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Synopsis

Development in power electronics enabled sophisticated energy conversiocn. These new
solid-state energy conversion processes are energy-effective, but are inherently non-linear
which means that the load current is typically non-sinusoidal in shape although fed by a
sinusoidal voltage source.

Although the utility strives to guarantee a pure sinusoidally shaped voltage waveform at
every Point of Common Coupling (PCC), harmonic currents deteriorate the overall power
quality in the power system. Various undesirable effects of nonsinusoidal conditions in a
power system are, possible resonance at power factor capacitors, metering errors, increased
reactive power, increased motor losses, increased transformer losses, increased line iosses
and additionai heat in cables and equipment.

Harmonic distortion on the power system and within customer facilities is a growing concern
due to the growth in non-linear loads, which manifests as higher distortion levels throughout
the entire power network. This phenomenon has reached a magnitude where several
international bodies have proposed harmonic apportioning standards (IEEE 519-1992
(America), IEC 61000-3-2(Europe) and NRS 048 (South Africa)). These standards provide
the Electricity industry with guidelines in apportioning a predetermined level of harmonic
emission per customer connected at the PCC. The harmonic apportioning standards had the
result that users and suppliers must be partners in an effort to maintain the quality of supply
whilst the network expands.

The impact that harmonics can have on the network and other equipment operating from it
can range from a minor annoyance to a system malfunction and disruption in operation.
Harmonics directly influence the effectiveness of the operation of the utility and it's revenue.
Customers will not only experience continuous energy losses, but also major production
losses when the supply to a plant is disrupted. The harmonic load currents force the utility to
have a higher real energy input then the actual real power needed to maintain a plant's
production at a certain level. The utility carries the extra transmission losses due to the extra
I’R losses caused by the harmonic currents. Installed power system capacity will be higher
then necessary for pure linear loads.

Traditional energy rates fails to accounts for these effects. A fair tariff structure thus have to
be design, which may aliocate the cost of waveform distortion according to the relative

contribution of loads connected to the PCC, and which will require the utility to supply a




minimum distorted voltage signal at the PCC. Such a tariff structure should also recognize
the installation of equipment by customers which decrease the Total Harmonic Distortion
(THD) observed at the PCC, or when they implement new technology, which withdraw

sinusoidal load currents.




Sinopsis

Nuwe ontwikkelinge in drywingselektronika het bygedra tot verbeterde energie omskakelings
prossese. Hierdie verbeterde energie omskakelings prossese is baie meer energie-effetief
maar is nie-linieér wat beteken dat die lasstroom is nie-linieér alhoewet die bron spanning

sinusvormig is.

Die elektrisiteits verskaffer poog om ‘n sinusvormige spanning te lewer by eike punt van
gemene koppeling maar harmoniese strome verswak die algehele drywingskwaliteit van die
kragstelsel. Nie-sinusvormige toestande in ‘n kragstelsel kan verskeie probleme veroorsaak
so0s resonansie by arbeidsfaktor verbetering kapasitore, ‘n toename in reaktiewe drywing ,
‘n toename in transformator verliese, toename in lyn verliese en ekstra hitte in kabels en

toerusting.

Harmoniese distorsie op die kragstelsel is aan die toeneem en verskeie internationale
liggame het harmoniese standaarde (IEEE 519-1992 (Amerika), IEC 61000-3-2 (Europa) en
NRS 048 (Suid Afrika)) voorgestel om die probleem aan te spreek. Hierdie standaarde is
riglyne vir die elektrisiteits industrie .

Die impak wat harmonieke op ‘n kragstelsel het , kan varieer vanaf ‘n steurnis tot algehele
krag onderbreking. Harmonieke veroorsaak dat klante ‘n kontinue energie verlies het en die
elektrisiteits verskaffer is genoodsaak om ‘n hoér energie energie inset te lewer, as wat

vereis word.

Tradisionele energie tariewe neem nie hierdie ekstra effekte in ag nie en ‘n tarief stelsel sal

moet ontwerp word om die koste van harmoniese distorsie te allokeer.
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Chapter 1

INTRODUCTION

1.1 Overview of study

The aim of this study is to give possible suggestions on tariff strategies that can be used to
penalize harmonic producing loads. A study of how harmonic penetrate the power system
will be done and different harmonic apportioning standards will be compared. Different power
theories, definitions and indexes for non-sinusoidai conditions will be discussed and the
suggestions that are made will be evaluated using measurements. The ultility's customer
supply contract and their current billing structure will be investigate to see if it will be possible

to implement new tariff strategies.
1.2 Aim of chapter

The aim of this chapter is to give an introduction into the harmonic problem and how it is
currently addressed.

1.3 Harmonic problem

Harmonic distortion in the power system and within customer facilities is a growing concern
due to the increasing non-linear loading of the power system, which is the cause of
harmonics in the power system. These higher distortion levels in the power network have
impacts that can range from a minor annoyance to a system malfunction, which could cause

a disruption in operation.

The electrical power quality deteriorated as development in power electronics enabled more
sophistication in energy conversion. These solid-state energy conversion processes, are
inherently non-linear, implicating a non-sinusoidal (fundamental plus harmonics) load current
being drawn from the network. The problem has reached a magnitude where several
countries (Europe, USA including South Africa) have proposed harmonic apportioning
standards (IEEE 519-1992 (USA), IEC 61000-3-2 (Europe), NRS 048 (South Africa)).



This standards provides the Electricity Supply industry with a basis for apportioning a
predetermined level of harmonic emission allowed per customer. The users and suppliers
must now be partners in an effort to maintain the quality of supply as the network is

expanding to allow electrification to proceed effectively and economically.

The quality of supply requirements are stipulated in a supply contract between the supplier
(Eskom) and customers, but customers does not always adhere to these requirements.
There is currently not a tariff system that can be used to punish non-linear customers when
they exceed their allowable levels of harmonic pollution. Methods must also be devised to

determine such contribution to the degradation of the power quality by a non-linear customer.

A non-linear customer consumes load current that is typically non-sinusoidal in shape
although fed by a sinusoidal voltage source. A non-sinusoidal current is typically represented
in the frequency domain as an infinite sum of discrete frequencies that is an integer multiple
of a fundamental frequency quantity, thus referring to such waveform as containing harmonic
components. Figure 1.1 gives a graphical representation of the third and fifth harmonic in
relation to the fundamental frequency waveform.

‘Fundamental
'Waveform

Third
_ Harmonic

~ A~ A
X N

Fifth
Harmonic

Figure 1.1 Graphical representation of harmonic waveforms in relation to the
fundamental frequency waveform.

Harmonic distortion can bring about overheating and maloperation of equipment, capacitor
failure, necessitate derating of transformers, telephone interference.



1.4 Conclusion

Harmonic producing loads have the potential to affect the utility and customer’s revenue and
costs and therefore customers that have non-linear loads should be penalise for the potential

damage that they can cause.




Chapter 2

HARMONICS IN POWER SYSTEMS

2.1 Aim of chapter

The aim of this chapter is to discuss different types of loads that produce harmonics and how
harmonics penetrate the power system. The effects that harmonics can have on equipment
will be briefly studied as well as possible mitigation techniques that can be used to solve the
harmonic problem.

2.2 Harmonic sources

There are two main sources of harmonics in conventional power system [1}:

1. Devices involving electronic switching: Static power converters are a typical example
of such devices. The switching process is generally synchronised to 50 Hz and
causes distortion on the switched voltage waveform. This distortion can be
quantatively studied by the Fourier series method.

2. Devices with non-linear voltage and current relationships: Iron-core reactors are a
typical example of such devices. When excited with a periodic voltage input, the non-
linear v-i relationship leads to the production of harmonic currents. Devices such as
arc-furnaces also fall into this category.

Both voltage and current waveforms may appear non-sinusoidal at a given location. It is not
usually possible to separate the contributions to or identify the source of the distortion by
merely observing the waveforms [2][3]. Using the flow of power to determine the source of
harmonics has been tried in the past without success [2][3]. The reactive power flow provides
no useful information and the real power flow is not conclusive.

Loads can be of two types, namely non-distorting (linear) and distorting {non-linear)[4]. A
non-distorting load is one, which causes no change in the distortion of the voltage waveform.

Any other load that changes the voltage waveform is a distorting load.

There can be three types of distorting loads:



1. Desirable distorting loads are loads, which decrease the relative harmonic levels, if
harmonics are present.

2. Undesirable distorting loads are loads that amplify the relative harmonic levels if
harmonics are present.

3. Distortion generating loads draw harmonic currents even when they are presented with a
purely sinusoidal voltage waveform. Because of the harmonic current demand, and the
source impedance, the voltage gets distorted.

A purely resistive load is a non-distorting lcad under ali conditions. Inductive and capacitive
loads are linear loads and they do not increase the distortion when the original voltage
waveform is undistorted. They will be distorting loads, when the voltage waveform is already
distorted. The impedances of such loads depend on frequency. When a distorted voltage is
supplied to the terminals of such a load, the current demand at the various frequencies will
not bear the same ratio to the corresponding voltages. Hence the voltage drop at each
frequency will not be in the same proportion. The voltage waveform will alter in shape after
the introduction of an inductance or capacitance, unless the original voltage is purely

sinusoidal.

A typical load will be made up of portions of non-distorting and distorting loads. Table 2.1

contains a list of several harmonic sources.



Table 2.1 Various types of harmonic sources

Rectifiers
Type Application Typical ratings
Single phase half wave and full ¢ Electronic devices
wave o Telavision and communi-
cation receivers 0-30kwW
s  Computers
Battery charges

Commercial DC sources
Electroplating

Battery chargers
Ultrasonic heaters 20— 1000 kW
DC motors

Mainframe computers
Radio transmitters

DC motors

Industrial DC sources
Transportation systems
DC arc furnaces Above 1 MW
Smelters
Electrolysis cells
SVCs

HVDC transmission
Smelters

DC arc furnaces Above 50 MW
Electrolysis cells

Inverters

Three phase, six-pulse «  Small solar photovoltanic
panels Upto 1 MW
UPSs

Solar photovoltanic panels
UPSs Above 1 MW

HVDC systems

Three phase, six-pulse

Three phase, twelve-pulse

High phase order

Three phase, twelve pulse

Other

Rotating AC machines
»  Fluorescent lighting
Glow discharge lighting (Xenon, Neon, Krypton, Mercury vapor, pressurized Sodium vapour and
others)
Overexcited transformers
Transformer magnetizing current
Adjustable speed drives
l.ight dimmers
Electric heating controliers

2.1 Harmonic penetration in a power system

A power system consists of many nodes and branches, thus forming an interconnected grid
[13]. A branch consists of one element (power line, cable) or a number of elements in series
and all elements of a branch carry the same current under all conditions. A node (bus) is the
terminal by means of which a branch can be connected to other branches (the PCC in figure




2.1). Preferably, there should be a sinusoidal voltage present at all busses throughout the
power system with a single fixed frequency of 50 Hz (figure 2.2).

Vsource ;r.si;“!;‘

s

+
(.3

6puse Load4

Figure 2.1 Sinusoidal voltage source feeding combination of linear and non-linear
loads

However, in a power system non-linear loads are connected to some of these buses (load 4
for example in figure 2.1). These non-linear loads can cause changes to the ideal sinusoidal
voltage waveform cbserved at the PCC. Harmonic voltage drops over system impedances
result from the harmonic currents flowing through frequency dependent impedances. It
causes a non-ideal non-sinusoidal voltage signal at the common bus (PCC). This voltage
drops superimpose on to the 50 Hz voltage, resulting in a non-sinusoidal shaped waveform,
also termed a distorted wave. This distorted wave is fed to all other customers, independent
whether they are linear or non-linear. The harmonic currents “propagates” thus through the
network. A non-linear load is therefore capable of “injecting” harmonic currents back into the
power grid. It is reasonable to view these non-linear loads as harmonic current sources,
which implicate that these non-linear loads can be modelled as harmonic current sources in
parallel with an appropriate immittance.

The bus, at which the non-linear load is connected, is connected to at least one other bus in
the power system. The non-sinusoidal voltage will in turn generate harmonic currents in the
other branches connected to the bus even if only linear impedances are connected to these
branches. Observe the voltage (figure 2.2 and 2.3) at the source and it's frequency spectrum
(all quantities scaled to p.u.}:
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Figure 2.2 Pure sinusoidal voltage Figure 2.3 Frequency content: only
source signal fundamental.

The current withdrawn by a typical 6-pulse three-phase rectifier as in load 4 (figure 4 and 5):
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Figure 2.4 Non-linear load current. Figure 2.5 Frequency spectrum:
fundamental and harmonics.

However, the voltage signal at the PCC does no longer have a similar shape, due to the
impedances between the source and the PCC, as well as the impedances feeding the 6-
pulse rectifier, the voitage signal looks as follows:
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Figure 2.6 Voltage waveform at PCC Figure 2.7 Frequency spectra of
distorted signal.

All the loads connected at the PCC are now supplied with such a distorted voltage signal.
Harmonics are propagated through the entire power system, causing distortion at remote
buses in the system. This phenomenon is classically termed “harmonic penetration™.

2.2 Effects of harmonics in a power system and on equipment

a) Capacitors

Shunt capacitors are used to improve power factor and voltage, and it has a significant
influence on harmonic levels. Capacitors do not generate harmonics, but provide network
loops for possible resonant conditions. The addition of capacitors can tune the system to
resonate near a harmonic frequency, that is present in the load current or system voltage.
Large currents or voltages at that frequency will be produced.

The resonant frequency of a low voltage system with a capacitor bank can be found from [12]
Q
n= |—% 2.1
Q, @1

where,
n - is the order of the harmonic at which resonance may occur,
Q; - is the available short circuit kVA and
Q. - is the kVAr rating of the bank.



In low voltage installations, the following guidelines may be followed [39]:

When the kVA rating of the harmonic producing load is less than 10% of the
transformer kVA rating, then capacitors can be applied without concern for

resonance.

When the kVA of the harmonic producing load is less than 30% of the transformer
kVA rating and the capacitor kVAr is less than 20% of the transformer kVA rating,
then capacitors can be applied without concern for resonance.

When the kVA rating of the harmonic producing load is more than 30% of the
transformer kVA rating, then capacitors should be applied as filters.

The above guidelines are applicable when transformers are used that has impedances of 5 -

6% and the system impedance behind the transformer is less than 1% on the transformer

base value.

The effect that the harmonic components can have on the capacitor is to cause additional

heating and higher dielectric stress. Many harmonic problems appear at the shunt capacitor

banks in the form of blown fuses or capacitor unit failures. The problems arise because the

capacitor is part of the resonant loop and the current or voltage magnification will be the

highest at that location.

If the harmonic currents are above the allowable limits, the following remedies may be

undertaken:

1.

The capacitors may be relocated to other parts of the circuit to reduce overcurrent
due to near resonance. The harmonic generating loads and the capacitor bank
should not share the same transformer.

To prevent third harmonics from flowing through the capacitors, the neutral to ground
connection may be removed for wye connected utility capacitors banks. it must be
ensured that the bank insulation and switch load interrupting rating is adequate

before the neutral to ground connection is removed;

The above-mentioned remedies may not always be successful and it may be

necessary to add a tuning reactor. The purpose of the reactor will be o adjust the
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resonant frequency away from the current or voltage harmonic frequencies. When a
reactor is added it can result in an increase of voltage or current loading on a
capacitor.

The impedance of a capacitor decreases as the frequency increases and the capacitor
current will be
I, =n(V,) (2.2)

where,

I, - is the percent harmonic current,
ri - is the harmonic number, and
V,, - is the percent harmonic voltage applied.

For equation (2.2}, it can be seen that if the capacitor voltage has a 15% seventh harmonic
component, then the resultant capacitor current will be 105%. The previous mentioned
example demonstrates why spurious fuses blowing in capacitor banks are often a symptom

of harmonic problems.

The capacitors that are used in filter banks permit the control of harmonic distortion as well
as the benefits associated with power factor correction. The addition of a reactor increases
the capacitor voltage because the capacitor must cancel the small voltage drop introduced
across the reactor, therefore the capacitors in filter banks are often rated at least 10% higher
than the nominal system voltage. If the filter resonates near the system harmonic frequency,
the filter may sink harmonic currents from distant loads and the current carrying capacity of
the conductors may need to be increased.

b) Circuit breakers and fuses

There is evidence [40, 41] that harmonic distortion of the current can influence the
interruption capability of circuit breakers. Load current can be distorted and low-level faults
may contain high percentages of distorted load current. Distorted load currents cannot

influence high-level faults currents. When load distortion is present, it can result in higher %

at zero crossing than for a sinusoidal waveform, thus making interruption more difficult.
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Because fuses are thermally actuated, they are inherent rms overcurrent devices [41]. The
link in some utility distribution fuses consists of several ribbons that are susceptible to skin
effect heating by harmonic currents.

c) Conductors

Harmonic currents can cause heating in conductors that is greater than expected for the rms

value of the current in two mechanisms.

The first mechanism is due to current redistribution within the conductor and includes the
skin effect and the proximity effect. The skin effect is due to the shielding of the inner portion
of the conductor by the outer layer. The current is concentrated on the outer layer, therefore
the effective resistance of the conductor is increased. The skin effect increases with
frequency and conductor diameter.

The proximity effect is due to the magnetic field of conductors distorting the current
distribution in adjacent conductors. The proximity effect is much less pronounced than the
skin effect [39] in round wires. Metal sheats and conduit also contribute to the proximity

effect.

