulatory scheme specifies reference levels to be obtained within a specific number
of years; such levels are pursued through paths of improvement that identify the minimum
improvement required for each year in each district (Figure 6.6). Also, to force the districts
with more quality problems to converge towards the reference level, several paths are
established based on the level of improvement required. The regulatory authority compares
the actual levels with the target levels and, if the utility has improved quality more than
required, it gains an incentive; otherwise, it pays a penalty based on how far it was from the
objective.

Global A
index Minimum
yearly required
Actual situation improvement ~ PENALTY
N “ Path of
~ improvement

"« *

f ~

¢
\ \, Reference level
1 2 \ 3 4 5  t[year]
INCENTIVE

Figure 6.6 Path of improvements

The use of a scheme based on penalties and incentives for utilities is being considered
since the penalties should push utilities to intervene on their own networks and with disturb-
ing users in order to return to the levels imposed by the authority; on the other hand, the
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incentives should drive utilities to accelerate intervention in order to attain target levels as
quickly as possible.

To apply this mechanism, once the global index of reference for the overall system has
been established, the following steps must be considered:

1. Reference levels must be defined.

2. Paths to reach the reference levels (Figure 6.6) must be established, during which
required minimum improvement levels should be assigned.

3. Penalties and incentives associated with the required minimum improvements must be
defined.

The reference levels may be assigned by the regulatory authority by considering the limit
values imposed by standards or recommendations for each index characterizing the different
power quality disturbances taken into account.

Then, assuming that the nation is divided into Np;, districts, for each district, the
number of monitored sites, M, represents an average behaviour for the entire district;
such sites divide the entire district into zones with users U;. Also, let us assume that there
is a measurement system at each monitored site and that the reference period is one
week.’

During one week, continuous disturbances are measured at every site at intervals with
duration Aty to obtain a number of values for each continuous disturbance equal to the number
of measurement subintervals in a week.

If we consider the jth monitored site and label the limit value of the index considered for
the ith continuous disturbance as I;,j;,, it is then possible to calculate the corresponding
exceedance (Equations (4.21) and (4.22)) for every interval At as:

Aty

15
Algfk:ﬁ —1. (6.39)
i, lim

If the exceedance has a negative value, it will be considered equal to zero. Once the
exceedances for the continuous disturbances under examination are known, it is possible to
calculate, for the same At interval, the value of the global index UPQIc ; corresponding to
the jth site:

i

Nc
(UPQIc, ) %=1+ ALY (6.40)
i=1

Once we have obtained the values of the global index UPQI for all the Az subintervals
in one week, it is possible to calculate the corresponding probability function and the
maximum value, (UPQIC J)max, which is considered suitable as the reference level character-
izing the site.

5 This is usually the interval considered in most standards related to voltage quality continuous disturbances, such as
EN 50160, as shown in Chapter 1 [41].
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Once all site indices are determined ((UPQIC’j)maX, j=1,2,...,M), we can calculate the
values of the system index as follows:

J w;(UPQI
(UPQIL)SYS= Z QCf

=1 Z:

In Equation (6.41), w; weights each monitored site differently, depending on the number
of users or the maximum power provided to them. An alternative to Equation (6.41) is to take
the maximum value of the site indices (or the 95th percentile derived from the probability
function) as the system index.

Once the index for the overall system has been obtained, it can be compared with the
assumed maximum permissible value, which depends on the path of improvements chosen
(Figure 6.6).

If we indicate the minimum required yearly improvement as (UPQI )3 *related to the nth
intermediary subperiod of the regulated period, assuming a +5% tolerance band of the global
index, we obtain the following constraints:

) max

(6.41)

e if (UPQI.)*®> 1.05 (UPQI()$YS a penalty will be assigned;
e if (UPQI.)® < 0.95 (UPQI¢)$YSan incentive will be assigned.