The second mechanism causes abnormally high currents in the neutral conductor of three
phase 4-wire distribution systems, which are feeding single-phase loads. Loads such as
switched-mode power supplies, produce significant third harmonic currents and balanced
fundamental frequency three-phase current will result in no neutral current. However, in
three-phase circuits, third harmonic currents add rather than cancel in the neutral and ¢an be
as much as 1.7 times the phase current for converter loads. The neutral conductor is
normally sized the same as the phase conductors, and therefore the neutral conductor can
be overloaded. This problem occurs often in commercial buildings where a three-phase
distribution system feeds large single-phase electronic office equipment loads. The neutral
conductor can be sized to twice the phase conductor capacity to solve the problem

d) Electronic equipment
Harmonic distortion affects electronic equipment in several ways. Several electronic circuits

use the voltage zero crossing of the fundamental power frequency for timing purposes.
Harmonic distortion can cause more frequent zero crossings and therefore can disrupt the
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operation of equipment. As an example, a househoid digital clock will rapidly advance the
time in the presence of additional zero crossing from harmonic distortion. Any device that
synchronises to the zero crossing can be considered vuinerable to disruption by harmonic
distortion. Semiconductors are also often switched at zero voltage crossings to reduce
electromagnetic interference and inrush currents. Multiple crossings can change the
switching times of devices and disrupt operation of the equipment.

Electronic power supplies use the peak voltage of the waveform to maintain the filter
capacitors at full charge. Depending on the harmonic frequency and phase relationship to the
fundamental, the harmonic voltage distortion can increase or flatten the waveform peak, and
the power supply will be effectively operating with over or under voltage even though the rms
input voltage will be nominal. When severe distortion is present, equipment operation may be
disrupted. A moderately flattened waveform may reduce effective operating voltage to the
point that the equipment is vulnerable to minor sags.

Fractional and sub-harmonics can affect video displays or televisions. Fractional harmonics
are frequencies that are not integer multiples of the fundamental frequency and sub-
harmonics are frequencies below the fundamental. The fractional harmonics produces an
amplitude modulation of the fundamental frequency.

e) Lighting

Incandescent lamps will have a loss of life when it is operated from a distorted voltage supply
because lamps are sensitive to operating voltage levels. If the supply rms voltage is above
the rated voltage due to harmonic distortion, the elevated filament temperature will reduce
lamp life.

Besides the audible noise, there is no known effect of harmonic voltage distortion on
discharge lighting. Discharge lamps such as low-pressure sodium, high-pressure metal
halide, or fluorescent need inductive ballasts as a series current limiting element. Capacitors
are often added to correct the power factor to near unity. Dual fluorescent lamp ballasts use
lamp current phase shifting to improve power factor without capacitors. The capacitors
together with the ballast inductor and the lamp may cause a resonance problem. The
resonant frequency of most lamps is in the range of 75 - 80 Hz and therefore should not
interact with the power supply.
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f Electromechanical and electronic protective relays

Waveform distortion does affect the performance of protective relays and may cause relays
to operate improperly or to not operate when required. The waveform distortion of the load
current has little effect on the fault current in most cases. However, for low magnitude faults,
the load may consist of a large part of the load current and distortion can become a
significant factor.

Every relay performs differently in the presence of waveform distortion and different
manufacturer's models of the same type of relay respond very differently to the same
distortion. Relays of the same type and model from one manufacturer may even respond
differently to the same distortion. Distortion may cause a relay to fail to trip under fault
conditions, or it may cause nuisance tripping when no fault exists.

g) Rotating machines

Nonsinuscidal voltages that are applied to electric machines may cause overheating,
pulsating torques, or noise. Rotor overheating has been the main problem associated with

voltage distortion.

Losses in electric machines are dependent upon the frequency spectrum of the applied
voltage. Core and stray losses may become significant in an induction motor with a skewed
rotor supplied from an inverter producing high harmonic frequencies. An increase in the
operating temperature of a motor will cause a reduction in the motor operating life and single-
phase motors are the most affected. The temperature rise is not uniform throughout the
motor and hot spots appear near the conductors within the iron core portions. If the
harmonics are time varying, the motor can tolerate higher peak distortion levels without
increasing the hot spot temperature. This is possible because the motor thermal time
constant is much longer than the period of the harmonic variation.

h) Telephone interference

The position of telephone and power lines on utility poles creates opportunities for power
frequency interference with telephone communication. Since human hearing sensitivity and
telephone response peak near 1kHz, power system harmonic frequencies can present
greater problems than fundamental frequency.
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There are four mechanisms of coupling the power line to the telephone line. One is loop
induction in which the power line magnetic field induces a voltage in the loop formed by the
two telephone conductors. The standard practice of power conductor transposition or twisted
telephone pairs limits this mechanism.

The second mechanism is similar to the first except that the loop formed is between a
telephone conductor and the earth. The path through the ground is created by the ground
connections at opposite ends of the circuit. Since the area of the loop can be very large, this
mechanism is the most common type of interference.

The third mechanism is capacitive coupling between the power conductor and the phone
conductor. The inter-conductor and conductor-to-ground capacitances form a voltage divider
for the power conductor potential. Single line power conductors and the reduced capacitive
reactance at harmonic frequencies increase interference. Shielding the telephone conductors

is effective at eliminating capacitive coupling.

The last mechanism is conductive coupling in which a local ground potential rise due to the
power neutral is applied to the telephone conductor. This creates a potential between the
elevated ground point and the distant ground point on the telephone circuit. A poor power
neutral connection may cause abnormal local ground potential rise resulting in this form of
interference.

With the introduction of celiular phones and new techniques that are used to transmit
communication signals via optical fibre, the above-mentioned problem has decreased
considerable.

i) Transformers

The primary effect of power system harmonics on transformers is the additional heat that is
generated by the losses caused by the harmonic content of the load current. The lifespan of
a transformer will be reduced if it operates above the rated tgmperatures. Other problems
include possible resonance between the transformer inductance and system capacitance,
mechanical insulation stresses (winding and lamination) due to temperature cycling and
possible small core vibrations.

The primary loss components are IR losses, winding eddy-current losses and stray losses
from electromagnetic flux in areas such as windings, core, clamp assemblies and tanks. The
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losses due to the PR component will be due to conductor heating and the skin effect. Losses
from the winding eddy-current will increase with the square of the load current and the
square of the frequency. Other stray losses will also increase with frequency although at a
power slightly less than two.

2.3 Reducing harmonics in a power system

it will be ideal to prevent the generation of harmonics, but it is not always possible, and
therefore methods [12] have to be implemented to reduce harmonics in the power system.

Several methods to reduce harmonics will be discussed in this section.
2.3.1 Using harmonic filters

The primary objective of a harmonic filter is to reduce the amplitude of one or more fixed
frequency currents or voltages.

When the only purpose is to prevent a particular frequency component from entering
selected plant components or parts of a power system (e.g. in the case of ripple control
signals) it is possible to use a series filter consisting of a parallel inductor and capacitor,
which presents a large impedance to the relevant frequency. Such a solution cannot be
extended to eliminate the harmonics from arising at the source because the production of
harmonics by non-linear loads is essential to their normal operation.

In the case of static converters, the harmonic currents are normally prevented from entering
the rest of the system by providing a shunt path of low impedance to the harmonic
frequencies. Combined series and shunt filters could be designed to minimise harmonic
currents and voltage in the a.c. system regardless of its impedance but they are expensive.

An effective filter adequately suppresses harmonics at the least cost and supplies some
reactive power, but not all that is required. Because of the complexity and cost of filters, there
have been several attempts to achieve harmonic control by other means.

2.3.2 Magnetic flux compensation

A current transformer is used to detect the harmonic components coming from the non-linear
ioad and these are fed, through an amplifier, into the tertiary windings of a transformer in
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such a manner as to cause cancelfation of the harmonic currents concerned. The main area
of concern with this system involves the coupling of the output of the amplifier to the tertiary
winding, in such a way that the fundamental current flow does not damage the amplifier. A
quaternary winding and filter are used, to reduce the fundamental current in the amplifier
output.

One advantage with this scheme is its ability to take account of uncharacteristic harmonics
such as the third and ninth. A disadvantage with this scheme is its inability to effectively
remove the lower order harmonics without the need for a very high power feedback amplifier.

2.3.3 Harmonic injection

Another means by which harmonics can be eliminated is by adding a harmonic current 180°
out of phase to the waveform in which the undesired harmonic component is observed. The
advantage of this method over filtering is that the system impedance is not part of the design

criteria.

One disadvantage is the need to maintain a harmonic source in synchronism with the
system. A further disadvantage is the power dissipation requirements of a harmonic

generator, often up to 10% of the d.c. power of the rectifier.
2.3.4 Reducing harmonic generation

Several methods can be used to eliminate harmonics from static converters. Some of these
methods are to increase the converter AC reactance (chokes), to install 12 pulse or higher
order converters or to improve the thryristor control symmetry.

2.4 Conclusion

Harmonics are more of a concern now than ever before because of the fashion in with non-
linear loads withdraw currents from the power system. Harmonics penetrate the power
system causing voltage distortion to be present at busses that are remote in the power
system, although only linear loads may be connected to these busses.

Harmonic currents travel on the outer edge of the conductors (skin effect} creating heat. This
heat causes circuit breakers to trip, neutral and phase conductors to heat up, and motors and
transformers to fail prematurely therefore harmonics can have a financial impact on
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customers who do not generate them. Several methods can be used to reduce the harmonic

content in a power system but it requires additional capital investment.
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Chapter 3

NON-SINUSOIDAL POWER THEORY
3.1 Aim of this chapter

In this chapter, some power theories in the presence of non-sinusoidal voltage and current
waveforms will be discussed. The objective is to get a better understanding of the differences
in the time domain and frequency domain approaches that are followed. Only the theories of
Budeanu, Fryze and Czarnecki will be discussed.

3.2 Introduction

Power theory has been a widely debated subject in power engineering and have been
inspired by the rapidly increase in non-linear loads. Power analysis studies can be carried
out namely in two ways [6], [7]

1) Frequency domain approach and
2) Time domain approach.

When viewed in the frequency-domain, non-sinusoidal but periodic current and voltage
waveforms can be represented by discrete frequency spectra. Frequency-domain analysis
can offer a number of advantages. In the frequency domain, distortion can be quantified in
terms of the complex phasor values of voltages and currents at discrete harmonic
frequencies. Conventional circuit theory can be applied to individual discrete harmonic
frequencies, allowing calculations to be carried out in networks. The solutions that apply to
these individual harmonic frequencies can then be summated across the spectrum to furnish
the aggregate or joint parameters of currents, voltages and powers. The parameters can
then be transformed back into the time-domain for the reconstruction of the relevant time-

dependent waveforms.

Both the frequency and time-domain waveforms of the voltage and current, which are
constructed in the above manner, convey the same numerical information. When attempting
to quantify the circuit behavior in terms of the classical definitions of active, reactive and
apparent power, different definitions are possible.
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3.1 Frequency Domain

3.1.1 Budeanu theory

Budeanu [5], [6], [8] inspired the frequency domain approach to analysis power systems in
the presence of distorted waveforms in 1927. Budeanu generalised the power equation of a
source in a linear circuit with sinusoidal voltage and current for circuits with periodical non-

sinusoidal waveforms. He defined the reactive power as:

Q, =3 U,/, sing, (3.1)

n=1

He observed that the apparent power (S) in non-resistive circuits at distorted voltages may
be higher than that resulting from the active and reactive powers, P and Qg values,

S -(P*+Q})20 (3.2)
and introduced a new quantity called the distortion power (Dg) that is defined as
D, =S -P*-Q;° (3.3)

Figure 3.1 show the orthogonal representation of Budeanu's power components.. Voltage
and current harmonic frequency decompaosition is required before the non-active power can
be calculated and then only can the distortion power be calculated.
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Dg

Figure 3.1 Orthogonal representation of Budeanu power components

Although S and P have the physical meaning of being the maximum capability and net rate of
energy transfer of a system (just as in any other power theory), the Budeanu reactive power
Qs has no distinct physical meaning except in the single harmonic where the term describes
the oscillating part of S in a linear system[5].

3.2 Time Domain

3.21 Fryze theory

A popular time domain power analysis technique was formulated by S. Fryze [6, 9] in 1932
thus excluding the use of a Fourier transform. He decomposed both the voltage and current
into different orthogonal components in the time domain. Only the current decomposition will
be discussed since the voltage decomposition also leads to the same results.
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Figure 3.2 Division of the load current into active and fictitious components

Fryze divided the load current i(t) into two orthogonal (see figure 3.2) components and
associated the active current component i,(t) with the active power P, and the residual part of
the current with a reactive power component. Fryze's reactive component known as non-
active power has been renamed to fictitious power F.

The name fictitious power F describes that part of the loading power S that oscillates

between the source and load and do not contribute to the nett energy transfer so that:

S? =P +F? (3.4)

The fictitious power F has not the same meaning as the reactive power Q (being that part of
S that does not contribute to the nett energy transfer) in:

ST =P+ Q@ (3.5)

The difference is that equation (3.5) is defined for a perfect linear system with sinusoidal
excitation, while F in equation (3.4) is valid for all types of systems: linear, nonlinear, single
sinusoidal and multi-frequency. The fictitious power F does not only represents the power
that oscillates between the load and source (Q) but also the distortion power. The active

power is calculated from the effective values of the voltages and current.

The equivalent conductance G is a network parameter to which all energy transfer from the
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source to the load is contributing so that:

G=— (3.6)

P : the active power.
V :the effective value of the voltage.

The active current over a period T is a scaled in-phase replica of the voltage and related to
the voltage by conductance G as:

L(t)=G-v(t) (3.7)
If the active current has been calculated, the fictitious component can be found as:
i (t)=i(t)-i,(t) (3.8)

If the effective values of the active (/) and fictitious (/) current components are found, then
the different power components can be calculated as:

S =V + VI =P+ F? (3.9)
3.2.2 Czarnecki theory
3.2.2.1 Assumptions
The Czarnecki three-phase theory [9, 10] are confined to three phase circuits of the structure

shown in Figure 3.3 and such a nonlinear or periodically-variant load, without magnetic

couplings, that the load currents have the same period T as the source voltage.
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Figure 3.3 Three-phase circuit structure

The mean value of the source voltage and the load current is assumed zero. It is also
assumed that the voltage source is symmetrical, of the positive sequence,

7.(t) =7 (t-L
V(1) =Va(t - 3)

— — T
Vi) =7alt-3)

(3.10)

The voltages at terminals R,S and T are v,(1), V{f), v,.(t} and the currents are

i (0, Ts(0), I (8)..

3.2.2.2 Orthogonal components of the source current in 3-phase asymmetrical circuits

with sinusoidal waveforms

The equivalent conductance G, and the equivalent susceptance B, of the asymmetrical load
(the conductance and the susceptance of a symmetrical load which at the same voltage v(t)

has the same active and reactive power) are defined as:

G, = __P 5

v(t)
E—L
Ty

(3.11)



where

and IV‘ is the norm of vector V being equivalent to its generalized rms value.

The source current 7 {t) can be decomposed as follows:

() =0+ (t)+,(t)

where
GevR
,(t)=G,i(t) = V2 -Re| GV, |["]
GV,
- /B Vs
i(t)=8B, f:-j-[("(—?)] =2 -Re| jBV; |[¢"]
™ BV,
LO=i(t)-i(t)-i@)
and
2
W =—
=
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(3.12)

(3.13)

(3.14)

(3.15)

(3.18)

(3.17)

(3.18)

where @, is the fundamental frequency in radians and T is the period of the fundamental

waveform.

The components i(t), i.(t) and i (t) are mutually orthogonal, so their rms values fulfill the

relationship,
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Ty = o) +[rof +[Lef (3.19)
L(t]=|G.(|V| (3,20
T(0)=|8.||] '

AGE J|7(t)|2 ~(1G.F +l. )V (3.21)

The main feature of this decomposition is the relationship between the specificcurrent
components and the distinctly different properties of the circuit, such as the resistive load
component iy(t}, the reactive load component j{t) and the harmonic load component i,(f).

If the load is symmetrical, its phase admittances Y, Y, and Y, are mutually equal, then

Yo=Y =Y. =G, + B, , (3.22)

[7 (8)|=vit}JG: + B2 (3.23)
and |.T,,(t)| =0, the source current does not contain an j,(tf) component.

The current component i,(t) appears if condition (3.22) is not fulfilled. The rms value of |E,(t)|

can be used as a quantitative measure of the source current rms value increase due to the

load asymmetry. Similarly, the value of

T,(t)| is a measure of the source current rms value

increase due to the reciprocating energy transmission between the source and the energy
accumulating components of the load.

3.2.2.3 Three-phase asymmetrical circuit with a nonlinear or periodically variant load

and a nonsinusoidal voltage source

The assumption is made that the voltage source V is composed of harmonics of order
from a number set N,. If the load is non-linear or it has periodically variant parameters, then
the source current can contain harmonics of order n not only from the set Ny, but also from



27

the larger set N, since such a load can generate harmonic frequencies not present in the
source voltage. The source current is then decomposed into two components j.(t}, composed

of harmonics of order n from set N,,, and iy(t), composed of the remaining harmonics. Thus

HOEAGEIAG! (3.24)

Because the current components T’o(t),Tg(t) are composed of harmonics of different

frequencies, they are mutually orthogonal thus

Fef =] + [y (3.25)

At a specific frequency no,, an equivalent conductance G,, and susceptance B,, can be

defined as
_— Pﬂ
ne ~ t 2
|V"C§ )| (3.26)
"
where

VsV (3:27)

o) (3.28)
Q, =IM(Vel +Vishs +Virlr) (3.29)

Each harmonic component i (t) of the current i (f) can be decomposed just in the same

manner, as the source current 7 (t) in the circuit with sinusoidal waveforms was decomposed

as

()= 3 (Tal)+ 1,0+ T (1) (3.30)

n=N,
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where

ioa(t) =G, 7,(t) (3.31)
+ d _

for (t) = Bne W v, (332)
i) =10 -0, (1) (3.33)

The equivalent conductance G, of the asymmetrical non-linear load at the non-sinusoidal

voltage v{(t) can be defined as the conductance of a symmetrical load which at the same

voltage v(t) has the same active power P as the primary load therefore

P
A — (3.34)
[7et)
The folliowing currents are defined as:
i(t)=G,v(t) (3.35)
i(t)= [ > E,,(t)J—E(r) (3.36)
neN,
i{ty= 3 i () (3.37)
neN,
ih(t)= 2 in(t) (3.38)

neNy,

The current components of equations 3.35, 3.36, 3.37 and 3.38 are composed of mutually
orthogonal components i,,(t), 7,(t) and I,(f). The current components 7 (), 7.(t), i(t)
and j,(t) are orthogonal and therefore the source current in a 3-phase asymmetrical circuit

with a source of nonsinusoidal voltage and a non-linear load or a load with periodically
variant parameters can be decomposed into five orthogonal components. The five load
current components are
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Ity =L+ RO +T(+ i)+ T (1) (3.39)
which rms values fulfill the relation

Fof <[l + ey +[ief +[ef +fef (3.40)

The current components are;

E(t): This current is a generalisation of the Fryze active current. The active current of rms

value

() =G, [¥(t) (3.41)

is indispensable for active power transmission. The remaining four increase the rms value of
the source but accomplish no useful result.

}:(t): Scattered current. This component appears in the source current if the equivalent

conductance of the load G,, changes with harmonic order n (if they are scattered around the
value Gg), such as the skin effect on transmission lines. The rms value of the scattered

current is

()= |2 (6w -GV 7 (tY (3.42)

neN,

(t): Reactive current. This components represents the reciprocating energy transmission

between the source and load due to capacitors or inductors in the load. It presence is related

to the presence of harmonic reactive power Q, and has a rms value of

= [y e el = |3 - (3.43)

o v, (tf

?',_,(t): Unbalanced current. This is a result due to the asymmetry of the load and has a rms

value of
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Rf -G+ BT (O (3:44)

Iht) = \jz[

Tg(t): Generated current. [t is composed of current harmonics, which are generated with the
load's nonlinearity or with the periodical variance of its parameters such as arc furnace
parameters with an rms value of

> ) (3.45)

neNg

)=

Multiplying equation 3.40 with [v(t) resuits in the power equation of the circuit of the form
S =P +D} + Q2 +D? + D} (3.46)
3.3 Conclusion

The distortion power (Dg) defined by Budeanu was the measure of the increase in apparent
power (S) because of the waveform distortion and Dy disappears if the current waveform (i(t))
is not distorted against the voltage waveform (v(f)). The problems [5], [8] with Budeanu's
theory is that the reactive power {Qg) and distorted power (Dg) do not possess the attributes
that can be related to the power phenomena in circuits with nonsinusoidal waveforms and
the distorted power value also does not provide information related to the waveform
distortion. If the voltage at the pcc is distorted, then the current consumed by a linear load
will be distorted as well. The distortion power will not provide any useful information whether
the load is linear or not and on locating the harmonic source.

The Fryze power theory conforms to one of the important requirements for a power theory in
that the active current i(f) is associated with the transfer of the average power to the load in
a predefined period. The fictitious (non-active) current and power fails to contribute any
information for compensation purposes [6] and on localization of distortion sources. Fryze's
decomposition only serves to label the group of components that do not contribute to energy
transfer.

With reference to Czarnecki power theorem, if some harmonics, which are generated in the

load, have the same frequency as the harmonics of the source voltage, then the source
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current cannot be decomposed in the suggested manner. If the source has an internal
impedance, then the harmonics generated in the load affect the voltage at the RST terminals,

so the number sets of the voltage and of the current harmonic orders N, and N; may not differ
mutually.
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Chapter 4

QUALITY OF SUPPLY STANDARDS

4.1 Aim of chapter

The aim of this chapter is to discuss the NRS 048 (South Africa), IEEE 519-1992 (America}
and |IEC 61000-3-2 (Europe) standards on harmonic apportioning with reference to the
voltage and current limits that are set as well as the apportioning procedure that is followed.
A comparative evaluation of the previous mentioned standards will be done and the aim is
also to see if these standards can be implemented in a tariff strategy.

4.2 Introduction

Efforts are being made to regulate the levels of harmonics injected in the system through the
introduction of standard guidelines and recommended practices.

The purpose of the power quality standards relating to power system harmonics is [12];

1. To control the distortion of the power system current (limiting harmonic current
injection from individual customers) and voltage waveforms to levels that the system
and it’s associated components can tolerate.

2. To provide customers connected to the power system with a voltage supply
waveform, which is suitable for their particular needs.

3. To ensure that the power system does not interfere with the operation of other
systems such as telephone networks.

All existing harmonic standards can be broadly classified into two types, the system
(connection) standards and the equipment standards [37]. The system standards deal with
the connection of large harmonic-producing loads to supply systems, while the equipment
standards deal with the harmonic performance of a piece of equipment. Since many
harmonic-related problems results from interaction between the utility system and the

customer load, the system standards are more concern to utilities at present.

The equipment standards can be further divided into the harmonic emission standards and
the harmonic susceptibility standards. In many cases, these standards are applied to
equipment of utilization voltage level. The equipment standards are therefore of more interest
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to manufactures.

4.3 South African Power Quality Standard

4.3.1 NRS 048 part 2 : Minimum standards

4311 Scope

Part 2 of the NRS 048 describes the voltage quality parameters that affect the normal
operation of electricity dependent processes of customers. The minimum standards in this
part of the NRS 048 is intended to be applied as a measure of the power quality at the point
of supply to the end customers of electricity utilities.

4.3.1.2 Voltage harmonics

The maximum levels for harmonics on the LV and MV networks are given in table 4.1. The
total harmonic distortion of the supply voltage, including all harmonics up to the order 40,
must not exceed 8 %.

4.3.2 NRS 048 part 4 : Application guidelines for utilities and their customers

4.3.21 Scope

Part 4 of the NRS 048 gives guidance to the utilities and their customers on the application of
the quality of supply standards. It describes a suggested technical procedure for the
connection of a new customer or the evaluation of an existing customer regarding harmonics,
voltage unbalance and voltage flicker during contract negotiations. A judgmental approach is
also outlined for the calculation of a specific customer's contribution to the total allowable
poliution at a given PCC .
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Table 4.1 The maximum levels for harmonic voltages expressed as a percentage of the

declared voltage of the LV and MV power systems

Odd harmonics non-multiple of 3 | Odd harmonics multiple of Even harmonics
3
Order Harmonic voltage Order Harmonic Order Harmonic
{%) voltage voltage
n n % n %
5 6 3 5 2 2
7 5 9 1,5 4 1
11 3,5 15 0,3 8 0.5
13 3 21 0,2 8 0,5
17 2 >21 0,2 10 05
1,6 12 0,2
19 1,5 >12 0,2
23 15
25 0.2+ 1.3 x 25/
>25

Total harmonic distortion (THD) <8 %

NOTE — For each harmonic, the harmonic voltage distortion level is given as a percentage of the
magnitude of the declared {fundamental frequency) voltage

4.3.2.2 Recommended procedure for apportioning quality of supply parameters

Three stages of acceptance exits during contract negotiations with any new customer or
evaluation of an existing namely:

1. Acceptance dependent on the network minimum designed operating three-
phase fault level.

A load that must be connected to a voltage of 132 kV and below, with a rating of less
than 25 MVA, may immediately be connected to a PCC if the maximum designed loading
is less than 1 % of the minimum designed operating three-phase PCC fault level.

2. Acceptance as per prescribed proportioning guideline

Different QoS levels will be apportioned for loads, rated below 25MVA, that exceeds 1 %
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of the minimum designed operating 3 phase PCC fault level and that must be connected
at a voltage below 132 kV. The apportioning will be based on the ratio of the load rating
and installed capacity under the minimum designed operating three-phase PCC fault
level, according to a fixed procedure that will be discussed in section 4.3.2.3. All the
loads that must be connected to a voltage of 132 kV or above, with ratings of 25 MVA
and above, will be subject to special analysis. This analysis will be discussed below.

3. Acceptance per detailed special impact assessment

A fixed procedure would not be sufficient to ensure compliance with the network for large
distorting loads such as arc-furaces, traction, static var compensators, mine winders,
etc., or loads connected at a voltage of 132 kV and above or loads larger than 25 MVA in
rating. Each such installation must be planned and designed individually on a case-by-
case basis for both the utility and the customer.

Table 4.2 Customer categorization

Load maximum | Load maximum demand
PCC voltage demand as % of minimum de-
Method of acceptance (kV) (MVA) signed operating three-
phase PCC fault level
A - Accept <132 kv < 25 MVA ** <1%
B - Apportion <132 kv < 25 MVA ** >1%
C - Specialist analysis =132 kV > 25 MVA —

Note — Care should be taken where PFC capacitors or underground cables are involved.

4323

a) Harmonics

Apportioning procedure

It is not a simple process to determine what the effect of upstream voltage distortion is at a

specific PCC, without switching off all the loads that is connected to the PCC. A general

equation is define, based on thorough experimental measurements, for the summation of

harmonics or reduction of harmonic levels at a specific busbar due to upstream harmonics

[15):

vn,pcc(new) = [Vns,pcc - 07vna,us ]i_

(4.1)
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where

Vinpcctnew) -  New % Voltage Compatibility Level of Harmonic order n at the PCC.
Vh,pee - % Voltage Compatibility Level of Harmonic order n at PCC]

Vinus - % Upstream Harmonic Voltage of Order n at the PCC

and

1 for Harmonics 3, 5, 7

1.4 for Harmonics 11,13

2 for Harmonics > 13 and other than mentioned above.

m
]

Equation 4.1 gives a method for reducing the set harmonic levels at the PCC due to
upstream harmonics. Where upstream harmonics are very stochastic (i.e. no coincidence) as
commonly found in large transmission networks with no direct customers, a value of a=2 is

typically used in all cases.

Where the upstream levels are so excessive that the PCC limit is reduced by more than
50 %, a detailed approach would be required involving specialists for both the utility and the
customer.

The available distortion must now be distributed fairly amongst ali new customers to be
connected at the PCC. The only applicable parameters known when connecting a new
customer or evaluating an existing one at the PCC, are the installed capacity at minimum
designed operating 3-phase fault level and the customer notified maximum demand. Using
these parameters for proportional allocation at the PCC the following equation is used:

i

MVA_ |
vn,p = %,pcc(new] X [WAﬂ] (42)
where
Vinp - Maximum % Proportional Voitage of Harmonic order n for the New
Customer

Vnpccinew) - % Voltage Compatibility Level of Harmonic order n at PCC
a - As previously described at equation 4.1
MVALs - Customer notified maximum demand

MVA,; - Installed capacity at minimum designed operating 3-phase fault level
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Equation 4.2 allows for a fair distribution of the allowable harmonic voltage distortion by all
customers that are connected to the PCC. it also makes provision for the connection of
future prospective clients, ensuring that the total allowable distortion capabilities of the PCC
is used to their full capacity once all customers are connected. Where the addition of a new
apportioned customer causes the busbar harmonic level to be exceeded, the utility will be
responsible for ensuring proper network compliance, taking cognisance of the fact that the
supply impedance is highly non-linear under resonance conditions.

To obtain the proportioned harmonic current injection by a specific customer, the following

equation can be used assuming linear supply impedance:

"X xn

sup
where

I, - The allowable apportioned harmonic current injection of the specific customer

n - The harmonic number
Xsup - The 50 Hz minimum designed operating 3-phase fault level supply impedance
as calculated below:

o = T (4.4

where

Vine - The PCC line voltage in volts

MVA, - The minimum designed operating 3-phase faulit level.

Whenever capacitor banks or long underground cables are present on either side of the
supply transformer, great care should be taken in applying the above equations, as possible
resonant conditions may exist at characteristic harmonic frequencies, which would cause the
supply impedance to be extremely non-iinear at that frequency.

The harmonic number n at which a capacitor bank is in resonance with the supply (series or
parallel) is approximately given by:
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‘ MVA
&~ 56 35
n MVA!’GHD (3.5)

where

MVA,. - The different network 3 phase operating fault levels
MVAr.s, - The capacitor bank 3 phase rating.

If the resonant frequency is close to the frequencies of existing harmonics or harmonics of
the proposed installation, specialist analysis is required, rather than a simplistic approach.
The above equations may however, be used to give an indication of proportional projection
but an in-depth system impact study would be required to ensure proper operation.

Where the specific nature of distorting loads is known, the above proportioning can be
relaxed under some circumstances by dividing /,, (equation 4.3) by the factor in table 4.3

below.

Table 4.3 Diversity factors
Type and operating conditions of multiple harmonic Typical
generators diversity
factors

Controlled or uncontrolled converters when a single converter
provides 60 % or more of the arithmetic total of the harmonic
currents of all the equipment in the installation 1,0
Uncontrolled converters (rectifiers) 0,9
Controlled converters operating on co-ordinated duty cycles (fair 0,756
probability of coincidence)
Controlled converters operating independently  with
uncoordinated duty cycles (low probability of coincidence)
{a) <3 converters 0,6
(b) >4 converters 0,5
A single arc-furnace providing more than 60 % of the arithmetic 1,0
total harmonic current of the installation
Multiple arc-furnaces each providing less than 60 % of the 0,75
arithmetic total harmonic current of the installation
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4324 Recommended planning levels

a) Recommended planning levels for harmonic voltage on HV and EHV systems

Table 4.4 Indicative values of planning levels for harmonic voltage in % of the rated
voltage of HV and EHV power systems

Odd harmonics non multipie of | Odd harmonics multiple of Even harmonics
3 3
Order Harmonic Order Harmonic Order Harmonic
n voltage (%) n voltage (%) n voltage (%)
HV-EHVY HV-EHV HV-EHV
5 2 3 2 2 1,6
7 2 9 1 4 1
11 1,5 15 0,3 6 0.5
13 1,5 21 0,2 8 0,4
17 1 >21 0,2 10 0,4
19 1 12 0,2
23 0,7 >12 0,2
25 0,7
>25 0,2+
0,5 x 25/n
Total harmonic distortion {THD): 3 % in HV networks
b) Recommended planning levels for interharmonics

The term interharmonics refer to those frequencies that are not integral harmonics of the
supply fundamental frequency at which the supply system is designed to operate (e.g., 50 Hz
or 60 Hz).

A compatibility level limit of 0,5 % up to the 50th harmonic should be used on LV and MV
systems. A planning level limit of 0,2 % up to the 50th harmonic should be used on MV and
HV systems.
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4.4 |EEE 519 - 1992 - IEEE recommended practice and
requirements for harmonic control in electrical power systems

(United States of America)

441 Scope

This recommended practice intends to establish goals for the design of electrical systems
that include both linear and non-linear loads. The voltage and current waveforms that may
exist throughout the system are described, and waveform distortion goals for the system
designer are established. The interface between sources and loads is described as the point
of common coupling and observance of the design goals will minimize interference between

electrical equipment.

This recommended practice address steady-state limitations. Transient conditions exceeding
these limitations may be encountered. The |IEEE 519-1992 sets the quality of power that is to
be provided at the point of common coupling but does not cover the effects of radio-
frequency interference, however it does include electromagnetic interference with
communication systems.

4.4.2 Recommended practices for individual consumers
4421 Development of current distortion limits

It is necessary to define what is meant by normal system characteristics. For this document it
is assumed that the system can be characterized by a short-circuit impedance. The effect of
capacitors is neglected. This is a conservative assumption for higher frequencies at which
capacitors can provide low impedance paths for harmonic currents to flow. At lower
frequencies, resonant conditions could cause the system impedance to be greater than the
assumed short-circuit impedance. The effect of loads is also neglected. The most important
effect of loads is to provide damping near resonant frequencies, thereby reducing the
impedance seen by the harmonic current source.

The harmonic voltage distortion on the system will be a function of the total injected harmenic
current and the system impedance at each of the harmonic frequencies. The total injected
harmonic current will depend on the number of individual customers injecting harmonic
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currents and the size of each customer. A reasonable approach to limiting the harmonic
currents for individual customers is to make the limits dependent upon the customer size.
Larger customers will have limits that are more stringent because they represent a larger
portion of the total system load.

The objective of the current limits are to limit the maximum individual frequency harmonic
voltage to 3% of the fundamental and the voltage THD to 5% for systems without a major
paralle! resonance at one of the injected harmonic frequencies. The current distortion limits
developed assume that there will be some diversity between the harmonic currents injected
by different customers. This diversity can be in the form of different harmonic components
being injected, differences in the phase angles of the individual harmonic currents, or
differences in the harmonic injection vs. time profiles.

In recognition of this diversity, the current limits were developed so that the maximum
individual frequency harmonic voltage caused by a single customer will not exceed the limits
in table 4.5 for systems that can be characterized by a short-circuit impedance.

Table 4.5 Basis for Harmonic Current Limit

Maximum Individual
SCR at PCC Frequency Harmonic Voltage (%) Related Assumption
10 25-3.0% Dedicated system
20 20-25% 1 - 2 large customers
50 1.0 -1.5% A few relatively large customers
100 0.5-1.0% 5 — 20 medium size customers
1000 0.05 -0.10% Many small customers
4422 Current Distortion Limits

The harmonic distortion caused by a single consumer should be limited to an acceptable
level at any point in the system and the entire system should be operated without substantial
harmonic distortion anywhere in the system. The harmonic distortion limits recommended by
the IEEE 512-1992 establish the maximum allowable current distortion for a consumer.