With reference to the problem of establishing a penalty/incentive mechanism associated
with the attainment or loss of expected minimum levels, a possible penalty/incentive
mechanism extends the mechanism proposed in Argentina for each PQ disturbance to
the case of global indices, as shown in Figure 6.7 for the penalty function structure.
Penalties are attributed proportionally to the supplied energy, for conditions of lack of voltage
quality, with the penalty rising with the degree of deviation, up to an assigned threshold level.
When the voltage quality exceeds the threshold level, the utility is penalized as it would be in
the case of a long interruption. When the voltage quality is less than the threshold level but
above the minimum required yearly improvement, the utility is penalized less, because the
delivered energy quality is considered better than in the case of a long interruption.

quality penalty < continuity penalty quality penalty = continuity penalty
Penalty A
level
0 .‘ >
1.05 (UPQI¢ )SYS (UPQI)S™S (UPQI)S™S
max
Reference IeveI Threshold level

Figure 6.7 Penalty function structure
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Analytical relationships that quantify the penalty function shown in Figure 6.7 and
that allow the authority to properly balance the penalizing effects can be easily obtained. The
penalties are strongly related to the behaviour of the curve representing the penalty function.
For example, in the range between the reference level and the threshold level, the higher the
slope of the curve around the threshold level is, the higher the penalty levels for violations of
the reference level become. The authority can significantly influence the mechanism applica-
tion effects with a proper choice of curve behaviour for the penalty function.

A similar criterion can be applied for the incentive mechanism. In addition, a
mechanism to balance the penalties and incentives can be also considered. As a general
criterion in the field of continuity, the incentives are financed by penalties paid by the
utilities; when such penalties amount is less than the amount of incentives, the difference
should be paid by the users who were granted a higher level of service.

6.3.7 Various countries: power quality contracts

To our knowledge, the first example of a power quality contract was stipulated in the USA
[42]. This PQ contract, called the ‘Special Manufacturing Contract” (SMC) was stipulated
between the Detroit Edison Company and its three largest automotive customers (Chrysler
Corporation, Ford Motor Company and General Motors Corporation) in 1994.

The Detroit Edison Company and its customers devised a method of compensating the
customers for power quality events if they exceeded the annual permissible level. The PQ
events covered by the SMC were interruptions and voltage sags. In the following, we address
only the aspects of the PQ contract related to voltage sags.

To characterize the severity of a voltage sag, a new index called the sag score was
included in this contract. The sag score was defined in terms of the RMS values of the phase
voltages V,, V}, and V.

Va4 Vy+ Ve

Sag Score = 1 — 3

(6.42)

In the sag score calculation, only voltage sags characterized by residual voltages below
0.75 p.u. were considered. The strength of this index lies in the simplicity of its computa-
tion. However, the index does not take into consideration the duration of the sag event,
which indicates its impact on loads. In the presence of interruptions, the sag score
computation is zero to prevent overlap with the administration related to voltage
interruptions.

For each location, the annual sag score (also called total sag score) was obtained by
summing the values of the sag scores for the entire year.

The SMC provided for the payment of compensation by Detroit Edison Company to the
customer if the sag score total exceeded the annual permissible sag score limit. The sag score
limits were defined after an appropriate campaign of measurements and recomputed at the
start of each year.®

© In fact, while the SMC was stipulated in 1994, the regulation of voltage sags began in 1998, after the required
campaign of measurements used to define the initial severity sag level was completed.
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The required payment was obtained by multiplying the sag score total in excess of the
sag score limit by a unitary penalty called the service guarantee payment amount
(SGPA). The SGPA was specified in the contract as the limit of the total annual sag
payments.7

More recently, in some European countries, customers have begun to negotiate with
utilities to receive a specified level of continuity and voltage quality (power quality
contracts).