The recommended current distortion limits are concerned with the following indice:
TDD: Total demand distortion, harmonic current distortion in % of maximum demand
load current (15 or 30 min demand)
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The limits listed in tables 4.6, 4.7 and 4.8 should be used as system design values for the
“worst case” for normal operation (conditions lasting longer than one hour). For shorter
periods, during start-ups or unusual conditions, the limits may be exceeded by 50%. These
tables are applicable to six-pulse rectifiers and general distortion situations. When phase
shift transformers or converters with pulse numbers {q) higher then six are used, the limits for

the characteristic harmonic orders are increased by a factor equal to \/g provided that the

amplitudes of the non-characteristic harmonic orders are less than 25% of the limits specified
in the tables.

Table 4.6 Current distortion limits for general distribution systems (120 V to 69 000 V)

Maximum Harmonic Current Distortion in Percent of I

Individual Harmonic Order (Odd Harmonics)

’SC
_’L— <1 11 .n<17 17 . n<23 | 23.n<35 35.n TDD
< 20* 4.0 2.0 1.5 0.6 0.3 5.0
20 <50 7.0 3.5 2.5 1.0 05 8.0
50 < 100 10.0 4.5 4.0 1.5 0.7 12.0
100 < 1000 12.0 5.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 25 1.4 20.0

Even harmonics are limited to 25% of the odd harmonic limits above.

Current distortion limits that results in a dc offset, e.g. half-wave converters, are not allowed

*All power generation equipment is limited to these values of current distortion, regardless of

!
actual =% .
L

Isc = Maximum short-circuit current at PCC
Ir = Maximum demand load current (fundamental frequency component) at PCC

The harmonic current limits in Table 4.6 are based on the size of the load with respect to the

size of the power system to which the load is connected. The ratio f?_c_ is the ratio of the
L

short-circuit current available at the PCC, to the maximum fundamental load current. The

load current I, must be calculated as the average current of the maximum demand for the

preceding 12 months. As the size of the user load decreases with respect to the size of the

- system, the percentage of harmonic current that the user is allowed to inject into the utility




system increases.

Table 4.7 Current distortion limits for general distribution systems

(69 001 V to 161 000V)

43

Maximum Harmonic Current Distortion in Percent of /;

Individual Harmonic Order {Odd Harmonics)

Is

A <11 11.n<17 | 17 .n<23 | 23 .n<35 35 . n TDD

< 20* 2.0 1.0 0.75 0.3 0.15 2.5
20 <50 35 1.75 1.25 0.5 0.25 4.0
50 < 100 5.0 2.25 2.0 0.75 0.35 6.0
100 < 1000 6.0 2.75 25 1.0 0.5 7.5
> 1000 7.5 35 3.0 1.25 0.7 10.0

Even harmonics are limited to 25% of the odd harmonic limits above.

Current distortion fimits that results in a dc offset, e.g. half-wave converters, are not allowed

*All power generation equipment is limited to these values of current distortion, regardless of

actual Is—c .
IL

Ise = Maximum short-circuit current at PCC

I. = Maximum demand load current (fundamental frequency component) at PCC
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Table 4.8 Current distortion limits for general distribution systems (> 161 000V)

Individual Harmonic Order (Odd Harmonics)

Isc

I < 11 11 .n<17 | 17.n<23 | 23 . n<35 35 . n THD
< 50* 2.0 1.0 0.75 0.3 0.15 25
50 3.0 15 1.15 0.45 0.22 375

Even harmonics are limited to 25% of the odd harmonic limits above.

Current distortion limits that results in a dc offset, e.g. half-wave converters, are not allowed

*All power generation equipment is limited to these values of current distortion, regardless of

actual"ic— )
’L

Isc = Maximum short-circuit current at PCC
/. = Maximum demand load current (fundamental frequency component) at PCC

All generation whether connected to the distribution or transmission system, is treated like
utility distribution and is therefore held to these recommended practices.

4.5 1EC 61000-3-2 (Europe)

This standard describes the emission testing requirement and limits for harmonic currents of
electrical / electronic equipment connected to low voltage power mains networks. It specifies
limits for harmonic currents produced by the product under test conditions and applies to
equipment which draws less than 16 A per phase. All electronic/electrical products are
covered by the standard (e.g. computers, audio and video equipment, light dimmers,
fluorescent lights, air conditioners, refrigerators, etc.). Table 4.9 gives the different classes of
the type of equipment.




Table 4.9 Classification of equipment

Classification of Equipment

Class A Balanced 3-phase & permanent tools, appliances, entertainment
gear, dimmers

Class B Portable tools

Class C Lighting equipment {except incandescent dimmers)

Class D Personal computers, monitors, & TV's — Equipment having a

special waveform and a active power input of P< 600 W

Balanced v
three-phase [ 5= g
equipment 7
Yes
Portable Lol Class
tools ? B
No+
Lighting }E_._—‘
equipment 7 Clgss
No Y
*Phase angle control
Equipment -
having the T Motor No
special — driven 7 Class
waveshape and rven
P =<600W
Yas
No  J Class
A

Figure 4.1 Block diagram for classification of equipment

Figure 4.1 gives a method that can be used to classify the different types of equipment.
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4.6 NRS 048 vs IEEE 519-1992 vs IEC 61000-3-2

Table 4.10 NRS 048 vs |IEEE 519-1992 vs IEC 61000-3-2

NRS 048 IEEE 519-1992 IEC 61000-3-2
Compatibility levels for harmonic voltages for LV (< 1000 V) and MV (1 KV <V < Current distortion limits for general distribution systems Limits for Class A equipment
44 kV) power systems (120 V to 69 000 V) : _1 | Hammonic order {n) Maximum permissible
Qdd hamonics nop-multiple Odd harmonics Even harmonics Maximum Harmonic Current Distortion in Percent of |, hamonic curents
of 3 multiple of 3 TDD: Total demand distortion, harmonic current distortion in % of maximum demand load current (15 Odd harmonics
or 30 min demand) 3 2.30
Onder (h) Harmonic Ordar Harmonic Order Hamonic [ individual Harmenic Order {Odd Harmonics) 5 1.14
voltage {h) voltage (W] voltage 7 0.77
(%) (%)} (%) SCR <11 1. h<17 17.h<23 | 23.h<35 35.h TDD g9 0.40
1" 0.33
5 6 3 5 2 2 < 20* 4.0 2.0 1.5 086 0.3 50 13 0.21
7 5 9 15 4 1 20 <50 7.0 35 25 10 0.5 8.0 15
" 35 15 03 6 05 50 < 100 10.0 45 40 1.5 0.7 12.0 15 <n <39 015 —
13 3 21 0.2 8 05 100 < 1000 12.0 5.5 5.0 20 10 150
17 2 »21 0,2 10 0,5 » 1000 15.0 7.0 6.0 25 14 20.0 :
19 15 12 0.2 Even harmmonics 5
23 15 »12 0.2 2 O' a3
25 15 6 0.30
>25 0,2+1,3x25Mh '
Total harmonic distorion {THD) <8 % Even hanmonics are limited to 25% of the odd harmonic limits above. 8 <n <40 0.23 E
For each harmonic, the harmonic voltage distortion compatibility level is given as Current distortion limits that results in a dc offset, e.g. half-wave converters, are not allowed, *All -
a Emn% of the wnﬂude of the detlared lfundamantal ’ﬁ“e“ﬂl vol‘lage power agneration esulEﬂent is limited to these values of current ':ﬂstortionI rgﬁardless of actual SCR.
Indicative values of planning levels for harmonic voltage as a % of the rated Current distortion Hmits for general distribution systems Limits for Class C equipment
voltage of HV (44 kV < V' < 220 kV) and EHV (220 kV < V < 400 kV} power (68 601 V to 161 00OV) Maximum permissible
gystems ) harmonic current asa
Odd harmonics non multiple Odd hanmonics Even harmonics Maximum Harmonic Current Distortion in Percent of I ﬂ Harmonic order percentage of the input
of 3 multiple of 3 {n} current at fundamental
- n - N y frequency {%)
Order Harmonic Order Harmonic Order Harmonic [ Individual Harmonic Order (Odd Hamonics) ] 2
h voltage (%) h voltage (%) | h voltage 3 30 e
HV-EHV HV-EHV (%) 5
HV-EHV SCR <11 11.h<1? 17.h <23 23 h<35 35.h TDD 7 ;0
9 5
5 2 3 2 2 1,5 <200 2.0 1.0 0.75 0.3 0.15 25 11 €n £39 3
7 2 9 1 4 1 20 <50 35 1.75 1.25 0.5 0.25 4.0 {odd harmonics
11 15 15 0.3 6 05 50 < 100 5.0 225 20 0.75 0.35 6.0 only)
13 15 21 02 8 0.4 100 < 1000 6.0 2,75 25 1.0 0.s 75 A" Is the circuit power factor
17 1 =21 02 10 0.4 > 1000 75 35 3.0 125 0.7 10.0
19 1 12 0.2 Limits for Class D equipment
gg g-; >12 02 Harmonic order Maximum | Maximum
225 024 Current distortion limits for general distribution systems (> 161 000V) )] permissibl | permissible
0.5 25m e hammonic | harmonic
9 K
< 50° 20 |18 0.75 03 015 | 25 Gutentper | S
.50 30 |15 1.15 0.45 022 | 3715 E"a: - A
Total harmonic distortion (THD): 3 % in HV networks | Voltage distortion limits 3 34 2.30
Bus voltage at PCC individual Voltage Total Voltage 3 19 g
Distortion (%) Distortion 9 05 0.40
: . : : THD (%} 11 0.35 0.33
Intarharmonics: A compatibility level limit of 0,5 % up to the 50th harmonic should 69 kV and below 30 50 11 €n €39 3.85
be used on LV and MV systemns. A planning level limit of 0,2 % up to the 50th 69.001 kV to 161 kY 1.5 25 (odd ha s - See
harmonic should be used on MV and HY systems. 161.001 kv and above 1.0 15 only) n Class A
Limits of Class B equipment = 1.5 * limits of
Class A E&uigment
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4.8 Time-varying nature of measured harmonics

Measurements have shown that harmonic content in a waveform varies with time [37]. Direct
applications of harmonic limits to measured data would resuilt in ambiguous conclusions
depending on which instant is sampled to check against the limit. Harmonics are a steady-
state concept. The Fourier transformation assumes that a waveform would repeat itself

forever. This is not true in reality and, therefore, the concept of sampling window is used.

When a practical waveform is processed by windowed Fourier transformations, time-varying
harmonics are generated. Each harmonic spectrum corresponds to each windowed section
of the waveform. Different window sizes (number of cycles included in FFT) give different
harmonic spectrum.

A rational limit on time-varying harmonics must be based on how harmonics affect utilities
and their customers. Some harmoenic effects such as metering errors and accelerated
equipment aging are the accumulated results of harmonics. Other effects such as
malfunction of electronic devices can be caused by only a short burst of large harmonic
distortions. Therefore, a practical limit shall take into account not only the accumulated
duration of harmonics over a period but also the actual duration of a sudden harmonic burst.

The |EEE 519 discussed the concern on accumulated harmonics and the concept of
probabilistic distribution plats was introduced. However, the problem of harmonic burst is not
addressed by the majority of standards. Harmonic bursts should be of more concemn
because most harmonic-caused problems are related to them.

4.9 Conclusion

Different approaches are followed in the NRS 048 and |IEEE 519-1992 to determine the
prescrived voltage and current distortion limits. The IEEE 519-1992 sets limits for the
harmonics of not only the current caused by the operation of the loads of individual
consumers, but also the supply voltage. The NRS 048 sets harmonic limits for the supply
voltage but do not provide current harmonic limits for the operation of loads, as in the IEEE
519-1982. The NRS 048 sets harmonic voltage limits only and leaves the harmonic
producers responsible for reducing their respective harmonic currents so that the system

voltage limits are not violated.

The IEC 61000-3-2 sets limits for the harmonic currents emitted by a single appliance and is
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applicable to manufactures of these appliances. When equipment is manufactured in
compliance with this standard, the harmonic currents injected into the power system are
limited, therefore reducing resuiting voltage waveform distortion.

The standards discussed above can be used in a tariff strategy only as a measure to
determine if a customer exceeds the harmonic limits. If a customer exceeds there prescribe
limits a tariff scheme will have to be developed that can be used to penalize the customer.
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Chapter 5
ESKOM’S SUPPLY CONTRACTS FOR KEY CUSTOMERS

5.1 Aim of chapter

The aim of this chapter is to discuss the supply contract that exists between the utility
(Eskom) and their key customers. The objective is to see if the contracts contains any
information on penalities, if a customer exceeds their allowable distortion or incentive, if their
install compensation equipment, and if not, can it be included in the contract.

5.2 Introduction

The supply contact [11] that exist between the utility and key customers consist out of 4
sections, which is as follows:

1. Section A: General,

2. Section B: Financial,

3. Section C: Technical and

4. Section D: Legal.

There is also 2 annexures that are incorporated into the document:
i.  Annexure A - Price List and

ii. Annexure B - Quality of Supply

A brief discussion of each of the sections and annexures will be given in 5.3.

5.3 Supply contract

5.3.1 Section A: General

This section gives an indication of the parties that are involved in the agreement, the
interpretation and definitions, scheduled date for commencement of supply and the period of

agreement.
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5.3.2 Section B: Financial

The price of the electricity, connection fee and monthly rental is indicated. The payment and
security of the electrical account, capital expenditures and costs incurred in setting up the
supply or upgrade is set out here and who are liable.

5.3.3 Section C: Technical

The customers notified demand, point of delivery, power factor and phase balance are
specified. The form and quality of electricity to be supplied are given but with a more detailed
explanation in annexure B. The utility’s liabilities towards the customers in the event of losses
due to technical problems are set out. The equipment and apparatus to be supplied by the
utility and the customer, as well as their maintenance schedule is given.

5.3.4 Section D: Legal

The breach of terms and conditions are described as well as the utility’s rights-of-way (route
for access to equipment) on the property of the customer. The supply contract can only be
changed with the consent of both parties (the utility and customer). The customer's obligation
towards ensuring a safe electrical environment is also stipulated and they are prohibited to
supply electricity to a third party.

5.3.5 Annexure A - Price List

There are different tariff structures available for large and small customers.

5.3.6 Annexure B - Quality of Supply Specifications

The voltage at the point of common coupling is specified.

5.3.6.1 Utility’s obligations
a. Continuity or reduction of supply

The utility must give the customer not less than fourteen days written notice of any planned
interruptions as well as use its best endeavors to restrict the frequency and duration of
unplanned interruptions in any twelve consecutive months to an agreed number respectively,
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subject to the provision that interruptions in the supply caused by external forces are
specifically excluded.

in the event of the prescribed limits being exceeded, the utility must respond appropriately to
improve the continuity of the supply as soon as is practicable. The customer will be informed

_by the utility of the remedial action that it intends taking and when the situation can be
expected to normalize.

b. Voltage Quality

The utility must ensure that quality of the voltage that is delivered to a customer must comply
with the limit (harmonics, unbalance and flicker) that is specified in Part 2 of the NRS048 and
must respond appropriately in the event that the voltage quality limits are being exceeded.

The utility must take the necessary remedial action when the sum of the consumer
interaction at the point of common coupling exceeds the voltage quality, if all consumers
connected to the point of common coupling are within their individually allocated
apportionment.

The supply voltage may differ 7.5% above or below the declared voltage for a period longer
than ten consecutive minutes and the voltage levels must be assessed according to part 2 of
NRS 048.

C. Voltage Dips

The utility must strive to eliminate or to minimize the number of voltage dips that could cause
plant production disruptions. The utility must ensure that the number of non-coincidental
voltage dips of type(s) S, T, X and Z [as illustrated in the Figure 5.1: Voltage Dip Window]
recorded at the point of common coupling in any 12 consecutive months do not exceed the
numbers that were agreed upon respectively. All voltage dips caused by unavoidable
circumstances (as listed in Part 4 of NRS 048 or as may be decided by the National
Electricity Regulator) or those originating from the customer's load or equipment due to the
starting of large loads or faults within the customer's electrical installation, are specifically
excluded.

If the total number of voltage dips of any one of the specified types exceeding the maximum

number of occurrences that were agreed upon then the utility will take appropriate measures
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to rectify the situation as soon as is practicable.

VOLTAGE DIP WINDOW

Magnitude of Voltage Depression
( Decrease below nominal )

0 20 150 600 1000 3000
Duration of depression in milliseconds

Figure 5.1 Voltage Dip Window

5.3.6.2 The Customer's obligations

The customer is responsible to use the supply in such a manner that their operations do not
interfere with an efficient and economical supply to other consumers. Each customer must
ensure that any voltage distortions caused by their load or equipment at any time shall not
exceed the limits that was specified.

a. Fault levels and notified maximum demands

The fault level and maximum demand for the customer are specified here.

b. Harmonic current injection

The maximum permissible harmonic current that the customer can inject at the point of

common coupling is specified as follows:
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Harmonic 2 3 4 5 7 9 11 13 |23 |25
Order
Current (A)

Table 5.1 Specification for harmonic injection for customers

A quality of supply specialist will advise what harmonics should be detailed. All other
harmonics must be in accordance with the voltage harmonic limits as specified in Part 2 of
NRS 048.

c. Voitage flicker

The customer’s contribution to the flicker at the point of common coupling is specified using
both the Short-term and Long term flicker indexes.

d. Voltage unbalance

The customer’s contribution to the voltage unbalance at the point of common coupling is

specified as a percentage value.

e. Voitage dips

The customer must strive to eliminate or minimize the number of voltage dips originating
from its load or equipment due to faults within its electrical installation. The customer must
also ensure that the total number of voltage dips of type(s) S, T, X and Z that are recorded by
the utility at the point of common coupling in any 12 consecutive months, do not exceed the
specified numbers that were agreed upon respectively.

f. Rapid Voitage Change
The customer must ensure that rapid voltage changes that originate from its load or

equipment due to the starting of large loads or the switching of equipment do not exceed the
emission limits that are given in table 5.2.



Table 5.2 Emission limits

Number of changes per hour | Percentage Change in the Voltage
r if customer’s If customer's
declared voltage declared
<44ky voltage
>44kV
ret 4 3
1<r<=10 3 25
10<r<=100 2 1,5
100<r<1000 1,25 1

The above table must be adapted to allow for the specific supply voltage (i.e. < 44kV or >
44kV) and the measurements are made at the point of common coupling.

5.3.6.3 Remedial action and notice of extensions

If any one of the voltage quality limits that are specified above, are exceeded, it will be
required from the customer to reduce loading or at its own expense install corrective
equipment or take other measures that are necessary to reduce the voltage distortion caused
by the customer's load or equipment to within the specified limits.

It is the responsibility of the utility to monitor the harmonic currents that are injectioned, the
voltage flicker and voltage unbalance, to ensure that the limits that are specified are not
exceeded. In the event of an infringement, the customer shall be informed by facsimile so
that remedial action may be taken immediately or within a specified timeframe.

The customer must give adequate notice in writing to the utility of any intended extensions,
upgrading of the customer’s plant, the installation of power factor correction equipment or
any other changes which may impact the power quality or system impedance, to enable
countermeasures to be taken.

5.3.6.4 Measurement / Variation of quality of supply

It is the responsibility of the utility to monitor the quality of supply (continuity, the voltage
harmonics, voltage unbalance, voltage regulation and voltage dips) at the point of common

coupling. The utility and the customer must collaborate in drawing up appropriate operational
9 P
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procedures to facilitate the monitoring and reporting of the quality of supply. Appropriate
metering equipment will be installed by the utility at the point of common coupling for this
purpose.

In consideration of the capital expenditure and costs to be incurred by the utility for the
above-mentioned actions, the customer will pay a specific amount to the utility. As the
metering equipment will eventually be replaced, the customer shall pay to the utility the
capital expenditure and costs that will be incurred by the utility in the replacement of the
metering equipment; subject to the parties agreeing on when to replace the metering
equipment and the specifications of the metering equipment.

The power quality must be measured in accordance with the requirements specified in Part 3
of NRS 048 and the relevant assessment method prescribed in Part 2 of the NRS 048 must
be applied to the measured quantities. The harmonic current injection, voltage flicker, voltage
unbalance and voltage dips limits specified, may be revised if any of the fault levels or
notified maximum demands change.

The maximum permissible number of voltage dips will be reviewed annually by the customer
and utility, as well as several actions that can be taken to achieve a mutually acceptable
frequency of voltage dip occurrences.

5.3.6.5 Future amendments of Eskom's enabling legisiation or distribution license

The standards and limits that are set out is subject to change by amendments to either the
Electricity Act or the Eskom Distribution License.
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5.4 Conclusion

The responsibilities of the utility and the customer with respect to maintaining the power
quality are set out very clearly in the contract but no penalties are assigned to any power
quality violations by either the utility or customers.

However, the utility is still responsible to take remedial action when the sum of the consumer
interaction at the point of common coupling exceeds the voltage quality, if all consumers
connected to the point of common coupling are within their individually allocated
apportionment. If a tariff strategy is implemented that will give incentives to customers that
reduce their impact on the power system, the utility will benefit because it will improve the
overall power quality of the power system. Changes to the supply contract can only be made
if both parties (utility and customer) agree, and therefore both must benefit from a tariff

structure.
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Chapter 6

ESKOM’S TARIFF STRUCTURE
6.1 Aim of chapter

The aim of this chapter is to discuss Eskom’s tariff structure. The objective is to see what
components is included into the tariff structure and if there is cost allocation for waveform
distortion.

6.2 How are tariffs made up?

The following components, depending on the tariff, can make up a bill:

6.2.1 (Active) energy charge
A charge linked to each kilowatt-hour (kWh) or unit of energy consumed. The amount of
electricity used over a period of time is measured in kilowatt-hours (kWh). Kilowatt-hours are

determined by multiplying the number of kilowatts required by the number of hours of use.
This charge increases every year with the annual price increase.

6.2.2 Basic charge

A fixed monthly charge is payable for each point of delivery, whether electricity is consumed
or not. This charge increases every year with the annual price increase and is a contribution
towards Eskom’s fixed costs, such as capital, meter reading, billing, maintenance, etc. This
contribution differs for each tariff.

6.2.3 Connection fee

The connection fee is payable upfront in cash for the connection of a new supply point, and
is a contribution towards the cost of providing the supply.

6.2.4 Demand charge

Payable for each kilovolt ampere (kVA) or kilowatt (kW) of the maximum demand supplied
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during the month. It is calculated by integrating the measured demand over half-hourly
periods for KVA or hourly periods for kW measured supplies on Nightsave, and half-hourly
periods for kW measured supplies on Megaflex. Nightsave and Megaflex is the names of
different tariff structures.

6.2.5 Monthly rental

The monthly rental is a contribution to the capital cost of providing a supply and is payable
each month in addition to the tariff charges. Monthly rentals are calculated using a 15,50%
(2001) discount rate, and can be paid over any period of up to 25 years. The capitalisation
factor for 25 years is 1,242% per month. The customer has an option of making a cash
payment instead of the monthly payments. For some tariffs the monthly rental is rebated (not
beyond extinction) as described with the respective tariffs.

6.2.6 Reactive energy charge

This charge applies only to Megaflex, Miniflex and Ruraflex. Megaflex, Miniflex and Ruraflex
is the names of different tariff structures. It is levied on every excess kilovar-hour {kvarh)
registered. If the customer’s installation is operating at a power factor (PF) of 0,96 or better,
there will be no reactive energy charge. The method of calculating this excess differs and is
described with the respective tariff. This charge increases every year with the annual price
increase.

6.2.7 Transmission percentage surcharge

The demand charge (where applicable), active energy charges and reactive energy charge
(where applicable) are subject to a transmission surcharge after the voltage discount has
been granted, depending on the distance from Johannesburg.

6.2.8 Voltage discount

Electricity is transmitted at as high a voltage as practical to make transmission efficient. At
times it has to be transformed to a lower voltage before being supplied to a customer. The
higher the supply voltage, the higher the voltage discount granted. This is calculated as a
percentage of demand (where applicable) and active energy charges.



6.3 Overview of components of different tariff structures

Table 6.1 Components of different tariff structures
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Different
Tariffs

Active energy
charge

Basic
charge

Demand
charge

Monthly
rental

Reactive
energy

Transmission %
surcharge

Voltage
discount

Nightsave

Megaflex

Peak Standard Off-peak

L] L L]

Miniflex

Ruraflex

Homelight

Homepower

Business rate 1

Business rate 2

Business rate 3

Business rate 4

Landrate 1

High Low

Landrate 2

Landrate 3

Landrate 4

Landrate Dx

Fixed charge per month
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6.4 Conclusion

It can be seen that different tariff strategies exits that comprises of different components but
there is no tariff scheme that aliocate the cost of waveform distortion.
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Chapter 7

POWER QUALITY INDICES AND DEFINITIONS

7.1 Aim of chapter

The aim of this chapter is to discuss different power quality indices and definitions that can
be used to quantify harmonic distortion in a power system.

7.2 Introduction

it is common in all branches of engineering to use indices and definitions as a tool to
represent, quantify, and compare complex phenomena.

The study of electric power quality is the study of voltage and current waveforms, and their
comparison to perfect sinusocidal waveforms. Common power quality indices that are in use
can be found in Table 7.1 [12, 16, 28]. These indices have evolved over the years from
practical experience.

These indices are widely used in power engineering and many have been adapted for use in
standards, equipment specifications, qualification of equipment for specific applications and
safety specification.

7.3 Practical definitions that can be use to quantify harmonic
distortion

The single and three phase power definitions discussed below, is from the IEEE Working
Group On Nonsinusiodal Situations.



Table 7.1 Common power quality indices

Index Definition Main application
2 General purpose
Total Harmonic Distortion ITHD = ";2 Standards
1
pAA
VTHD = 1=
1
Ptut
Power Factor |V l' Potentially in revenue
oms || rms metering
Telephone influence factor Swl Audio circuit interference
= PF
-
. i Cz,' . ,
C message index PR Communications
] interference
IT product = Audio circuit interference
LW I shunt capacitor stress
VT product < Voltage distortion index
P Swav g
i=1
&}y 2f2
K factor ,,g;h I Transformer derating
N
h=1
V e o
Crest factor ~ Dielectric stress
V. .
Unbalanced Factor v; Three phase circuit balance
Incandescent lamp
Av operation;
Flicker factor _|V—| Bus voltage regulation;

Sufficiency of short circuit
capacity
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7.3.1 Single-phase powers

The voltage and current function can be defined with respect to time as [29]:

Vi) =V, +4/2 zo V. sin(hot +a., ) (7.1)

v(t) is the instantaneous voltage

Vy is the average value

V,, is the rms value of voltage harmonic h

a, is the phase angie the voltage harmonic h

and
it=1,+v2 zo 1, sin(hot +B, ) (7.2)

ift) is the instantaneous current
I is the dc component

I, is the rms value of the current harmonic h

B, is the phase angle of the current harmonic h.

The rms voltage and current are defined as:

V=3V (7.3)
h=0

[= \/;‘T: | (7.4)

If the fundamental component V; and I, is seperated from the harmonic components vy, and
Iy then

and

Vi=V} +V;? (7.5)
and

1? =z'f +.'f, (7.6)
are obtained, where

Vi =3V; | (7.7)

h+t
and



2=y, (7.8)

h»1

From equations (7.7) and (7.8), the Apparent Power S can be calculated,

S = (7.9)
= (VL)Y + (V1 )P + (Yl ) + (V1. )
The Apparent Power S has two components:
S*=87+8; (7.10)
where
S =LY =R +Qf (7.11)
P, =Vl cos6, (7.12)
Q =V, sing, (7.13)
6 =a-p (7.14)

S, is the Fundamental Apparent Power, which is resolved into the Fundamental Active Power
P; and the Fundamental Reactive Power Q,.

The Nonactive Power N [29] can be defined in a conventional way as:

N=+8% -p? (7.15)

The Non-fundamental Apparent Power Sy consists of three components:
82 = (Vi P + (V) + (Vihy)’ (7.16)

The first component is the product of the fundamental rms voltage and harmonic rms current.
This is the dominant term and even in the exireme case when the voltage is perfectly
sinusoidal this term exists if /4 > 0. This term, V4, may be named Current Distortion Power.

The second term, Vi, is the product of the fundamental rms current and the harmonic rms
voltage. This term may be called the Voltage Distortion Power, and it is a reflection of the
voltage distortion at the observed bus.
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The third component may be called the Harmonic Apparent Power and can be resolved as

follows:
Sﬁi =(VH’H)2 = Pfj +fo (7.17)
where
Py = V,}, cosé, (7.18)
h=zl

Py is the Total Harmonic Active Power and the remaining component Ny is the the Total

Harmonic Nonactive Power

A direction of flow may be assigned to P, and Q; but no direction of flow may be assigned to
the three components of Sy [32]. These components are only formal products; unlike such
terms as active power, they have no physical meaning. These formal components can serve
as useful indicators of the operation of a network.

If equation (7.16) is divided by (7.11) then the usefulness becomes clearer;

2 2 2 2
Svt () (V) (Yl
(81) -U J{VJ +(VJ]J (720

Equation (7.20) can also be re-written as a function of the Total Harmonic Distortion of the
voltage and current,

2
(%J = (ITHD) +(VTHDY’ + (ITHD -VTHD)’ (7.21)

1

In contrast, the ITHD is generally higher then the VTHD.

if the ITHD > 20% and the VTHD < 5% then equation (7.21) can be approximitated as follows
[29];
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Sy 1THD (7.22)
S

The error of the approximation in equation (7.22) is less then 1% for ITHD greater then 40%.
A better approximation can be obtained with the flowing expression:

[%1] = JUTHDY +(vTHDY’ (7.23

1

Using the approximation of the normalized Non-fundamental Apparent Power given in
equation (7.23), for VTHD < 5% the error is less then 0.15 %.

The normalized Harmonic Apparent Power can be calculated as;

Su_ Yilu

= [THD -VTHD (7.24)
S Vi :

The harmonic apparent power Sy is much smaller then the non-fundamental apparent power
Sy and does not convey enough information on a non-linear load.

The measurement of Py or IPHdt is not a effective way to evaluate harmonic power flow,

because some harmonic orders may generate power while others dissipate power in the
observed load, leading to cancellation in the Py term. Only a complete listing of the harmonic
voltage and current phasors can lead to a clear understanding of the contributions made by
each harmonic to the electric energy flow.

S
The value Sy and the normalised value — are much better indicators of the level of

1

harmonic "pollution” then the value of Py. A non-linear load will be characterized by a low

: S e -
ratio of -§”—[29]. Increased current distortion will not necessarily increase the value of Py but
1

. . S
will always increase the normalised value of —X .
1
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5.3.2 Three-phase powers

The System Apparent Power S, or Equivalent Apparent Power can be defined as [33, 34,
35};

Se =3V, I, (7.25)
where
2 2 2
V= A +\§, +V, (7.26)

(7.27)

For a four-conductor system V,, V, and V, are line-to-neufral rms voltages. For a three-
conductor system, the equivalent voltage V, may be calculated using equation (7.28), where
Vo, Vb and V; are line voltages measured from an artificial neutral point (the star point of
three non-reactive resistors), or

2 2 2
v, = [Kgﬂ;ﬁi!_ (7.28)

where the rms voltages are measured from phase to phase. The equivalent current /, is
calculated from the rms current /,, I, and /.

The equivalent voltage and current may be seperated into two components:

VESVaHV,
(7.29)
I = Igl + "jH

e

where the index 1 marks the fundamental rms components:
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v2 = vazl +vb21 +vc:21
el
3

(7.30)

’2 — ’:l + ";l + "021

el 3

and the index H marks the totalised non-fundamental rms components:
V2 + V2 +V2
V:H - Z[ ah bh ch
h=l 3

(7.31)

241+ 1
'le:Z[ h ;h h)

h=l

The Fundamental Apparent Power can be separated from the Non-fundamental Apparent

Power,

S; =S5 + S (7.32)

The equivalent Total Harmonic Distortions

VTHD, = Vor
Vo
(7.33)
ITHD, = i‘ﬂ
el
S
allows the expression of the normalised Non-fundamental Apparent Power —% to be

el

defined as:

2
(%ﬁ} =(ITHD, ) +(VTHD, ) +(ITHD, -VTHD, )’ (7.34)

el
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In the case of unbalanced polyphase systems, the definition of another Apparent Power
component becomes inevitable. Unbalanced loads convert part of the fundamental positive
sequence active power into fundamental negative and zero sequence active power [34]. The
same is true for reactive power.

Like harmonics, the negative and zero sequence powers are a form of "pollution" in that they
add to line and rotating equipment losses. Just as users expect a nearly pure fundamental
voltage to be delivered with minimal harmonics, they also expect a nearly pure positive

sequence voltage to be delivered with minimal negative and zero sequences.

The degree of unbalance in the fundamental Apparent Power S,y can be divided into two
terms:

St =8"+82 (7.35)

where S =3Vl is the Positive sequence Fundamental Apparent Power and V,*, /;" are

the rms values of the positive sequence fundamental voltage and current.

The component S,; is the Unbalanced Fundamental Apparent Power and contains a minute
active power component (usually a negative value) and a nonactive component.

This approach to decomposing the System Apparent Power S, has the following useful
features[29]:

e Separates the Fundamental Apparent Power and its Active and Reactive components
from the Non-fundamental Apparent Power.

e Provides a useful measure of the degree of harmonic "pollution” in the normalised ratio
Sw
S

gl

e Provides a useful measure of the degree of unbalance "pollution” in the normalised ratio
S

ol

S
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7.4 Power factor

To encourage a more efficient use of the power system, utilities can impose power factor
charges for their commercial and industrial customers. These charges can be an added
component of the monthly bill imposed on customers whose average power factor falls below
a predetermined value, or a power factor multiplier M [36] can be used to adjust the monthly
bill,

There is no universally accepted form of the multiplier M in terms of the power factor, but
Figure 7.1 [36] gives a general description. The function of the multiplier is to increase the bill
of customers with low lagging power factor loads, M > 1.0 and rebate those whose loads
have a high lagging power factor or a leading power factor M < 1.0.

The total monthly bill (T) is then based on: the peak demand D, the energy used E, the
demand and the energy rates rg and r, and the multiplier M,

T =[r,Dpex +LLE|M (7.36).

The upper value of M (for low lagging power factor) is about 1.33. This is a practical power
factor penalty. The lower limit is about 0.95.