For example, in France, both the transmission and distribution companies offer all
customers the possibility to contract for extra quality requirements. In such cases, the
customer can ask the operator for customized contractual levels. The customer will have to
pay for them, depending on the necessary work required to reach these new levels. In
particular, when a customer wants customized levels in his contract, the operator makes a
technical and financial proposal that describes the necessary work required on the network
and the associated costs that will need to be incurred to reach the levels of quality desired by
the customer. If the customer accepts the proposal, the required work will be done at the
customer’s expense.

It is also possible to demand a power quality contract in Italy. In these contracts, at least
three elements must be present:

1. the contractual level of quality;
2. the yearly premium;

3. the penalty for noncompliance.

The contractual level of quality is expressed as a threshold applied to one or more
indicators of voltage quality, and the duration of the contract may be no less than one year
and no more than four years.

Contracts are totally voluntary, both for customers and for the distribution company (or
the transmission system operator). The additional revenues coming from power quality
contracts are treated as a service excluded from the company’s revenue control. Suppliers
can be involved, especially in federating more than one customer interested in quality
improvement in the same distribution area; the cost (and the benefits) of the power quality
contract can be shared among several customers.

Power quality contracts are still in their initial phase, but they can be seen as an efficient
solution for improving voltage quality without imposing excessive costs on the general
population of customers. These contracts require that customers who require better voltage
quality must be willing to pay for it.

Generally, power quality contracts are rarely monitored by a regulator. Often, where
contracts are foreseen, the regulators have no role in the market mechanism for quality.
Table 6.7 reports the European countries in which it is foreseen that power quality contracts
will be used.

The need to introduce power quality contracts between the different operators involved
in the competitive electricity market in order to guarantee specified levels of continuity

7 For example, if the annual sag score is equal to 3.28 and the sag score limit is 3.00, then the sag score excess is 0.28.
If the location where the voltage sag was measured has an SGPA of $100.00, then the payment due is $28.00.
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Table 6.7 Power quality contracts in Europe [43]

Power quality contract with some ex France, Italy
ante intervention of regulator

Power quality contract with only ex post Slovenia
intervention of regulator

Power quality contract with no Czech Republic, Spain, Great Britain,
intervention of regulator Latvia, Portugal

and voltage quality was also acknowledged by McGranaghan et al. in [44]. In this
paper, the authors indicated the following main points that each PQ contract should
include:

e reliability/power quality concerns to be evaluated,;
e performance indices to be used;
e expected level of performance;

e penalties for performance outside the expected level and/or incentives for performance
better than the expected level;

e measurement and/or calculation methods to verify performance;
e responsibilities of each party in achieving the desired performance;

e responsibilities of each party in resolving PQ problems.

The requirements of particular PQ contracts and the concerns that must be addressed will
depend on the parties involved and the characteristics of the system, so the following different
types of PQ contract have been proposed:

1. Contracts between transmission companies and distribution companies. In this type of
contract, PQ requirements and responsibilities at the distribution substation interface
between the two systems are defined.

2. Contracts between distribution companies and end-use customers. In this type of
contract, the PQ requirements at the PCC are defined. In some cases, the end user
may be a customer of the distribution company; in other cases, the end customer may be
a retail marketer or an energy service company.

3. Contracts between retail marketers or energy service companies and the end-use
customer. This type of contract may be much more creative and complicated than the
contracts defining the basic distribution company’s interface with the customer. The
energy service company may offer a whole range of services for improving power
quality, efficiency and productivity that dictate the contract requirements.

4. Contracts between distribution companies and independent power producers (IPPs).
This type of PQ contract defines the expected power quality that the IPP can expect at
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the interface (similar to the contract with end users) and defines the requirements for the
IPP in terms of the quality of the generated power. Important areas to consider for the
IPP requirements are power fluctuation, harmonics, power factor characteristics and
unbalances.

Finally, in [45], a PQ service-pricing approach considering the cost of quality and stop-
loss insurance has been proposed.