1.33

Multiplier M

0.95-

[ 1
0 Lagging 1 Leading 0

Power Factor

Figure 7.1 General description of the Multiplier M

The power factor may be defined as the ratio of the active power to the apparent power (the
true power factor - TPF) or as the cosine of the angle between the voltage and current for the
fundamental frequency only (the displacement power factor - DPF) [36].
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The power factor can be used to quantify the effectiveness of the electric energy flow in a

system:

_P_(R*F,)

TPF 7.25
| S (7.2%)

Isolating P;, Qs and S; from the non-fundamental power makes it easy to follow the
uncorrupted fundamental power fiow of the electric energy, and makes easier the application
of engineering economic techniques (such as power factor correction capacitors).

The Displacement Power Factor (DPF),

DPF = -g—‘ =cos(6, - 6,) (7.26)

1
remains a significant value where the fundamental power is monitored separately from the
non-fundamental.

in the presence of harmonics TPF is smaller than DPF. When the load current distortion is
low, the difference between the TPF and the DPF is small, but when the load current is
distorted significantly the TPF may be much lower than the DPF.

Meters that measure apparent power based on:
S=>Vl, (7.27)
h=1

do not result in progressive billing of harmonics. All the frequencies are assumed to have the
same effect on system losses. In reality high frequency currents, produce higher losses in
transformers and system feeders [36]. In order to account for these higher losses, it was
suggested [20] to adjust the apparent power and power factor reading by introducing
weighting factors for the measured currents so that

s iiv”""“ (7.28).
=1
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This results in a harmonically adjusted power factor, HPF

P

HPF = (7.29)

o

where

s = {NZ:(KNIN i (7.30)

K, = N'* implied in the IEEE 519 and K,, =N which is related to the resistive skin effect

in conductors [36] appear to be reasonable weighting factors.

The power factor in a system is rarely constant even at a measuring point at a service
entrance. Instantaneous measurement of power factor can give significant errors therefore
time domain averaging must be used [36]. The averaging may be the averaging of samples
of the power factor (e.g. taken every 15 minutes), or it may be a mix of average active power
(e.g. the total energy used in a given time interval divided by the length of that time interval)
divided by the average apparent power (i.e. KVAh divided by interval time)

7.5 Total Harmonic Distortion
The total current harmonic distortion is defined as [48]:

ox

24
THD = Y52 (7.31)

1
where [, is the current at the fundamental frequency and /, is the current at different harmonic
frequencies. The THD index has been used extensively to generally characterise the
amplitude of harmonics expressed as a ratioc the amplitude [28]. if no fundamental
component exists, the THD becomes infinite. This will be the case, for example, for the signal

i(t) = cos(3a, t)+ cos(Sm,t) (7.32).
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This situation occurs in cases in which the power frequency voltages and currents are
modulated electronically by sub-synchronous switching or by the distortion of the control
signals used to develop switching strategies. If a 50 Hz voltage is switched as in a pulse
width modulator drive for an induction motor, and the control signal is developed digitally, the

resulting induction motor stator voltages will contain Fourier components of 50+ £ where f,

is a low frequency {e.g. 0.2 Hz), and there is no true component of the induction motor
voltage at 50 Hz.

An alternative definition that represents the harmonic distortion as a ratio, termed the
distortion index (DIN), overcomes the mathematical restriction of the classical THD
formulation:

DIN == - (7.33)

The difficulty with use of DIN in place of THD relates to standardisation. The IEEE and many
other international organisations have promoted the use of THD rather then DIN. The two
indices are simply related by there definitions,

THD
DIN = ————wr (7.34)
N1+ THD?
and
THD = DIN {7.35)

V1-DIN?

1
For cases of low harmonic distortion, the Taylor series expansions for the forms Tox and
X

J1+ X can be used to obtain the following approximations
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DIN ~ THD(1 —%THDZ) (7.36)

THD ~ DIN(1 + %DIN’) (7.32).

For many low distortion cases, DIN and THD are about the same[28]..

7.6 Conclusion

Harmonic distortion is a power quality issue such as voltage dips or flicker and it must be
identified and quantified. Where these harmonic distortion levels are excessive, steps must
be taken to reduce it, which then requires identifying the sources.

The indices or power definitions that are used for quantifying harmonic distortion for revenue
purposes, must give a good compromise between theoretical aspects and practical
applicability. Such a index should thus be interpreted against a physical phenomena as
engineers design can only compensate physical phenomena.

The indices or definitions that are eventually used in a possible tariff structure must also aid

in the quantification of the effectiveness of energy flow in a system.
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Chapter 8
PROPOSED TARIFF STRUCTURE

8.1 Aim of chapter

The aim of this chapter is to discuss the characteristics of a tariff structure and to make

possible tariff suggestion.

8.2 Pricing problem

A satisfactory pricing solution should address the several economic and regulatory aspects
of the harmonics problem:

i. Nonsinuscidal voitages and currents in a power system impose unintended financial
burden on ratepayers who did not contributed to the generation thereof. The revenue and
cost effects of harmonics must be included in a utility's revenue requirement,. This is similar
to a case of water pollution, in that few factories discharge waste into a river and ali the
residents along the river pay for the clean-up. It is an unfair situation as “fair” would have
been the situation were the customer only pay for the energy required to sustain production
levels of a plant. Thus, a satisfactory pricing solution must mirror the relationship between
harmonics and their effects on a power system.

ii. The utility must have knowledge on the cause of the distortion observed in the power
system in order to apply appropriate remedial action. Recall that the utility itself does not
cause the distortion, the utility generate near-perfect 50 Hz energy, but the nature of the
interconnected power system is the factor that distortion at a certain node can unavoidable
influence geographically separated nodes. The utility could manage the situation by some
extent, for example installing power factor correction equipment, extra transmission lines to
lower the system impedance, but this extra capital expenditure will be eventually refiected by
the revenue the utility will collect from all customers connected to this power system. This is
similar to the water pollution example in which many factories share one sewer and each
factory's discharge is not monitored. Therefore a pricing solution must be accompanied by
monitoring.



iii, The relative amount of distortion contributed by a certain customer cannot be
determined continuously in an interconnected power system by single point measurements
at that customer. The result is that a utility cannot price this undesirable atiribute of electricity
consumption.

iv. Relative distortion contribution can be measured if all nodes in the power system will
be measured continuously and synchronously. Such high metering cost may prevent a
system wide implementation of mandatory harmonics pricing.

V. Whether a utility can implement harmonic pricing depends thus on the technoligical
features and capability of the utility's current billing system. Costly revision of a utility's billing
system will be unacceptable.

vi. The pricing solution must be relatively simple to win regulatory and customer

acceptance.

8.2 Characteristics of a tariff strategy

The tariff or incentive scheme, unfortunately faces two major technical challenges [19]:

1. To separate the relative harmonic contributions of the utility and the customer at the
PCC. Harmonic generating customers can only be penalized for the portion that they
have contributed relatively to the total distortion observed at the PCC. In other words-
a method of discrimination between who has contributed how much, must exist.

2. To isolate the effect of impedance variation on harmonic limit violations. Unavoidable
utility impedances changes are part of the dynamic management of the energy
system and can often result in increased or decrease harmonic contribution from the
customer. This situation requires that the customer must be accommodated for the
difference in harmonic contribution.

Considerable research is being done to determine reliable measuring techniques to solve the
above-mentioned problems [18,19,20,22,23,24].

A tariff system aiming at regulating the level of distortion in the power system, shouid have
the following characteristics [20]:



vi.

8.3
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It must be practical. Extreme penalties that will never be imposed make no sense, as
in disconnecting the customers who fail to comply with the limits. Customers must be
able to predict the effects on their electricity expenses if changes are made in their
power system, which could influence the power quality at the PCC.

It must provide economic penalties for generating harmonics and economic
incentives when waveform distortion is decreasing at the PCC, therefore encouraging
desirable behavior and disencouraging undesired behavior.

Any economic penalties must be directly related to the increased costs borne by the
utility or neighboring customers due to increased waveform distortion caused by a
specific customer. The increased costs caused by that customer must be readily
measurable.

It must be compatible with the existing tariff structures, or rather, as little change to
existing tariff structures should be required.

it must be progressive. The more the waveform distortion, the greater the economic
penatty levied.

The tariff structure must be relatively easy to implement. The minimum changes to

existing operations and instrumentation must be necessary, a minimum of new
concepts must be introduced.

Tariff Strategies

One possible incentive to encourage customers to remain in within the limits set by the utility

is to establish a regulation that requires them to do so. However, what happens if a customer

does not comply with their limits? Does the utility disconnect the customer? This is

impractical since because the consumers that generate large harmonic currents are

imporiant contributors to the utilities revenue. A strategy that defines the process to achieve

the ultimate power quality goal, must exist and which necessitate co-operation between utility

and customer.

Energy-efficiency rebate programs can be established, to provide an immediate financial

incentive to customers for switching to more energy efficient and “power-quality friendly”
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loads. This program may provide full or partial rebates to customers who install thermal
insulation, or who will install adjustable speed drives or equipment that produces less
harmonic distorting {(equipment that comply with the IEC standards - therefore trying to limit
the harmonics that each appliance can inject into the network). Rebates can be denied for
any loads that does not meet the guidelines that is established or the rebate can be reduced
based on the TCHD of the load's current.

Customers could be grouped in different tariff rate classes based on factors such as size and
type of loads, because the lower the levels of harmonic currents injected into the system the
lower the resulting voltage waveform distortion at the point of common coupling. Within each
class, customers having the same load profile should pay the same tariff or receive the same

incentive.

it is firstly necessary to establish why an electrical utility may lose revenue when waveforms
are non-sinusoidal. Typically, an electric energy account is based on the following principle:

W= ]P ot (8.1)

In the above, P represents the Total Real Power “flowing” through the measuring point, 7
represents the accounting time interval of power consumption and W represents the total
energy consumed/delivered during that time interval.

The Total Real Power in formula (met cross-reference) represents an aggregated total of
real power over all the harmonics found in the voltage and current as observed at the load

terminals:

P=>PFP, (8.2)

n

P, =Re{S,} =Re{V,/;} (8.3)

In the above P, represents the Harmonic Real Power of harmonic order n, V; is the harmonic
voltage phasor of harmonic order h, Iy is the complex conjugate of the harmonic current
phasor of order n.
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If the positive reference direction of fundamental current is chosen such that it is flowing into
the load, the direction of the fundamenta! active power will be positive whilst the harmonic
real power will be negative [26], [21] if this load is a non-linear load which converts part of the
fundamental acitve power to harmonic active power Such a load is thus termed as
“consuming” fundamental real power whilst “generating” harmonic real power. (With the
assumption that only one non-linear load is connected at this three-phase PCC.) The energy
at harmonic frequencies is transmitted from the load backwards towards the source because
the sinusoidal supply voltage source is seen from the load terminals as a passive circuit and
the load generated current harmonics dissipate real power in the supply resistance.

The total real power flowing through the measuring point will thus be:
P =P - AP, (8.4)

The fundamental real power (P;) is higher than the total real power received by the load (P)
with a value of AF, . It is important to note (in cross-reference formula) that the utility has only
received income based on the lower value of P (excluding the indirect factors associated with
generating transmitting, and dissipating the higher value of power.) The fundamental real

power thus also “transmits” the harmonic real power.
8.3.1 Suggested tariff strategy 1:

Assume a customer with non-linear loads is charged [22] for fundamental energy W, only

W, = ]ﬂ dt (8.5)

0

As explained above, the fundamental harmonic real power P, contains both the total real
power P and the harmonic real powers AP, dissipated in the distribution system. The energy
losses represent a loss of income to the utility, as this energy was part of the original energy
input to the generation process. Observe that the utility loose income due to the harmonics
and due to the increase in Py, (APy). This extra amount of fundamental real power has to be
transported in the transmission system, which implicates an increase in the fundamental
losses in the system. A very simple tariff system suggested underneath will be a beneficial

strategy to the utility:
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The monetary cost of energy delivered can then be calculated as:

Monthly electricity cost = Cost of W,
- =Cy * Wy (8.6)

where C;is the energy cost rate.

The revenue lost due to the this power loss could thus be partially recovered if the above
energy W, is charged to non-linear customers as it includes the energy cost caused by AP,
However, it does not necessarily reflect the cost of increase in distribution equipment ratings
needed to transport a higher amount of energy. In addition, it does not reflect the increase in
losses caused in the distribution system due to the increase in P; (AP;). This loss component
could not be recovered with the above strategy. Observe that the losses caused by 4P, is a
function of the power system configuration, which is a dynamic phenomenon not linked to the
instrumentation which provide the tariff data.

8.3.2 Suggested tariff strategy 2:

Another approach is to bill the customer for W as in equation 8.1, and then add a component
[21] representing the energy dissipated in the distribution system by the load generated

current harmonics, which is:

W, = [(R-P) ot (8.7)

0

The goal is that this extra component take into account the harmful impact of the load
generated current harmonics on the distribution system. It should also represents the
possible cost of various mitigation measures that could be needed for harmonic
compensation and the protection of sensitive loads. The additional component W, should be
priced accord to the induced extra costs, which will be a higher rate then the rate for W.

The monetary cost of energy delivered to a non-linear customer should now be calculated
as:

Monthly electricity cost = Cost of W+ Cost of W,
=CXW+ Chx W, (8.8)



81

Where C and C, is the cost of the different energies, such that C, > C.

An important feature of this method is that full harmonic analysis is not needed to measure
the real power losses, only P and P, should be known, instrumentation complexity is thus not

a major concern.

Angther feature is that the non-linear customer who “sinks” harmonic currents, in other
words, the customer who will be dissipating harmonic real power that originates at adjacent
non-linear customers, will be compensated as it's monthly bill will automatically be adjusted
downwards (a negative W,). The linear customer, who is supplied with a distorted voltage,
and forced to accept harmonic real power, will pay less, implicating that the utility loose
income due to problems caused by interconnected non-linear customers and the utility
should thus be recovering such loss by the penalty collected from the interconnected non-

linear customer

A distorted voltage signal applied to a linear load will cause harmonic currents (and harmonic
real powers) to be consumed by the linear load. Only in the case of a pure resistive load,
harmonic real power is useful when it is then converted to heat. If the linear load is a linear
rotating load these harmonic real power received by the rotating load is not converted to
useful energy. The harmonic current sets up harmonic fluxes, which causes harmonic torque
components, which are not necessarily in the same direction as the fundamental torque
component. The net shaft torque is reduced causing a reduction in the mechanical output
power. This effect in combination with the additional PR losses result in sub-optimum
utilisation of the magnetic circuit in the energy-conversion. Also in this case, the customer
should rather pay for W; and not for W.

An asymmetrical voltage source or unbalanced load cause additional problems for the
customer with induction motors, as the negative sequence real power does not produce any
useful work. In fact, if the ratio between the negative sequence and the positive sequence
component in the voltage is only 3.5 %, the motor temperature can rise by 25 % [18]. An
energy calculation based only on the positive sequence voltage supplied by the utility, will in

this case be fairer to this customer.
8.3.3 Suggested tariff strategy 3:

If it is possible to measure, a customer's monthly electricity bill should contain an additional
component representing its relative contribution to the total distortion of the voltage waveform
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at the point of common coupling. An aggregated total for the month can be calculated based
on a mutually agreed-on method according to the apportioned amount of harmonic
contribution allowed for this customer. If the customer’s contribution is within or much lower
then the apportioned limits, this should be acknowledged. Customers who deliberately install
compensating equipment will be compensated in paying less. It could thus be possible that a
customer could recover the cost of installing compensating equipment. This approach will

thus enable a decrease in the total distortion observed at the PCC.

However, a sound measurement technique is needed to quantify the different relative
harmonic contributions at the PCC. Continuous measurements will be required at the PCC in
order to establish what long-term benefit compensating equipment installed at customers
plants have on the voltage waveform distortion observed at the PCC. it will also require
continuous monitoring to accommodate for changes in plant configuration and operation. The
tariff incentives must then be based on these measurements. it is clear that it will be a “time-
dependent” incentive, in other words the incentive could be negative if the measurements
indicate that the customer is at certain times not adhering to agreed-on harmonic
contribution.

A practical problem with this approach is to distinguish between the relative harmonic
contributions of each non-linear customer towards the total distortion observed. it is not
possible to use the direction of harmonic rea!l powers in single point measurements for tariff
calculation in endeavours to dissuade consumers from generating distortion. Phase-
controlled line commutated AC/DC multiphase converters exhibit the ability of exporting and
importing harmonic real powers at the individual harmonic frequencies. In addition, these
magnitudes and angles change with relative changes in the firing angles of the converters.
This observation was verified both by means of a frequency domain and time domain
modelling approach [26], [27]. All the loading and supply nodes for the PCC under
investigation, must be measured continuously and synchronously in order to verify possible
exchange of harmonic active power.

One of the challenges that are facing a tariff structure is thus to separate the harmonic
contributions of the utility and customer harmonic sources at the PCC. Recent research have
indicated that the foliowing global index [47] measured for each line k,

-1 .
£ £
Vk:l s_tcl;k 4 2HGl +’7t (8.9)
N\ o, Ene, s
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provides more correct information on the location of the sources producing distortion than
each of the individual indexes. The subscript s refers to the line supplying the PCC.
However, this index requires simultaneous measurements at both the supply and at the load
but not synchronised up to a high precision in time.

The harmonic global index &,,; can be defined as,

2

Iz .
"Zs

(8.10)

HGI 2

where IZ'- and 3'2s are the vectors of the three-phase collective rms values of the current

components associated with the harmonic active powers flowing from the load backward to
the source and the harmonic active powers flowing from the source toward s the load,

respectively.

The supply and loading quality can be defined as,

P
-2 8.11)

where PZ , is the total active power associated with the fundamental frequency, positive

sequence components of voltages and currents.