A product (such as electrical energy) can be characterized by different quality levels. The
customer pays two kinds of costs for a product: the purchase cost, which increases as the
quality of the product increases, and the use cost, which decreases as the product quality
increases. The use cost will directly influence the pricing of the product and, consequently, it
will influence the customer’s purchase cost. Products with different quality will cause
different use costs. Furthermore, for fixed-quality products, different customers have differ-
ent use costs. The higher the customer’s use cost, the larger the potential loss caused by a low-
quality product, so the customer may choose the higher-quality product, which will mean a
higher initial purchase price. Consequently, because of the lower use cost, some customers
are willing to buy higher-quality electricity at a higher cost.

The total quality cost Cr of electrical energy is defined in [45] as the sum of the treatment
expense C charged by the distributor for fulfilling the customer’s requested PQ level and the
customer’s loss cost L: Ct (s) = C(s) + L(s). Both C and L costs depend on the PQ level s, and
the cost C increases and the cost L decreases as s increases.

The most economical PQ level is that which minimizes the total quality cost; this level
will be indicated in the following by the symbol st.

In choosing the PQ service, the customer will make the st level the PQ level, paying C(st)
as the treatment expense. The optimal level st may be different for customers supplied by
the same distribution network; in fact, for a fixed treatment expense function C(s) (given by
the distribution company), the loss function L(s) depends on the sensitivity with respect to the
power quality of the customer’s electrical loads.

In actual operating conditions, the PQ level s fluctuates near the desired PQ level st.
Customers are willing to endure the risk of loss when the PQ level is higher than the objective
PQ level (s > st), but they are not willing to do so when s < st. So, customers can share the
increased risk of loss when s < st by buying stop-loss insurance.

By offering a PQ service plus stop-loss insurance, a distributor provides insurance for the
customer’s extra loss risk. When the real PQ level is lower than the objective PQ level (s <
st), the distributor must compensate the customer for the extra loss, and when s > st the
customer endures the loss. In stop-loss insurance, the distributor compensates the customer
according to the customer’s willingness to pay.

In this way, when the distributor and the customers sign the PQ service contract, the
fee is composed not only of the treatment expense C(st), but also of the premium for the
stop-loss insurance. The customer chooses the optimal PQ level (from an economical
point of view) according to the cost of controlling PQ and selects the amount of protec-
tion desired from potential losses by choosing the amount of stop-loss insurance to
purchase.

According to the premium calculation theory, the incentive premium for stop-loss
insurance is obtained from the probability of violation of the chosen st PQ level and by the
customer’s estimate of the economical damage produced by this violation. In practice,
the insurance premium is linked to a risk factor that contemporaneously takes into account
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both the probability of PQ levels having values lower than the st customized value and
the economic losses related to the effects of these PQ levels on the customer’s equipment
and loads.

6.4 Conclusions

In this chapter, the economic aspects of PQ disturbances have been addressed, focusing on the
variables that are more sensitive when making the associated cost estimates. Then, some
economic mechanisms to use for PQ regulation have been described. These mechanisms,
reported in the literature, are based on financial penalties, incentives or both.

Very few of the described mechanisms are actively being used; in particular, among the
illustrated mechanisms, the one discussed most extensively is the PQ contract. However,
since PQ contracts are voluntary, both for customers and for the distributor (or the transmis-
sion system operator), they are infrequently used.

The main conclusion of this chapter is that the economic aspects of PQ disturbances
should be the basis by which to regulate interactions between customers and the utility in
liberalized markets. However, even though several researchers are working on economic
mechanisms for PQ regulation, further studies are needed to clarify all the aspects involved.
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critical admittance index 86, 99 102
critical impedance index 85, 86,99 102
current based indices 102 7
customer installation switching 74 9, 83 4
distance relay approach 131 3
distributed measurement systems 109 15
disturbance power/energy 127, 133 4
flicker and load power correlation 115 16
Gaussian probability functions 116
global index 109 11
harmonic global index 86, 97 9
harmonic impedances 62, 63 85
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Plate 1 Active powers in electrical systems with waveform distortions (see Figure 2.12)
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