The ratios of the global total harmonic distortion factors are defined as,

. GTHD,
_GIHD, 8.12
T = GTHD,. (8.12)
with
V2
GTHD,, = |21, (8.13),

2o
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V): o IZ . is the rms collective values of the fundamental frequency, positive sequence

components of voltages and currents.

It was showed that if v, =1, the system is working under sinusoidal balanced conditions. If
v, >1 then the source producing distortion is connected to line k but if v, <1 then the

distortion is injected by the supply. Therefore, the index v, can be used to locate the source
that is causing the distortion.

8.3.4 Suggested tariff strategy 4

It is relatively easy to separate the power flow at a service entrance into power flow at the
fundamental and power flow at various harmonic frequencies. It might be in the same
direction as the fundamental power, or may be in the opposite direction, but only simple

frequency domain analysis is required

This can allow the utility to charge different amounts for different frequencies. The charges
can also be progressive therefore the higher the frequency the higher the charge,

Monthilycost =A-P,+B-P,+C Py +....... (8.15)

where A,B,C,... is the cost of different harmonic powers such that A <<< B <<<C < <<, .

in the case where there is minimal voltage distortion, there will be minimal harmonic power
flow regardless of the level of harmonic currents which is the ideal situation. The utility can
however not always maintain such low supply impedance configurations to each non-linear
customer

8.3.5 Suggested tariff strategy 5:

Assume that only kVA-hours is considered. |t automatically eliminates any requirements for
power factor penalties. This approach is not progressive because it fails to discourage
higher-order harmonics more than lower-order harmonics. It treats one ampére at the 39th
harmonic as though it has the same cost implication as one ampére withdrawn at the
fundamental frequency.
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8.3.6 Suggested tariff strategy 6:

Assume that the tariff system make use of true power factor. The true power factor {TPF) is
defined as,

P_(P*Py) _(R+PRy)

TPF= 8.16
S S E._.-l ( )
Displacement power factor (DPF) is defined as:
i
DPF =§—=cos(0\, -6, (8.17)

1
In the case of non-distorted voltages and currents, DPF and TPF are numerically identical.
When distortion is present, TPF is always lower than the DPF. Therefore, TPF can be used
to discourage distortion. This approach might be easy to implement since it only requires the

changing of one definition of power factor to another.
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8.3.7 Suggested tariff strategy 7

Charge for the "harmonic adjusted power factor". The "harmonic adjustment power factor” is
defined as [20]

P
E,-ly

HPF = (8.18)

where P is the total active power, including both fundamental power and harmonic power,
and Ey and Iy are frequency-weighted rms voltage and current with the following form:

1
50 5
E, = [ZCN -E;}z (8.19)
N=i

E,, - Harmonic adjusted rms voltage

N - Harmonic order

Cu - Weighting factor from some voltage weights table
Ey - Measured voltage at harmonic order N

Iy = [i Ky -l,f,] (8.20)

Iy - Harmonic adjusted rms current

N - Harmonic order

Ky - Weighting factor from some current weights table
In - Measured current at harmonic order N

The weighting factor for the fundamental is always 1. The weighting factors for higher-order
harmonic currents are always chosen to be greater than one {e.g. if the weighting factor of
the fifth harmonic is 5, an ampére drawn at the fifth harmonic will cost the customer five
times as much as a fundamental ampére in an HPF calculation).

There can be several possible weighting factors for the harmonic currents.One possibility can
be:
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K,=N (8.21)

where Ky is the weighting factor and N is the harmonic order. It implies that, for power factor
calculations, an amp at the fifth harmonic costs 5 times as an amp at the fundamental, and
an amp at the 19th harmonic cost 198 times as much.

A second possibility,
K, = N"** (8.22)

is implied by the IEEE 519 Table 10.2, which shows that the effects of higher order
harmonics are somewhat worse than their order would imply. A reasonable approximation of
the harmonic current weighting in table 10.2 is N"*3. For even harmonics, the IEEE 519
Table 10.2 can be followed and the weights for even harmonics would be 4.0 N°, where N is
the harmonic order.

The HPF penalties will only be applied when the prescribed limits are exceeded at the point

of common coupling.
A third possibility is:
K, =N (8.23).

The resistance of a conductor increases with frequency because high frequency currents
tend to flow near a conductor's outer surface. This phenomenon is known as resistive skin
effect [42]. Depending on the conductor size and conductivity, the skin effect may or may not
be significant at the fundamental frequency, but it can be significant for higher-order
harmonics. The skin effect is significant if the "skin depth" is equal to or less than the
conductor radius. As the skin depth becomes small in relation to the conductor radius, the
term "well-developed” skin effect applies, which implies that the conductor resistance

increases as the square root of the frequency. This indicates that K,, = JN weighting may

be appropriate where resistive losses in large conductors are the main concern.

With regarding to voltage weighting, it is possible that the weights for voltages could be set to
1; aiternatively, the weights for harmonic voltages could be less than one, or even zero,
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which would imply that voltage delivered at harmonic frequencies is worth less than voltage
delivered at the fundamental frequency.

8.3.8 Suggested tariff strategy 8

One of the main disadvantages of the total harmonic current distortion is that all frequencies
are weighted equally. It is defined as:

>
THCD = =2
l (8.25)

The implication is that a 5 % current THD is obtained, when the only harmonic is the third
harmonic cannot be distinguished from the THD when the only harmonic is, for example the
47th. These different harmonics have different effects on the power system.

If a weighting factor Ky (as discussed in 8.3.10} is introduced, then equation 8.20 can be

1/ ) KN 'IN
Current Distortion = —”izl—— (8.26)

1

written as,

The weighting factors for higher-order harmonic currents can now be chosen to be greater
than one. Therefore, all frequencies can be treated differently.
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8.3.9 Suggested tariff strategy 9

A utility can charge different amounts for currents at different frequencies. The charges can
also be progressive therefore the higher the frequency the higher the charge:

Monthly cost = Current Cost +[ A-(hyy = hgion))*+ B (hso ~ himqisey) + C - (a0 — hincanoy) + -+

(8.27)
such that if (/nv.actual < liminy) then (1 —lh-m(N)) =0.

A,B,C,... -is the cost of different harmonic currents such that A <<< B<<< C<,,
I100, 150, 200, .. - IS the normalised measured rms current
limg100), im0y, .... - IS the current limits that are prescribed in the IEEE 519-1992

8.3.10 Suggested tariff strategy 10

An additional charge can be added onto the current cost of a customer that are

based on the ratio of —Si because a increase in the current distortion will always increase
1

S
the normalized value of TSL

1

8.4 Conclusion

Several approaches may be taken in developing a tariff or incentive structure to
encourage load behavior that has a minimal harmonic impact.
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Chapter 9

Measurements and results

9.1 Aim of chapter

The aim of this chapter is to evaluate the tariff suggestions that were made in chapter 8 using

measured data.
9.2 Introduction

Digital signa! processing techniques can only be used when a analog signal is converted into
its digital representation. This is implemented by using a analog-to-digital converter. If a
analog signal x(f) is sampled every Af seconds, then the time interval Af is known as the
sampling interval or sampling period. It's reciprocal, 1/At, is known as the sampling
frequency, with units of samples/seconds. Each of the discrete values of x(f) at =0, AL, 244,

3, etc., is known as a sample.

The signal x(t) can therefore be represented by the discrete set of samples,
{x(0), x(At), x(24t), x(3AL), ..., x(kA),...}.

117
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Figure 9.1 Analog Signal and corresponding sampled version

Figure 8.1 shows an analog signal and it's corresponding sampled version. The sampled
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interval is Af. From figure 9.1, it can be observed that the samples are defined at discrete
points in time.

The sampling rate determines how often an analog-to-digital (A/D) conversion takes place. A
fast sampling rate acquires more points in a given time and can therefore form a better
representation of the original signal than a slow sampling rate. Sampling too slowly may
result in a poor representation of your analog signal. Figure 9.2 shows an adequately
sampled signal, as well as the effects of under sampling.

Adequately Sampled Signal

Aliased'SignaI Due to Undersampling

Figure 9.2 Aliasing effects of an improper sampling rate

The effect of under sampling is that the signal appears as if it has a different frequency than
it truly does. This misrepresentation of a signal is called an alias.

9.3 Aliasing

According to Shannon's theorem [46], to avoid aliasing you must sample at a rate greater
than twice the maximum frequency component in the signal that are acquired. For a given
rate, the maximum frequency that can be represented accurately, without aliasing, is known
as the Nyquist frequency. The Nyquist frequency is one half the sampling frequency. Signals
with frequency components above the Nyquist frequency will appear aliased between DC
and the Nyquist frequency. The alias frequency is the absolute value of the difference
between the frequency of the input signal and the closest integer multiple of the sampling
rate.
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Figure 9.3 Actual signal frequency components

Figure 9.3 and 9.4 illustrate this phenomenon. For example, assume f;, the sampling
frequency, are 100 Hz. Also, assume the input signal contains the following frequencies - 25
Hz, 70 Hz, 160 Hz and 510 Hz. These frequencies are shown in figure 9.3.

In figure 9.4, we see that frequencies below the Nyquist frequencies (ff/2 = 50 Hz) are
sampled correctly. Frequencies above the Nyquist frequency appears as aliases. For
example, F1 (25 Hz) appears at the correct frequency, but F2 (70 Hz), F3 (160 Hz), and F4
(610 Hz) have aliases at 30 Hz, 40 Hz, and 10 Hz, respectively. To calculate the alias
frequency, use the following equation:

Alias frequency = ABS (Ciosest Integer Multiple of Sampling Freq. - Input Freq.)

where ABS means "the absolute value”. For example,
Alias F2 = |100-70| = 30 Hz
Alias F3 = | (2)100 - 160] = 40 Hz
Alias F4 = |(5)100-510| = 10 Hz
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Figure 9.4 Signal frequency components and aliases

The sampling rate should be at least twice the maximum frequency of the signal that is being
sampled. The maximum frequency of the input signal should be less than or equal to half of
the sampling rate. To be completely sure that the frequency content of the input signal is
limited, and contains no pickup of stray signals (such as power line frequencies or from the
local radio stations), a low pass filter (a filter that passes low frequencies but attenuates the
high frequencies) is added before the sampler and the ADC (analog to digital converter). This
filter is called an anti-aliasing filter because by attenuating the higher frequencies (greater
than Nyquist), it prevents the aliasing components from being sampled. Because before the
sampler and the ADC, the signal that is sampled is still a analog filter, and the anti-aliasing
filter is an analog filter.
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Figure 9.5 Effects of sampling at different rates

Figure 9.5 shows the effects of various sampling rates. In case a (figure 9.5(a)), the sine
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wave of frequency fis sampled at the same frequency f; {(samples/sec) = f (cycles/sec), or at
1 sample per cycle. The reconstructed waveform appears as an alias at DC. As you increase
the sampling to 7 samples/4 cycles, as in case b (figure 9.5(b)), the waveform increases in
frequency, but aliases to a frequency less than the original signal (3 cycles instead of 4). The
sampling rate in case b is f; = (7/4)f. If the sampling rate is increased to f; = 2f, the sampled
waveform has the correct frequency (the same number of cycles), and can be reconstructed
as the original sinusoidal wave, as shown in case c (figure 9.5(c))

For time-domain processing, it may be important to increase your sampling rate so that the
samples more closely represent the original signal. By increasing the sampling rate to well
above f, {f; = 10f or 10 cycles/cycle), the sampled waveform can accurately be reproduce, as
shwn in case d ({figure 9.5(d)). An ideal anti-aliasing filter is shown in figure 9.6(a).

Transition Band

Filter Output
Filter Output

-

1 Frequency . 1 i Frequency

a. ldeal Anti-alias Filter . - b. Practical Anti-atias Filter

Figure 9.6 ldeal versus Practical anti-aliasing filter

It passes all the desired input frequencies (below f;) and cuts off all the undesired
frequencies (above f; ). However, such a filter is not physically realizable and in practice
filters look as shown in figure 9.6(b). They pass all frequencies smaller then f; , and cut-off all
frequencies greater than f; . The region between f; and f; is known as the transition band,
which contains a gradual attenuation of the input frequencies. Although it is preferable that
only frequencies smaller than f; passes through the filter, this signals in the transition band
could still cause aliasing. Therefore, in practice, the sampling frequency should be greater
then two times the highest frequency in the transition band.
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9.2 Measurement set up

Supply A
voltage

Figure 9.7 Network used in measurements but without the loads

All 3 phase voltages and line currents were measured at nodes A, B and C (see figure 9.7).
The loads that were connected to transformer 1 (see figure 9.7) were resistive loads and the
loads connected to transformer 2 consisted of a six-pulse converter and a three-phase
rectifier.

First a set of measurements where performed with oniy the six pulse converter connected to
transformer 2 and then a second set of measurements where performed with both the six
puise converter and the three phase rectifier connected to transformer 2. The resistive loads

connected to transformer 1 where kept constant during each set of measurements.

The instrumentation setup used in the measurements can be seen in figure 9.8

Anti — Voltage Phase
AR Aliasing Traang;cers. Yoltages
Filters from node

Computer D Lv 25-P
e
Cutput: C ; m [

; Anti — ] Line
LabView . Aliasing | Transélucers. Currents
Filters LASaE from node

Figure 9.8 Instrumentation used in measuring the voltages and currents from nodes A,

BandC
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The anti-aliasing filters that were designed and developed, were a combination between
Butterworth filters and Switched-capacitor filters (see figure 9.9).

Adjustable 8st Order Bst order 4th Order W
Amphitier Lowpass . .Lu_wpas_s Lowpass
INPUT Buttsrworth lliptic Switch- Butterworth }:") OUTPUT
SIGNAL PGAZ204 Fiter— |5 capacitor Filter — Q Fitter — SIGNAL
Gain: Fixed cut-off Adjustabie cut- Fixed cut-off
1.10.100 1000 frequency off frequency frequency
S 12 5kH 0.14 - 8.9kHz

12.56Hz

Figure 9.9 Anti-aliasing filter unit

The cut-off frequency of the filters were set at 2250 Hz during the measurements and the
filter response can be seen in figure 9.10.

Filter reponse

Attenuation (dB)

b e b At o
T 000 10000
Frequency (Hz)

Figure 9.10 Filter response of anti-aliasing filter unit

9.4 Results

The rms current, VTHD and /THD of each waveform were calculated using the |IEEE
definitions, defined in equations (7.27) and (7.33).
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9.4.1 Measurements at nodes without any loads connected to the

transformers

Measurements were done of the supply voltages (at node A see figure 9.7) and the voltages
on the secondary side of the transformers (at node B and C see figure 9.7), without any

loads connected to the transformers.
From table 9.1 and figure's 9.10 - 9.12, it can be seen that the voltage present in the
Electrical laboratory was distorted before any experiments were performed. The distortion is

the result of the many computer loads that are present at the university.

Table 9.1 Indexes calculated from data obtained from measurements at nodes

Node A Node B Node C
(At supply) {At linear loads) (At non-linear loads)
VTHD (%) 4.677983 4.677657 4.653022
Vrms 227.263418 233.671098 232.248577

The maximum voltage distortion prescribed by the NRS 048 part 4 is 8 % and by the
IEEE 519-1992 is 5%. With reference to the NRS 048 part 4, the voltage distortion is
=~3.4% below the allowable level, but with respect to the IEEE 519-1992, the limit is
close to the maximum value. If additional customers are added onto the network,
they will be limited with respect to the distortion that they can produce.
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Figure 9.10 Voltage measured at node A
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Figure 9.11 Voltage measured at node B
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Figure 9.12 Voltage measured at node C

9.4.2 Measurements at nodes with linear loads connected to node B and only

a six-pulse converter to node C

Table 9.2 Indexes calculated from data obtained from measurements at nodes

Node A Node B Node C
(At supply) (At linear loads) {At non-linear loads)
VTHD (%) 4.234968 4.319143 4,248139
Vs (V) 215.926859 216.198979 220.072813
lems (A) 4.180361 0.461529
ITHD (%) 4.284598 24 190674
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SLi 1.001508 1.004786
ITHD 0.998854 5.694417
VTHD

From figure 9.16 and table 9.2 it can be seen that the load current at node B is distorted
although the load is linear. This is the result of the voltage distortion that was present at the
PCC before any experiments where perform. If the VTHD values of table 9.1 and table 8.2 is

compared it can be seen that the distortion did not increase, this is due to the small rms

ITHD

current (see figure 9.18 and table 9.2) of the nonlinear load. The ratio of D =~1 for the

linear ioad and for the non-linear load it was >1. This result was obtained for all the

measurements (see table 8.3 and table 9.4).
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Figure 9.13 Phase voltages measured at Figure 9.14 Phase currents measured
node A at node A
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Figure 9.15 Phase voltages measured at Figure 9.16 Phase currents measured
node B at node B
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Figure 9.17 Phase voltages measured at
node C

Figure 9.18 Phase currents measured
atnode C

9.4.3 Measurements at nodes with resistive loads connected to node B, with a

six-pulse converter and three phase rectifier connected to node C

With an increase in the current of the nonlinear load (see table 9.3 and figure 9.24), the

voltage distortion also increased due to higher voltage drops occurring across the supply

impedances (see figure 9.19). Due to the increase in the voltage waveform distortion, there

was an increase in the current waveform distortion of the linear load (see table 9.3, figure

9.21 and figure 9.22). Figure 9.20 shows the supply current and it can be seen that the

distortion of the waveform also increased when it is compared with figure 9.14.

Table 9.3 Indexes calculated from data obtained from measurements at nodes

Node A Node B Node C

VTHD (%) 5.460349 5.502396 5.990431
Irms (A) 4.118745 4.512831
ITHD (%) 5.551872 26.545141
SLI 1.002261 0.999884
ITHD 0.976129 4431257

VTHD
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Figure 9.20 Phase currents measured at
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Figure 9.22 Phase currents measured at
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Figure 9.23 Phase voltages measured at

node C

Figure 9.24 Phase currents measured at
node C

9.4.4 Measurements at nodes with only an increase of loading at node C

With a further increase of the current of the nonlinear load {see table 9.4 and figure 9.30) the

voitage distortion also increased. Due to the

increase in the voltage waveform distortion,

there was an increase in the current waveform distortion of the linear load (see table 9.4,

figure 9.27 and figure 9.28).
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Table 9.4 Indexes calculated from data obtained from measurements at nodes

Node A Node B Node C

VTHD (%) 6.379074 6.513283 7.278494
Vims (V) 210.008365 206.954689 201.704882

Irms (A) 4.075877 6.782437

ITHD (%) 6.700745 25.47083

SLI 1.003288 0.997256

ITHD 1.010832 3.499464

VTHD

If additional non-linear customers were connected to the PCC the voltage distortion

can increase above the allowable limits prescribed by the NRS 048 and the utility will

be forced to do compensation, to allow the network to develop. If compensation is not

performed than new customers will not be allowed to pollute the network and it would

not be fair.
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Figure 9.25 Phase voltages measured at

Figure 9.26 Phase currents measured at
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Figure 9.27 Phase voltages measured at
node B

Figure 9.28 Phase currents measured at
node B
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Figure 9.29 Phase voltages measured at

node C

Figure 9.30 Phase current measured at node

Cc

9.4.5 Evaluation of different strategies

9.4.5.1

Tariff strategy 1

A customer having non-linear loads must be charged for energy W; as defined in equation

8.7.
Table 9.5 Energy W; calculated over a period of 30 seconds
Node B: Resistive Node B: Resistive Increase in
load, load, loading at node
Node C: Six-pulse Node C: Six-pulse C, load at node B
converter converter + Three stay constant
phase rectifier
Node B 2280 J 218354 21274
Node C 238.7 J 22783 J 3317.7 J

From tabie 9.5 it can be seen that the energy that is calculated based on the fundamental

power remains the same for the linear. Energy consumed by the non-linear load increases as

the load current increases for the non-linear load.

The fundamental power also transmits the harmonic powers that are injected back into the

power system by non-linear loads, so any revenue that were lost can be recovered.

The energy consumed by any load that do not inject harmonic powers back into the power
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system will not be effected by an increase in voltage distortion at the point of common
coupling.

9.4.5.2 Tariff strategy 2

The additional component W}, should be priced accord to the induced extra costs, which will
be a higher rate then the rate for W.

It can be seen from table 9.6 that the linear load absorbs harmonic power and as the voltage
distortion increase there is a increase in the harmonic powers that are absorbed by the linear
load. It can also be seen that with an increase of the non-linear load current, the harmonic
powers that this load inject into the power system also increases.

From figure 9.31 it can be seen that at some harmonic frequencies the non-linear load
absorbs power and at other frequencies they inject power into the system. By summing al

these powers, the customer does get compensation for absorbing power.

Table 9.6 Energy W, calculated over a period of 30 seconds

Node B: Resistive
load,
Node C: Six-pulse

Node B: Resistive
load,
Node C: Six-pulse

Increase in’
loading at node
C, load at node B

converter converter + Three stay constant
phase rectifier
Node B -3.437831 J -4.936276 -6.994916
Node C -1.142242 J 0.264043 9.105337
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Figure 9.31 Harmonic Power spectrum of phase 2 of the nonlinear load connected to
node C
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9.4.5.3 Tariff strategy 4

A utility can charge different amounts for powers at different frequencies.

Table 9.7 Values of the power spectrum

Node B: Resistive Node B: Resistive Increase in
Watt load, load, loading at node
(W) Node C: Six-pulse Node C: Six-pulse C, load at node B
converter converter + Three stay constant
phase rectifier

Py 2695.87349 2581.743423 2515.392142

P, 0.913031985 0.783370295 0.869330235

NodeB | p, 1.27949743
Ps 1.796473331 1.07287488 0.905129315

Py 0.701448539 2.436722221 3.79165055

Py 282.21 2693.810511 3922.855201

P: 0.9070P74527 1.232185204

P; 1.172926815 2.219962857

Ps 1.3115 8.925682254 4855145898

Node C

P; -4.443584893 -8.837486582
P11 -2.248671382 -3.223243687
Pi; -1.666355392 -3.269670964

P17 -0.559870949 -1.04509724
Pio -0.528031643 -0.770419952
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From table 9.7 it can be seen that the linear load only absorb harmonic powers as was
expected. At higher frequencies, the non-linear ioads connected to node C inject harmonic
powers into the power systems and at the lower harmonic frequencies, the non-linear loads
absorb harmonic powers, this is due to the distortion that was present when the loads was
connected to the PCC.

If this strategy is used, and a load absorbs power at frequencies higher then the
fundamental, then the sign of the power must be negative and if a load inject power into the

power system then the sign of the power must be positive.

When the above discrimination is used, then customers will be compensated if they absorb

harmonic powers and they will be penalized if they inject harmonic powers.
9.45.4 Tariff strategy 6

Charge for true power factor

Table 9.8 Values of the TPF and DPF that was calculated

Node B: Resistive Node B: Resistive Increase in
load, load, loading at node
Node C: Six-puise Node C: Six-pulse C, load at node B
converter converter + Three stay constant
phase rectifier
Node B TPF 0.998148 0.999543 0.999578
DPF 0.99818 0.999559 0.999602
Node C TPF 0.954409 0.995867 0.995137
DPF 0.953722 0.995277 0.994194

From table 9.8 it can be seen that the values of the TPF and DPF is the same.

With reference to the linear load, it can be seen from table 9.7 that the powers that are

absorb is very small therefore it does not have any effect on the TPF.
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With reference to the non-linear loads, it can be seen from table 9.7 that the loads absorb

and inject powers therefore the summation of these powers result to a small value, and does

not have any effect on the TPF.

9.4.5.5

Tariff strategy 7

Charge for the "harmonic adjustment power factor” (HPF).

Table 9.9 HPF calculated at different weighting factors

Node B: Resistive

Node B: Resistive

Increase in

HPF > . load, load, loading at node
% -3 Node C: Six-pulse Node C: Six-pulse C, load at node B
g < converter converter + Three stay constant
phase rectifier
Node B h%$ 0.996674 0.996379 0.995122
h! 0.99379 0.988681 0.984812
h'? 0.989444 0.97536 0.967796
NodeC | h°° 0.892319 0.917198 0.918498
h' 0.798574 0.824975 0.834386
h'? 0.6852 0.724396 0.74258

From table 9.9 it can be seen that the HPF for the linear load at different weighting factors
remains relatively high (above 0.96) but there is a slight decrease as the weighting factors

increase.

For the non-linear loads, the HPF decreases as the weighting factors increase (see table

9.9).
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9.4.5.6 Tariff strategy 8

By introducing weighting factors, a new index (equation 8.26) can be defined that are based

on the total harmonic current distortion index.

Table 9.10 Current distortion values calculated

Node B: Resistive Node B: Resistive Increase in
Current | 2@ _ load, load, loading at node
distortion -"cc; -3 Node C: Six-pulse Node C: Six-pulse C, load at node B
(%) g < converter converter + Three stay constant
=
phase rectifier
Node B h?3 6.435564 8.881204 10.705322
h! 9.973975 15.407872 18.188148
h'3 13.694609 22.817726 26.504847
Node C h®* 38.926393 41.784724 39.864135
h' 66.306458 67.434776 63.606558
h'3 98.010209 94.424346 88.007081

From table 9.10 it can be seen that the value of the current distortion increases as the
weighting factors increase. The increase that occurs due to higher weighting factors is also

substantially bigger for the non-linear loads as for the linear loads.

It would be unfair to add a additional charge to a customer having only linear loads since the
load current is distorted as a result of the voltage that where distorted at the customers

supply point.

From table 9.7 it can be seen that at the lower order harmonics (2nd, 3rd and 5th) the non-
linear loads connected to node C absorbs harmonic powers and the current distortion is the
result of the voltage that are present at the supply point of the loads. At higher harmonic
frequencies, the non-linear loads inject power back into the power system.
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Equation 8.26 can be divided into two different indices where each one addresses the
current distortion as a result of the direction of the power flow. The indices can be defined as:

“H Z KN ) IstL

Distortiong | = 12— — (9.2)

I

where /,_is defined as the current that is a result of power flow from the source to the load,
and
\' z Ky - INL—S

Distortion, ¢ = -—“—2—’——-— (9.3)
1

where /, _is defined as the current that is a result of power flow from the ioad to the source.

These index, Distortiong_, will then be the distortion as a result of power flowing from the

source to the load, and it can be used to give a incentive to the customer. These index,

Distortion,_s will then be the distortion as a result of power flowing from the load to the

source, and it can be used to give a penalize the customer.
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Tariff strategy 9

A utility can charge different amounts for currents at different frequencies

Table 9.11 Current values calculated
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- | v Node B: Node B: Increase in
23 g % Resistive load, | Resistive load, loading at
E3E < 3| NodeC:Six- | NodeC:Six- | node C,load
E E E § é pulse pulse converter | at node B stay
3 ﬁ s g converter + Three phase constant
218 rectifier
i (A) + 12.5036615 12.30933843 12.19282372
Iz (%) 2.5 + 1.70940832 1.682811876 1757772694
Node ™, 10 ¥ 2.324979837
B Is 10 + 2.836412246 2.178908359 1.900545225
b 10 + 1.688478051 3.223642385 4.181403896
I+ (A) + 1.34575883 13.02850585 19.6043439
I (%) 2.5 + 1.839682038 1780769985
] 10 + 2.737382714 2.776035172
Node Is 10 + 16.96937021 22.51881195 21.50153143
c I7 10 - 8.195200342 8.937795643
I 4.5 - 6.368416314 5.919925221
I 4.5 - 4.33037037 4.207684997
Ii7 4.5 - 2.812917124 2.332614707
bis 4.0 - 2.264368112 1.763352723

The value of the fundamental current is given in amperes, whereas the currents at the different

harmonic frequencies are given as a percentage of the fundamental so that it can be compared with

the limits given by the IEEE 519-1982.

The current values in Table 9.11 that is associated with power flow from the load to the

source must be subtracted from the harmonic limits that were agreed upon by the utility and

customer.
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Discrimination must also be made between linear and non-linear loads because these
harmonic currents are a result of the distorted voltages that was present at the supply point
of the load. The ratio of the /ITHD and VTHD give an indication whether the load connected to
the PCC is linear or not (see tables 9.2, 9.3 and 9.4). For a linear load, the ratio is
approximately 1 and for the nonlinear loads it is higher then 1.

The short-circuit current in the laboratory was measured and the value is 1380 A. The
maximum demand load current was 19.60 A and the short circuit ratio was calculated as
70.41. The harmonic limits were then obtained from table 4.6 and listed in table 9.11.

It can be seen from table 9.11 that the measured values at the fifth and seventh harmonics
are above the limits prescribed by the IEEE 519-1992. The fifth harmonic power is absorbed
by the load and must be the result of the supply voltage that was distorted, initially. The
customer can therefore not be penalized for absorbing the harmonic power. At the seventh
harmonic frequency, the load injects powers back into the system, and the current limit
exceeds the allowed limit prescribed by the IEEE 519-1992. A customer can be penalized
with respect to the percentage that the limit is exceeded.




9.4.5.8

Add an additional charge based on the ratio of —‘:—”

Tariff strategy 11

1

Table 9.11 Current values calculated
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Node B: Resistive Node B: Resistive Increase in
load, load, loading at node
Node C: Six-pulse Node C: Six-pulse C, load at node B
converter converter + Three stay constant
phase rectifier
Node B S,
S, 0.18316 0.23027 0.275141
Node C S,
S, 0.736019 0.814002 0.799022

The ratio of E”i- is smaller for the linear load connected to node B, then for the non-linear
1

load connected to node C. As the current distortion increases (see tables 9.2, 9.3 and 9.4),

. . S .
the normalized ratio of =% also increases.
1

9.5 Conclusion

The IEEE 519-1992 and the NRS 048 can only be use to measure whether a customer
exceeds the allowable limits, and a additional method will have to be obtained to penalise
customers who exceed their limits. Each customer’s limit should be prescribed in terms of the
amount of harmonic current that the can emit into the power system and the utilities
obligation must be prescribed in terms of the voltage limits.

The direction of harmonic active power flow was shown by [26][27] to be inconclusive in
identifying the type of load to be linear or non-linear, but it is not desirable for any load to

inject harmonic powers into the power system. If a load exhibits characteristics of injecting
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active powers at harmonic frequencies into the power system, it contributes to the distortion
and losses, and therefore it should be penalized.

All the tariff strategies that was evaluated, except for strategy 6 (DPF vs. TPF), was

progressive.

Strategy 11 (g—”), 7 (HPF) and 8 (/THDmodineq) is not discrimitive meaning that penalties

1
could be added to a customer that has only linear loads and that is undesirable. The numeric
values obtained from these strategies shows a difference between the types of loads. The

, ITHD
ratio of

gives an indication whether the loads is linear or non-linear, and it could be

used as a prerequisite before adding a penalty to a customers account.

Strategy 1 (W;) is conclusive but do not take into account the additional losses due to the
harmonic powers that are injected back into the power system and additional costs. Strategy
2 (W, do take into account since additional cost can be added and since P, is the
summation of all the harmonic powers, a customer will get compensation for absorbing

harmonic powers.

Strategies 4 (powers at different frequencies) and 7 (currents at different frequencies) can be
used to penalize and give incentives to the customers since they focus on individual
harmonic frequency components. If strategy 6 is modified as discussed in 9.3.4.6 it can also
be used.
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Chapter 9
9.1 Conclusion

It is evident that harmonic pollution of power network is widely diverse and causes problems
for utilities as well as customers. The impact that these harmonics can have on the network
and other equipment operating from it can range from a minor annoyance to system
disfunction and disruption in operation. Increased cost resulting from harmonic currents and
voltages are shared at present by all ratepayers. As stated in the Energy Policy White Paper,
electricity tariffs shall be cost reflective in the medium to long term [45]. Cost reflectivity
means that tariffs shall be based closely as possible on the underlying cost of supply plus a
reasonable profit margin. Rate structures must be modified to more fairly allocate these

increased costs.

The supply contracts for key customers of Eskom (discussed in chapter 6), describes both
the utility as well as the customers obligations with respect to power quality issues. There are
no economic penalties incorporated into their tariff structures or contracts, (discussed in
chapter 7} for when the prescribed harmonic apportioning limits are exceeded or economic
incentives for improving the power quality of their plant.

If economic incentives are introduced, then customers will benefit by designing or improving
the plants to reduce their harmonic distortion. This property should stimulate the investment
of money to linearise plants. Such actions will improve the energy flow of the entire power
system and will benefit the utility in an economic sense. Economic penaities will thus force
customers to take power quality issues seriously.

Compliance with the voltage and current distortion limits of Harmonic Apportioning Standards
will result in relatively low harmonic power being produced at non-linear loads. It will reduce

harmonics in the system and system losses related to current harmonics.

The implementation of harmonic pricing should commence with mandatory metering of large
customers, followed by a voluntary rate options for small customers.

Several approaches may be taken in modifying rate structures that encourage load behavior
that has a minimal harmonic impact. The indices or power definitions that are used for
quantifying harmonic distortion for revenue purposes, must present a good compromise
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between theoretical aspects and practical applicability, as such it must be useful and
practical. These definitions or indices should be tested extensively in the field, and must be
able to adapt to the various practical situations. The indices or definitions should be
evaluated as to the possibility of implementation in new electronic revenue meters. These

meters must be able to measure the appropriate quantities required

9.2 Conference contributions

The following papers were presented and published with regards to this research in the

respective conferences proceedings:

1. Bezuidenhout S.L., Rens A.P.J., “Comments on a comparative study into the
application of the NRS 048 (South Africa), IEC 61000-3-2 and IEEE 519-1992 on
harmonic apportioning in a discrimitive tariff structure”, 3® Southern African Power
Quality Conference (SAPQ), Livingstone - Zambia, Session 4 — Implementing
Power Quality Standards, 31 October — 2 November 2001, pp. 1 — 12

2. Bezuidenhout S.L, Rens AP.J, “Comments on a comparative study into the
application of the NRS 048 (South Africa), IEC 61000-3-2 and IEEE 519-1992 on
harmonic apportioning in a discrimitive tariff structure”, SAUPEC 2002, Vaal
Triangle Technikon, 31 January 2002 - 1 February 2002 pp. 249 - 255

3. Bezuidenhout S.L, Rens A.P.J, “Considerations on tariff strategies for
nonsinusiodal conditions”, 6" Africon Conference in Africa, George, 2 — 4 October
2002, Vol. 2, pp. 823 - 828

The paper that was presented at the 6™ Africon Conference was also submitted for
publication in the transactions of the South African Institute For Electrical Engineers (SAIEE).
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9.3 Future work

A change in the billing structure of a utility that may affects many customers and a utilities
business can be a sensitive matter, which involves not only technical, but also economical
and legal issues. Therefore, a change in the billing structure requires very strong, reliable
and convincing justification, based mainly on economical analysis and these studies should
be done to further a holistic solution to the quest of establishing a comprehensive

management structure of non-sinusoidal conditions in a power system.
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